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Abstract
This study investigates the feasibility of using high temperature solvent extraction of coal to produce
feedstock for the production of anode grade coke through delayed coking. Solvent extraction runs were
performed with Western Kentucky No. 6 coal and Conoco Philips decant oil at a solvent to coal ratio of
10:1, 390 oC and 200 psi (1.37 MPa) N2 pressure in a 2 L stirred autoclave followed by hot filtration at
200 oC. The conversions varied from 8% to 57% (dry basis) based on mass using ash as tracer, due to
issues with the filter. Multiple runs were performed in order to generate enough material for the
laboratory scale delayed coking experiments. The low conversions were attributed to the high H/C ratio
of the decant oil and the reactor design, particularly the filtration unit of the reactor. Coal extraction,
under conditions used in this work, proceeds through the thermal relaxation which enhances the
transport properties and thermolysis, possibly, to crack enough of the coal structure in order to release
the compounds of coal into the extract. Characterization of the decant oil and the coal extract was
performed using simulated distillation GC and GC-MS. The coal extraction resulted in a decrease in the
single- and two-ring aromatic compounds concentration and increased the concentration of the
polyaromatic hydrocarbons. The concentration of the paraffins also increased slightly. Even though
there was increase in the concentration of two ring compounds in the jet fuel range (boiling point 180
o

C – 270 oC), there was an overall increase in the concentration of the polyaromatic hydrocarbons

because the fuel oil fraction (boiling point >330 oC) was the largest fraction in the decant oil.
Cokes were produced by delayed coking in a laboratory-scale delayed coker at the EMS Energy Institute.
Decant Oil was also coked for comparison purposes. A total of three coking reactions were performed.
The solvent extracted liquid was coked at 470 oC and 0.273 MPa (39.7 psig), and the decant oil was
coked at 465 oC and 0.253 MPa (36.8 psig). A catalytic coking run with the solvent extracted liquids was
also performed at 467 oC and 0.263 MPa (38.2 psig). The catalyst used in the process is one that is
typically used in fluid catalytic crackers, although no specific information about the catalyst was
provided. Higher pressures (40 psig) compared to typical refinery conditions (10-25 psig) were employed
to increase the yield of coke. The gasoline fraction obtained from coking of the decant oil and the coal
extract was mostly paraffinic while the catalytic coking of the coal extract had a higher concentration of
single-ring aromatic compounds indicating that the catalyst used aided in the formation of aromatic
compounds in the liquid fractions. The jet fuel fraction also showed similar trends as the gasoline
fraction. The heavier fuel fractions had an increase in the concentration of single, two-ring aromatic
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compounds and polyaromatic hydrocarbons while the concentration of the paraffin decreased. The
extensive cracking during the delayed coking process resulted in the conversion of the paraffins into
aromatic compounds (liquid and solid aromatic compounds) and light gases. It was observed that the
catalyst increased the liquid yields and decreased the solid coke yield, and may have increased the rate
of hydrocarbon cracking in the coker.
The cokes produced had low ash contents ranging from 0.54-1.01% by mass. Calcination and
graphitization of the cokes at 1400 oC and 3000 oC reduced the ash contents drastically, with the ash
content of the graphitized cokes less than 0.15% by mass. The cokes produced were characterized using
Optical Microscopy, X-ray diffraction (XRD), Raman spectroscopy and Temperature Programmed
Oxidation (TPO). Optical microscopic analysis of the cokes from coal extract (OTI - 14.8) were slightly less
anisotropic than the coke from decant oil (OTI - 20) due to the introduction of coal derived structural
elements. The green cokes generated had similar lattice parameters (interlayer spacing ~ 3.420 Å, Lc ~ 27
Å) as determined by XRD indicating that the chemical composition of the feed was not altered enough
to affect the graphitability. Raman spectroscopic analysis showed that the calcined cokes had a high
degree of disorder (~ 45%) which decreased to less than 10% upon graphitization. TPO analysis showed
that the green cokes were composed of filamentous carbon which on calcination and graphitization
transformed into crystalline graphite platelets.
Comparison of the liquids and cokes generated through co-coking of coal with decant oil showed that
the solvent extraction process produces cokes of higher quality as indicated by the optical texture index
(14.87 for coal extract compared to 7.1 for co-cokes), lattice parameters and ash contents (0.57% by
mass for coal extract compared to 1.02% by mass for co-cokes) while the co-coking produces liquids that
could potentially be more valuable (higher concentration of two-ring aromatics in liquids from cocoking) depending on the product composition and the end use of the liquids.
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Chapter 1. Introduction
Carbon anodes are used in the aluminum industry for the electrolytic reduction of bauxite to produce
aluminum. The anodes are consumed as a part of the process – to produce 1 ton of aluminum;
approximately 0.5 tons of carbon are consumed1. The carbon anodes are produced through coking of
highly aromatic feedstock1. The quality of the anodes produced depends on the quality of the feedstock.
The presence of impurities in the anodes would contribute to impurities in the aluminum produced and
increase the consumption of the anodes1. Since the petroleum industry is now processing a major
proportion of heavier sour crudes, the resultant green coke contains higher sulfur, metals and is
isotropic – it doesn’t meet the criteria for anode grade coke2.
Coal has been a major source for a variety of chemicals in the past. Even though coal is primarily used
for production of electricity through combustion, it has several positive attributes when considered as a
feedstock for aromatic chemicals and carbon materials3, 4. Since bituminous coals are aromatic in nature,
the processing of coals presents opportunities for utilizing the aromatic moieties3, 4. The solvent refined
coal process aimed at producing low ash pitch by dissolving coal in a solvent under hydrogen pressure
which could then be further processed to produce liquid fuels5, 6. The Hyper-Coal process developed by
Japanese researchers utilizes a coal derived solvent to demineralize coal7-11l. The final product is a
powder, which can directly be fed to a combustor or can be used as a filler for coke production7-11.
Researchers at the EMS Energy Institute at Penn State have investigated the use of coal extraction for
the production of diaromatic liquid feedstock12. Co-coking of coal in a delayed coker using decant oil was
also investigated13, 14. The co-coking was aimed at the production of stable jet fuels and a high value
coke14. Researchers at the Center for Applied Energy of University of Kentucky (UKCAER) investigated
the use of solvent extraction of coal to produce feedstock for coking15. They dissolved bituminous coals
in high boiling process solvents followed by filtration and coked the extract to produce anode grade
coke15.
The aim of this work is to develop a process to generate green coke that can be further processed to
produce anode grade coke for use in the aluminum industry while also producing valuable liquid fuels.
Coal and decant oil are reacted at 390 oC and 200 psi N2 pressure. The residue was separated by hot
filtration at 200 oC. The extract coked in a delayed coker to generate green coke, the expectation being
that negligible ash remains in the coal extract, which in turn will produce a coke with low ash content.
The overhead liquids generated were analyzed and the yields of gasoline, jet fuel and diesel oil were

determined. The liquids were also analyzed for the possibility of producing stable jet fuel from the
fractions, as it is expected that the two-ring aromatic structure inherent in bituminous coal will be
extracted and contribute to the liquids. The ash and sulfur contents in the green cokes were determined
to check if the solvent extraction process rejects the mineral matter in coal and if the coke produced
meets the criteria for anode grade coke. Use of a cracking catalyst in situ of the laboratory-scale delayed
coker was also evaluated to determine the effect on the liquids and coke produced.
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Chapter 2. Literature Review
2.1. Coal Structure
Bituminous coal may be envisioned as a highly cross-linked amorphous polymer, which consists of a
number of stable aggregates connected by relatively weak cross-links16-23. Other models for the
molecular structure of coal have been proposed16. Bituminous coals can be usefully considered to
consist of two distinct phases of constituents –mobile phase and macromolecular structure. The mobile
phase comprises the smaller molecules in coals, a portion of which is extractable in solvents17, 22. The
greater proportion of coals is solvent insoluble and consists primarily of a three dimensional cross-linked
macromolecular network or matrix17, 22. The mobile phase is attached to or held within the network by
physical constraints and weak bonds17,

22

. At high temperatures, this highly cross-linked structure

thermally fragments into radicals which in the presence of hydrogen donor solvents are capped and
appear as stable species17.
Coals are classified by rank which is a measure of degree of coalification. Coalification is the natural
process during which buried plant matter changes into denser, drier, carbon rich material. The time,
temperature and depth determine the degree of coalification24. The major coal ranks are lignite,
subbituminous, bituminous and anthracite. Each rank may be subdivided as shown in Figure 1. The rank
is determined basing on the fixed carbon, volatile matter, moisture and calorific value24.

24

Figure 1: Classification of coals by rank
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Coals can also be classified on the basis of their petrographic composition. The organic matter in coal,
inherited from the remains of plant parts, is composed of macerals. Macerals are classified on the basis
of their optical appearance and their apparent origin from the plant parts25, 26. The macerals in coal can
be classified into three major groups: vitrinite- appears shiny and glass-like under a microscope and is
formed from wood and bark, liptinite- waxy and resinous maceral formed from plant resins, algae and
leaf cuticles, and inertinite- a dull charcoal-like maceral formed from carbonized wood, bark and cell
protoplasm25, 26.
Certain coals in the bituminous range are thermoplastic- they soften and expand with temperature and
become fluid27. Thermoplasticity is an important feature of coking coals27. Only coals that are
thermoplastic can form metallurgical coke27. A Geiseler plastometer is used to measure the initial
softening temperature of the coals and also the maximum fluidity of a coal sample28, 29. Kidena et al.
observed that the maximum fluidity is observed for Japanese coals with carbon content around 84-88%
daf, by mass29. Figure 2 shows the relationship between the carbon content and the maximum fluidity
(in dial divisions per minute (ddpm) on a logarithmic scale) for a few Japanese coals. As seen the
maximum fluidity reaches a maximum at around 86 % daf, by mass, carbon and then decreases.

29

Figure 2: Relationship between coal plasticity and carbon content of Japanese coals

The various ways to convert coal to liquids and the effect of various parameters on the conversion
behavior of coal with emphasis on solvent extraction of coal are described in the following sections.
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2.2. Liquid Fuels from Coal
2.2.1. General Information about Coal-to-Liquids Processes
Coal can be liquefied to fuels in two ways: indirect liquefaction and direct liquefaction. Indirect
liquefaction proceeds via the gasification of coal into synthesis gas and conversion of the synthesis gas
to fuels by the Fischer Tropsch process27. The conversion of coal to liquids without the intermediate
formation of synthesis gas is called direct coal liquefaction27. Direct coal liquefaction (DCL) is a complex
process in which the hydrogen-to-carbon (H/C) ratio of the coal, which is generally around 0.8 to 1, is
increased to around 227. It is a thermal process that might involve the use of a solvent which donates
hydrogen or by the use of a catalyst and molecular hydrogen or all the three25. Solvent extraction of coal
is a similar process to DCL but the conditions are less severe and it doesn’t involve the use of catalyst or
external hydrogen30. The solvent extraction process and the methods to upgrade the products of solvent
extraction and the various parameters that effect solvent extraction are further discussed in the
following sections.
2.2.2. Solvent Extraction of Coal
Anderson et al. define solvent extraction as any coal-solvent interactions at conditions that are more
severe than conventional Soxhlet extraction but do not simultaneously promote incipient active thermal
decomposition of coal31. The temperature at which the solvent extraction reactions are performed
depends on the volatility of the solvent. When pure compounds or mixtures of pure compounds are
used the solvent extraction runs are generally performed at room temperature or at the boiling point of
the solvents. The solvents disrupt the hydrogen bonds within the macromolecular network without
breaking covalent bonds and the mobile phase is dissolved in the solvent32, 33. Miura et al. investigated
the effect of non-polar solvents on coal extraction below 350 oC34. Figure 3 shows the conversion of
Pittsburgh No.8 coal in a hydrogen donor solvent-tetralin and a non-donor solvent-methylnaphthalene.
They observed that the there is a portion of the solubles that precipitate out of the solvent once the
product is cooled down to room temperature. The different areas in Figure 3 correspond to the soluble
and insoluble parts of the extract once the solvent is cooled to room temperature. The hydrogen
donating ability of solvent did not affect the extraction yield, so they postulate that at temperatures
below 350 oC, thermal decomposition reactions do not take place and extraction is primarily due to the
disruption of hydrogen bonds and relaxation of the macromolecular structure to release the mobile
phase34. Low temperature extraction is an important technique since it does not chemically alter the
coal structure; characterization of extract gives valuable information on the parent coal structure30, 35.
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Figure 3: Solvent extraction with tetralin and methylnaphthalene

34

When temperatures greater than 350 oC are used without the addition of catalyst and hydrogen, it is
considered to be high temperature solvent extraction. There might be thermal decomposition of the
coal macromolecular network and not just the disruption of hydrogen bonds in high temperature
solvent extraction as is evident from the work of Griffith et al12. Direct coal liquefaction proceeds
through the extensive breaking of the covalent linkages, while in high temperature solvent extraction
the decomposition of the coal macromolecular structure is limited.
The products of solvent extraction of coal can either be a pitch like solution as in the Solvent Refined
Coal (SRC) process5,

6, 36

or an ash-free solid as in the HyperCoal process7-10. The aim of solvent

extraction of coal is to dissolve the extractable portion of coal and subsequently hydrogenate the
product. Since solvent extraction of coal is similar to DCL, most of the factors that influence the
conversion in DCL affect the conversion in solvent extraction. The effect of coal rank and the solvent on
coal extraction is reviewed. Analogies will be drawn from work done on DCL when required.
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2.2.3. Chemistry of Extraction
Coal liquefaction or thermal extraction is envisioned to proceed through a free radical mechanism;
therefore the stability of the various free radicals formed is an important factor. The stabilities of the
free radicals indicate the ease of formation of the free radical37, and hence would determine the product
distribution. Another important characteristic of the free radicals is that, unlike carbocations and
carbanions, rearrangement of free radicals in simple alkyl systems occurs only occasionally37. The
stability of the aliphatic free radicals is as follows: allyl>tertiary > secondary > primary> methyl, vinyl.
The allyl free radical is stabilized through resonance while the tertiary and secondary radicals are
stabilized through the dispersal (delocalization) of the free electron over the alkyl systems37.
Polyaromatic hydrocarbons are known to be good solvents for coal liquefaction primarily because of
their ability to dissolve the aromatic clusters formed while also shuttling hydrogen38. In the absence of
molecular hydrogen, the free radicals formed are capped by solvent molecules or they will attack the
coal structure. Basing on the stability of the free radicals it is more than likely that a product will be
formed if a free radical attacks the α hydrogen leading to another free radical that is stable. Chain
termination occurs when the free radicals combine (recombination) or when there is disproportionation
or β bond scission27. In the absence of molecular hydrogen the radicals formed are capped by attacking
the hydrogen rich structures of the coal molecule (alkyl cross links and hydroaromatic species) or the
hydrogen rich structures in the solvent itself39. According to Wallace et al., at low severity conditions
(380 oC) the aliphatic chains are removed from the aromatics while at high severity this is followed by
the condensation of the aromatics40. Malhotra et al. suggest that the cleavage of the aryl-alkyl bonds in
the coal structure is meditated by the solvent or solvent derived radicals39. They suggest that the
cleavage of weak bonds in coal are the initiating reactions while further reactions occur through the
cleavage of the strong aryl –alkyl bonds and they are meditated through the solvent or solvent derived
radicals. The effectiveness of PAHs as good liquefaction solvents can be rationalized through the solvent
meditated thermolysis mechanisms. In the absence of PAHs, the aliphatic radicals undergo β-scission
reaction to give olefins and other aliphatic radicals, neither of which are good at cleaving bonds. In the
presence of PAHs the chain is diverted to give an olefin and a cyclohexadienyl radical which induces
bond scission through radical hydrogen transfer39. Therefore, even in the absence of molecular
hydrogen, the radicals formed through the cleavage of weak bonds can be stabilized by the PAHs and
the stronger bonds can be cleaved in the presence of PAHs.
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2.2.4. Effect of Coal Rank
Abdelbaset et al.41 studied the effect of coal liquefaction in tetralin solvent in the absence of hydrogen
and catalyst and found that the coal conversion reaches a maximum from coals with 80-85% dmmf.
Derbyshire et al.38 studied the conversion of coal in polyaromatic hydrocarbons and they found that the
coal conversion to pyridine solubles was dependent on the carbon content of the coal. Coals having a
carbon content of approximately 82-88% dmmf converted to 70-85% pyridine solubles at 400 oC, 6.7
MPa as shown in Figure 4. Low-rank coals (lignites and subbituminous) and high-rank coals (low volatile
bituminous and above) gave lower conversions. Mochida et al.42 studied the liquefaction of coals of
varying ranks in the benzene soluble fraction of SRC residues at 390 oC and coals with carbon content of
82-88 % dmmf gave maximum conversions.

Figure 4: Coal liquefaction conversion vs. carbon content

38

Derbyshire et al.38 related the carbon content to coal fluidity and apparent cross-linking density. The
coal fluidity reaches a maximum and the cross-linking density reaches a minimum in the same range,
and they postulate that more fluid coals are more susceptible to liquefaction than less fluid coals.
Mochida et al.42 also concluded that coals with a low softening temperature and high fluidity are more
susceptible to liquefaction. Abdelbaset et al.41 also worked on the effect of coal maceral type on
conversion and even though no clear trends have been observed, they state that coals with a higher
percent of reactive macerals (vitrinite, pseudovitrinite and liptinite) have a tendency for higher
conversions. Van Krevelen43 reasoned that bituminous coal can be viewed as 3 dimensional polymer and

8

that the polycondensation converts the sols (fluid suspension colloidal solid in a liquid) into gels which
are insoluble in solvents. He proposed that as the degree of carbonization increases, the gels’ grow at
the expense of the sols and hence the high-rank coals are less soluble than medium-rank coals. But this
theory doesn’t satisfactorily explain why lignites are not susceptible to extraction. Iino et al. conducted
extraction experiments using CS2-NMP mixtures at room temperature for a variety of coals across the
coal rank range and observed that the conversion was highest for bituminous coals with %C in the 8587% daf range35. They postulate that this might because the cross-linking density for the coals in this
range is the lowest and hence conversion is higher35. They also observed that the lignites were not very
susceptible to conversion; this was attributed to the high oxygen content due to which the strength of
hydrogen bonds is stronger and hence conversion lower35.
Li et al. found out that pretreatment of subbituminous coals with aqueous acid solution increased the
thermal extraction yield using NMP at 360 oC44. They attribute the increase in yield to the release of
ionic cross links by the pretreatment44. The relationship between the oxygen functional groups and the
thermal extraction yields of subbituminous coals in crude methylnaphthalene oil and light cycle oil was
investigated by Kashimura et al11. They postulate that the extraction yields not only depend on the
extent of ionic cross-links but also on the hydrogen bonds in coal11. They observed that the extraction
yield with crude naphthalene oil increased as the concentration of the metal carboxylate ions in the coal
decreased11. The coals were also pretreated to remove the metal carboxylate ions, and they found that
the thermal extraction of low-rank coals strongly depended on the cross links among the metal
carboxylate groups11.
2.2.5. Solvents in Coal Extraction
Solvents are classified into 4 different types: non-specific solvents, specific solvents, degrading solvents
and reactive solvents45. Non-specific solvents extract traces of materials (i.e., plant wax residues) from
the coal at a temperature up to 127 oC. Specific solvents are those which dissolve appreciable amounts
of coal at temperature below 227 oC by a process of physical solution. Degrading solvents are those
which can be used at higher temperatures resulting in the thermal degradation of coal to smaller more
soluble fractions. The solvents can be recovered from the solution substantially unchanged. Reactive
solvents are those which react with the coal chemically at high temperatures. Chemical interactions
between the coal and the solvent help in the solubulization of coal. Solvents can also be grouped on
how they interact with the coal as either hydrogen donors or hydrogen shuttlers25. For the purpose of
this review, solvents will be grouped into pure compounds and mixtures of pure compounds and recycle
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solvents. Pure compounds and mixtures are used to study the structure of coal, reaction kinetics and
other parameters which will help in process design, while recycle solvents are used to generate material
that is of commercial value30.
2.2.5.1. Pure Solvents and Mixtures used in Coal Extraction
Davies et al.46 investigated the effect of a “low-rank coal” solubility in anthracene oils and also
determined the standard extraction efficiency of the solvents at 400 oC . The products were extracted
with quinoline and the residue was used to measure the extraction efficiency. The standard extraction
efficiency was determined using the formula given below.
100 −  −




100 −  −

∗ 100

M and A are the percent moisture and ash contents of the coal, W is the mass of the residue and F is the
mass of the solvent and coal reacted. No explanation on how the formula was derived to calculate the
extraction efficiency was given by the authors. Table 1 shows the extracted efficiencies along with their
boiling points. Aromatic heterocyclic compounds, like indoline and tetrahydroquinoline, had higher
extraction efficiencies because of their ability to solvate the coal.
46

Table 1: Standard extraction efficiencies of solvents

Compound

Boiling Point oC

Acenapthene
Anthracene
Carbazole
Dibenzofuran
9,10-Dihydroanthracene
Diphenyl
Fluoranthene
Fluorene
Indoline
1-Methylnapthalene
2-Methylnapthalene
Naphthalene
Phenanthrene
Pyrene
1,2,3,4-tetrahydroquinoline
Tetralin

279
340
354
332
313
255
382
398
228
241
241
218
338
393
251
207
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Standard Extraction
Efficiency
85.2
33.6,31.2
87.3
65.9
77.3,76.5
13.0
80.1
66.0
97.3,94.6
48.1
50.4
14.0
54.8
83.4,82.6
96.2,93.1
85.5

Obara et al.48 studied the effect of hydrogen donor solvents on model compounds representing coals
using gas chromatography, 1H n.m.r. and computing calculation methods. They measured the amount of
hydrogen evolved with change in temperature. The order of the compounds in terms of ability to
release hydrogen is: 1, 4 dihydronaphthalene >> 1, 2 dihydronaphthalene > Tetralin > Decalin. Figure 5
shows the hydrogen evolution of various solvents with change in temperature.

47

Figure 5: Hydrogen evolution in donor solvents

The ability of a solvent to donate hydrogen can also be explained by examining the product formed after
the solvent loses hydrogen. The formation of a ring structure (benzene like molecules) is favored
because of resonance stabilization37. Dihydronapthalenes will have to lose only 2 hydrogens to form a
ring structure while tetralin and decalin will have to lose more hydrogens to be stable37. Neavel studied
the liquefaction of coal at 400 0C in the absence of hydrogen using tetralin as a hydrogen donor solvent
and dodecane and naphthalene as non-hydrogen donor solvents48. He observed that the conversion to
benzene solubles increased with time in tetralin while it decreased as the reaction time increased in
naphthalene and dodecane. Figure 6 shows the conversion vs. time data for all the 3 solvents. As can be
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seen at short reaction times, the conversion in naphthalene was comparable to that in tetralin. Neavel
concluded that at short reaction time only physical disruption of coal matrix takes place and that the
hydrogen donating abilities of a solvent become important only when the actual break down of coal
matrix occurs 48.

48

Figure 6: Coal conversion in donor and non-donor solvents

Polar aromatics have been studied as possible liquefaction solvents49. Tetrahydroquinoline (THQ), a
polar amine, has high extraction efficiency as seen from Table 1. It dissolved more than 90 % daf, by
mass, of a “bituminous coal” at 300 oC and 8 hrs49. The oxygen content in the liquids derived was less
than that of the coal. It was postulated that the extraction occurs through the breaking of the ether
linkages and by a reduction of the hydrogen bonding by removal of the hydroxyl and carbonyl groups49.
The disadvantage of using THQ was that the nitrogen content of the coal derived liquids increased to
double that of the coal49. Addition reactions between coal and the solvent or the solvent and the extract
might be the cause49.
Burgess et al. observed that the addition of THQ to non-donor solvent naphthalene improved the
conversion of subbituminous coal during temperature staged liquefaction runs at 350 °C and 6.9 MPa
H250. They also observed that the conversion was proportional to the amount of THQ added to the
system. They postulate that the THQ breaks the coal macromolecular structure by attacking the carboxyl
and sulfur linkages apart from the ether bond breaking50.
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Chen and Kazimi studied the effectiveness of primary aliphatic amines as solvents for liquefaction with
and without molecular hydrogen51. They concluded that primary aliphatic amines are better solvents
than tetralin under the same conditions but they also had problems with nitrogen compounds present in
the products51. They also studied the effect of mixing tetralin with n-butylamine and they determined
that there is synergism initially but as the reaction proceeded no synergism was observed51.
A mixture of carbon disulfide (CS2) and N-methyl pyrrolidione (NMP) (1:1) is reported to be a very
efficient solvent for extraction bituminous coals9, 10, 35, 44, 52-57. Iino et al. performed room temperature
extractions of various coals using CS2-NMP mixture and they obtained high yields of 30-66% daf, by
mass, for 29 of 49 bituminous coals used35. The subbituminous, lignite and anthracite coals used in the
study did not give high conversions. They also observed a large synergistic effect of the mixed solvent
when compared to either CS2 or NMP alone. They attribute the synergistic effect to the nature of the
individual solvents used. NMP is a basic solvent which is very effective at breaking the ionic and
hydrogen bond linkages while CS2 has a higher diffusibility, so when a 1-1 mixture is used the yields are
higher35. The conversion of low-rank coals (subbituminous and lignite) in CS2-NMP mixed solvent
increased with acid pretreatment with aqueous methoxyethoxy acetic acid (MEAA), acetic acid and
hydrochloric acid45. The thermal extraction yield with CS2-NMP mixture of Wyodak coal increased from
58.4% for the raw coal to 81.4% for the coal pretreated with 0.1M MEAA45. They suggest that the acid
treatment disrupts the ionic linkages in the coal structure and increases the extractability44, 58.
2.2.5.2. Industrial Solvents
Recycle solvents can either be obtained from the product stream of a coal extraction unit or various
other solvents (e.g. anthracene oil, light cycle oil, and decant oil) can be used. In the absence of
hydrogen donor solvents, the free radicals generated are capped by the formation of solvent-solvent,
solvent-coal adducts and from the dehydrogenation of coal itself. Derbyshire et al. studied the coal
conversion in polycondensed aromatic solvents like pyrene38. They state that conversion to pyridine
solubles up to 90% dmmf can be achieved in pyrene at 400 oC and 6.7 MPa under argon. The conversion
was dependent on the carbon content of the coal. They suggest that molecules like pyrene can act as
hydrogen shuttlers and also since they are good physical solvents help in the dispersion of the products
and prevent recombination reactions. Therefore the addition of high boiling reaction products to the
solvent stream improves the coal conversion, increases the liquid yields, and improves the product
selectivity38. Derbyshire et al. studied coal conversion in high boiling process solvents59. They state that
the process efficiency can be improved by recycling selected fractions of the heavy liquids derived from
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coal. The conversion of Illinois No. 6 coal at 427 oC for 60 min in 6.7 MPa H2 pressure in different
fractions of SRC-I (naphtha extracted) and H-coal reactor product (THF soluble) was investigated. The
conversion of the coal to THF solubles in various fractions as reported by Derbyshire et al. is reported in
Table 259.
59

Table 2: Conversion in recycle solvents

Solvent
SRC-I Heptane Soluble > 427 oC (BP)
SRC-I Heptane Insoluble > 427 oC (BP)
SRC-I whole product
H-coal Heptane Soluble > 204 oC (BP)
H-coal Heptane Insoluble > 204 oC (BP)
H-coal whole product

Conversion (THF soluble) wt% (daf)
55.1
-137.0
-103.4
74.4
-90.5
79.2

The conversion was calculated from yield of products insoluble in tetrahydrofuran. A negative
conversion indicates that the solvent polymerized during the reaction. As can be seen from Table 2 the
heptanes soluble portions of the recycle streams gave better conversions than heptanes insoluble
portions in both the solvents. Derbyshire et al. found that the H/C ratio of the heptane soluble portion
of the solvents was higher than the heptanes insoluble portion59.

The authors also performed

sequential elution solvent chromatography and it showed that the heptane soluble fractions of both the
solvents contained saturated compounds, condensed hydroaromatics and polycondensed aromatics;
the latter two are active liquefaction solvents which act synergistically59. The H-coal heptanes soluble
product was found to have lesser concentration of polar aromatics which have highly dispersive
properties, and the authors suggest that this might be the reason for slightly lesser conversion of the
heptanes soluble portion of H-coal liquids when compared to the whole product 59.
Burke et al.5 analyzed the solvents obtained from the Wilsonville liquefaction plant using proton n.m.r,
reverse phase liquid chromatography, GC-MS, and field ionization mass spectroscopy. They also
conducted liquefaction studies at various solvent to coal ratios with no added hydrogen at 399 oC. The
authors correlated hydroaromatic content of the polycondensed species to the conversions; they found
that the concentration of the hydroaromatics attached to a polycondensed species (larger ring structure
aromatics) were better hydrogen donors than tetralin like species (2-ring). GC-MS and proton n.m.r
were identified as valuable tools for characterization of recycle solvents.
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Yoshida et al. performed solvent extractions on various coals under N2 (0.4 MPa) and 380 oC using LCO
as a solvent followed by room temperature filtration for the production of Hyper-Coal8. The extraction
yield varied from 11% to 34% daf, by mass, depending on the coal rank and softening temperature. The
extraction yield was dependent on the softening temperature of the coal. The coals with lower softening
temperatures gave higher yields. The authors reason that thermal relaxation of coal molecules might be
a probable cause. The authors suggest that lower the softening temperature, the thermal relaxation is
more pronounced and hence higher yields can be achieved. Yoshida et al.60 also studied the extraction
and filtration at 360 oC using LCO as a solvent. The authors suggested that in non-polar, non-hydrogen
donor solvents like LCO, extraction proceeds through a heat induced structural relaxation followed by
solubulization of coal components in the solvent.
Griffith et al.12 extracted different coals at different solvent/coal ratios (N2, 0.7 MPa, and 390 oC). The
results of their experiments are reproduced in Table 3. It can be seen that the conversion increased for
all the coals as the solvent to coal ratio was increased. Preparative liquid chromatography was used to
separate the extract into 8 separate fractions based on polarity and analyzed the fractions using GC-MS.
The coal extracts contained a higher amount of nitrogen, sulfur and oxygen polycondensed
heteroaromatics. The authors observed that the fraction of coal derived material in the extract
decreased as the solvent to coal ratio increased. This may be attributed to the fact that as the solvent to
coal ratio in the reaction decreased, the amount of coal derived material in the products decrease as a
consequence.
12

Table 3: Conversion at different LCO/coal ratios

Coal
Pittsburgh
Powellton
Upper Freeport
Blind Canyon
Illinois No. 6

Conversion
5:1 Solvent/Coal
14.4
30.2
30.5
32.8
37.6

3:1 Solvent/Coal
6.6
6
24.2
20

10:1 Solvent/Coal
39.4
29.3
35.8
45.9
51.2

Andrews et al.15 studied the use of coal extracted liquids as a possible feed to make green cokes. They
studied the effectiveness of anthracene oil and decant oil, the heavy boiling fraction of a fluid catalyzed
cracking unit. The temperature and pressure of the process used were 390 oC and 400 oC and 1.4 MPa
under N2. The authors found that western Kentucky 6 coal to be a reactive coal under these conditions.
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The authors also found that decant oil to be an effective solvent to extract coal. The ash content of the
coal liquids was less than 0.1% by mass, which shows that most of the ash was retained in the residue.
This present work studies the use of solvent extraction of coal using decant oil to produce feedstock for
delayed coking. The properties of decant oil described in literature are reviewed in the following section.
2.2.5.3. Decant Oil
Decant oil (DO) is the heaviest fraction of the bottom product from a Fluid Catalytic Cracking (FCC) unit.
The heaviest fraction of the bottoms from an FCC unit is decanted to remove the catalyst fines. This
fraction primarily consists of highly aromatic molecules. Since each refinery has its own catalytic
process, the composition and properties of DO vary depending on the refinery processes and the
composition of the original crude.
Filley et al. studied the composition of the GC-MS amenable fraction of the DOs and found that the
decant oils are highly aromatic in nature and have a low asphaltene contents (hexane-insoluble, THF
soluble) 61. The authors analyzed two different decant oils. Three fractions, corresponding to aliphatics,
aromatics and polar compounds, were separated by eluting with hexane, benzene and THF-methyl
alcohol, respectively. They found that the aromatic content varied from 75 to 88% by mass. The percent
of polar compounds varied from 2-4 %, by mass, in the DOs studied. The major polyaromatic
hydrocarbons (PAHs) in the DOs were determined to be naphthalene, phenanthrene, pyrene,
benzanthracene, chrysene and their respective alkyl substituted analogs61.
Wang et al. studied the composition of DO with emphasis on non GC amenable fractions of the DO62, 63.
They used high pressure liquid chromatography with photodiode array and mass spectrometer
detectors in tandem and laser desorption mass spectroscopy to analyze the DOs62, 63. They found that
the major molecular species in DO samples consist of 3-6 ring multimethyl-substituted PAHs including
phenantrenes, pyrenes, chrysenes, and benzo[g,h,i]perylenes. The distribution of methyl-PAH
homologues and the degree of methylation on a PAH was found to vary widely. The distribution trends
of the high boiling PAHs and the low boiling PAHs were found to be similar in all the DOs62, 63. Decant
oils, irrespective of the refinery, are aromatic in nature and have a large concentration of PAHs but have
a higher concentration of aliphatics when compared to a coal derived process liquid.
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2.3. Delayed Coking
Delayed coking is a severe thermal cracking process during which the cracking reactions are given
extended time to proceed to completion. The aim of a delayed coking process is an economical
conversion of residual feedstock to lighter, more valuable products and simultaneously produce a coke
material of desired quality2,

64-66

. A fired heater is used in the process to reach thermal cracking

temperatures of 485 oC to 505 oC. The coking is delayed until the feed reaches the coking drums. The
preheated feed in the tubes undergoes decomposition and condensation reactions and once the feed
reaches the drum, the condensation reactions between the liquids result in the formation of coke along
with the evolution of light gases and liquids66. A schematic of the industrial delayed coking process is
shown in Figure 766.

66

Figure 7: Industrial delayed coking process

The quality of the coke formed depends on the quality of the feed and the temperature, pressure and
the recycle ratio of the process66. Typically there are three kinds of cokes that can be obtained in the
process: sponge coke, shot coke and needle coke66. Sponge coke is a porous solid which is used as a solid
fuel or for the production of anodes for use in the aluminum industry. Shot coke is a less desirable coke
occasionally produced along with sponge coke; it consists of small hard spherules of low porosity67, 68
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and typically is used as a fuel. Needle coke is premium quality coke, which is characterized by a needlelike appearance and crystalline microstructure63, 68. The graphite artifacts made from needle coke have a
low coefficient of thermal expansion and low electrical resistance and is used for making electrodes for
use in the steel industry63, 68. The characteristics of the various cokes and their end use are presented in
Table 466.
66

Table 4: Characteristics and end use of cokes

Type of Coke
Sponge Coke

Shot Coke

Needle Coke

Characteristics
Sponge like appearance, higher
surface
area,
lower
contaminant levels, higher
volatile content, higher HGI
(Hardgrove grindabillity index)
Spherical appearance, lower
surface area, lower volatiles,
lower
HGI,
tends
to
agglomerate
Needlelike appearance, low
volatiles, high carbon contents.

End Use
Aluminum anodes, TiO2
pigments

Coke ovens, combustion

Electrodes,
Graphite

Synthetic

2.3.1. Chemistry of Carbonization
Carbonization is an aromatic growth and polymerization which proceeds through C-H and C-C bond
cleavage to form reactive free radicals, followed by molecular rearrangement, polymerization, aromatic
condensation and elimination of side chains and hydrogen69. Figure 8 shows the general reaction
scheme for carbonization as proposed by Lewis69.
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Figure 8: General reaction scheme for carbonization
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Aromatic compounds are considered to be the key building blocks for cokes and graphites, therefore
during carbonization the non-aromatic structures are first aromatized before undergoing the
carbonization process. Aromatic free radical intermediates can undergo direct polymerization through
loss of hydrogen which is accomplished through internal hydrogen transfer. Another important reaction
is the thermal rearrangement which would transform unstable free radicals into to stable structures by
an increase in the carbon number. The polymerization of the aromatic hydrocarbons can lead to
condensed polymers and also non-condensed polymers. The condensed polymers are planar structures
and are graphitizable while the non-condensed polymers are bridged together by alkyl cross-links and
hence are not planar69.
Brooks and Taylor discovered the existence of a mesophase which determines whether the carbon
obtained is graphitizable or not70. Figure 9 shows the formation of mesophase during the carbonization
of polyvinyl chloride.
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Figure 9: Mesophase formation during carbonization of polyvinyl chloride
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The nature of the feedstock strongly influences the quality of the coke68, 71-81. Feeds with high aromatic
contents and negligible amounts of heteroatoms are suitable for the production of needle coke while
feeds with relatively low amounts of heteroatoms and negligible asphaltenes are suitable for making
sponge coke68. The characteristics and properties of preferred feedstock for production of needle coke
are presented in Table 568.
Table 5: Properties of needle coke feedstock

68

API Gravity @ 60°F
Sulfur, wt %
Aromatics, wt %
Nitrogen, wt %
Vanadium, ppm
Nickel, ppm
Pentane Insolubles, wt% (or asphaltene %)
Benzene Insolubles, wt%
Quinoline Insolubles, wt%
Boiling range, °C

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 oC

Ash, wt%

100 ppm max

Bhatia et al. studied the effect of pressure on the carbonization of coal tar pitches at 500 oC82.
Carbonization experiments were conducted from pressures ranging from 0.1 MPa to 16 MPa and they
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found out that the temperature at which pyrolysis is complete decreased as the pressure was increased,
and the coke yield increased as the pressure was increased for the coal tars studied. Martinez-Escandell
et al. also observed that there is an increase in the coke yield as the pressure of the system was
increased83. Escallon inferred that there might be an optimum pressure related to the reactivity of the
feedstock and hence the chemical composition of feed stocks – effect of pressure may be more
pronounced on feedstock with a higher concentration of low molecular weight compounds68.
Mochida et al. studied the carbonization of different feedstock at various temperatures and observed
that the optimum temperature is dependent on the chemical composition of the feedstock84. They
observed that the carbonization completion time is also dependent on the chemical composition of the
feedstock. They conclude that the formation of bulk mesophase is preceded by the formation of
anisotropic spheres which grow and coalesce. The extent of anisotropic development and hence the
quality of the coke formed is strongly dependent on the carbonization conditions and the chemical
composition of the feedstock84.
The quality of the coke is determined through optical microscopy, scanning electron microscopy (SEM),
X-ray diffraction (XRD) analysis and Raman analysis68. Anisotropy is observed through optical microscopy
by sending a beam of cross polarized light and observing if there is more than one refractive index with
notable differences in their values. It is considered to be isotropic when the surface suggests only one
refractive index such that the light intensity is the same in all the directions from which it is measured.
There are different textural elements used by different authors to classify the optical textures of cokes.
A review of the different classifications is reported by Escallon68. The different textural elements
identified in this work are reported in Table 668.
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Table 6: Optical texture analysis of cokes

Optical
Textures
Isotropic
Mosaic
Small Domain
Domain
Flow Domain
Pyrolytic
Carbon
Mineral
Matter
Catalyst

Description

OTI

Low reflecting purple carbon material derived from decant oil; no
optical activity
Higher reflecting carbon textural element exhibiting optical anisotropy;
Isochromatic units < 10 μm
Anisotropic carbon texture exclusively derived from decant oil or resid;
Isochromatic units between 10-60 μm
Anisotropic carbon derived from decant oil and some resids;
Isochromatic units > 60 μm
Aligned anisotropic texture exhibiting elongated isochromatic areas;
Isochromatic units > 60 μm in length and < 10 μm width
Depositional carbon elongated with one sharp edge consisting of
submicron isotropic and anisotropic particles
Remnants of coal-derived mineral matter which includes clays, shale
particles, pyrites, quartz and carbonates.
Spherical catalyst particles that are incorporated into the carbon matrix.

0
1
5
50
100
0
0
0

XRD was used to measure the lattice spacing, stacking height (Lc) and stacking diameter (La) of the cokes
formed68. The XRD parameters are used to measure the increase in order of the cokes as they are
calcined and graphitized. Calcination and graphitization are generally done in an inert atmosphere at
1300 oC and 3000 oC, respectively. As the cokes are calcined and graphitized, the lattice spacing
decreases, the stacking height and stacking diameter increases85-88. Figure 10 shows the increase in
stacking diameter with increase in temperature as reported by Legin-Kolar et al85.
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Figure 10: Effect of temperature on stacking height

85

Raman spectroscopy is also widely used to determine the structural imperfections in the cokes and heat
treated cokes89-98. Tuinstra et al. studied the Raman spectra of graphite and determined that the band at
1360 cm-1 arises due to the structural imperfections in graphite99. The ratio of the peak intensity at 1360
cm-1 (D band) to the peak intensity at 1575 cm-1 (G band) is generally used as a measure of imperfections
in cokes and heat treated cokes. Kawakami et al. observed that as the heat treatment temperature was
increased the D band area progressively decreased100.
2.3.2 Co-Coking Work at Penn State
Co-coking is the process in which pulverized coal is added to the feed to the coker13, 101. Coal is fed as a
slurry with a coker feed. The aim of the co-coking process, developed by researchers at Penn State, was
to produce coal based liquids for the production of thermally stable jet fuels while also producing a high
value solid by product13, 101. Delayed coking of decant oil with Pittsburgh No. 8 coal at a solvent to coal
ratio of 4:1 increased the yield of coke at the expense of the liquids when compared to the coking of
decant oil only. The liquids generated from co-coking had a higher fraction of aromatics and
naphthalenes when compared to the liquids generated from the coking of the decant oil only13.
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The cokes produced from co-coking had a higher ash content than the coke produced from the decant
oil only. It is suggested that mineral matter in coal is being imparted to the coke thereby increasing the
ash content of the coke. The ash contents of the co-cokes make them unsuitable for use as anodes, even
though the quality of the cokes generated is better than those produced than coking of the decant oil
only14.
The following sections describe the experimental procedures and apparatus used in this work.
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Chapter 3. Experimental Procedures and Techniques
3.1. Coal Extraction and Coking Reactions
3.1.1. Solvent Extraction Unit
The solvent extraction unit consists of a reactor, a settler and a collector. A Schematic of the Solvent
extraction unit used at Penn State is shown in Figure 11. The reactor was an autoclave equipped, with a
ceramic heater and an agitator, was to handle temperatures up to 600 oC and pressures up to 5000 psi.
The coal decant oil slurry was mixed and fed to the reactor. The temperature used for all the reactions
was 390 oC. The system was purged with N2 and is pressurized to 200 psi. The heat up time for the
reactor was 60 mins and the reactions were conducted for 60 mins. The settler was equipped with a
Pope Scientific 10 µm filter to separate the residue from the extract. The filtration was performed at
200 oC to prevent the residue from caking and to keep the viscosity of the product low to allow the
liquids to flow through the filter. The whole system was washed with dichloromethane. The wash
solvent was Soxhlet extracted and collected for analysis.
The residue was ultrasonicated in dichloromethane to remove the product from the pores of the
residue. The residue was then dried at 80 oC under vacuum for 12 hrs before it was analyzed.

Figure 11: Solvent extraction unit schematic
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3.1.2. Laboratory Scale Delayed Coker
The delayed coking unit at the EMS Energy Institute at Penn State was designed after a unit developed
at PARC Technical services, Hammerville, Pa. The laboratory scale delayed coker consisted of a 7.5 cm i.d
x 102.5 cm cylindrical unit having an internal volume of approximately 4.5 L. A schematic of the unit is
shown in Figure 12.

Figure 12: Laboratory scale delayed coker schematic

The operation of the coker was controlled through LABVIEW® software. The feed was initially charged to
the heated feedstock tank that was continuously mixed throughout; the feed was then transferred to a
smaller vessel, which was placed on a balance to monitor the feeding rate, using the feedstock pump.
The feed was pumped to the preheater using a metering pump and it is incrementally heated to 180 oC
in the lines using the superpreheater. The feed was heated to 420 oC in the preheater before being fed
to the coker drum. Thermocouples attached at various positions in the coke drum were used to measure
and control the temperature during the experiments. The light hydrocarbons exit through the top of the
coker and were sent through a condenser where the condensibles were collected while the gases are
sent through a mass flow meter and samples were collected and the rest of the gases were vented.
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Three delayed coking reactions were performed. The first reaction was to react the DO alone, the
second reaction was to react the coal extract/DO mixture, and the third was to react the coal extract/DO
mixture using a typical fluid catalytic cracking catalyst supplied by OptiFuel and Albemarle, Inc. An
additional objective of this research program is to evaluate the OptiFuel technology in the anode coke
production using coal derived liquids. The OptiFuel technology has been tested in the actual delayed
coking operation in petroleum refineries; the benefits include improvement of the quality and yield of
liquid products. Additionally, when the OptiFuel technology is used the cokes produced have better
quality, it is mainly because the catalyst cracks the link that force the irregular alignment of aromatic
units, as it enhance the coking of freed heavy aromatic unit in a more regular way improving their
morphology. While no specific information on the chemical composition of the catalyst was provided,
the following information was given:
“OptiFuel technology uses a catalyst finely sprayed at the top of the delayed coker, which reduces the
gas formation, and improves both the overall liquid yields and quality of the coke produced. The catalyst
acts by reducing the overcracking of the lighter component in vapor phase. At the same time, the
catalyst cracks the heavy aromatic components reducing the final boiling point of the gas oil produced,
which has a positive impact down stream of the process. It has been encountered that the catalyst has a
positive effect in the morphology of the coke produced. Because the catalyst is formulated to enhance
cracking or coking reactions in the delayed coker, the catalyst activity can be adjusted to maximize the
liquids and coke yields or liquids and coke quality.”
3.1.3. Calcination and Graphitization
The calcination and graphitization of the cokes was performed at GrafTech according to the procedure
described below. The samples were placed into individual graphite capsules and then inserted inside a
high-temperature tube furnace that was purged continuously with argon. The weight of each sample
was recorded. The samples were heated at 200 oC/hr to 1420 oC and held at this temperature for 1 hour
then allowed to cool overnight to ambient temperature. The heat-treated samples were weighed to
determine "calcine coke" yield. Each sample was divided approximately in half. Each half sample of
"calcine coke" was placed into individual graphite capsules and then inserted inside a high-temperature
tube furnace that was purged continuously with argon. The weight of each sample was recorded. The
calcined samples were graphitized to just above 3000 oC over the course of 24 hours then allowed to
cool to ambient temperature. The graphitized samples were weighed to determine "graphite" yield.
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3.2. Liquid Characterization
3.2.1. Simulated Distillation
Simulated distillation by gas chromatography was used to determine the boiling point distribution of the
decant oils and also the liquids generated from coal extraction and from delayed coking. The Simulated
Distillation was performed using a HP 5890 GC-FID fitted with a MXT-500 simulated distillation column
according to ASTM 2887 method. Twenty mg of the sample was mixed with approximately one gram of
carbon disulfide and injected into the Simulated Distillation equipment. The carrier gas flow rate was set
at 13 ml/min. The liquids were heated to 40 oC and held there for 4 mins and then the temperature was
ramped up to 350 oC at a rate 15 oC/min and held at 350 oC for 10 more minutes. SimDis Expert 6.3
software was used to calculate the percentage of each of the fractions. The results from the simulated
distillation were used to determine the boiling point ranges of gasoline, jet fuel, diesel oil and fuel oil
cuts. The cut points for each fraction are reported in Table 7 and were found to be similar to previous
work done in our laboratory101.
Table 7: Cut point table

Start (K)
Initial Boiling Point
453.15
543.15
605.15

End(K)
453.15 (180 oC)
543.15 (270 oC)
605.15 (332 oC)
Final Boiling Point

Fraction
Gasoline
Jet Fuel
Diesel Oil
Fuel Oil

3.2.2. Vacuum Distillation
The overhead liquids obtained from coking and the decant oil was separated into gasoline, jet fuel,
diesel oil and fuel oil fractions using vacuum distillation according to ASTM D1160-06 method. Vacuum
distillation was used because the liquids might decompose when atmospheric distillation during
atmospheric distillation. A vacuum pump was used to generate vacuum and a digital pressure reader
was used to measure the relative pressure. A nomograph was used to calculate the corrected boiling
point at that pressure.
3.2.3. Gas Chromatography-Mass Spectroscopy
The liquids generated through coal extraction and the overhead liquids from the delayed coking were
vacuum fractionated and the liquids were analyzed using gas chromatography/mass spectroscopy using
a Shimadzu QP500 mass spectrometer. The GC-MS consisted of a GC-17A gas chromatograph and a QP
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5000 mass spectrometer containing a Rxi -5ms column from Restek. The carrier gas was He and the
column flow rate was adjusted to 1ml/min. The temperature program for gasoline was 35 oC (10 mins),
35 oC to 175 oC at 4 oC/min and held at 175 oC for 5 mins (program time 50 mins). For jet fuel, the
program is as follows- 40 oC (4 mins), 40 oC to 220 oC at 4 oC/min and held at 220 oC for 10 mins with a
total run time of 59 mins. For diesel – 40 oC to 120 oC at 15 oC/min, 120 oC to 250 oC at 4 oC/min and held
at 250 oC for 8 mins. The total program time for diesel oil was 46 mins. Fuel oil – 40 oC (4 mins), 40 oC to
180 oC at 20 oC/min, held at 180 oC for 2 mins and 180 oC to 310 oC at 4 oC/min and held at 310 oC for 14
mins.

3.3. Solid Characterization
3.3.1. Proximate Analysis
Moisture, volatile matter and ash analyses were done using a LECO MAC 400 analyzer according to
ASTM D7852-10 method. The ash content of the residue after the solvent extraction runs was
determined to calculate the conversion of coal. The ash is assumed to remain in the residue while the
organic moieties are transferred to the solvent. Hence this gives a basis for the extent of conversion
during the solvent extraction. Proximate analysis was also performed on the decant oils to determine
the most suitable decant oil. The cokes generated by delayed coking of the solvent extracted coal liquids
were also analyzed using the proximate analyzer.
3.3.2. Ultimate Analysis
The carbon, hydrogen and nitrogen contents in the coal, decant oil and cokes generated were
determined using a LECO TruSpec CHN analyzer and the sulfur content was analyzed using a LECO SC
144 DR device according to ASTM D3176 method. The Oxygen content was calculated by difference. The
sulfur analysis was performed on the decant oils to help determine the most suitable decant oil.
3.3.3. Optical Microscopy
The coke textural elements were evaluated using reflected polarized white-light microscopy using oil
immersion at 625 X magnification. The cokes obtained from the delayed coker were crushed to 20 mesh.
Twenty gram of the ground coke was then placed in a 2.54 cm diameter plastic tube and impregnated
with a cold setting epoxy resin by stirring under vacuum. The tubes are then placed in a centrifuge to
establish a density/particle size gradient. Once the resin hardened the samples were cut longitudinally
to expose the particle gradient and mounted in epoxy and polished using a series of silicon carbide grit
papers (400 and 600) and alumina polishing slurries (0.3 and 0.05 μm). The samples were inspected
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using a Zeiss Universal research microscope with a 40X (625 total magnification) Antiflex oil immersion
objective using cross-polarized white-light illumination. Photomicrographs were taken using an AxioCam
2 megapixel camera. Point-count analysis was performed on each of the samples and the volume
percentage of each textural element identified was calculated.
3.3.4. X-ray Diffraction Analysis
The coke samples were ground to fine powder using mortar and pestle and then sprinkled on the
surface of the quartz zero-background sample holder. The analysis was carried out using PANalytical
X’Pert Pro powder diffractometer with X’celerator detector. A Ni-filtered CuKα radiation produced at 45
KV and 40 mA was used for the analysis. A continuous scan with a step size of 0.01 and time per step of
100 seconds from 5 to 90 degrees 2θ was performed. An external NIST silicon standard was used for
correction of instrument broadening. Data acquisition was done using MDI Jade 9 software. Phase
identification was carried out using ICDD PDF4 2008 (set 58) database. The typical error of the interlayer
spacing of the cokes is around 0.003 Å as reported by Nyathi102.
3.3.5. Raman Spectroscopy
The Raman spectrum was recorded using the XY Raman spectrometer, with a polarized laser light with
488 nm wavelength. The spectrum was recorded in a backscattering configuration under the confocal
WITec microscope attached to the instrument, using a 30 x objective. Five seconds integration was
carried out over five minutes with two repetitions. A CCD camera was used for recording the spectra.
3.3.6. Temperature Programmed Oxidation
The temperature programmed oxidation (TPO) analysis was performed using a LECO RC 612 Multiphase
Carbon Analyzer. Both raw and heat treated cokes were oxidized to carbon dioxide by reaction with
ultrahigh purity O2 in a furnace over a CuO catalyst bed. The deposited metal coupon was heated at a
rate of 30 °C/min in O2 at a flow rate of 750 ml/min to a maximum temperature of 900 °C with a hold
period of 6 min at the 900 ˚C. The resulting carbon dioxide was then quantitatively measured using a
calibrated IR detector as a function of the temperature in the furnace.
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Chapter 4. Results and Discussion
4.1. Solvent Extraction
4.1.1. Conversion and Yield of Products
High temperature solvent extraction runs were performed with a coal-decant oil slurry at a coal to
decant oil ratio of 1:10 as described in Section 3.1.1. The aim of this project was to generate enough
feed to react it in a delayed coker. The properties of Western Kentucky No.6 coal, a high volatile
bituminous b coal, used in this work are presented in Table 8.
Table 8: Properties of western Kentucky No.6 coal

Property

Western Kentucky No.6
Air Dry Loss, %
6.10
Proximate Analysis
% Moisture
1.90
% Ash, dry basis
9.72
% Volatile Matter, dry basis
35.11
% Fixed Carbon, dry basis
55.17
Ultimate Analysis, dry basis
%C
73.82
%H
5.12
%N
1.46
%S
2.63
% O (by diff.)
7.25
Calorific Value, Btu/lb dry basis
13,483
Gieseler Plastometry
Initial Softening Temp. °C
384
Temp. of Maximum Fluidity, °C
425
Maximum Fluidity, ddpm
29,205
Fluid Temp. Range, °C
92
Petrographic Analyses, vol. % ash-free
Mean Max. Vitrinite Reflectance, %
0.70
Vol. % Vitrinite
86.4
Vol. % Liptinite
3.7
Vol. % Inertinite
9.9
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Table 9: Properties of decant oils

C, wt % (daf)
H, wt % (daf)
N, wt % (daf)
S, wt % (daf)
O, wt % (daf)
Atomic H/C
Ash %
Volatile Matter
Fixed Carbon %
API Gravity

ConocoPhillips
89.10
8.02
0.03
0.70
2.15
1.080
0.00
96.76
3.24
0.5

Aromatics
Aliphatics

28.9
71.1

Aromatics
Aliphatics

57.2
42.8

BP
89.45
7.73
0.03
0.62
2.17
1.037
0.053
93.69
6.26
1.7
1
H NMR wt%
30.7
69.3
13
C NMR wt%
59.7
40.3

Valero
87.60
7.17
0.03
2.14
3.06
0.982
0.160
94.82
5.02
-4.8

EI-107
88.55
6.86
0.03
2.99
1.57
0.930
0.027
95.94
4.03
-4.4

37.2
62.8

43.1
56.9

68.8
31.2

74.5
25.5

Decant oil is produced through the catalytic cracking (probably zeolite catalyst103) of crude oil and it can
be expected that the majority of the aliphatics would be longer chain aliphatics which were not broken
down by the catalyst. Previous co-processing work involved using petroleum crudes, oil sands and
vacuum residue to upgrade coal and the heavy oils to middle distillates104-113, although not much work
involved using decant oil to extract coal. Since the chemical nature of the petroleum residua depends on
the original crude and the various processes from which it is derived114, inferences drawn from feed
derived from a particular process cannot be directly applied to a different feed. This project investigates
the use of decant oil to extract coal to determine if it is an effective solvent for extraction.
The properties of the four DOs tested for use in this work are presented in Table 9. The Valero and the
EI-107 DOs were denser and had greater sulfur contents. The BP and ConocoPhillips DOs had lower
sulfur contents. The ConocoPhillips DO had no ash in it while the BP DO has 0.053% ash in it. Therefore
the ConocoPhillips DO was chosen as a solvent for the process even though the higher H/C ratio and the
nmr results suggested that the ConocoPhillips DO is more aliphatic than the other DOs tested. Western
Kentucky No.6 coal was used because its initial softening temperature was lower than the reaction
temperature used in this work. According to Yoshida et al., thermal relaxation of coal macromolecular
structures enables the solvent molecules to extract the mobile phase60. Another reason for using
Western Kentucky No. 6 coal was that it had low sulfur content. The presence of sulfur containing
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compounds are known to both increase the formation of graphitizable carbon and also decrease it
depending on the concentration of the sulfur containing heterocycles69. Increase in sulfur containing
compounds in the feed tends to decrease the graphitizability while low concentrations of sulfur tends to
increase it69. Therefore Western Kentucky No. 6 coal was chosen since any sulfur that is a part of the
coal extract would only be in low concentrations and it would have a positive or a minimal effect on the
coke produced from the extract.
A few experiments were performed with DECS 36 Marfork coal and EI-107 DO using 1 μm, 5 μm and 10
μm filters at a solvent to coal ratio of 5:1, 7:1 and 10:1. The emphasis of these experiments was on the
total yield of the extract. The experiments with the 1 μm and 5 μm filter were unsuccessful because the
filter plugged and no extract was collected at all the solvent to coal ratios tested. The 10 μm filter tests
were successful at a solvent to coal ratio of 10:1. The ConocoPhillips DO and Western Kentucky No. 6
coal was then used at a ratio of 10:1 using the 10 μm filter.
The coal conversions were calculated using the formula given below.
1−

 ∗ 100

where A is the ash content of the coal and Ar is the ash content of the residue on a dry basis. Since the
conversions were based on using ash as a tracer, the lack of mass balance closures did not affect the
calculation. The conversion and the mass balance on a few of the experiments are reported in Table 10.
o

Table 10: Western Kentucky No. 6 coal conversion and mass balance at 390 C, 200 psi, and 60 min

Run No.

Mass DO g

36
37
38
39
40
41
42
43
44
45

200
200
300
300
300
300
300
300
300
300

Solvent to
Coal Ratio
10:1
10:1
10:1
10:1
10:1
10:1
10:1
10:1
10:1
10:1

Final
Pressure(Psi)
350
500
750
750
750
500
500
500
500
500
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Conversion
%
44.66
56.66
23.33
19.8
7.64
47.25
26.08
35.88
25.85
22.42

Mass
Balance%
80.18
76.67
94.85
100.3
96.06
88.18
90.67
92.21
66.12
84.64

The conversion varied from a low of 7.64% to a high of 56.66 % db, by mass, and the average conversion
is 30.95% db. The conversion is similar to the conversion reported by Griffith et al.12 who used light cycle
oil as a solvent.
The conversion in this work was lower than expected possibly due to the nature of the decant oil used,
particularly when compared to Andrews et al., as they reported conversions as high as 90% db, by mass.
The decant oil used has 70%,by mass, aliphatics determined by 1H NMR and an atomic H/C ratio of 1.07,
suggesting it may not be a highly effective liquefaction solvent. According to Yoshida et al.60, the
extraction of coal using non-hydrogen donating solvents proceeds through the extraction of the mobile
phase by the solvent due to the thermal relaxation in the coal structure. The DO used in this work was
aliphatic, and therefore it may not have been a good solvating agent (not interactive)115. It also appears
that the DO is primarily composed of long chain aliphatics and large ring system aromatics which were
not cleaved during the catalytic cracking process – this is also a possible reason for the lower than
expected conversions.
However, the lower yields, in this work, compared to Andrews et al. may not be a one-to-one
comparison. Andrews et al.15 reported an average conversion of 83%, by mass db, using decant oil and
Western Kentucky No.6 coal at 405 oC in a 2L stirred autoclave, while conversion ranging from 7-60% db,
by mass, using the Western Kentucky No. 6 and a different DO was obtained in this work; Andrews et al.
presented very little information on the character of their decant oil. The solvent to coal ratio used in
this work was 10:1, due to issues with plugging in the reactor, and reaction took place at 390°C.
Andrews et al. did not specifically state the solvent to coal ratio for the stirred autoclave reactions. It
was observed during previous work at EMS Energy Institute that filtering a flow reactor with a solvent to
coal ratio of 2:1 was impossible, so they may have used a higher solvent to coal ratio than 2:1. They also
do not state if another cleaning solvent, such as THF or dichloromethane, was used to remove all of the
organic liquid from the reactor. Even though they stated that a 2 L reactor was used, it was found that
increasing the amount of slurry reduced the conversion and also gave low mass balance closures;
Andrews et al. do not state how much material was reacted at a time. Andrews et al. also required a
much lower amount of materials for their coking apparatus, so they most likely did not fill the 2 L
reactor to capacity. All of these differences in reaction conditions and product work-up can dramatically
influence the yield, so it is difficult to make a direct comparison to the work that Andrews et al. did.
In order to have enough material to feed into our laboratory-scale delayed coking unit, extract from all
the runs were mixed and fed to the delayed coker.
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4.1.2. Liquids Characterization – Analysis of Decant Oil and Coal Extract
The DO and the coal extract were fractionated into industrial fuel cuts based on the results of simulated
distillation GC using vacuum distillation. The fractions obtained were analyzed using GC-MS.
The simulated distillation GC and the fractional distillation experiments were carried out according to
the procedures described in Sections 3.2.1 and 3.2.2 respectively. The DO and coal extracted were
fractionated basing on the cut points reported in Table 7. The simulated distillation GC analysis of the
decant oil and coal extract is reported in Table 11.
Table 11: Simulated distillation of decant oil and coal extract

Fraction
Gasoline
Jet Fuel
Diesel Oil
Fuel Oil

o

Temperature BP Range ( C)
0-180
180-270
270-330
>330

DO
0.0
1.42
4.42
93.28

Mass %
Coal Extract
0.27
3.73
5.94
89.11

As seen from Table 11 the DO had no compounds boiling in the gasoline range while the coal extract had
a very small percent of compounds boiling in the gasoline range. This suggests that, during the
extraction process, the smaller aliphatic cross links in the coal may have been cleaved and/or some of
the decant oil molecules may have been cleaved to form low boiling compounds. The decant oil had
93.28% boiling in the fuel oil range (BP>332 oC), while the percentage of compounds boiling in the fuel
oil range is lesser in the coal extract. The smaller coal molecules that were extracted into the solution
and possibly the cleavage of larger decant oil molecules might be the reason why there are 11% of
compounds boiling below 332 oC.
The mass fractions obtained through vacuum distillation of DO and coal extract are reported in Table 12.
Even though the masses of each fraction obtained through vacuum distillation were significantly
different from those obtained through simulated distillation GC, the trends are similar.
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Table 12: Vacuum distillation of decant oil and coal extract

o

Fraction
Gasoline
Jet Fuel
Diesel Oil
Fuel Oil

Temperature BP Range ( C)
0-180
180-270
270-330
>330

Mass %
DO
Coal Extract
0.00
0.135
0.670
0.365
1.284
1.750
96.891
96.288

GC-MS analysis was performed on the fractions generated by vacuum distillation according to the
procedure described in Section 3.2.3. The compounds identified by the GC are classified into six distinct
groups and the area percent contribution of each group was calculated. The compounds were classified
as paraffins, cycloparaffins, benzenes, indanes, naphthalenes, and PAHs (polyaromatic hydrocarbons).
The benzene fraction includes all single ring aromatics and substituted benzenes, the indane fraction
includes all hydroaromatics and the naphthalene fraction includes all naphthalene, substituted
naphthalenes and its analogues, and the PAH fraction includes all polyaromatic hydrocarbons. Chlorocyclo hexane was identified as an impurity, and its peak area was removed while calculating the area
percents of the compounds. The results reported here are area percents. It should be noted that the
GC-MS can only identify compounds with molecular mass less than 400 a.m.u116. The results of the GC
analysis of the DO and coal extract are reported in Table 13.
Table 13: GC-MS analysis of decant oil and coal extract

Gasoline

Area Percent
Jet Fuel
Diesel Oil
Coal
Coal
DO
Extract
DO
Extract
4.92
18.31
6.91
17.63

Fuel Oil
Coal
DO
Extract
8.77
8.32

Paraffins

DO
0.00

Coal
Extract
21.09

Cyclo Paraffins

0.00

3.21

4.32

0.00

1.54

0.00

0.00

0.00

Benzenes

0.00

22.07

62.91

13.98

3.63

2.28

6.96

1.98

Indanes

0.00

23.16

16.12

17.61

7.04

1.83

0.00

0.00

Naphthalenes

0.00

30.47

11.73

50.11

80.88

74.05

4.14

0.00

PAH

0.00

0.00

0.00

0.00

0.00

4.22

80.12

89.70

Classification
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The decant oil used did not have any compounds boiling in the gasoline range while the coal extract had
a majority of naphthalenes. The paraffins ranged from C9 – C12 alkanes and substituted alkanes but no
alkenes. These may have formed due to the cleavage of the longer aliphatic compounds in the DO. The
lack of alkenes in the coal extract indicates that during the extraction the alkyl free radicals did not
undergo disproportionation reactions39,

105, 117

. This also indicates that there is solvent meditated

thermolysis leading to the cleavage of stronger bonds in coal and the solvent39, 105, 118. The benzenes
were mostly alkyl-substituted aromatics like 1,2,3,5-tetramethylbenzene and its isomers. Phenols
contributed to only 8.9 area percent of the benzenes. The presence of highly substituted benzenes
indicates the cleavage of cross links in both the solvent and the coal.
The molecular mass distribution of the compounds in the gasoline fraction of the coal extract is plotted
in Figure 13. The majority of the compounds have a molecular mass ranging from 120 to 159 molecular
mass units. They are composed mainly of substituted benzenes, substituted naphthalenes and
substituted indenes. The molecules in the 120-140 a.m.u range alkyl substituted benzenes like1-methyl,
2-isopropyl benzene, and methyl substituted dihydro indenes. The alkyl groups on the benzene indicate
that it may have been a part of the coal structure and is extracted from the coal since these compounds
with alkyl groups were absent in the decant oil. The molecules in the 140-160 a.m.u consisted of
dimethyl substituted dihydro indenes, propyl and butyl substituted benzenes and methyl and dimethyl
naphthalenes which also indicate cleavage from a larger aromatic cluster.
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Figure 13: Molecular mass distribution of compounds in gasoline fraction of coal extract

The total ion chromatogram of the jet fuel fraction of the DO and the coal extract is presented in Figure
14. The DO had smaller compounds as is evident from the chromatogram. The chromatograms look
similar after 16 minutes retention time. The coal extract and the DO had similar compounds eluting out
of the column after 16 minutes. There might also be aromatic compounds that may have been extracted
by the DO from the coal which would explain why the jet fuel fraction of the DO had only 24.28% of
naphthalenes while the coal liquids had 49.15% of naphthalenes. Another reason for the increase in
paraffins and naphthalene content in the coal extract when compared to the DO would be the cracking
of larger paraffinic molecules followed by ring condensation and polymerization of the ring structures to
form naphthalenes; naphthalenes can also be inherent in the coal itself. Other researchers observed the
condensation of paraffins to form aromatics at temperatures used in this work

69, 119

. Sanford et al.

conducted experiments with various petroleum residua at 400 oC under N2120. They observed that in the
initial stages of reaction (< 30 % conversion), the breaking of alkylaromatic carbon-carbon bonds is
facile, leading to the formation benzylic radicals and an alkyl radicals which would then result in the
formation of paraffinic, olefinic , naphthenic and aromatic molecules boiling in the C-5 to 524 oC range.
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Figure 14: Chromatogram of jet fuel fraction of decant oil and coal extract

The molecular mass distribution of the compounds identified in the jet fuel fraction of the DO and the
coal extract is presented in Figure 15. The compounds that fall in the 120-139 a.m.u. were alkyl
benzenes (methyl, isobutyl benzenes and analogues) in both the DO and extract and the compounds in
the 140-159 a.m.u. fraction were composed of dihydromethylindenes and dimethylnaphthalenes. The
indenes may have formed due to ring condensation during the extraction process while the
naphthalenes may have been extracted from the coal. The molecular mass distribution of the
compounds indicates the extraction of compounds in the 140-179 a.m.u. The presence of compounds
with molecular mass greater than 160 a.m.u. in the coal extract may be due to the disruption of the coal
macromolecular structure and extraction of naphthalenes. Since the DO and coal extract had similar
compounds, it is hard to distinguish the compounds that were extracted from the coal and those that
may have formed during the extraction process by cracking of the DO. The DO should be reacted alone
under the extraction conditions used in this work and the resultant liquid should be analyzed and
compared with the coal extract to be able to identify the compounds that may have been extracted
from the coal.
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Figure 15: Molecular mass distribution of jet fuel fraction of decant oil and coal extract

The diesel oil fraction had a high concentration of naphthalenes in both the DO and the coal extract, as
expected. The coal extract had a greater concentration of paraffins compared to the DO. The
chromatograms of the diesel oil fraction of the DO and coal extract are presented in Figure 16. Both the
DO and the coal extract did not have any compounds eluting before 6 minutes. This is because the
molecules that make up the diesel oil fraction are mostly naphthalenes and long chain aliphatics in both
the DO and coal extract. Most of the compounds that make up the diesel oil fraction of the DO elute out
between 7 and 15.5 minutes while the compounds of the coal extract elute out between 9 and 18
minutes. The peaks identified between 11 to 15.5 minutes in the coal extract are more intense than the
peaks in the DO, and the compounds that were identified by the mass spec are the same. This means
that there might be compounds in the coal that are extracted by the DO which leads to an increase in
the concentration of these compounds in the coal extract. The paraffins in the coal extract consisted of
decane and its homologues. The increase in the paraffin concentration in coal extract when compared to
the DO can be attributed to the cracking of larger aliphatic chains in the DO to form comparatively
smaller aliphatic chains during extraction120.
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Figure 16: Chromatogram of diesel oil fraction of decant oil and coal extract

As seen from Figure 17, there is a shift in the molecular masses of the compounds from 140-159 a.m.u.
in the DO to 160-179 a.m.u. in the extract. The compounds in the 140-159 a.m.u. range of the DO
consisted of dimethyl-dihydro indenes and dimethyl naphthalenes while there were no indenes in the
coal extract. Part of the compounds in the 140-159 a.m.u. range of the decant oil may have reacted in
the extraction process to form naphthalenes (side chains on aromatics forming rings). The compounds
with molecular mass greater than 200 in the extract are composed of heptadecane and higher
analogues which may formed due to the cracking of the larger aliphatic chains in the DO during the
extraction process.
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Figure 17: Molecular mass distribution of diesel oil fraction of decant oil and coal extract
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The fuel oil fractions of both the liquids are similar which is evident from Figure 18. The analysis on the
fuel oil fractions represents only the GC-MS amenable fraction; there might be some compounds that
have a higher molecular mass which were not identified by the GC as noted earlier.
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Figure 18: Chromatogram of fuel oil fraction of decant oil and coal extract

The GC amenable fuel oil fraction of the coal extract is lighter than the fuel oil fraction of the DO. The
coal extract had more compounds with 200-219 a.m.u. molecular mass than the DO. There may have
been cracking reactions during the extraction process which may resulted in the reduction of high
molecular mass compounds in the extract which is evident from Figure 19.
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Figure 19: Molecular mass distribution of fuel oil fraction of decant oil and coal extract
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Figure 20 shows the weight percents of the compounds identified in the coal extract and the decant oil.
The simulated distillation results are coupled with the area percents of the compounds identified by the
GC in the individual fractions to generate the plot. Even though the GC results are not standardized the
weight percents are obtained by using the area percents as an approximation. This plot shows which
compound classes have changed. As seen in Figure 21, there is an increase in the paraffins and PAHs in
the coal extract compared to the DO. The increase in the paraffins is probably due to the breaking of the
cross links in coal and also due to the cracking of the cross links between larger PAH systems in the
decant oil. The coal extract also had an increase in the PAHs concentration – it can be inferred that some
of the larger ring systems in the coal were extracted by the DO along with the condensation of the
naphthalenes and benzenes in the DO.
From the GC analysis, it can be inferred that the coal contributes more to the gasoline and jet fuel
fraction of the extract than it does to the diesel oil and fuel oil fractions. It can also be concluded that
the DO used in this work, which was primarily aliphatic in nature, may not be a highly effective solvent
for coal and is not necessarily promoting bond breaking in the coal as might occur with a solvent that
has a higher concentration of aromatic and hydroaromatic compounds (i.e., solvent promoted coal
depolymerization)39, 121.
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Figure 20: Weight percent distribution of compounds in coal extract and decant oil
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4.2. Delayed Coking
4.2.1. Conversion and Yield of Products
Coker runs were done with the decant oil, coal extract and coal extract and a catalyst provided by
Albemarle Corporation (see Ch. 3 Section 3.1.2 for a description of the catalyst and why it was used).
The conditions and the product distribution for the three runs are reported in Tables 14 and 15,
respectively, and the product distribution is shown in Figure 21. The decant oil was coked to compare
the cokes and liquids generated from the decant oil to the products of coking of coal extract and
catalytic coking of coal extract.
Table 14: Conditions for coking

Run #

142

143

144

CP-DO (100%)

Coal Extract

Coal Extract + Catalyst

3 h 30 min.

2 h 50 min

1 h 50 min.

36.8

39.7

38.2

24

24

24

Feed rate, g/min

16.9

17.6

20.2

preheater inlet, °C

123

128

129

preheater outlet, °C

445

446

448

coke drum inlet, °C

465

470

467

coke drum middle, °C

456

457

458

coke drum top, °C

442

436

441

Material Reactor (g)

3553

2840

1845

Conditions
Feedstock, hours
Reactor Pressure (psig)
hold at 500 °C, hrs
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Figure 21: Product distribution of coker runs

Table 15: Product distribution of coker runs

Product
Liquid/coke
%coke
%liquid
%gas

Run 142
2.48
24.6
61.1
14.3

Run 143
1.47
32.9
48.4
18.7

Run 144
1.87
26.9
50.8
22.2

As observed from Figure 21 and Table 15 the DO showed more propensity toward the formation of
liquid product, while the coal extract showed more propensity toward the formation of coke. Rudnick et
al. found that the tendency to coke is inversely related to the amount of available hydrogen present122.
Kharitonova et al. suggest that feeds with more aromatic content produce more coke than paraffinic
feeds123. The tendency of more aromatic feeds to increase the yield of the coke was also observed by
Gul et al. during the co-coking experiments and their results are reproduced in Table 16101. Even though
the ultimate analysis of the coal extract produced in this work was not determined, the GC analysis of
the various fractions showed that there was an increase in the PAHs in coal extract compared to the DO
which means that the coal extract is more aromatic than the DO. This would explain why the coal extract
produced more coke than the DO. Run 142 yielded higher liquid and lower gas yields because the DO
was more paraffinic than the coal extract. The tendency of paraffinic feeds to yield higher amounts of
distillates and lower gas yields was also observed by Dicarlo et al124. and by Singh et al125. They postulate
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that the distillates are formed due to the cracking of the aliphatics while the gases are formed due to
the breaking of side chains of aromatic molecules124, 125.
101

Table 16: Product distribution of co-coking experiments

Product
EI-107 DO DO-Coal (4:1)
Liquid/coke
5.56
2.08
%coke
13.93
31.67
%liquid product
79.63
65.89
%gas
6.10
2.44

The results of delayed coking experiments performed by Gul et al.101 are reported in Table 16. The
temperature used in those set of reactions was the same but the pressure maintained was 25 psig which
is lower than that is maintained in current work. EI-107 DO and Powellton Eagle (high volatile A
bituminous) coal were used. The liquid/coke ratios are higher than those observed in this work,
therefore it can be inferred that the increase in pressure helps in the condensation and polymerization
of the liquids to form coke and light gases.
The gas analysis reported in Table 17 is normalized by subtracting the nitrogen and oxygen, since
nitrogen was used as a carrier gas to feed the catalyst in run 144; therefore, the gases the come from
the coking reaction alone can be compared on the same basis. The gas analysis shows that, regardless of
the initial feed composition or the presence/absence of a catalyst, the gas composition is similar. Wong
et al. studied the reaction of hydrogen atoms with a bituminous coal and observed that the activation
energy for the formation of methane, ethane and propane above 27 oC was identical and suggested that
all three products arise from common precursors126. This was also observed by Sanford et al. when
various petroleum residua were coked with and without a catalyst120.
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Table 17: Average gas composition of coker runs, vol %

Compounds
Methane
Ethane
Propane
Butane
Pentane
Hexane
Hydrogen
Carbon monoxide
Carbon dioxide

Run 142
64.48
18.98
6.94
2.48
0.92
0.71
5.45
0.06
0.03

Run 143
63.32
16.83
6.36
2.66
1.24
1.49
7.82
0.18
0.14

Run 144
61.41
17.79
7.14
3.12
1.71
2.61
6.13
0.10
0.00

The green cokes were calcined and graphitized according to the procedure described in Section 3.1.3.
The yields of calcination and graphitization are reported in Table 18 and Table 19, respectively. The yield
percent for both the calcination and graphitization is high. The loss in weight is only due to the rejection
of mineral matter and volatiles.
Table 18: Calcination yield

Sample
Run 142
Run 143
Run 144

Calcination, 1693.15 K
wt before, g wt after, g
36.5
34.36
38.6
35.76
34.2
31.53

Yield, %
94.14
92.64
92.19

Table 19: Graphitization yield

Sample
Run 142
Run 143
Run 144

Graphitization, 3273.15 K
wt before, g wt after, g
17.39
16.87
17.35
16.72
17.75
17

Yield, %
97.01
96.37
96.9

4.2.2. Analysis of Coker Overhead Liquids
The characterization of the liquids obtained from delayed coking of DO (Run 142), coal extract (Run
143) and catalyzed coking (Run 144) is reported in the following section.
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4.2.2.1. Simulated Distillation and Vacuum Distillation
The results of simulated distillation of the overhead liquids are presented Table 20. The fuel cuts as a
fraction of the original feed are presented in Figure 22.
Table 20: Simulated distillation of coker overhead liquids

Fraction (°C)
Gasoline (0-180)
Jet Fuel (180-270)
Diesel Oil (270-330)
Fuel Oil (>330)

Mass Percent
Run#142
4.62
7.83
12.67
73.93

Run#143
3.18
8.84
17.18
69.84

Run#144
2.66
9.01
14.69
72.68

The simulated distillation results and the product distribution from the coker runs are used to generate
the plot represented in Figure 22. It is suggested that non-condensable gases and liquids boiling below
180 oC are formed due to the dealkylation reactions attached to the aromatic/naphthenic rings, while
liquids boiling between 180- 500 oC are formed as a result of the cracking of the saturated aliphatics124,
125

. The weight percent distribution of the fuel cuts presented in Figure 22 shows that the cracking of DO

produced more fuel oil and gasoline per gram of feed than the cracking of the coal extract. Proton nmr
results of the DO showed that it was aliphatic in nature. Therefore the cracking of the DO produced
more liquids boiling in the fuel oil range. It is postulated that the solvent extraction process may have
resulted in the breaking of the alkyl substituents on the aromatics in the DO and also increased the
aromaticity of the resulting liquid; hence, the yield of the jet fuel, diesel oil and gasoline due to the
cracking of the coal extract was lesser than that of the DO.
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Figure 22: Fuel Cuts as a Percentage of Original Feed

The results of the vacuum distillation of liquids obtained from coking of decant oil (run 142), solvent
extracted coal (run 143), and catalytic coking (run 144) into cuts corresponding to gasoline, jet fuel,
diesel oil and fuel oil are reported in Table 21. The use of vacuum minimizes the sample decomposition.
Even though the results of fractional distillation are not in total agreement with the simulated
distillation, the trends are similar.
Table 21: Vacuum distillation of overhead liquids

Fraction (°C)
Gasoline (0-180)
Jet Fuel (180-270)
Diesel Oil (270-330)
Fuel Oil (>330)

Weight %
Run 143
0.36
3.00
2.00
95.00

Run 142
1.00
3.00
1.00
92.00

Run 144
0.36
1.32
2.72
91.00

The trends obtained in the simulated distillation are captured here except in the diesel oil range. The
fractions obtained are analyzed using GC-MS and the results are reported in the next section.
4.2.2.2. GC-MS Analysis of Fractionated Overhead Liquids
The GC analysis of the overhead liquids is further subdivided into 4 sub-sections. Each of the fuel cut is
discussed separately.
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Gasoline Fraction
The chromatogram of the three runs is presented in Figure 223. The area percent of the compound
classes of the gasoline
oline fraction for all the runs is reported in Table 22 and the molecular mass
distribution of the compounds
ounds identified is plotted in Figure 23.
The chromatograms of the runs 142 and run 143 look similar with most of the compounds eluting out
before 4 minutes. The gasoline fraction of run 144 had a very different character when compared to
either run 142 to
o or run 143. It did not have any compounds eluting before 17 minutes and most of the
compounds identified by the GC had retention times between 17 and 25 minutes. The compounds from
run 144 consisted of longer chain aliphatics than the compounds in run 14
142
2 and run 143. It also had
substantial amount of substituted benzenes. The catalyst used during the coking is definitely promoting
ring condensation or cracking of larger compounds.

Red – Run 143
Blue – Run 144
Black – Run 142

Figure 23:: Chromatogram of gasoline fraction of overhead lliquids

The molecular mass distribution of the gasoline fraction is presented in Figure 24. Run 142 and run 143
had similar molecular mass distributions while run 144 had compounds wi
with
th higher molecular mass,
indicating that the catalyst aided in the formation of higher molecular mass compounds.

50

70
60
A 50
r
e 40
a 30

Run 142

20

Run 143

10

Run 144

%

0

Molecular Mass (a.m.u.)

Figure 24: Molecular mass distribution of gasoline fraction of overhead liquids

The gasoline fraction of run 143 had a majority of paraffins while the gasoline fraction of the catalyzed
coking run (run 144) had a substantial amount of benzenes. The relative area percent of the paraffins is
much higher when compared to results of co-coking of coal with decant oil. Gul et al.101 analyzed the
liquids obtained from co-coking of decant oil and coal and the area percent of paraffins was found to be
43.2% and the gasoline fraction from co-coking also had substantial amount of benzenes. Run 144
gasoline fraction closely represents the co-coking gasoline fraction reported by Gul et al. 101.
Table 22: Classification of compounds in gasoline fraction

Classification
Paraffins

Run 142
90.82

Area Percent
Run 143
96.83

Cyclo Paraffins

9.18

3.17

0.00

Benzenes

0.00

0.00

32.29

Indanes

0.00

0.00

4.73

Naphthalenes

0.00

0.00

3.44

Run 144
59.54

Run 142 and run 143 had similar compound distributions as seen in Table 22. The gasoline fraction in
both the runs is almost exclusively composed of paraffins, indicating that the fraction is either formed by
the loss of aliphatic cross-links from the aromatic structures or due to the cracking of the longer
aliphatics. The coal extract, the feed for run 143, was slightly more aromatic than the DO, the feed for
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run 142. The decrease in the cycloparaffins content in the gasoline fraction might because of the
breaking of the cycloparaffins to form ggases and straight chain alkanes since the breaking of bonds in
nonresonance stabilized systems is more likely.

Jet Fuel Fraction
The chromatograms for the three runs are presented in Figu
Figure 25. The molecular mass distribution of
the compounds is presented in Figure 26
26. The compound classification for the jet fuel fraction is
reported in Table 23.

Blue – Run 144
Red – Run 143
Black – Run 142

Figure 25:: Chromatogram of jet fuel fraction of overhead lliquids

It is evident from Figure 25 that the compounds in the run 144 are markedly different form the
compounds in either run 143 and run 142. In fact, the compounds in run 144 start eluting out only after
most of the compounds in run 142 and 143 elute out similar to what was observed
ved in the gasoline
fraction.
The molecular mass distribution of the three runs is presented in Figure 26. Run 142 and run 143 had
similar molecular mass distributions but run 144 had more compounds with higher molecular mass
compared to the other runs in this fraction.
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Figure 26: Molecular mass distribution of jet fuel fraction of overhead liquids

Run 143 jet fuel fraction had the highest amount of paraffins, while run 144, in which a catalyst was
used during the coking process, had substantially lesser amount of paraffins. This reinforces the fact that
the catalyst aids in the formation of aromatics at the expense of the paraffins. The area percent of the
compounds that are not paraffins in run 144 make up to around 48%, and these compound classes are
those that can be hydrotreated to make stable jet fuels101, 127, 128.
Table 23: Classification of compounds in jet fuel fraction

Classification
Paraffins

Run 142
77.39

Area Percent
Run 143
83.76

Cyclo paraffins

6.44

10.84

0.55

Benzenes

16.17

5.40

29.67

Indanes

0.00

0.00

11.43

Naphthalenes

0.00

0.00

6.79
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Run 144
51.57

Diesel Oil Fraction
The chromatogram for the diesel oil fraction is presented in Figure 27.. The molecular mass distribution
of the compounds identified by the GC is presented in Figure 28 and the GC-MS
MS analysis of the diesel oil
fraction of all the runs is reported in Table 24.

Blue – Run 144
Red – Run 143
Black – Run 142

Figure 27: Chromatogram of diesel oil fraction of overhead lliquids

The chromatograms of run 142 and run 143 look similar. The peaks in run 143 are more intense than in
run 142 after 6 minutes – this difference is also evident when the compo
compounds
unds distribution is looked at.
The GC chromatograms of run 144 follow the pattern observed in the jet fuel and gasoline fractions. The
retention times of the compounds are much higher indicating the formation of larger and condensed
compounds due to the catalyst.
The molecular mass distribution of the diesel oil fraction, reported in Figure 28, shows that the liquids
from the DO are lighter than the corresponding liquids in the other runs. The diesel oil fractions of run
144 are heavier and more aromatic ((at least more two-ring
ring aromatics) than the other two runs, which
indicates that the catalyst is either promoting ring condensation or cracking of aromatics, as was
observed earlier.
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Figure 28: Molecular mass distribution of diesel oil fraction of overhead liquids

The paraffin content decreased in all the runs as expected. The compound classification of run 142 and
run 143 shows that there is difference in the concentrations of indanes, paraffins and naphthalenes
formed. The difference in concentrations can be attributed to the nature of the feeds in the runs. While
run 142 had primarily an aliphatic feed, run 143 had a slightly more aromatic feed as was evident
through the yields of coke formed (aromatic feeds have higher coke yields). Therefore, run 143 had a
slightly higher concentrations of the aromatic compounds like naphthalenes and indanes.
Table 24: Classification of compounds in diesel oil fraction

Classification
Paraffins

Run 142
62.70

Cyclo Paraffins

Area Percent
Run 143
51.73

Run 144
36.05

6.41

7.88

1.04

Benzenes

26.26

28.49

5.25

Indanes

3.67

7.03

8.00

Naphthalenes

0.96

4.87

49.66

PAH

0.00

0.00

0.00
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Fuel Oil Fraction
The chromatogram, molecular mass distribution and the compound classification of the fuel oil fraction
f
are reported in Figures 29 and 30, and Table 25
25, respectively.

Blue – Run 144
Red – Run 143
Black – Run 142

Figure 29: Chromatogram of fuel oil fraction of overhead lliquids

The chromatogram of the fuel oil fraction of the three runs is presented in Figure 29.. The fuel oil fraction
of run 144 also follows the trend observed in the other fractions. The chromatograms of runs 142 and
143 look similar except the peaks in run 143 are m
more
ore intense than those in run 142.
142 In fact the
chromatograms of the three runs look similar after 16 minutes with the major difference being peak
intensity.
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Figure 30: Molecular m
mass distribution of fuel oil fraction of overhead liquids
iquids
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The fuel oil fraction had similar mass distributions with run 144 fraction being slightly heavier than the
corresponding runs.
The benzenes reported in run 142 and 144 are mostly composed of heterocyclic compounds like
benzothiophene and the paraffins are composed of aliphatics with a minimum of 12 carbon atoms. The
fuel oil fraction from the runs 143 and 144 can be used as a recycle solvent because of the high content
of PAHs 62. A sulfur analysis on the fuel oil fraction and removal of sulfur from the stream would make it
a good recycle solvent for coal extraction.
Table 25: Classification of compounds in fuel oil fraction

Classification
Paraffins

Run 142
7.64

Area Percent
Run 143
5.72

Cyclo Paraffins

0.00

0.91

0.00

Benzenes

2.61

0.60

7.08

Indanes

0.42

1.78

0.14

Naphthalenes

4.26

6.53

1.67

PAH

85.07

84.48

86.09

Run 144
5.02

The area percents reported here are good approximations of the weight percents of the actual
compounds. The area percent contribution of each class of compounds in both the feeds and the
products can be calculated using the simulated distillation results and the GC-MS results. The chemical
composition of the feeds is compared with the chemical composition of liquids obtained through coking
of the feeds. Therefore the changes in the chemical composition of the feed can be tracked.
Figure 31 shows the contribution of the compound classes identified in the DO and in the liquids
obtained during the coking of the DO. There is a substantial increase in the concentration of the
paraffins in the product which may be due to the extensive cracking of the larger molecules in the feed.
There is also a decrease in the concentration of the PAHs due to the condensation of the PAHs to form
coke. This shows that a higher concentration of PAHs in the feed would lead to higher coke yields.
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Figure 31: Comparison of decant oil to liquids from coking of decant Oil

The weight percents of the compound classes identified in the coal extract are compared with the
weight percents of the compound classes in run 143 and run 144 in Figure 33. Run 143 follows the same
trend as run 142 – there is an increase in the paraffinic content and a decrease in the PAHs
concentration when compared to the feed. However, there are more aromatic compounds in run 144
compared to run 143, an indication of the participation of the catalyst in modifying the product
distribution of the liquids.
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Figure 32: Comparison of the coal Extract to liquids from coking and catalyzed coking of coal extract
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4.2.3. Analysis of Coker Solid Product – Green, Calcined and Graphitized Cokes.
Proximate, ultimate, optical microscopy, XRD and TPO analyses were performed on the green cokes
from runs 142, 143 and 144. The calcined and graphitized cokes were analyzed using proximate, XRD,
TPO, and Raman analyses.
4.2.3.1. Proximate and Ultimate Analyses
Proximate analysis was performed on all the green, calcined and the graphitized cokes according to the
procedure described in Section 3.3.1, while the ultimate analysis was done only on the green cokes
according to the procedure described in Section 3.3.2. The results of proximate analysis of the green and
the heat treated cokes are reported in Table 26.
The ash content of the green coke from run 144 is relatively high because of the addition of catalyst
during coking. The ash contents of the coke generated from decant oil and solvent extracted coal (runs
142 and 143) are low and in fact are in the same order of magnitude. This means that the contribution
of ash from the coal is negligible as most of the ash contribution appears to come from decant oil. Most
of the ash is being retained in the solid residue. The ultimate analysis data for the three cokes is
reported in Table 27.
Table 26: Proximate analysis of cokes and heat treated cokes

Proximate Analysis

Sample Id's

% Moisture

Run 142
Run 143
Run 144

0.3
0.27
0.29

Run 142
Run 143
Run 144

% Moisture
0.02
0.98
0.95

Run 142
Run 143
Run 144

% Moisture
0
0
0

Green Cokes
% Ash
% Volatile Matter
0.54
6.2
0.57
7.21
1.01
7.88
Calcined Cokes
% Ash
% Volatile Matter
0.24
4.74
0.53
4.92
0.59
6.29
Graphitized Cokes
% Ash
% Volatile Matter
0.15
3.69
0.07
2.5
0.02
3
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% Fixed Carbon
93.26
92.22
91.11
% Fixed Carbon
95
93.57
92.18
% Fixed Carbon
96.17
97.44
96.98

Figure 33 presents the ash contents of the green, calcined and graphitized cokes. The mineral matter
content of the green coke from run 142 is 0.53%, while the ash content of the DO from which it is
produced is 0 or below the detection limit of the instrument. The mineral matter might have been
added during the carbonization process as an impurity from the coker drum or the metals may have
settled down at the bottom of the barrel in which the decant oil is stored. Andrews et al. also observed
the addition of metals as an impurity; they assumed the metals came from the coker drum15. The green
cokes formed have ash content, volatile matter and moisture contents approaching the values needed
for classification as a premium grade coke. Premium grade coke should have moisture less than 3%,
volatile matter less than 12% and ash content less than 0.3%64. The ash contents of the cokes decrease
drastically as the cokes were heat treated, with the ash content of the run 144 graphitized coke being
the least. The graphitization temperatures may have aided in the vaporization of the ash and any
catalyst that has been incorporated into the coke during the coking process.
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Figure 33: Ash content of the green, calcined and graphitized cokes

Table 27: Ultimate analysis of green cokes

Sample id’s
Run 142
Run 143
Run 144

% Carbon
92.78
93.00
93.77

Ultimate Analysis, Dry basis
% Hydrogen
% Nitrogen
% Sulfur
3.03
0.12
1.31
3.20
0.16
1.65
3.32
0.19
1.53
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% Oxygen
2.76
1.99
1.19

The percent sulfur in the green coke from run 142 (1.31 wt% sulfur) is higher than the percent sulfur of
its feedstock (DO, 1.07 wt %). The sulfur may have concentrated in the green coke and not in the
overhead liquids. The sulfur compounds that were observed in the GC-MS of the DO were mostly PAH’s.
The PAH’s may have condensed to form coke resulting in a higher sulfur percent. The sulfur content of
the coke from run 144 is less than the run 143. The catalyst may have aided in the removal of
heteroatoms.
Figure 34 shows the reduction in ash content with heat treatment for cokes from the three runs.
Calcination of the green coke from run 142 resulted in over 50% ash reduction while the reduction in
ash of run 143 is only around 8%. The low reduction in ash content of the green coke from run 143
indicates that the minerals from the extraction process require higher temperatures to volatilize.
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Figure 34: Reduction in ash content with heat treatment

4.2.3.2. Optical Microscopy
Optical microscopic analysis was performed on the green cokes by Gareth Mitchel at the EMS Energy
Institute according to the procedure described in Section 3.3.3. The various textures and their
characteristics are reported in Table 6 of Section 2.3. The photomicrographs of the green cokes from the
three runs are presented in Figure 35, Figure 36 and Figure 37. All of the three cokes exhibit small
domain, domain and flow domain mosaic carbon textures. The cokes from the three runs look optically
similar and the only visible difference was the incorporation of the catalyst particles in run 144 which
can be seen in bottom right image of Figure 37.
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Figure 35: Photomicrographs of green coke from decant oil
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Figure 36: Photomicrographs of green coke from coal extract
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Figure 37: Photomicrographs of green coke from catalytic coking of coal extract
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The volume percent of the coke textural elements is reported in Table 28. As seen from Table 28, the
green cokes are very similar texturally. The coal derived textural elements in runs 143 and 144 change
the composition by reducing the domain and flow domain textures; the green cokes generated from
runs with coal liquids indicate a slightly less desirable green coke. The optical texture index (OTI) of the
green cokes is calculated using the formula:
OTI = Σ ∗ 
where fi is the numerical fraction of the individual texture types from microscopic analysis and OTIi is the
index assigned to each textural type as defined in Table 6. The OTI values indicate that the green coke
from run 142 is more anisotropic than the green cokes from run 143 and 144.
Table 28: Green coke textural elements, vol %
Mosaic
Sample
Id.

Isotropic

Coal
Derived

Petroleum
Derived

#142
#143
#144

0.5
0.0
0.2

0.0
0.5
0.4

10.0
11.1
11.2

Small
Domain
1060μm

Domain
>60 μm

Flow
Domain
<10W
>60L

Pyrolytic

Catalyst

Mineral
Matter

OTI

63.6
69.1
71.0

18.1
15.4
13.6

7.7
3.6
3.8

0.1
0.3
0.5

0.0
0.0
0.2

0.0
0.0
0.1

20.03
14.87
14.26

A high OTI value indicates the extensive development of mesophase. The OTI values of the cokes
obtained in this work are not as high as the OTI values obtained by Wang et al.62, 63, who used different
decant oils to generate green cokes. Eser and Jenkins related the hydrogen aromaticity to the extent of
mesophase development and postulated that feeds with higher hydrogen aromaticity produce cokes
with large flow domains129. The decant oil used in this work had a high H/C ratio and also had a high
aliphatics content which would explain why the OTI value of the coke from run 142 is not high compared
to the OTI determined by Wang et al.62, 63. Even though the coal extract is slightly more aromatic than
the decant oil, the extraction would have also increased the alkyl cross links on the aromatics, thereby
decreasing the overall hydrogen aromaticity leading to a reduction in the OTI values.
4.2.3.3. XRD Analysis
XRD was used to determine the stacking height along the c axis, stacking diameter along the a axis,
where possible, and the lattice spacing of the cokes generated; XRD is also used to track the changes in
the coke structure as the samples are calcined and graphitized. The interlayer spacing, the stacking
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height and the degree of graphitization for the cokes, calcined cokes and the graphitized cokes are
reported Tables 29, 30 and 31, respectively. The corresponding X-ray diffractograms are presented in
Figures 39, 40 and 41. The diffractograms for each set are plotted on single graphs with an arbitrary
offset in intensity to aid visual comparison of each sample. The degree of graphitization, g, was also
calculated according to the equation developed by Seehra and Pavlovic130.
=

3.440 − 
3.440 − 3.354

where 3.354 Å is the interlayer spacing of graphite and 3.440 is the interlayer spacing of carbons with no
graphitic order. The degree of graphitization is calculated for the green, calcined and graphitized cokes.
The experimental error for the interlayer spacing values is around 0.003 Å. The experimental reported
here is not a calculated value, but is reported from recent work done by Nyathi102. Nyathi also
performed XRD analysis on cokes generated from decant oils and co-coking therefore the error reported
by Nyathi should be a good approximation.
Figure 38 shows the X-ray diffractograms of the green cokes. As expected the peaks are quite broad and
skewed. The X-ray diffractograms of the three green cokes look similar indicating the cokes formed were
structurally similar.
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Figure 38: X-Ray diffractograms of green cokes
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Table 29 indicates that the difference in the interlayer spacing of the cokes was minimal, and is within
experimental error, and the stacking height did not vary significantly among the cokes. The degree of
graphitization values indicates that the cokes are not highly graphitic. The interlayer spacing of the cokes
also shows that they are closer to carbons with no graphitic order. Even though the coal extract
increased the coke yields as discussed in Section 4.2.1., the structural properties of the coke generated
was not affected. The development of peaks at 2Θ ~ 26 indicates the initiation of the process of
graphitization130.
Table 29: Lattice parameters of green cokes

Sample id's

2Θ (o)

Interlayer Spacing (Å)*

Lc (Å)

g

Run 142

26.03

3.420

27

0.233

Run 143

26.01

3.422

27

0.209

Run 144

26.03

3.419

28

0.244

* Error discussion in Section 3.3.4.
The x-ray diffractograms of the calcined cokes presented in Figure 39 show that there is growth of the
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aromatic planes as the cokes were calcined.
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Figure 39: X-Ray diffractograms of calcined cokes
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The interlayer spacing, reported in Table 30, of the calcined cokes is greater than 3.440 for all the cokes
indicating that there is a loss in the graphitic order due to the calcination. Legin-Kolar et al. also
observed the loss of graphitic order as indicated by an increase in the interlayer spacing of the calcined
cokes compared to the green cokes. The loss in graphitic order of the calcined cokes is attributed to the
structural impairment induced due to the loss of volatile matter, heteroatoms and metals85. There is an
increase in the stacking height indicating the growth of the planes, but the growth of the planes is not
oriented resulting in an increase in the interlayer spacing.
Table 30: Lattice parameters of calcined cokes

Sample id's

2Θ

Interlayer Spacing (Å)*

Lc (Å)

Run 142
26.65
3.469
Run 143
26.67
3.466
Run 144
26.67
3.466
* Error discussion in Section 3.3.4.
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The X-ray diffractograms of the graphitized cokes presented in Figure 40 show the development of a 3
dimensional structure in all the three cokes.
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Figure 40: X-Ray diffractograms of graphitized cokes

The degree of graphitization also increased approaching 0.8 for the coke from decant oil. The cokes
derived from the coal extract had a lower degree of graphitization, but a greater stacking height,
probably because the coal extract was more aromatic than the decant oil.
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Table 31: Lattice parameters of graphitized cokes

Sample id's

2Θ

Interlayer Spacing (Å)*

Lc (Å)

La (Å)

G

Run 142

26.41

3.371

234

217

0.802

Run 143

26.38

3.375

243

218

0.756

Run 144

26.34

3.380

249

216

0.698

* Error discussion in Section 3.3.4.
4.2.3.4. Raman Spectroscopy
For graphite, a single characteristic line is observed at 1575 cm-1. An additional line is observed at 1360
cm-1 for glassy carbon and polycrystalline graphites. The Raman line at 1360 cm-1 decreases in intensity
as well as line width with increasing heat treatment temperature 89. The Raman line at 1360 cm-1 arises
due to the structural imperfections and lattice defects such as edge dislocations and lattice vacancies 99.
The Raman spectrograph of a single graphite crystal as reported by Tuinstra et al. is presented in Figure
42. As can be seen from the figure, graphite exhibits only one peak at 1575 cm-1. Any other peaks that
show up in Raman spectra of heat treated carbons are due to the imperfections in the crystal lattice
structure.

Figure 41: Raman spectra of single crystal of graphite

According to Green et al., there are five main structure sensitive lines93-
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1. G line: this is due to the in plane vibrations of the layers and occurs at 1580 cm-1 in single crystal
and stress annealed graphites.
2. D line: this occurs at 1360 cm-1 due to structural imperfections
3. G’ line: this occurs at 2700 cm-1 and is observed only in carbons heat treated to >1273 K and in
graphites. It is believed to be an overtone of the D line. This can also be resolved into G’1 and G’2
lines at 2700 cm-1 and 2735 cm-1 respectively.
4. D’ line: this occurs at 1620 cm-1 and is observed in disordered carbons and imperfect graphites.
Since the D band accounts for the lattice deficiencies and the G band represents the graphitic order, the
relationship between the D band and the G band intensities should be proportional to the degree of
structural order with respect to the graphitic structure96. Table 32 shows the ratio of Raman intensities
of the D band to the sum of D and G bands as a percentage. The experimental error for this ratio is
around 0.25% as determined by Nyathi et al.102. A lower ratio represents a more graphitic structure. The
calcined cokes seem to have the similar structural differences as observed from the table.
Table 32: Ratio of Raman intensities (%)

Sample
ID’s
Run 142
Run 143
Run 144

ID/( ID+IG) %
Calcined
Graphitized
55.2
1.7
55.3
9.8
532
2.9

Figure 42 shows the Raman spectra of the calcined cokes. It can be observed from the figure that there
is a broad D band and also a small G’ band. The structural disorder is high in the calcined cokes as is
evident from the ratio of the intensities of the D band to the sum of D and G bands reported in Table 32.
The Raman spectra corroborate the XRD data.
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Figure 42: Raman spectra of calcined Cokes

Figure 43 shows the Raman spectra of the graphitized cokes. It can be observed that the D band
decreased in intensity while the G band is sharper and more intense. A well developed G’ band is also
apparent and the D’ band is completely absent. The graphitized cokes are therefore more ordered,
which is confirmed by the ID to ID + IG percent, which is below 10% for all the graphitized cokes.
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Raman Graphitized Cokes
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Figure 43: Raman spectra of graphitized cokes

4.2.3.5. Temperature Programmed Oxidation
Temperature programmed oxidation (TPO) is a tool for quantifying the different carbon species present
on a given sample since the reaction of carbon material progresses at particular active sites, including
structural defects. Hence the oxidative reactivity of solid carbons is dependent on their structural
order131.
Figure 44 shows the TPO profile of natural and synthetic graphite. The graphites exhibit a single peak
with the synthetic graphite more reactive than the natural graphite, as is evident from Figure 44. It can
also be inferred from Figure 44 that as the structural order increases the temperature at which there is a
maximum intensity of the peak also increases. TPO is typically used as complimentary technique to
corroborate the results from XRD and Raman.
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131

Figure 44: Temperature programmed oxidation profiles of natural and synthetic graphite

The temperatures at maximum peak intensity for all the green, calcined and graphitized cokes are
presented in Table 33. As the heat treatment temperature increased, the temperature of maximum
peak intensity increased, as expected. The graphitized coke from run 142 appears to be the most
ordered coke among the three graphitized cokes, and this result has also been confirmed through XRD
and Raman analysis.
Table 33: Temperature at maximum peak intensity

Sample
Green Coke
Calcined Coke
Graphitized Coke

Run 142 (oC)
546
808, 832
851

Run 143 (oC)
549
790,835
822

Run 144 (oC)
539
790,812
835

The TPO profiles of the green cokes are presented in Figure 45. The maximum peak intensity is observed
before 873 K (600 oC) for all the three cokes. The temperatures at which the cokes oxidize indicate that
they are mostly composed of filamentous carbon132, 133.
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Figure 45: Temperature programmed oxidation profiles of the green cokes

The TPO profiles of the calcined cokes, presented in Figure 46, indicate that the cokes show multiple
regimes of reactivity. The calcined cokes are less reactive than the green cokes as indicated by the shift
of the oxidation temperatures. The temperature at which there is a peak in the carbon signal intensity
increased to around 750 oC. The multiple peaks correspond to different types of carbons, and the
temperatures at which the calcined cokes oxidize indicate that they are composed of encapsulating
carbon and crystallite graphite platelets132, 133.
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Figure 46: Temperature programmed oxidation profiles of calcined cokes

The graphitized cokes are the most ordered among all the cokes and are shown in Figure 47. The TPO
profiles are very much similar to the TPO profile of synthetic graphite shown in Figure 44. Among the
graphitized cokes, the coke from run 142 is the least reactive while the coke from run 143 is slightly
more reactive as seen in Figure 47. The temperatures at which the graphitized cokes oxidize indicate
that they are entirely composed of crystalline graphite platelets132, 133.
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Figure 47: Temperature programmed oxidation profiles of graphitized cokes
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4.3. Relationship between Feed Composition to Products Generated
The products generated through the delayed coking of the ConocoPhillips DO, coal extract, co-coking of
coal and EI-107 DO are analyzed in this section. The data for co-coking of the coal with decant oil is
reproduced from work done by Omer Gul et al. at the Energy Institute at Penn State134. The composition
of the liquids generated through the co-coking work at Penn State is compared to the liquids generated
through the delayed coking of solvent extracted coal. The green, calcined and graphitized cokes
generated through co-coking using coal extract generated in this work, are compared to the cokes
generated in the co-coking work. Even though the co-coking reactions were performed with EI-107 DO,
Marfork coal, and a lower pressure than those employed in this work, the procedure used to
characterize the products in the co-coking work is similar to the one that is used in this work. This allows
for a basis for comparison despite the differences in the feed composition and the reaction conditions.
The yields of the reactions during coking are shown in Table 34134. The product distribution for the two
decant oils are different (EI-107 DO and Run 142), with liquid production for EI-107 DO much higher –
this is partly due to the lower pressure run conditions, but quality of DO can factor in as well. However,
we do not have a direct comparison, so we can only make an educated guess as to the differences in
product distribution and product quality. It is interesting to note that the comparison between EI-107
DO-Coal (4:1) and Run 143 has similar amounts of coke generated, but liquid and gas yields are
significantly different. Whether adding coal to the feed as with co-coking or feeding a coal extract, the
addition of coal materials increased the yield of cokes and gases and decreased the yield of liquids. The
effect of the catalyst for co-coking and for coal extract coking was to decrease the coke yield and
increase the liquid yield – at the lower pressure conditions of co-coking, the catalyst effect was even
greater. The following two sections compare the overhead liquid products and the solid products.
Table 34: Comparison of product distribution between co-coking and present work

Product
Liquid/coke
% coke
% liquid
% gas

EI-107
DO
3.57
20.3
72.4
7.3

EI-107-Coal
(4:1)
2.03
30.0
61.0
9.0

EI-107-CoalCatalyst
2.94
24.1
70.8
4.9
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DO
142
2.48
24.6
61.1
14.3

Coal Extract
143
1.47
32.9
48.4
18.7

134

Coal Extract-Catalyst
144
1.87
26.9
50.8
22.2

4.3.1. Relationship of Feed Composition to Overhead Liquid Composition
The co-coking work by Burgess-Clifford et al. was performed with a Pittsburgh seam bituminous coal and
EI-107 DO at a ratio of 1:4134. The pressure employed during the delayed coking was 25 psi. The coal had
0.99 wt% ash and a sulfur content of 1.1 wt% on a dry basis. The coal used for the co-coking work had a
lower ash and sulfur contents compared to the Western Kentucky No. 6 coal (9.72% and 2.63% ash and
sulfur) used in this work, while the EI-107 DO had a higher ash (0.22%) and sulfur (3%) contents
compared to the ConocoPhillips DO (0%, 0.7%) used in this work. The EI-107 DO is also more aromatic in
nature when compared to the ConocoPhillips DO. The simulated distillation GC results of both the DOs
are compared to elucidate the differences in the Dos; then the results from the GC analysis of the
refinery fuel cuts of the overhead liquids are compared.
The simulated distillation results of the EI-107 DO, overhead liquids of the coking of the EI-107 DO and
the overhead liquids generated from the co-coking of EI-107 DO are reproduced from Omer Gul et al.13,
in Table 35, along with the results from this work. Compared to the DO used in this work, the EI-107 DO
is slightly heavier. The overhead liquids produced in this work are considerably lighter when compared
to the coking of EI-107 and co-coking. The higher pressures used in this work may have resulted in the
cracking of the liquids to form coke and gas and resulting in the formation of lower boiling compounds.
13

Table 35: Simulated distillation GC of EI-107, coking of EI-107 and co-coking of EI-107

Sample Id
EI-107 DO
EI-107 DO Coking
EI-107 Co-coking

Gasoline
(0-180 oC)
0.9
1.4
2.1

Jet fuel
(180-270 oC)
0.8
3.4
3.6

Diesel Oil
(270-330 oC)
3.2
5.9
4.6

Fuel Oil
(>330 oC)
94.1
88.4
88.8

DO

4.62

7.83

12.67

73.93

Coal Extract

3.18

8.84

17.18

69.84

Coal Extract
Catalyst

2.66

9.01

14.69

72.68

Table 36 compares the product distribution of the fuel cuts generated from the vacuum distillation of EI107 and ConocoPhillips DO (run 142). The paraffinic nature of the ConocoPhillips DO is evident when the
products of the coking of the DO’s are compared. The coking of the EI-107 DO produced liquids that
were more aromatic in nature than the coking of the ConocoPhillips DO. The gasoline from the coking of
EI-107 had 30% aromatics in it. The jet fuel fraction of both the runs have similar compound distribution,
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except the jet fuel fraction of the EI-107 DO had 10 % naphthalenes while the ConocoPhillips DO had
16% benzenes. The use of higher pressures in this work may have resulted in the condensation of the
naphthalenes to form coke resulting in a decrease in the concentration of the naphthalenes in the
overhead liquids. The diesel oil fraction of the EI-107 DO also had a majority of naphthalenes and PAH’s,
while the diesel oil fraction the ConocoPhillips DO was made up of mostly paraffins and benzenes. It
appears that the coking of the ConocoPhillips DO under higher pressures resulted in ring condensation
to coke, which might be one other reason as to why the overhead liquids are highly paraffinic.
Table 36: Comparison of overhead liquids composition generated from different decant oils

Classification
Paraffins
Cycloparaffins
Benzenes
Indanes
Naphthalenes
PAH

Gasoline
EI-107 Coking
Run 142
58
87.76
11.8
12.24
30.2
0.00
0
0.00
0
0.00
0
0.00

Jet Fuel
EI-107 Coking
Run 142
78.8
77.00
1.3
6.91
7.3
16.08
1.7
0.00
10.76
0.00
0
0.00

Diesel Oil
EI-107 Coking
Run 142
5.9
59.63
1.2
7.08
20.2
25.35
3.2
3.54
33.1
0.93
36.3
0.00

The composition and the product distribution of the liquids generated through the co-coking and
delayed coking of the coal extract without the catalyst are reported in Table 37. The co-coking of the EI107 DO with coal led to an increase in the concentration of benzenes and a decrease in the paraffinic
concentration – this may be a result of the contribution of the coal, while the run 143 (coal extract run)
gasoline fraction is similar to the run 142 gasoline fraction. The solvent extraction of coal did not result
in an appreciable change in the composition of overhead liquids compared to the coking of the DO only.
This may be because of the high solvent to coal ratio, the aliphatic nature of the solvent, and the higher
pressures employed, which may have resulted in the condensation of the aromatics to form coke and
resulted in an overall increase in the paraffinic concentration of the overhead liquids compared to the
co-coking of the coal with EI-107. The diesel oil fraction of run 142 had a higher concentration of indanes
and it can be hydrotreated to form stable jet fuel while the diesel oil fraction of coal extraction coking
(run 143) resulted in a higher concentration of PAHs. More processing steps may be required before this
fraction is used as either a stable jet fuel or diesel oil.
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Table 37: Comparison of overhead liquid composition generated from co-coking and coking of coal extract

Classification
Paraffins
Cycloparaffins
Benzenes
Indanes
Naphthalenes
PAH

Gasoline
Co-coking
Run 143
43.2
94.66
18.6
5.34
36.1
0.00
1.6
0.00
0.5
0.00
0
0.00

Jet Fuel
Co-coking
Run 143
52.7
82.61
3.4
12.06
17.5
5.33
4.7
0.00
21.6
0.00
0
0.00

Diesel Oil
Co-coking
Run 143
5.9
51.52
1.2
7.85
20.2
7.00
3.2
28.38
33.1
4.85
36.3
0.00

4.3.2. Relationship of Feed Composition to Cokes Generated
The cokes generated in this work are compared to the cokes generated through co-coking with and
without a catalyst. The cokes generated from the coking of DOs only are also compared. The data used
for the construction of the plots was taken from yet to be published work by Omer Gul et al.14 The DO
used for the co-coking work was EI-107, whose properties are reported in Table 9. The coal used was a
bituminous coal with an ash content of 2.3% and a sulfur content of 0.8% on a dry basis. The coal used
for the co-coking work had a relatively low ash and sulfur contents when compared to the coal used in
this work.
Figure 48 shows the ash contents of the green and heat-treated cokes generated through different
feeds. The coke made from EI-107 had lower ash content than the green coke from run 142, which is
surprising because the EI-107 had more ash and sulfur (0.22% and 3%, respectively) contents than
ConocoPhillips DO (0% and 0.7%, respectively). The ash content in co-coking green coke almost doubled
when compared to the EI-107, indicating that the mineral matter/ash from coal is being added to the
green coke while the ash content in run 143 is almost the same as the ash content in 142 indicating that
the coal extract is almost ash free. The catalytic co-coking run had the highest amount of ash among all
the cokes compared, which is expected since the catalyst added also adds to the mineral matter/ash
imparted from the coal to the green coke. The coke from run 144 had an ash content that was
comparable to the non-catalytic co-coking coke. Calcination of the coke from run 142 brought about a
much larger decrease in the ash content than the coke from EI-107 DO. The decrease in the ash content
of the coke from run 143 is not as high when compared to either run 143 or run 144, but the ash
content is lower than of the co-coking coke upon calcination. The decrease in ash content in run 144 is
much greater when compared to catalytic co-coking. The graphitization decreased the ash contents of
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all the cokes, but the cokes in this work had a lower ash contents when compared to the cokes from the
co-coking work.
2.5
2
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h
1
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Figure 48: Comparison of ash contents of the cokes generated through different feeds

Figure 49 compares the interlayer spacing of the green, calcined and graphitized cokes generated in this
work and co-coking. The cokes generated in this work have lower interlayer spacing than the cokes
generated in the co-coking work. This suggests that the cokes made from coking of the coal extract may
be slightly more anisotropic than the co-cokes. The graphitic material produced from the cokes in this
work is of slightly better quality than the graphitic materials produced from co-cokes.
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Figure 49: Comparison of interlayer spacing of the green and heat-treated cokes produced from different feeds

The OTI values of the cokes generated from the EI-107 DO, co-coking and catalytic co-coke were 17.46,
7.1 and 6.03, respectively, while the coal extract coke OTI values for Runs # 142, 143, and 144 were
20.03, 14.87, and 14.26, respectively. The addition of coal co-coking reduced the anisotropy of the cokes
formed compared to the cokes produced from coal extract coking. The differences in the OTI values of
run 142 and run 143 are not as high as the differences in the OTI values of the co-cokes. It appears that
the co-coking generates coke of lower quality than the original DO.
The co-coking work produces liquids that are of more aromatic composition than the coal extract cokes,
while the cokes generated in this work are slightly more anisotropic structurally than the co-coking
coals. In terms of value, the cokes produced through solvent extracted coal will be more valuable
because 1) they are structurally more anisotropic and 2) the ash content is lower, which would make
them more likely to be used in the anode industry. The value use of the liquids will be determined by
the end-use of the products; if blending with liquids for fuels, the liquids are most likely of similar value,
although if interested in making a thermally stable jet fuel, the liquids generated by co-coking may be
more useful.
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Chapter 5. Summary and Future work

5.1. Summary
The aim of this work is to develop a process to generate green coke that can be further processed to
produce anode grade coke for use in the aluminum industry while also producing valuable liquid fuels.
Coal and decant oil are reacted at 390 oC and 200 psi N2 pressure. The residue was separated by hot
filtration at 200 oC. The extract coked in a delayed coker to generate green coke, the expectation being
that negligible ash remains in the coal extract, which in turn will produce a coke with low ash content.
The overhead liquids generated were analyzed and the yields of gasoline, jet fuel and diesel oil were
determined. The liquids were also analyzed for the possibility of producing stable jet fuel from the
fractions, as it is expected that the two-ring aromatic structure inherent in bituminous coal will be
extracted and contribute to the liquids. The ash and sulfur contents in the green cokes were determined
to check if the solvent extraction process rejects the mineral matter in coal and if the coke produced
meets the criteria for anode grade coke. Use of a cracking catalyst in situ of the laboratory-scale delayed
coker was also evaluated to determine the effect on the liquids and coke produced.
Solvent extraction runs with decant oil and western Kentucky No. 6 coal yielded an average conversion
of ~34 % daf, by mass, although the range of conversion was 7-56.7 % daf, by mass. Extraction
conversion was influenced by: 1) the amount of material in the reactor, 2) issues with filtration of the
product, and 3) the composition of the decant oil. The goal of the solvent extraction in this thesis work
was to produce enough low ash coal extract for reactions in the laboratory-scaled coker, which required
~2000 g for a complete run. The analysis of the decant oil showed that it was aliphatic in nature with a
relatively high H/C ratio, which affected the conversion. The GC-MS results of the various fractions,
discussed in Section 4.1.2, yielded no alkenes, an indication that there was solvent meditated
thermolysis. An overall increase in the concentration of the PAHs and paraffins and a decrease in the
concentration of the single and two-ring aromatic compounds in the extract when compared to the
decant oil indicated the extraction of PAHs through breaking of alkyl cross-links from the coal along with
condensation and polymerization of the single and two-ring aromatic compounds in the decant oil
during the extraction process. It is concluded that nonpolar solvents with high H/C ratios are not very
interactive with coal and may only function as a medium to cap the coal free radicals formed.
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The increase in the overall aromaticity, determined through GC-MS and simulated distillation, of the
coal extract resulted in greater coke and gas yields during the coking of the coal extract (18.7% gas,
32.9% coke by mass) compared to decant oil (14.3% gas 24.6% coke by mass). The gas analysis was
similar for the coking of decant oil, coal extract and catalyzed coking of the coal extract indicating that
the gases are formed through the cracking of same reactive units as postulated by other researchers.
The coking of the decant oil produced greater yield of the liquids than the coking of the coal extract
(61.1% by mass compared to 48.4% by mass). This corroborates the work of other researchers, that
liquids are formed due to the cracking of the aliphatics, while the PAHs and the aromatics are
incorporated into the coke. The analysis of the change in the overall concentrations of the paraffins,
single-ring aromatics, two-ring aromatic compounds and PAHs of the feeds to their liquid products
shows that there is an increase in the concentration of the paraffins and PAHs in the products when
compared to the feeds. This was also observed in the extraction products as well.
The proximate analysis of the cokes showed that the mineral matter in the coal is not being transferred
to the extract. There was only a slight increase in the ash of coke from coal extract when compared to
coke from decant oil (0.57% ar, by mass, compared to 0.54% ar, by mass). The optical texture analysis on
the green cokes showed that the introduction of the coal based textural elements resulted in a decrease
of the flow domains in the green cokes (OTI 20.03 of decant oil, 14.87 of coal extract). Even though the
decant oil was more paraffinic than the coal extract, the resulting coke from the decant oil had a greater
optical texture index. This shows that there is no direct relationship between aromaticity and degree of
mesophase development for the samples evaluated in this work. Calcination of the green cokes resulted
in a loss of graphitic order indicated by the increase in the interlayer spacing. Among the graphitized
cokes, the coke from decant oil had the highest degree of graphitization as determined by XRD and
Raman spectroscopy. The cokes produced from the coal extract process had a lower ash and sulfur
contents and were also more anisotropic than the cokes produced from the co-coking of coal with
decant oil.
The catalyst used in the process is one that is typically used in fluid catalytic crackers, although no access
to specific information about the catalyst was provided. The catalyst increased the liquid yields by 6
percentage points and decreased the coke yield by 12.4 percentage points, when compared to coking of
coal extract and may have increased the rate of hydrocarbon cracking in the coker. The combination of
adding the catalyst and coal extract into the reactor increased the aromatic content in the liquids.
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5.2. Suggestions for Future Work
The solvent extraction runs were performed at a high solvent to coal ratio due to the plugging of the
filter at low solvent to coal ratios. Improvement in the design of the solvent extraction unit, specifically
the filtration unit to handle low solvent to coal ratio would provide more consistent results. Tests should
also be conducted with decant oils having a lower H/C ratio and an increase in aromaticity. A decant oil
with a lower H/C ratio and an increased aromaticity would increase the conversion of the extraction
process and could result in an improved product slate. However, optimization for each solvent and coal
used should be determined at a small scale before doing this at a larger scale. The decant oil used in this
study was a low sulfur decant oil. Since the petroleum industry is processing increasingly sour crudes,
studies must be performed using high sulfur decant oils, and the character of the cokes and liquids
should be evaluated. An economic analysis on the solvent extraction process would also be beneficial,
since it would give an idea if it would be more economical to invest in processes that remove sulfur from
the decant oils before coking. The decant oil and the coal extract can be further characterized using
FTIR, NMR and other techniques that would give a clearer idea of the chemical composition of the
liquids and hence the extraction process. Gases produced during the extraction process can also be
analyzed to determine the amount of carbon dioxide generated. This would also be beneficial if the
amount of additional CO2 generated because of using the solvent extraction and the cost of carbon
capture and storage is factored in the economic analysis. Additional tests, like CTE (coefficient of
thermal expansion) and electrical resistivity of the cokes generated would provide information useful for
the industry.
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