
 1 

FINAL TECHNICAL REPORT 

January 1, 2012 through December 30, 2014 

 

Project Title:  INFLUENCE OF MACERAL AND MINERAL COMPOSITION ON 

OHD PROCESSING OF ILLINOIS COAL  

 

ICCI Project Number:  12/7A-3  

Principal Investigator:  Sue M. Rimmer, Southern Illinois University Carbondale  

Other Investigators:  Ken B. Anderson, Southern Illinois University Carbondale 

    John C. Crelling, Southern Illinois University Carbondale 

Project Manager:   Francois Botha, ICCI  

 

ABSTRACT 

 

Oxidative Hydrothermal Dissolution (OHD) is a coal conversion technology that 

solubilizes coal by mild oxidation, using molecular oxygen as the oxidant and 

hydrothermal water (liquid water at high temperature and pressure) as both reaction 

medium and solvent, producing low-molecular weight organic acids, which are widely 

used as chemical feedstocks. The primary objectives of this proposal were to determine 

how maceral composition and rank influence the OHD process, and to determine if OHD 

could be applied successfully to high-ash (clay-rich) waste products, including slurry 

pond deposits and beneficiation plant wastes. 

 

Our results show that OHD of all Illinois Basin lithotypes studied produced the same 

suite of compounds. Examination of residues from pulse OHD runs (different timed 

oxidant pulses) showed that OHD preferentially attacks the vitrinites and liptinites over 

the inertinites. Collotelinite ("band" vitrinite) develops reaction rims relatively quickly, 

whereas collodetrinite ("matrix" vitrinite) develops vacuoles before the collotelinite. 

Liptinites ultimately develop reaction rims and loose fluorescence. Fusinite shows only 

minimal alteration. OHD of maceral concentrates showed that vitrinite and inertinite 

macerals produced products similar to those seen for the lithotypes. However, liptinite 

maceral concentrates (sporinite and cutinite) produced very different compounds 

including long-chain aliphatic acids, in addition to some of those seen previously in the 

other lithotypes. This suggests that OHD products could be tailored but a significant 

amount of pre-concentration of coal constituents might be necessary.  

 

Coal rank influences OHD product. GC-MS data show that, in general, tri-acids increase 

at higher ranks; however, there can be some variability. Certain components of the OHD 

products show either increases or decreases with increased rank. Thus, rank could be 

used to tailor liquors for desirable products.  

 

Coal waste products could also serve as feedstock for the OHD process. Slurry pond and 

stream reject samples contain significant amounts of coal (as much as 65-75% C) and 

produce OHD products that are very similar to those generated from whole coals and 

lithotypes from the Illinois Basin. 
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EXECUTIVE SUMMARY 

 

Oxidative Hydrothermal Dissolution (OHD) is a novel coal conversion technology that 

solubilizes coal by mild oxidation using molecular oxygen as the oxidant and 

hydrothermal water (liquid water at high temperature and pressure) as both reaction 

medium and solvent. This project was designed to evaluate the effect of maceral and rank 

variation on the OHD process. For example, it was anticipated that by varying lithotype 

composition and maceral composition in the feedstock, the type and abundance of 

various OHD products would change. Similarly, different ranks would produce different 

products and/or different amounts of various products. The project also considered the 

use of "waste" coal materials (slurry pond materials and coal cleaning plant stream 

rejects) as a potential OHD feedstock. 

 

Working with hand-picked lithotypes (vitrain, clarain, and fusain) from the Herrin, 

Springfield, and Murphysboro coal seams and a cannel coal from the Brazil Block seam, 

few significant differences were observed in OHD products. This was a surprising result 

as earlier work had suggested that one might expect to see differences in products based 

on maceral composition.  For all samples, mono- and di-acids dominate the OHD 

products probably due to the relatively low rank of the coal (high volatile bituminous). 

The mono-acid to di-acid ratio varied slightly with lithotype, with vitrains, clarains, and 

the cannel producing more mono-acids than the fusains. 

 

Pulse OHD runs (with different timed pulses of oxidant) of the lithotype samples allowed 

a petrographic examination of the changes in the residue within the reactor that had taken 

place during the OHD process. OHD preferentially attacks the vitrinites and liptinites 

over the inertinites. Collotelinite ("band" vitrinite) develops reaction rims relatively 

quickly, whereas collodetrinite ("matrix" vitrinite) develops vacuoles before the 

telocollinite. Liptinites ultimately develop reaction rims and loose their fluorescence. All 

lithotypes showed a similar increase in conversion rate with increased oxidant pulse time. 

Based on percent conversion data, there did not appear to be a significant difference in 

reaction rates for the different lithotypes or the different seams. Comparison with heat-

only and hydrolysis conditions showed that similar features, especially alteration rims 

and vacuoles, are seen whether oxidant, water, and increased pressure are present, but the 

development of these features is much more rapid under OHD run conditions.  

 

Maceral concentrates did provide different OHD products. Products similar to those seen 

from the lithotypes were produced from the vitrinite and inertinite macerals; however, 

some products were missing from the individual macerals. On the other hand, the liptinite 

maceral concentrates (sporinite and cutinite) produced very different compounds, mostly 

long-chain aliphatic acids, in addition to some of those seen previously in the lithotype 

samples. In terms of acid group distributions, there are significant differences between 

the OHD products of the macerals. Cutinite produces only mono- and di-acids; sporinite 

produces mostly mono- and di-acids with a very small component (2%) of tri-acids, and 

di-acids are more abundant than the mono-acids. Vitrinites and inertinites contain a mix 

of mono-, di-, and tri-acids.  Thus, even though few differences were seen in the 

lithotypes samples, relatively pure liptinite maceral concentrates (>95%) can produce a 
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different suite of products. It does suggest that OHD products could be tailored to 

produce certain compounds by changing the coal composition, but that a significant 

amount of pre-concentration of coal constituents might be necessary for this to be 

successful.  

 

The similarities in products derived from vitrinites and inertinites is likely due to their 

origin from similar plant tissues (mostly woody material) that have undergone varying 

degrees of alteration in the peat swamp (decomposition, partial combustion, oxidation). 

The very different OHD products derived from the liptinites relates to their different 

origins, i.e., from spores, pollen, cuticles, resins, algae, etc., that have an inherently more 

aliphatic composition. The similarities between vitrinite and inertinite suggest that even 

very high inertinite content coals (such as those from South Africa and Canada) could be 

used to generate similar OHD products to U.S. coals. 

 

GC-MS data show that, in general, tri-acids increase at higher ranks; however, there can 

be some variability. 3-methoxy benzoic acid, 4-methoxy benzoic acid, 3,4-dimethoxy 

benzoic acid, and 1,3,5-tricarboxylic acid are the compounds that occur in the highest 

abundance in the rank suite and these compounds showed rank-related trends across rank. 

Thus, rank could be used to tailor liquors for desirable products.  
 

Coal waste products could serve as feedstock for the OHD process. Slurry pond and 

stream reject samples contain significant amounts of coal (as much as 65-75% C) and 

petrographically are similar to Illinois Basin coals with the exception that they contain 

more inertinite and less vitrinite. OHD products are very similar to those generated from 

whole coals and lithotypes from the Illinois Basin. Even the very fine grain size of the 

stream reject samples could be handled in a slurry-based reactor system.   
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OBJECTIVES 

 

This research project addressed how the components and rank of coal react to the OHD 

process; similarly we looked at the use of coal waste products as a feedstock for OHD.  

 

The specific objectives of this project were to: 1) determine how maceral composition 

influences reaction rate in the OHD process; 2) determine how maceral composition 

influences products of the OHD process; 3) compare OHD processing of Illinois coal to 

that of higher rank coals and lower rank coals; 4) evaluate the utility of the OHD process 

on high-ash coals, including beneficiation plant wastes; and 5) determine how minerals 

react during the OHD process. 

 

These objectives were met through the following tasks:  

 

Task 1. Sampling  

 

Fresh coal samples were collected from active mines in the Illinois Basin, including the 

Herrin (No. 6), the Springfield (No. 5), and the Murphysboro seams. From these samples 

lithotypes (associations of macerals and minerals that are naturally enriched in certain 

macerals) including vitrains, clarains, fusains, and cannel coals were handpicked for 

OHD runs and to provide feedstocks for density-gradient centrifugation to provide pure 

maceral concentrates. Additional samples were obtained from the Penn State Coal 

Sample Bank to extend the rank range to higher and lower rank coals. Mine waste and 

beneficiation plant waste samples were also obtained. 

 

Task 2. Density-gradient Centrifugation (DGC). 

 

The purpose of this task was to provide concentrates of pure macerals to test in the OHD 

process. Prior to DGC processing, coal lithotype samples were crushed to minus 60 mesh 

and then micronized to reduce particle size to < 10 microns. These samples were 

centrifuged in a CsCl-water density gradient that allowed subsequent separation in 

density fractions. Samples were filtered, washed, and air-dried and, based on microscopic 

analysis, DGC fractions were selected for subsequent OHD processing.  

 

Task 3. OHD 

 

The purpose of this task was to carry out OHD tests of Illinois coal samples collected 

under Task 1 and maceral concentrates generated under Task 2.  Samples were run for 

different time intervals (pulse runs) as well as to completion. For pulse runs, residues 

were weighed (for conversion determinations) and examined under the microscope to 

determine changes produced by the OHD processing.  

 

Task 4. Feedstock and Product Characterization 

 

Characterization of feedstocks included coal petrography (maceral analysis and vitrinite 

reflectance analysis), proximate and ultimate analyses, and x-ray diffraction analysis.  
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OHD residues were examined using petrography, and OHD products were analyzed via 

GC-MS. 

 

INTRODUCTION AND BACKGROUND 

 

Oxidative Hydrothermal Dissolution (OHD) is a novel process developed at SIUC for 

conversion of coal and other macromolecular organic solids to low molecular weight, 

water-soluble products.  Briefly, OHD works by reaction of coal (or other 

macromolecular solids) with small amounts of molecular oxygen in subcritical (liquid) 

water at temperatures of ~ 200-370
°
C.  This results in mild oxidation of the coal, breaking 

up the macromolecular structure sufficiently that low molecular weight organic products 

are released.  Under the reaction conditions used, these products are soluble in the 

reaction medium and are liberated and separated from the coal and recovered.  The 

process is simple and does not require use of exotic catalysts or solvents other than water.  

Complete dissolution of the initial coal or other macromolecular organic solid is readily 

achieved in most cases with recovery of 70-90% of the initial carbon as dissolved 

products.   For coal, the derived products are primarily a mixture of aliphatic and 

aromatic carboxylic acids and polyacids (n=2-4) and phenols (Anderson et al., 2001a, 

2011b). 

 

Previous research at SIUC has included construction of both semi-continuous and 

continuous micro-scale OHD reaction systems. These reactors have been used to 

complete proof of concept studies wherein it has been shown that the OHD process 

efficiently breaks down Illinois coal, and other macromolecular organic solids, to low 

molecular weight, water-soluble products, and to explore the effects of key process 

parameters (temperature, flow rate, oxidant loading, etc.). Petrographic studies show that 

OHD works by oxidation of particle surfaces and hence that conversion rate is 

proportional to particle size. Commercialization of the OHD process has already begun 

with the launch of Thermaquatica, LLC in Carbondale, IL. A Process Developmental 

Unit (PDU) is running and is able to produce OHD product at a commercial scale. 

Researchers at SIU and elsewhere are developing approaches for separation of OHD 

products into individual compounds and acids. 

 

The OHD products obtained from coal include a variety of low molecular weight organic 

acids. A majority are benzylic carboxylic acid derivatives many of which are used in the 

petrochemical industry to make plastics and polymers. For example, terephthalic acid, a 

major product found in almost all coal OHD products, is used to manufacture polymers 

and has a global market of approximately 30 million Mt/year
 
(Anderson et al., 2011b). 

Product distributions vary somewhat with reaction conditions and the composition of the 

original coal, but typically consist of mixtures of functionalized and polyfunctionalized 

low molecular weight aliphatic and monoaromatic compounds.  Preliminary rank studies 

show that product distributions also vary as a function of rank with low-rank materials 

giving a product relatively richer in aliphatic materials and aromatic monocarboxylic 

acids.   Illinois coals tend to give products enriched in aromatic dicarboxylic acids with 

only minor amounts of short chain aliphatic products. High-rank coals give OHD 
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products relatively enriched in polycarboxylic (tri- + tetra-) acids and negligible amounts 

of aliphatic products. 

 

Previously, OHD had been tested on whole coals, but we know little about the rates of 

reaction of individual macerals and how maceral composition may influence (and thereby 

may be used to "tailor") reaction products. Therefore, in this study, we examined the role 

of maceral composition on reaction rates and products by testing lithotypes of the coal 

and, in subsequent work, purer maceral concentrates. 

 

Coal, by definition, contains at least 70% organic matter by volume (50% by weight) 

(Schopf, 1956), and thus is a heterogeneous material containing both organic matter 

(macerals) and inorganic matter (minerals). Macerals are the microscopically identifiable 

components of coal with varying chemical and physical compositions (Stopes, 1935). 

These are derived from various plant precursor materials that have undergone varying 

amounts of alteration within the peat swamp and subsequently as a result of burial and 

maturation. The three main maceral groups are vitrinite (derived from woody tissues), 

liptinite (derived from cuticles, resins, spores, and algae), and inertinites (which represent 

materials altered by pyrolysis associated with fires (fossil charcoal) or oxidation during 

peat accumulation).  These maceral groups have different chemistries (for example, 

inertinites are more aromatic and liptinites are more aliphatic than vitrinites), which have 

been shown to be an important factor in how they react in most coal utilization 

technologies.  

 

Within the coal, these macerals occur in different ratios in layers referred to as lithotypes 

that are identified based on their macroscopic appearance, using criteria such as 

brightness, luster, banding, the presence or absence of striations, and width of the bands 

(Stopes, 1919). Vitrain occurs as bright bands > 3 mm thick that have a conchoidal 

fracture; durain occurs in layers up to several centimeters thick, is typically gray to 

brownish black, and has a greasy luster; clarain has a luster between that of vitrain and 

durain, and has bright and dull striations < 3 mm thick; and fusain has a silky luster, is 

usually black to dark gray, and occurs as lenses or as very fine bands
 
(Stopes, 1919). 

Fusain is expected to be predominantly fusinite and semifusinite, whereas vitrain should 

contain mostly vitrinite macerals, especially collotelinite. Clarain is expected to contain a 

mixture of different types of vitrinites (collotelinite and collodetrinite) and liptinite (such 

as sporinite) (Stopes, 1919; Taylor et al., 1998). Collotelinite is typically “bands” of 

vitrinite, often showing remnant cell structure; collodetrinite is “matrix” vitrinite, forming 

a groundmass in which other macerals are embedded. Non-banded coal lithotypes, which 

have a dull, greasy luster and a conchoidal fracture, include cannel coal, which contains 

primarily sporinite, and boghead coal that contains primarily alginite (Taylor et al., 1998). 

 

A unique aspect of this project was the application of density-gradient centrifugation 

(DGC) to separate relatively pure macerals from lithotype feedstocks. For the last thirty 

years, coal macerals have been separated successfully by DGC (e.g., Dyrkacz and 

Horwitz, 1982; Crelling, 1987, 1988, 1994; Dyrkacz et al., 1991; Crelling and Kruge, 

1998; Rimmer et al., 2006). Using this technique, it has been possible to obtain detailed 

information on the chemical and physical composition of pure coal macerals.  In this 
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technique, the samples are crushed, micronized, and centrifuged through a density 

gradient of aqueous CsCl, usually ranging from 1.0 to 1.70 gm/ml. Whereas 

micronization, using a fluid energy mill or a jet mill, reduces the particle size of a sample 

to the micrometer range, some multiphase particles often persist.  These larger particles 

can be reduced further by immersing the coal sample in liquid nitrogen to freeze the 

sample, followed by rapid thawing at room temperature.  With this treatment, the 

multiphase particles tend to fracture along maceral boundaries.   

 

Because most North American coals contain 50% to 90% vitrinite (with Illinois Basin 

coals at the higher end of this range), a typical whole-coal density profile (where 

recovery is plotted against density) is dominated by the vitrinite density peak, with low-

density and high-density tails indicating liptinite and inertinite, respectively (Fig. 1).  

Whereas petrographic examination shows that fractions taken from the peak are excellent 

concentrates of the dominant maceral, vitrinite, there is not enough detail in the rest of 

the profile to distinguish other macerals.    

 

 
 
Figure 1. Example of DGC recovery plot of typical Herrin (No.6) Coal showing milligrams of 

macerals at different densities. Note the predominance of vitrinite with a density of ~ 1.32 g/mL. 

 

To overcome this problem, two approaches have been used. First, whole-coal samples or 

lithotypes can be selected that are enriched naturally in a target maceral, such as a paper 

coal for cutinite or a fusain for semifusinite and fusinite. Likewise, sporinite and possibly 

both cutinite and resinite can be processed by the DGC technique from coals enriched in 

these macerals.  This method can even separate collodetrinite (matrix vitrinite) from 

collotelinite (vitrinite occurring in bands) from clarain and vitrain lithotypes, respectively.  
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A second approach is to use the whole-coal density profile to locate the boundaries or 

cut-points between maceral groups and to then centrifuge the sample at a single gravity to 

concentrate the target maceral group.  When this concentrate is then processed in a two-

gram DGC run, additional maceral peaks may be revealed. The key to confirming that 

density fractions are, indeed, concentrations of single maceral groups and particularly 

single macerals is petrographic examination in both white light and fluorescent light.  

 

Minerals in Illinois coals and associated sediments include clays (the predominant 

mineral form in most coals and sediments), quartz, calcite and other carbonates, pyrite 

and marcasite, and occasionally iron sulfates (particularly in weathered coals) (Russell 

and Rimmer, 1979). Roof shales are predominantly clays and quartz, and floors (which 

are often underclays) are predominantly clays, with minor quartz and carbonate phases. 

The clays include kaolinite (especially in the coal themselves), illite (abundant in many 

roof rocks), and expandable clays (especially in some underclays). Preliminary 

assessment of changes in mineralogy that occur during OHD suggests little change to the 

silicates (quartz and clays) and carbonates, but oxidation of the pyrite to hematite.  

 

 

EXPERIMENTAL PROCEDURES 

 

Sampling 

 

Lithotypes  

 

Sampling involved the collection coal blocks and lithotypes, rather than whole-seam 

channels. Fresh samples (exposed < 1 week) of the Herrin (No. 6) and Springfield (No. 5) 

coals (both Carbondale Formation, Middle Pennsylvanian) were collected from the Red 

Hawk Mine, Knight Hawk Coal LLC, Perry County, IL, along with samples of the 

Murphysboro coal (Tradewater Formation, Middle Pennsylvanian) from the Creek Paum 

Mine, Knight Hawk Coal LLC, Jackson County, IL. We also obtained a sample of the 

Brazil Block seam from Indiana (SIU 642), one of the few know occurrences of cannel 

coal in the Illinois Basin that has been mined.  

 

All samples were air-dried prior to further processing. Samples of the No. 6, No. 5, and 

Murphysboro coal were hand-picked to separate materials for vitrain, clarain, and fusain 

lithotypes; the cannel coal was used in bulk form. Vitrain (bright bands > 3 mm thick 

with conchoidal fracture), clarain (with a luster between that of vitrain and durain; bright 

and dull striations < than 3 mm thick), and fusains (silky luster, black/gray coal in fine 

bands and lenses) were separated. Identification was based on visual observations and 

physical macroscopic properties, including brightness, luster, banding, the presence or 

absence of striations, and width of the bands (Stopes, 1919). Sub-splits of these were then 

crushed to minus 20-mesh and minus 60-mesh for petrographic and geochemical analysis, 

respectively.  
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Maceral Concentrates  

 

The No. 6 lithotypes were further split by density-gradient centrifugation (DGC) into 

maceral fractions. A sporinite sample was obtained from a DGC concentrate of the No. 5 

seam, from a whole-coal sample collected from an underground mine in Saline County, 

IL (WCM44) and a cutinite sample was obtained from a hand-picked concentrate from a 

paper coal (SIU 2124) from Indiana (Crelling and Bensley, 1984). 

 

High-ash samples  

 

In addition, for assessment of high-ash coal and waste materials, three samples were 

collected from the Red Hawk slurry pond (cell  # 2) and a stream reject sample (fine coal 

slurry) was obtained from the coal preparation plant at the Creek Paum mine, Knight 

Hawk Coal Co., Jackson Co., IL. 

 

Rank Suite  

 

To extend the rank range, samples were identified in the Department of Energy Coal 

Sample Bank maintained by Penn State (http://www.energy.psu.edu/copl/doesb.html) and 

minus 20-mesh coal samples obtained. The rank suite includes coals with ranks from 

lignite (Lig A), subbituminous (Sub b), high volatile B bituminous (HvBb), high volatile 

A bituminous (HvAb), medium volatile bituminous (Mvb), to semi-anthracite (Sa) coals 

(Table 1).  For purposes of comparison with other on-going OHD research, a sample of 

Victoria brown coal was added to the sample set. This coal was obtained from the 

Yallourn Seam, Loy Yang Mine, Victoria, Australia.  

 
Table 1.  Rank suite obtained for OHD analyses from the DOE Coal Sample Bank (Penn State 

University) and Victoria, Australia. 

 
Sample ID Seam name Rank State 

VCB Yallourn Brown coal Victoria, Australia 

DECS - 11 Buehlah Lignite A North Dakota 

DECS - 26 Wyodak Subbituminous B Wyoming 

DECS - 33 Ohio #4A High volatile B bituminous Ohio 

DECS - 23 Pittsburgh High volatile A bituminous Pennsylvania 

DECS - 13 Sewell Medium volatile bituminous West Virginia 

DECS - 19 Pocahontas #3 Low volatile bituminous Virginia 

PSOC - 1515 Semian C Semi-anthracite Pennsylvania 

 

Geochemical Analysis of Coals and Lithotypes 

 

Proximate (moisture, ash, volatile matter, and fixed carbon) and total sulfur were 

performed at the Kentucky Geological Survey (KGS) laboratories in compliance with 

standard ASTM methodologies D3172-13 (ASTM, 2013) and D4239-14 (ASTM, 2014a), 

respectively.  Ultimate analysis (total carbon, total hydrogen, and total nitrogen) was 

performed at Columbia Analytical Services (CAS), using high-temperature tube furnace 

combustion/TC and IR detection according to ASTM D5373-14 (ASTM, 2014b) using a 

LECO TruSpec Macro. Using the ASTM Standard D3180-12 (ASTM, 2012) calculation, 

http://www.energy.psu.edu/copl/doesb.html
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the proximate and ultimate data were converted to dry, ash-free basis (daf). Mineral 

matter was calculated using the Parr formula (MM = 1.08Ashdry + 0.55Sulfurdry) (Parr, 

1932).  

 

Coal Petrography 

 

A representative portion of minus 20-mesh coal from each lithotype and rank sample  

was mixed with epoxy resin to make pellets for petrographic analyses. When cured, 

pellets were polished using 400 grit, 600 grit, 1.0 µm (alpha alumina), and finally 0.06 

µm (colloidal silica) polishing compounds according to standard procedures (Pontollilo 

and Stanton, 1994). To evaluate the maceral composition of the lithotypes, two 500-point 

maceral counts were performed using a Zeiss Universal reflected-light microscope and a 

Swift stage. Vitrinite reflectance was performed using a Leica DM2500P reflected-light 

microscope and J&M MSP200 vitrinite reflectance hardware and software (100 points), 

standardized against three standards (glass standards ranging from 0.5% to 1.6%).  100 

measurements of vitrinite reflectance were performed on vitrinite from the vitrain 

lithotypes, on samples from the rank suite, and on vitrinite in the Brazil Block sample.  

 

For the OHD residues, a total of fifty measurements were made on vitrinite (telocollinite) 

particle cores and rims to determine the increase in reflectance in the vitrinite. The 

percent change in reflectance was then calculated for both cores and rims. 

Photomicrographs were taken using a Q-Imaging Retiga 2000R digital camera. 

 

DGC processing 

 

To micronize the coal, minus 60-mesh coal was fed slowly into the micronizer (a 

Sturtevart nitrogen fluid energy mill). The micronized coal was centrifuged in a CsCl 

solution ranging in density from 1.0 to 1.6 or 1.8 g/mL, depending on the sample. One to 

two g of micronized coal was mixed with 200 mL of water and injected into the 

centrifuge rotor.  Approximately 10 mL of Brij-35 solution was added as a surfactant. 

After centrifugation for two hours at between 6500 and 8000 RPM (depending on run), 

the coal/solution mixtures were pumped out of the centrifuge through a densitometer, and 

then fractionated into 30 to 70 mL aliquots (again, depending on run). Each fraction was 

filtered with deionized water using cellulose filters to collect the coal particles. The filters 

were weighed prior to and after filtration and drying to determine how much coal was 

collected for each density fraction. To improve maceral separation, some samples were 

re-run over shorter density ranges to increase resolution. Following DGC separation, the 

maceral concentrates were sonicated in methanol and washed with distilled water to 

remove most of the Brij-35 solution prior to OHD processing. 

 

OHD processing 

 

Pulse runs 

 

OHD processing of the lithotypes utilized 0.2 g of minus 20-mesh coal, repeated in two 

runs for each lithotype using a semi-continuous OHD reaction system as described by 
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Anderson et al. (2011) (Fig. 2). In order to observe relative differences in the reactivity of 

the macerals to the OHD processing, pulse runs were used so that, intentionally, only 

incomplete dissolution occurred. Following an 18-min warm-up period and at a 

temperature of 300°C, in separate runs oxidant was delivered as 8-min, 16-min, and 30-

min pulses using an oxidant loading of 0.012 M O2. These pulse runs resulted in a residue 

in the reactor that could be observed under the microscope to evaluate changes in 

different macerals and for different oxidant pulses. A final run to completion (i.e., no 

organic residue remaining) was also performed (70-min runs).  

 

For the rank suite study, 0.2 g of coal was loaded into the reactor, and following an 18-

min warm up period to 300°C, the coals were subjected to an 8% peroxide pulses for 16-

min. For a subset of these coals, completion runs were performed (70-min runs). 

 

OHD residues were weighed to determine conversion rates. The values were corrected 

for ash content under the assumption that the ash did not change in the reactor. Ash 

percentages for the lithotype samples based on the proximate analyses performed by the 

Kentucky Geological Survey. The equation to obtain the conversion was:  

 

Conversion  =     
(IW−(IW∗Ash%))−(RW−(IW∗Ash%))

IW−(IW∗Ash%)
      Equation (1) 

 

where  

 

IW = Initial Weight of sample in reactor 

Ash% = Ash percentage of sample prior to reaction 

RW = Residue weight of sample in reactor. 

 

OHD runs on maceral concentrates and fine-grained waste products 

 

Maceral concentrates and some of the mineral-rich samples (slurry pond samples) were 

very fine-grained and when run under standard conditions tended to clog the frits in the 

reactor, leading to pressure build-up to automatic cut-off levels. Also, some ultra-fine 

particles passed through the frits and clogged the internal plumbing of the reactor system, 

necessitating a back flush. To avoid these problems, a layer of chromatogram quartz sand 

(at minus 30 mesh) was added to the reactor downstream of the micronized sample (Fig. 

3) to trap the fine particles in the sand but still allowing the reactor fluids to move 

through and react with the very fine particles. Depending on the sample, between 0.01 g 

to 0.07 g of micronized sample was loaded into the reactor with 0.3 g of chromatogram 

sand. The maceral concentrates were run in duplicate. Total conversion was achieved 

within a 45-min run time. Slurry pond samples were run under similar conditions to the 

maceral concentrates. The stream reject sample contained so much fine material that even 

with the quartz layer, the fines rapidly plugged the frits. For this sample, a semi-

continuous reactor was used that, by design, utilized a slurry feed. 
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Figure 2. Semi-continuous OHD reactor. 

 

Hydrolysis-only and heat-only runs  

 

As many of the morphological changes observed in the OHD residues were similar to 

features previously seen following rapid heating of coal (both in the lab and in nature), 

additional runs were performed to evaluate the individual roles of heat and oxygen in the 

development of the features seen in the OHD residues (rims and vacuoles). The No. 5 

clarain sample was run under "hydrolysis only" conditions for 30 min at 250°C to 

determine whether some of the features seen in the residues were the result of oxidation 

or simply heat. The reactor was allowed to warm up for 18 min, then the temperature was 

held at 250°C for 30 min. Pressure was maintained at normal OHD pressure levels, but 

no oxidant was introduced. A similar run, but with the temperature being held at 300°C 

for 16 min, was run on the No. 5 vitrain.  

 

To further evaluate the effects of heat, an experiment was designed to determine whether 

the rims and vacuoles could be generated by heating alone, without other factors 

introduced by OHD (water, oxygen, and pressure). A high volatile bituminous coal 

sample (Ro = 0.43%) (vitrinite rich) from our rank series (DECS-33, Ohio #4A seam) 

was used for the heating experiment. 50 mg of minus 20-mesh coal was heated in an oven 

to different temperatures for different times, then air cooled and weighed; an aliquot was 

used to make pellets for petrographic analysis. Samples were subjected to different 

temperatures (100°, 250°, 300°, 350°, and 400°C) for different times (30 min, 1 hr, and 2 

hrs). Residues were then examined under the microscope. 

 

GC-MS Analysis 
 

Following OHD processing, the products were extracted with ethyl acetate and the 

solubilized organic products analyzed by GC-MS. Eighty to 100 mL of ethyl acetate was 
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mixed with the solution and emulsed in a separatory funnel and left for 24 hr to separate 

according to density. After this time, the more dense water was drained from the funnel 

and the organics mixed with ethyl acetate collected in a beaker. In this process, the ethyl 

acetate binds with the organics and makes the products insoluble in water. The ethyl 

acetate was then separated from the organic OHD product using rotary evaporation. The 

sample was heated in a round-bottom flask in a water bath (at 70°C); the flask was 

rotated so that the solvent spread into a thin layer to help evaporate the sample. After all 

the ethyl acetate was evaporated, the remaining solid was saved for GCMS analysis. 

Some samples were further dried with nitrogen for a few minutes. 

   

The OHD products were analyzed by gas chromatography mass spectrometry (GC-MS). 

A small amount of sample was loaded into a glass capillary tube with 

tetramethylammonium hydroxide pentahydrate (TMAH), which serves to provide better 

separation and stronger peaks in the GCMS by methylating the compounds. The sample 

was placed on the carousel and once the instrument reached its initial temperature, the 

auto-sampler dropped the tube into the pyrolysis chamber and began the 80-min analysis. 

Upon completion, the mass spectra were plotted and the different individual products 

were identified utilizing Agilent Data Analysis by matching experimental spectra to a 

library of spectra for known compounds.  

 

 

 
 
Figure 3.  Schematic showing small reactor loaded with micronized coal sample and quartz sand. 
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RESULTS AND DISCUSSION 

 

Influence of coal lithotype composition on the OHD process (Objectives 1 and 2; 

Tasks 1, 3, and 4) 

 

Lithotype composition 

 

Hand-picked lithotype samples have different petrographic compositions (Fig. 4, 

Appendix 1, Table 1), with the vitrains and clarains containing 87-95% vitrinite; clarains 

contain 85-89% vitrinite, with 8-12% inertinite and 2-3% liptinite; and fusains contain 

83-87% inertinite. The Brazil Block cannel coal contains much less vitrinite (63%), as 

much as 15% liptinite, and 21% inertinite. The maceral differences between these 

samples allowed a first pass at evaluating the effect of maceral composition on OHD 

products. They also allowed us to examine how quickly lithotypes react and how 

macerals react to the OHD process through detailed petrographic observations of maceral 

characteristics following OHD pulse runs, something that would not be possible with 

macerals concentrates that are micronized (and thus difficult to observe under the 

microscope). Geochemically, these lithotypes vary slightly, with fusains having lower H, 

N and, in some cases, O contents than either the vitrains or clarains (Appendix 2, Table 

1). 

 

 

 
 
Figure 4. Petrographic data for vitrains, clarains, fusains, and cannel lithotype samples. No. 5 = 

Springfield Coal, No. 6 = Herrin Coal, MB = Murphysboro Coal. 
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Conversion rates 

 

Conversion rate increases with oxidant pulse time (Table 2). Similar conversion rates 

were seen for lithotypes regardless of seam.  Conversions for 8-min runs were between 

18-28%, for 16-min runs between 28-68%, and for 30-min runs between 48-89%. One of 

the highest conversion rates was seen in the cannel sample (89%), but there appears to be 

no set relationship between conversion rate and lithotype. Full conversion was attained 

for these samples after 70 min. 

 
Table 2. Conversion rates (corrected for ash) for pulse runs of lithotypes. "5" refers to the 

Springfield Coal, "6" to the Herrin Coal, and MB to the Murphysboro. 

___________________________________________________________ 

  

Lithotype 8 min 16 min 30 min 

___________________________________________________________ 

 

5 V  Vitrain 22.0 41.7 70.7 

5 C Clarain 31.0 62.4 87.2 

5 F Fusain 27.6 46.0 77.3 

6 V Vitrain 23.6 41.3 73.9 

6 C Clarain 22.1 41.4 75.1 

6 F Fusain 21.2 37.3 67.9 

MB V Vitrain 17.6 28.5 48.4 

MB C Clarain 19.5 37.1 58.5 

MB F Fusain 35.8 67.6 79.1 

SIU 642  Cannel 24.6 51.2 89.2 

___________________________________________________________ 

 

Response of macerals to the OHD process: Petrographic evidence 

 

Despite the overall similarities in conversion rates seen for the lithotypes, petrographic 

analysis of the pulse OHD runs show that the process preferentially attacks vitrinite and 

liptinite macerals rather than inertinites. Vitrinite develops very distinct reaction rims 

with higher reflectance, some of which are zoned, blind fractures, and devolatilization 

vacuoles (Fig. 5, Table 3). Often, very different responses are seen in different types of 

vitrinite: collotelinite ("band" vitrinite) appears to react more slowly than collodetrinite 

("matrix" vitrinite), the latter showing earlier development of devolatilization vacuoles 

(Fig. 5). As reaction time increases (8, through 16 to 30 min), the extent of 

devolatilization increases:  vacuoles appear first in the collodetrinite (8 min) and increase 

in the 16 and 30 min runs; in collotelinite, the vacuoles do not begin to develop until 16 

min when small vacuoles began to appear. By 30 min, vacuoles are very extensive in the 

collodetrinite but less so in the collotelinite. Alteration rims also increases with time. 

Very little alteration is seen in the inertinites, especially in the fusinite. In liptinites 

(sporinite and cutinite), a decrease in fluorescence develops by 8 and 16 min (liptinite 

fluorescence intensity decreases towards the reaction rims) and by 30 min fluorescence is 

lost.  Reaction rims in the liptinites form by 16 mins.  
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Table 3. Summary of maceral changes in response to 8-min, 16-min, and 30-min pulse OHD runs. 

 

 

These types of observations are critical as the development (and rate of development) of 

these features may provide fundamental insight into the nature of the initial stages and 

progression of the OHD process and could be of considerable value in optimizing and 

“tuning” the process to maximize production of desired products and optimize separation 

and isolation of specific products. It is clear that the underlying chemical and physical 

makeup of the macerals influences how they react under OHD conditions. 

 

However, it is also clear that the observations made in this study represent end-stage 

features. It is not known, for example, if swelling occurs followed by contraction on 

cooling. This could lead to the development of the cracks and could explain the lack of 

alteration rims along some cracks. The solution to this problem is to be able to look at the 

coal during OHD processing, a challenge that we believe will be met with the 

construction of an in-situ, microscope-mounted reactor (the subject of a subsequent 

project funded by ICCI).  

 

In addition, some of these features are similar to features observed previously in rapid 

heating (both in the lab an in nature) of coal, therefore we attempted to evaluate the roles 

of heat and oxygen in the development of these features. 

 

Hydrolysis and heating experiments 

 

Comparison of features seen in OHD and hydrolysis runs provides information on the 

timing of development of reaction rims and vacuoles. A 30-min hydrolysis run on the 

clarain resulted in very thin, poorly developed reaction rims in the vitrinite (Appendix 3, 

Fig. 1A). These rims are not as thick as those seen after 8-min OHD processing of the 

same sample (Appendix 3, Fig. 1B). Vacuoles that are typically present in even short-  

 

Maceral 8-min pulse 16-min pulse 30-min pulse 

 

 

Vitrinite 

 

Reaction rims in 

collotelinite. Vacuoles 

in collodetrinite. 

 

Reaction rims and 

vacuoles in 

collotelinite and 

collodetrinite.  

 

Increased vacuoles 

and thicker reaction 

rims in both 

collotelinite and 

collodetrinite.  

 

Sporinite,  

cutinite  

 

Reaction rims start to 

develop. Minor loss of 

fluorescence. 

 

Minor loss of 

fluorescence. 

Reaction rims. 

  

Reaction rims and loss 

of fluorescence.  

Fusinite  

 

Little to no change. Little to no change. Little change.  

Semifusinite Faint reaction rims 

develop. 

Reaction rims more 

visible; no vacuoles. 

Reaction rims visible; 

no vacuoles. 
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Figure 5. Photomicrographs of Springfield (No. 5) Coal OHD residues showing typical maceral response 

to OHD processing. All photos are taken in reflected, white-light illumination, under oil immersion. Scale 

bars = 20 microns. Collotelinite (vitrinite) response after 8 mins (A, B) and 16 mins (C); differential 

response of different vitrinite macerals, with collodetrinite (left of image) showing development of 

devolatilization vacuoles and wider reactions rims compared to collotelinite (right of image) (D); increased 

size of devolatilization vacuoles and overall increased extent of reaction seen between 8-min run (E) and 16 

min run (F); slight reaction rims in semifusinite, 8 min (No. 5 fusain); reaction rim in sporinite, 8 min (SIU 

642 Brazil Block). Note zoning within the reaction rims in B, D, and E. 

A B 

C D 

E F 

G H G H 
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duration OHD runs are more or less absent in the 30-min 250°C hydrolysis run; however, 

these vacuoles do appear in the 300°C hydrolysis run (Appendix 3, Fig. 2) and, in general,  

macerals appear to exhibit a higher degree of reaction by 300°C. Blind fractures are seen 

in the 250°C runs, but are of limited extent. Thus, whereas the hot water causes some 

development of these features, they do not develop as rapidly as when oxygen is 

introduced. 

 

In the heat-only experiments, no visible changes in macerals are observed at 100°C 

regardless of heating time. At 250°C, small reaction rims are observed in vitrinite after 30 

mins of heating; these rims becomes more prominent with longer heating times 

(Appendix 3, Fig. 3). At 300°C and 350°C, significant reaction rims are observed 

regardless of heating time, blind fractures are evident, and overall reflectance appears 

higher. The thickness of the alteration rims increases with increased heating time 

(Appendix 3, Fig. 4). Fluorescence is less prominent throughout and is absent within 

reaction rims. At 400°C (Appendix 3, Fig. 4), both vacuoles and well-developed reaction 

rims are seen; coal particles appear rounded. In samples heated for 2 hrs at 400°C, 

particles appear mostly reacted, leaving very little original material (Appendix 3, Fig. 5c). 

Very little to no fluorescence is observed at 1 hr and 2 hrs. Thus, under heat-only 

conditions, reaction rims occur at approximately 250°C (30 mins) and increase in 

thickness at higher temperatures. Devolatilization vacuoles appear between 350°C and 

400°C.  

 

We initiated these tests to evaluate whether heat alteration or oxidation was the primary 

driver for the morphological changes seen in the residues. In a comparison of the heat-

test residues with OHD and hydrolysis residues, it appears that rims occur at 250°C in all 

modes - OHD, hydrolysis, and heat only; however, the thickness of the rims appears 

greater in the OHD runs at this temperature, and they appear after much shorter exposure 

times. Therefore, heat may be one factor in the development of the high-reflectance rims, 

but the presence of oxygen (and possibly water and pressure) speeds up their 

development. Similarly, we see vacuole development at lower temperatures in hydrolysis 

and OHD runs. In heat-only runs, vacuoles do not appear until at least 400°C; these same 

features appear in 16-min hydrolysis runs at 300°C, and in 8-min OHD runs at 300°C.  In 

summary, similar features especially alteration rims and vacuoles are seen whether 

oxidant, water, and increased pressure are present; however, the development of these 

features is much more rapid under OHD run conditions.  

 

OHD products from lithotype samples 

 

Most of the lithotype samples produced a very similar suite of products. This was true 

across the timed pulses. Figure 6 shows the chromatogram of the OHD products from the 

8-min pulse run of the Springfield (No. 5) vitrain, clarain, fusain, and Brazil Block cannel 

coal.  Each peak on the chromatogram is numbered and the corresponding structure is 

given in Table 4. These data indicate that, in all cases, the major products are 

monoaromatic species including: di-substituted methoxy benzenes, mono-substituted 

methoxy benzoic acids, hydroxl-substituted benzoic acids, dicarboxylic acids, 

methoxy/hydroxyl substituted-carboxylic acids, and tri-carboxylic acids. Unknowns A1 
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and A2 (#15, #16) have been interpreted to be isomeric dicarboxyl phenols; Unknowns 

B1 and B2 (#17, #19) are likely methoxy dicarboxylates. Figure 7 contains the general 

GC-MS products found in these samples. 

 

As the chromatograms and Table 4 show, there are no products unique to any specific 

lithotype. There is a remarkable similarity in both the nature and distribution of the 

products observed, despite the differences in the petrographic composition of the samples. 

Data may be simplified into groups, by summing monocarboxylates (peaks 1, 5-8, 12); 

dicarboxylates (peaks 3, 4, 9-11, 13-19); and tricarboxylates (peaks 20, 21) in these 

liquors. Although subtle differences are observed between the lithotype samples, the 

distributions for the 8-min runs are similar (Fig. 8) as are those for the completion runs 

(70-min runs) (Fig. 9). For all samples, mono- and di-acids dominate the OHD products 

(Figs. 8 and 9; Table 5) probably due to the rank of the coal (high volatile bituminous). 

One difference noted in the completion runs is the production of more mono-acids than 

di-acids from the vitrains, clarains, and the cannel; this is not the case for the fusains. 

Previous work had suggested that coals rich in certain macerals would be expected to 

produce different products, so the overall similarities in products from the lithotypes was 

surprising. Additional details on lithotype OHD products are provided in a M.S. thesis on 

this topic (Srinivasaraghavan, 2015).  

 
Table 4.  Intrepreted compounds from the chromatogram peaks for OHD runs of each lithotype 

(8-min runs). Values shown are percentage contribution in each lithotype. 
 

Compound Peak  Vitrain Clarain Fusain Cannel 

Anisole 1 5.6 1.4 0.7 10.5 

Methyl benzoate 2 3.7 2.3 3.8 4.3 

1,2-dimethoxy benzene 3 3.7 0.6 0.0 2.8 

1,3-dimethoxy benzene 4 2.7 1.8 2.6 4.5 

2-hydroxy benzoic acid 5 1.6 2.7 2.5 0.0 

3-methoxy benzoic acid 6 15.6 11.3 14.3 15.8 

2-methoxy benzoic acid 7 1.9 1.7 2.6 1.6 

4,methoxy benzoic acid 8 7.3 5.7 5.9 6.7 

1,2-benzene dicarboxylic acid 9 2.3 2.8 4.3 2.8 

1,4-benzene dicarboxylic acid 10 2.1 1.7 4.5 3.7 

1,3-benzene dicarboxylic acid 11 3.8 3.4 8.5 6.1 

3-hydroxy benzoic acid 12 0.8 2.9 3.8 0.0 

3,5-dimethoxy benzoic acid 13 2.5 4.3 2.9 3.4 

3,4-dimethoxy benzoic acid 14 5.4 3.4 2.8 3.6 

Unknown A-1 15 5.4 5.3 6.4 4.4 

Unknown A-2 16 4.9 11.8 4.6 4.8 

Unknown B-1 17 4.9 9.0 6.1 8.9 

Unknown B-2 18 8.9 10.5 7.6 1.4 

Unknown 19 1.8 3.6 5.7 0.0 

1,2,4-tricarboxylic benzoic acid 20 2.5 4.6 4.7 2.4 

1,3,5-tricarboxylic benzoic acid 21 12.6 9.0 5.7 12.3 
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Figure 6.  Chromatograms of 8-min OHD products from Springfield (No. 5) lithotypes and Brazil 

Block cannel sample. 
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Figure 7. General structures of GCMS products. “R” can be H or CH3.  

 

 

 

 
 
Figure 8. Aromatic mono-, di-, and tri-acid content of OHD products obtained from 8-min pulse 

runs of the Springfield (No. 5) lithotypes and the Brazil Block cannel coal. 
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Figure 9. Aromatic mono-, di-, and tri-acid content of OHD products obtained from 70-min 

completion runs of the Springfield (5), Herrin (6), Murphysboro (MB) lithotypes and the Brazil 

Block cannel coal. (V = vitrain, C = clarain, F = fusain). 

 

 

 
Table 5.  Distributions of aromatic acids in the OHD products obtained from completion runs of 

the Springfield (5), Herrin (6), Murphysboro (MB) lithotypes and the Brazil Block cannel coal. 

(V = vitrain, C = clarain, F = fusain). 

 

Sample Mono-acids Di-acids Tri-acids 

5 V 30% 28% 18% 

5 C 38% 27% 6% 

5 F 32% 39% 9% 

6 V 35% 25% 10% 

6 C 36% 22% 10% 

6 F 37% 39% 6% 

MB V 32% 30% 14% 

MB C 35% 25% 16% 

MB F 32% 34% 13% 

Cannel 34% 23% 7% 
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Influence of coal macerals on OHD products (Objective 2; Tasks 1, 2, 3, and 4) 

 

The lithotypes reported on in the previous section are enriched in certain macerals (e.g., 

the vitrains contain more vitrinite, the fusains more inertinite). As the lithotype samples 

produced a very similar suite of OHD products, density-gradient centrifugation was used 

to obtain maceral concentrates to further elucidate any potential differences between coal 

components. Collodetrinite and collotelinite were separated from the No. 6 clarain; 

fusinite and semifusinite were obtained from the No. 6 fusain; sporinite was obtained 

from a No. 5 whole-coal sample; and cutinite was obtained from a paper coal (SIU 2124). 

Assessment under the microscope indicated purity levels >95% for the maceral 

concentrates. 

 

GC-MS of products of OHD runs of maceral concentrates 

 

GC-MS analysis of the OHD products derived from the OHD runs of the maceral 

concentrates revealed similar products for the vitrinite and inertinite macerals as seen 

previously in the lithotypes (Table 6); however, some products were missing from the 

individual macerals. Liptinite maceral concentrates (sporinite and cutinite) produced very 

different products, in addition to some of those seen previously in the lithotype samples 

(Fig. 10, Tables 7 and 8). The liptinites were also compared to an additional sample, the 

Cannel King, a Cenomanian-age cannel sample from Utah, that was much more aliphatic 

rich than the Illinois Basin cannel reported on earlier (Fig. 10, Table 9). The sporinite 

sample produced significantly more aliphatic compounds than aromatic compounds; for 

the cutinite and the Cannel King sample, the balance between aliphatic and aromatic 

compounds was more even (Fig. 11). 

 

In terms of aromatic acid group distributions, there are significant differences between 

the OHD products of the macerals (Fig. 12). Cutinite produces only aromatic mono- and 

di-acids; sporinite produces mostly mono- and di-acids with a very small component 

(2%) of tri-acids, and di-acids are more abundant than the mono-acids. Vitrinites and 

inertinites contain a mix of mono-, di-, and tri-acids.   

 

The fact that maceral concentrates can produce different products but that the Illinois 

Basin lithotypes do not is interesting. It does suggest that OHD products could be tailored 

to produce certain constituents by changing the coal composition, but that a significant 

amount of pre-concentration of coal constituents might be necessary for this to be 

successful. The similarities in products for vitrinites and inertinites make sense to some 

degree, as they are both primarily derived from similar plant tissues (mostly woody 

material) that have undergone varying degrees of alteration in the peat swamp. In the case 

of the inertinites, the woody tissues underwent pyrolysis during fire events or, in some 

cases, possibly experienced oxidation. Not all inertinite macerals derive from woody 

tissues (for example, secretinite derives from partially combusted resin bodies), but the 

overwhelming majority do. The similarities between vitrinite and inertinite suggest that 

even very high inertinite content coals (such as those from South Africa and Canada) 

could be used to generate similar OHD products to U.S. coals. The very different OHD 
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products derived from the liptinites relates to their different origins, i.e., from spores, 

pollen, cuticles, resins, algae, etc., that have an inherently more aliphatic composition.  

 

It is also clear that not all cannel coals will produce the same compounds. The Brazil 

Block, which contains a significant amount of vitrinite along with liptinites, produces 

very similar materials to those produced by the vitrains and fusains. However, the Utah 

Cannel King sample (which is much younger in age than the Pennsylvanian coals of the 

Illinois Basin) has a very different maceral composition, containing mostly bituminite 

(78%) along with lesser amounts of alginite (~4%), sporinite, cutinite, and resinite (all 

less than 2%); its vitrinite and inertinite content is quite low (~10% and 3%, respectively). 

Thus, there is potential for different OHD products from a wide range of cannel coals and 

other oil shale samples. 
 

 

Table 6.  Intrepreted aromatic compounds from chromatograms for completion OHD runs of 

vitrinite and inertinite macerals. Values shown are percentage contribution in each sample. 
 

Compound Peak  Collodetrinite Collotelinite Semifusinite Fusinite 

Anisole 1 9 1 0 0 

Methyl benzoate 2 4 3 3 3 

1,2-dimethoxy benzene 3 0 2 0 0 

1,3-dimethoxy benzene 4 0 5 5 5 

2-hydroxy benzoic acid 5 0 2 1 0 

3-methoxy benzoic acid 6 10 9 11 12 

2-methoxy benzoic acid 7 2 2 3 2 

4,methoxy benzoic acid 8 9 9 4 4 

1,2-benzene dicarboxylic acid 9 11 2 9 9 

1,4-benzene dicarboxylic acid 10 7 2 4 6 

1,3-benzene dicarboxylic acid 11 10 3 8 9 

3-hydroxy benzoic acid 12 0 0 0 0 

3,5-dimethoxy benzoic acid 13 4 7 8 8 

3,4-dimethoxy benzoic acid 14 0 12 4 0 

Unknown A-1 15 0 4 3 1 

Unknown A-2 16 0 7 3 3 

Unknown B-1 17 6 8 8 8 

Unknown B-2 18 6 8 9 7 

Unknown 19 5 6 4 5 

1,2,4 tricarboxylate benzene 20 4 2 4 5 

1,3,5 tricarboxylate benzene 21 12 7 10 11 
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Table 7.  Intrepreted aromatic compounds from chromatograms (see Fig. 10) for completion 

OHD runs of sporinite and cutinite macerals, along with data for the Cannel King sample. Values 

shown are percentage contribution in each sample. BDL = below detection limits.  
 

Compound Peak Sporinite Cutinite Cannel King 

Anisole (methoxy benzene) 1 BDL BDL BDL 

Methyl benzoate 2 7.1 1.2 4.7 

1,2-dimethoxy benzene 3 BDL BDL 1.8 

1,3-dimethoxy benzene 4 9.6 5.3 3.2 

2-hydroxy benzoic acid 5 BDL BDL 1.4 

3-methoxy benzoic acid 6 8.5 21.8 14.9 

2-methoxy benzoic acid 7 5.3 1.4 3.6 

4,methoxy benzoic acid 8 12.1 7.6 3.9 

1,2-benzene dicarboxylic acid 9 6.7 3.9 2.7 

1,4-benzene dicarboxylic acid 10 6.5 5.5 2.1 

1,3-benzene dicarboxylic acid 11 5.2 13.0 6.1 

3-hydroxy benzoic acid 12 BDL BDL 4.1 

3,5-dimethoxy benzoic acid 13 8.4 7.1 BDL 

3,4-dimethoxy benzoic acid 14 13.3 2.1 2.6 

Unknown A-1 15 BDL BDL 2.4 

Unknown A-2 16 BDL 2.0 7.7 

Unknown B-1 17 6.9 5.2 7.4 

Unknown B-2 18 10.5 14.7 13.8 

Unknown 19 BDL BDL 2.1 

1,2,4 tricarboxylate benzene 20 BDL BDL 2.3 

1,3,5 tricarboxylate benzene 21 BDL 9.3 13.2 
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Figure 10.  Chromatograms of OHD products derived from cutinite and sporinite maceral 

concentrates, and a sample from the King Cannel (Cenomanian, Utah).  Numbered peaks 

correspond to aromatic peaks seen previously in lithotype samples and in vitrinite and fusinite 

macerals. Solid triangles represent aliphatic mono-acids and solid squares represent aliphatic di-

acids; the number inside the triangle or square indicates the length of the carbon chain. (*) 

represents components that may also represent contaminants. 
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Table 8. Intrepreted aliphatic compounds from chromatograms (see Fig. 10) for completion OHD 

runs of sporinite and cutinite macerals. Values shown are percentage contribution in each sample. 

BDL = below detection limits.  
 

Compound Peak Sporinite Cutinite 

C4 di-acid: butanedioic acid Square 4 3.2 7.1 

C5 di-acid: pentanedioic acid Square 5 3.4 5.3 

C6 di-acid: hexanedioic acid Square 6 12.3 19.1 

C7 di-acid: heptanedioic acid Square 7 4.0 7.0 

C8 di-acid: octanedioic acid Square 8 3.6 8.1 

C9 di-acid: nonanedioic acid Square 9 4.9 7.2 

C13 mono-acid: tricosanoic acid Triangle 13 1.9 BDL 

C10 di-acid and C14 mono-acid: 

decanedioic acid and tetradecanoic acid 

Square 10 and Triangle14 10.8 9.03 

C11 di-acid and C15 mono-acid: 

undecanedioic acid and pentadecanoic acid 

Square 11 and Triangle 15 7.2 6.69 

C12 di-acid and C16 mono-acid: 

dodecandioic acid and hexandecanoic acid 

Square 12 and Triangle 16 24.8 10.22 

C13 di-acid and C17 mono-acid: 

tridecanedioic acid and heptadecanoic acid 

Square 13 and Triangle 17 5.6 3.76 

C18 mono-acid and C14 di-acid: 

octadecanoic acid and tetradecanedioic acid 

Triangle 18 and Square 14 12.1 3.5 and 2.9 

C15 di-acid: pentadecandioic acid Square 15 6.3 10.2 

 

Table 9. Intrepreted aliphatic compounds from chromatogram (see Fig. 10) for completion OHD 

run of Cannel King. Values shown are percentage contribution in each sample.  
 

Compound Peak Cannel King 

C7 mono acid Triangle 7 1.3 

C4 di acid Square 4 0.5 

C8 mono acid Triangle 8 2.2 

C8 mono acid Triangle 9 3.1 

C10 mono acid Triangle 10 3.6 

C11 mono acid Triangle 11 3.7 

C8 di acid Square 8 2.6 

C12 mono acid Triangle 12 4.9 

C9 di acid Square 9 4.2 

C13 di acid Triangle 13 4.5 

C10 di acid and C14 mono acid Square 10 and Triangle 14 11.5 

C11 di acid and C15 mono acid Square 11 and Triangle 15 8.6 

C12 di acid and C16 mono acid Square 12 and Triangle 16 41.0 

C17 di acid Triangle 17 4.8 

C13 mono acid Square 13 3.4 
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Figure 11. Comparison of aromatic and aliphatic OHD products from completion runs of liptinite 

samples.  

 

 

 

 
 

Figure 12. Aromatic mono-, di-, and tri-acid content of OHD products from the maceral 

completion runs. Samples are plotted in order of increasing density.  
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OHD of different rank coals (Objective 3; Tasks 1, 3, and 4) 

 

The rank suite includes samples with vitrinite reflectances ranging from 0.21% to 2.40%. 

Petrographic data are provided in Appendix 1, Table 2 and proximate and ultimate data in 

Appendix 2, Table 2.  Conversion rate for the 16-min runs correlates strongly with rank, 

specifically vitrinite reflectance (r = -0.99) (Fig. 13). 
 

 

 
 
Figure 13.  Conversion rates for 16-min OHD runs on rank suite samples. Correlation coefficient 

(r) is -0.99. 

 

Petrographic changes 

 

Petrographic analysis of pulse OHD residues shows that rank influences how the 

macerals react to the OHD process. At low rank (lignite and subbituminous), OHD 

produces very distinct reaction rims in the vitrinite macerals and the intensity of these of 

rims decreases with increased rank. In low rank samples, cell fillings within the vitrinite 

dissolve readily (Fig. 14). At higher rank (e.g., semi-anthracite) rims may appear pitted, 

but the overall change is reflectance appears to be less (Fig. 14). 

 

These changes in OHD residues were quantified by comparing unaltered, core, and rim 

reflectances (Fig. 15). The effect on vitrinite reflectance decreases with increased rank: 

following a 16-min OHD pulse, at low rank there is a significant increase in reflectance 

in both particle rims and cores whereas at higher ranks (medium volatile bituminous and 

above), the change in reflectance is minimal (Table 10, Fig. 15). 

 

OHD products from rank suite 

 

GC-MS data for OHD products from completion runs (70-min) for the different rank 

coals show that as rank increases, the distribution of products changes (Table 11).  In 

general, tri-acids increase at higher ranks (Fig. 16). However, inclusion of the Victoria 

Brown Coal in the project reveals that there can be some variability at low rank: there 
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Table 10: Changes in reflectance of cores and rims of collotelinite following 16-min OHD runs. 

 

Sample Ro Core Ro % Change Rim Ro % Change 

VBC 0.21 0.35 65 0.55 157 

NDL 0.23 0.44 95 0.56 147 

DECS26 0.29 0.34 16 0.67 133 

DECS13 1.22 1.22 0 1.33 9 

DECS19 1.67 1.68 <1 N/A N/A 

 

 

 

  
 

Figure 14.  Representative photomicrographs of 16-min OHD residues from the rank suite. A) 

DECS 11, North Dakota lignite, 16-min OHD residue; B) semi-anthracite, Semian C, 16-min 

OHD residue. Note zoning in alteration rim. Scale bar = 20 microns. 

 

 
 
Figure 15. Changes in vitrinite reflectance following 16-min OHD runs. Rank increases to the 

right.  
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are significant differences in the products obtained from the brown coal and the lignite. 3-

methoxy benzoic acid, 4-methoxy benzoic acid, 3,4-dimethoxy benzoic acid, and 1,3,5-

tricarboxylic acid are the compounds that occur in the highest abundance in the rank suite.  

These compounds also express fairly definitive abundance trends across rank, and 

therefore may also be the most rank dependent of the OHD products in whole-coal 

samples (Fig. 17). Thus, rank appears to affect the distribution of OHD products, and thus 

could be used to "tailor" liquors for desirable products. For example, the increase in 3-

methoxy benzoic acid with rank may be an important consideration in efforts to generate 

high yields of this polymer precursor. 

 
 

Table 11.  Intrepreted compounds from the chromatogram peaks for 70-min (completion) OHD 

runs of rank suite. Values shown are percentage contribution for each coal sample. VCB = 

Victoria Brown Coal; Lig A = North Dakota lignite; Sub b = subbituminous (DECS 26); HvAb = 

high volatile bituminous (DECS 23); Mvb = medium volatile bituminous (DECS 13); Lvb = low 

volatile bituminous (DECS 19). 

 

Compound Peak VBC Lig A Sub b HvAb Mvb Lvb 

Methoxy benzene (Anisole) 1 3.8 1.5 22.3 5.6 3.0 1.5 

Methyl benzoate 2 1.4 0.0 5.8 4.4 8.0 7.8 

1,2 dimethoxybenzene 3 8.7 5.1 6.0 0.0 0.0 0.0 

1,3-dimethoxybenzene 4 5.2 1.1 2.3 3.5 2.2 2.1 

2-hydroxy benzoic acid 5 0.0 0.0 0.8 2.0 1.9 0.0 

3-methoxy benzoic acid 6 3.5 5.5 15.5 12.0 16.1 19.6 

2-methoxy benzoic acid 7 0.0 0.0 1.2 2.5 1.7 2.4 

4,methoxy benzoic acid 8 13.7 12.4 4.4 5.5 5.1 4.9 

1,2-benzene dicarboxylic acid 9 7.2 0.0 0.8 7.7 3.0 6.8 

1,4-benzene diacarboxylic acid 10 0.0 0.0 4.3 3.6 14.6 4.0 

1,3-benzene dicarboxylic acid 11 3.9 0.0 2.0 3.4 8.6 10.0 

3-hydroxy benzoic acid 12 0.0 0.0 0.0 1.9 3.1 0.0 

3,5-dimethoxy benzoic acid 13 3.9 6.5 4.0 3.8 2.1 5.3 

3,4-dimethoxy benzoic acid 14 18.1 44.5 2.5 2.7 3.5 4.7 

Unknown A-1 15 7.5 3.1 0.0 4.5 0.0 0.0 

Unknown A-2 16 2.5 3.9 0.0 10.5 0.0 0.0 

Unknown B-1 17 3.4 13.6 3.7 4.2 3.6 5.1 

Unknown B-2 18 7.0 0.0 17.2 5.7 0.0 8.7 

Unknown B-3 19 0.0 0.0 0.0 2.9 0.0 0.0 

1,2,4 tricarboxylic benzene 20 0.0 0.0 1.4 1.3 1.5 2.1 

1,3,5-tricarboxylic benzene 21 10.1 2.9 5.6 12.0 21.9 14.9 
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Figure 16. Mono-, di-, and tri-acid content of OHD products from completion runs of the rank 
suite. Samples are plotted in order of increasing rank.  

 

 
Figure 17. Rank trends in selected OHD products derived from completion runs of the rank suite. 

Samples are plotted in order of increasing rank (indicated by vitrinite reflectance).  
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OHD of high-ash coals including beneficiation plant wastes (Objective 4 and 5; 

Tasks 1, 3, and 4) 

 

This section of the project evaluated the use of coal waste products as feedstock for the 

OHD process, specifically focusing on slurry pond samples and stream reject samples. 

Subsequent to coal crushing and washing in coal preparation plants, considerable 

amounts of coal are discarded along with inorganic material. Refuse ponds, especially 

those that were produced 10-20 years or more ago prior to the widespread application of 

flotation techniques, have a significant coal content; it is estimated that billions of tons of 

coal fines have been disposed of in slurry ponds, representing a significant coal source 

(Helmer and Hasheminejad, 1984; Tao et al, 2002). Specifically, it is estimated that over 

2 billion tons of waste have been impounded in coal slurry ponds and this is increasing by 

approximately 50 million tons annually (EPRI, 1994; Zamansky and Seeker, 1997).  

 

Petrographic and geochemical composition 

 

Compared to typical Illinois Basin coals, results show that the slurry pond samples 

contain different ratios of macerals; the slurries contain less vitrinite (55-75%) and more 

inertinite (20-40%), with similar liptinite contents (~5%) (all on a mineral-matter-free 

basis) (Appendix 1, Table 3; Fig. 18). Illinois Basin coals are typically high in vitrinite, 

containing 70 - 87% (Av. 83%) vitrinite and ~5-6% liptinite (Harrison et al., 1964); 

Hower et al. (1990) report vitrinite contents for the Springfield coal at >80%.  

Petrographic analysis of these coal waste samples show that the coal slurry pond samples 

have an approximate average size of 40-50µm while the stream reject sample average 

particle size is much smaller, 5-10µm (Fig. 19). The fine grain size of the stream reject 

sample caused clogging of the reactor during OHD processing. 

 

  
 

Figure 18.  Maceral composition of slurry pond and reject stream samples.  
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Figure 19.  Photomicrographs of a) Red Hawk pond slurry (left), and b) Creek Paum stream 

reject (right). (White-light illumination; scale bar = 20 microns). 

 

Proximate and ultimate analyses results show that the slurry pond and stream reject 

samples have higher ash contents (40-70%, dry basis) than typical Illinois Basin coals but 

also contain a significant amount of organic carbon (65-75% C, daf basis) (Appendix 2, 

Table 3). Thus, these “waste” samples represent a significant potential resource for OHD 

processing.  

 

The inorganic components of coals and coal waste products include quartz (~40-55%), 

clays (kaolinite and illite) (~25-45%), pyrite (~3-8%), gypsum (~10-15%) (pond slurries 

only), and calcite (<5%). During OHD, minimal alteration of the quartz and clays occurs, 

along with some oxidation of the pyrite (noticeable under the microscope as reddish 

coatings on the pyrite). Thus, even with very high inorganic contents (as in the waste 

products) OHD processing was successful. Where excess clay fines were present, some 

clogging of the frits occurred. In the stream reject, this was a particular problem as the 

fine clays contributed to clogging (along with the fine organics in the reject). For this 

reason, the stream reject sample was run on the semi-continuous reactor designed for 

slurry feeds.  

 

GC-MS of products of OHD runs of high-ash waste materials 

 

GC-MS analysis of the slurry pond and stream reject OHD liquid products show a similar 

suite of products to those produced from a raw coal of comparable rank suggesting that 

these coal waste products can provide compounds of economically interest. 15 of the 21 

compounds found in a typical high volatile bituminous coal are seen in the slurry pond 

sample, and 20 of the 21 compounds are seen in the stream reject sample (Fig. 20, Table 

12). Thus, coal wastes can potentially be used as feedstocks for OHD processing to 

obtain many of the same products that can be obtained via OHD of whole coals or 

lithotypes. Use of coal waste products as a feedstock for OHD has the added advantage in 

that it utilizes a material that has already been mined and that has a disposal issue.   
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Figure 20. Chromatographs of a Red Hawk slurry pond and Paum Creek stream reject samples in 

comparison with a high volatile bituminous coal. (*) represent possible contaminants. 
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Table 12.  Intrepreted compounds from the chromatogram peaks for OHD runs of coal waste 

products (SR1 = Paum Creek stream reject sample; RH3 = Red Hawk coal slurry pond sample) 

compared with typical high volatile bituminous coal. Values shown are percentage contribution 

for each coal sample.  
 

Compound Peak SR1 RH3 HvB 

Anisole (methoxy benzene) 1 2.6 0.0 5.6 

Methyl benzoate 2 4.4 3.2 3.7 

1,2-dimethoxy benzene 3 0.0 0.0 3.7 

1,3-dimethoxy benzene 4 4.6 17.3 2.7 

2-hydroxy benzoic acid 5 3.1 0.0 1.6 

3-methoxy benzoic acid 6 11.2 10.5 15.6 

2-methoxy benzoic acid 7 1.4 3.4 1.9 

4,methoxy benzoic acid 8 4.9 8.2 7.3 

1,2-benzene dicarboxylic acid 9 7.9 4.3 2.3 

1,4-benzene dicarboxylic acid 10 1.8 1.4 2.1 

1,3-benzene dicarboxylic acid 11 4.1 3.7 3.8 

3-hydroxy benzoic acid 12 5.4 0.0 0.8 

3,5-dimethoxy benzoic acid 13 4.4 10.3 2.5 

3,4-dimethoxy benzoic acid 14 2.7 7.2 5.4 

Unknown A-1 15 5.6 0.0 5.4 

Unknown A-2 16 9.9 0.0 4.9 

Unknown B-1 17 3.3 6.8 4.9 

Unknown B-2 18 13.3 9.9 8.9 

Unknown 19 1.8 6.4 1.8 

1,2,4 tricarboxylate benzene 20 1.7 2.1 2.5 

1,3,5 tricarboxylate benzene 21 6.0 5.5 12.6 

 

 

CONCLUSIONS AND RECOMMENDATIONS 

 

This project was designed to evaluate the effect of maceral and rank variation on the 

OHD process. For example, it was anticipated that by varying lithotype composition and 

maceral composition in the feedstock, the type and abundance of various OHD products 

would change. Similarly, different ranks would produce different products and/or 

different amounts of various products. The project also considered the use of "waste" coal 

materials (slurry pond materials and coal cleaning plant stream rejects) as a potential 

OHD feedstock. 

 

Working with hand-picked lithotypes (vitrain, clarain, and fusain) from the Herrin, 

Springfield, and Murphysboro coal seams and a cannel from the Brazil Block seam, no 

significant differences were observed in OHD products. This was a surprising result as 

earlier work had suggested that one might expect to see differences in products based on 

maceral composition.  For all samples, mono- and di-acids dominate the OHD products 

probably due to the relatively low rank of the coal (high volatile bituminous). Some 

differences in the mono- to di-acid ratios are seen. 
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Pulse OHD runs (with different timed pulses of oxidant) of the lithotype samples allowed 

for petrographic examination of the changes in the residual coal remaining in the reactor 

following OHD processing. OHD preferentially attacks the vitrinites and liptinites over 

the inertinites. Collotelinite ("band" vitrinite) develops reaction rims relatively quickly, 

whereas collodetrinite ("matrix" vitrinite) develops vacuoles before the collotelinite. 

Liptinites develop reaction rims and lose their fluorescence. All lithotypes show a similar 

increase in conversion rate with increased oxidant pulse time. Based on percent 

conversion data, there does not appear to be a significant difference in reaction rates for 

the different lithotypes or the different seams. Comparison with heat-only and hydrolysis 

conditions shows that similar features, especially alteration rims and vacuoles, are seen 

whether oxidant, water, and increased pressure are present, but the development of these 

features is much more rapid under OHD run conditions.  

 

Maceral concentrates do provide different OHD products. Products similar to those seen 

from the lithotypes are produced from the vitrinite and inertinite macerals; however, 

some products are missing from the individual macerals. On the other hand, the liptinite 

maceral concentrates (sporinite and cutinite) produce very different compounds, mostly 

long-chain aliphatic acids, in addition to some of those seen previously in the lithotype 

samples. In terms of acid group distributions, there are significant differences between 

the OHD products of the macerals. Cutinite produces only mono- and di-acids; sporinite 

produces mostly mono- and di-acids with a very small component (2%) of tri-acids, and 

di-acids are more abundant than the mono-acids. Vitrinites and inertinites contain a mix 

of mono-, di-, and tri-acids.  Thus, even though few differences are seen in the lithotypes 

samples, relatively pure liptinite maceral concentrates (>95%) can produce a different 

suite of products. It does suggest that OHD products could be tailored to produce certain 

constituents by changing the coal composition, but that a significant amount of pre-

concentration of coal constituents might be necessary for this to be successful.  

 

The similarities in products for vitrinites and inertinites is likely due to their origin from 

similar plant tissues (mostly woody material) that have undergone varying degrees of 

alteration in the peat swamp (decomposition, pyrolysis, oxidation). The very different 

OHD products derived from the liptinites relates to their different origins, i.e., from 

spores, pollen, cuticles, resins, algae, etc., that have an inherently more aliphatic 

composition. The similarities between vitrinite and inertinite suggest that even very high 

inertinite content coals (such as those from South Africa and Canada) could be used to 

generate similar OHD products to U.S. coals. 

 

GC-MS data show that, in general, tri-acids increase at higher ranks; however, there can 

be some variability. 3-methoxy benzoic acid, 4-methoxy benzoic acid, 3,4-dimethoxy 

benzoic acid, and 1,3,5-tricarboxylic acid are the compounds that occur in the highest 

abundance in the rank suite and these compounds show rank-related trends across rank. 

Thus, rank could be used to "tailor" liquors for desirable products.  
 

Coal waste products could serve as feedstock for the OHD process. Slurry pond and 

stream reject samples contain significant amounts of coal (as much as 65-75% C) and 

petrographically are similar to Illinois Basin coals with the exception that they contain 
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more inertinite and less vitrinite. OHD products are very similar to those generated from 

whole coals and lithotypes from the Illinois Basin. Even the very fine grain size of the 

stream reject samples could be handled in a slurry-based reactor system.  

 

Recommendations:   

 

1.  It is not clear from this work whether some of the observed features in the OHD 

residues developed during or after OHD processing. For example, it is not known 

whether the vitrinite goes through a plastic phase, swelling during OHD treatment, 

following by contraction upon cooling. The ability to see (under the microscope) the 

changes that occur during OHD will allow us to answer some of these questions (and is 

the subject of a current ICCI-funded project). 

 

2. Additional work on the viability of the use of slurry pond materials and coal 

preparation plant waste products as feedstocks for the OHD process could lead to the use 

of a so-called waste product as a valuable chemical feedstock commodity.  
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Appendix 1:  Petrographic Composition 

 

Appendix 1, Table 1.  Petrographic composition of hand-picked lithotypes (vol., % 

basis). No. 5 = Springfield Coal, No. 6 = Herrin Coal, MB = Murphysboro Coal. 

______________________________________________________________________ 
 

Lithotype Vitrinite Liptinite Inertinite 

_____________________________________________________________________________ 

 

No. 5V Vitrain 87.6 4.0 8.4 

No. 6V Vitrain 95.4 2.1 2.5 

MB V Vitrain 93.8 1.9 4.1 

No. 5 C Clarain 85.3 3.9 10.8 

No. 6 C Clarain 89.5 2.4 8.1 

MB C Clarain 85.9 2.2 11.9 

No. 5 F Fusain 15.5 1.1 83.4 

No. 6 F Fusain 12.5 0.0 87.5 

MB F Fusain 12.8 0.1 87.2 

SIU642  Cannel 63.0 15.7 21.3 

______________________________________________________________________________ 

 

Appendix 1, Table 2. Petrographic composition of rank suite (vol., % basis). Ro is mean 

random reflectance (%). 

________________________________________________________________ 
 

Sample Vitrinite Liptinite Inertinite Ro 

______________________________________________________________________ 

 

VCB    0.21 

DECS - 11 79.1 2.7 18.2 0.23 

DECS - 26 80.8 7.2 12.0 0.30 

DECS - 33 70.2 11.9 17.9 0.43 

DECS - 23 73.1 11.6 15.3 0.70 

DECS - 13 64.3 6.2 29.5 1.22 

DECS - 19 88.7 0.0 11.3 1.67 

PSOC - 1515 82.7 0.0 17.3 2.40 

_____________________________________________________________________ 

 

Appendix 1, Table 3. Petrographic composition of coal waste products (vol., % basis). 
____________________________________________________________________________ 

 

Sample Vitrinite Liptinite Inertinite 

____________________________________________________________________________ 

 

Slurry RH-1 59.8 5.0 35.2 

Slurry RH-2  73.7 4.9 21.4 

Slurry RH3  71.3 5.3 23.3 

Reject SR-1 57.0 4.0 39.0 

____________________________________________________________________________ 
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Appendix 2:  Proximate and Ultimate Analyses 

 

Appendix 2, Table 1. Proximate and ultimate data for lithotype samples. Moisture 

(Mois), on an as-received basis; ash on a dry basis; volatile matter (VM) and fixed carbon 

(FC) on a dry, ash-free basis; mineral matter (MM, Parr formula) on a dry basis; C, H, N, 

S, and O on a dry, ash-free basis. 

_______________________________________________________________________ 

 
Lithotype Mois  Ash  VM FC MM  C  H  N  S  O  

______________________________________________________________________________ 

           

No. 5  Vitrain 6.90 5.71 43.12 56.88 7.65 79.39 5.33 1.70 2.85 10.73 

No. 6  Vitrain 8.69 2.41 40.53 59.47 3.79 82.35 5.18 1.54 2.21 8.72 

MB  Vitrain 9.10 4.60 36.95 63.05 5.84 81.57 4.65 1.81 1.66 10.31 

No. 5  Clarain 5.88 14.98 43.72 56.28 19.99 75.77 5.39 1.63 8.15 9.05 

N0. 6  Clarain 7.52 5.21 41.29 58.71 6.86 82.38 5.39 1.60 2.36 8.26 

MB  Clarain 7.30 8.56 40.89 59.11 9.98 82.90 5.24 1.98 1.47 8.41 

No. 5  Fusain 1.42 24.62 33.34 66.66 30.22 86.55 3.47 0.71 8.76 0.52 

No. 6  Fusain 2.26 12.68 23.26 76.74 14.48 84.39 4.14 0.96 1.64 8.87 

MB  Fusain 3.20 18.33 27.06 72.94 23.67 83.07 3.91 0.99 8.62 3.42 

SIU642 Cannel 4.51 8.00 43.82 56.18 9.62 78.45 4.96 1.54 1.95 13.11 

______________________________________________________________________________ 

 

 

Appendix 2, Table 2. Proximate and ultimate data for rank suite samples. Moisture 

(Mois), on an as-received basis; ash on a dry basis; volatile matter (VM) and fixed carbon 

(FC) on a dry, ash-free basis; mineral matter (MM, Parr formula) on a dry basis; C, H, N, 

S, and O on a dry, ash-free basis. 

______________________________________________________________________ 

 
Sample  Rank Mois  Ash  VM FC MM  C  H  N  S  O  

_____________________________________________________________________________ 

           

VCB Brown 53.80 4.17 59.71 40.29 4.75    0.45  

DECS - 11 Lig A 26.95 9.34 51.56 48.44 10.53  71.28 4.49 0.99 0.88 22.37 

DECS - 26 Sub b  25.13 6.37 50.68 49.32 7.16 75.58 5.48 1.04 0.54 17.35 

DECS - 33 HvBb 5.47 12.68 53.71 46.29 15.64 80.50 5.85 1.44 4.05 8.16 

DECS - 23 HvAb 2.20 9.24 58.90 41.10 11.93 82.55 5.59 1.61 3.90 6.35 

DECS - 13 Mvb 1.72  4.70 73.86 26.14 5.46 88.82 5.05 1.73 0.72 3.67 

DECS - 19 Lvb 0.95 5.19 80.62 19.38 6.01 91.96 4.56 1.28 0.78 1.42 

PSOC - 1515 Sa 2.14 28.51 86.49 13.51 31.12 89.26 3.54 1.12 0.84 5.24 

______________________________________________________________________________ 
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Appendix 2, Table 3. Proximate and ultimate data for rank suite samples. Moisture 

(Mois), on an as-received basis; ash on a dry basis; volatile matter (VM) and fixed carbon 

(FC) on a dry, ash-free basis; mineral matter (MM, Parr formula) on a dry basis; C, H, N, 

S, and O on a dry, ash-free basis. SR = stream reject. 

 
______________________________________________________________________________ 

 

Sample Mois  Ash  VM FC MM  C  H  N  S  O 

______________________________________________________________________________  

 

Slurry RH-1 2.36 67.17 67.56 32.44 75.95 76.08 5.60 1.31 18.90 0.00 

Slurry RH-2 4.63 38.48 43.16 56.84 43.73 71.81 4.88 1.23 6.41 15.68 

Slurry RH-3 3.10 55.16 47.62 52.38 61.66 72.38 5.05 1.31 8.47 12.79 

Reject SR-1 2.32 68.20 51.67 48.33 75.30 65.38 4.28 0.97 9.37 20.00 

______________________________________________________________________________ 
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Appendix 3: Photomicrographs of hydrolysis and heat tests. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 3, Figure 1: Comparison of reaction rims in collotelinite between hydrolysis and OHD 

runs. a) No. 5 clarain 30-min hydrolysis run; b) No. 5 clarain 8-min OHD run.  Bar scale is equal 

to 20 microns. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Appendix 3, Figure 2: Comparison of effects of hydrolysis at different temperatures on 

collodetrinite. a) No. 5 clarain, 30-min hydrolysis run at 250°C; b) No. 5 vitrain, 16-min 

hydrolysis run at 300°C. The 16-min hydrolysis run at 300°C shows vacuole development 

whereas the 250°C run does not. Bar scale is equal to 20 microns. 

 
 



 46 

 
 
 
Appendix 3, Figure 3: Photomicrographs comparing coal heated to 250°C for different times. a) 

30 mins; b) 1 hr; c) 2 hrs. Note early development of reaction rims at 30 mins that increase 

thickness and brightness with increased heating time. 

 

 

 

 
 
Appendix 3, Figure 4: Coal heated to 300°C for 30 min (a) and 1 hr (b). Note the larger reaction 

rims with increased heating time.   
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Appendix 3, Figure 5: Coal heated to 400℃ for 30 min (a), 1 hr (b), and 2 hrs (c). At higher 

temperatures and after longer heating times, vacuole development is more extensive. After 2 hrs, 

only thin carbon residues remain. 

 


