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FOREWORD 

This report presents data from the chemical analysis and toxicological testing of coal 

liquefaction materials from the EDS and H-Coal processes operated using different ranks of coal. 

Samples of recycle solvent from the bottoms recycle mode of the EDS direct coal liquefaction 

process derived from bituminous, sub-bituminous, and lignite coals were analyzed. In addition, 

the H-Coal heavy fuel oils derived from bituminous and sub-bituminous coals were analyzed. 

Chemical methods of analysis included adsorption column chromatography, high-resolution gas 

chromatography, gas chromatography/mass spectrometry, and low-voltage probe-inlet mass 

spectrometry. The toxicological activity of selected samples was evaluated using the standard 

microbial mutagenicity assay, an initiation/promotion assay for mouse-skin tumorigenicity, and a 

static bioassy with Daphnia magna for aquatic toxicity of the water-soluble fractions. 
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EXECUTIVE SUMMARY 

As part of an ongoing effort to define the potential health effects of advanced coal 

liquefaction technology, the effect of processing different ranks of coal has been evaluated with 

regards to the chemical composition and toxicological activity of the coal liquefaction materials 

produced. Coal liquefaction main stream products from two different processes were analyzed, 

namely, the EDS and H-Coal direct coal liquefaction processes. The EDS recycle solvents derived 

from the processing of bituminous Illinois No. 6 and sub-bituminous Wyoming (Wyodak) coals 

as well as Texas lignite in the bottoms recycle mode comprised one sample set. The H-Coal heavy 

fuel oils derived from the processing of Illinois No. 6 and Wyodak coals represented the second 

sample set. 

The coal liquefaction materials studied were produced using somewhat different operating 

parameters dependent upon the rank of coal which was processed. Modifications in operating 

parameters required to optimize conversion for each of the pilot plants undoubtedly had some 

effects on the chemical composition and toxicological activity of each of the coal liquids studied. 

Because operating parameters were optimized as a function of the coal rank, however, these 

studies indicate the general differences in material composition and toxicology attributable to the 

use of differing feed coal ranks. 

Chemical analyses were performed using the following methods: adsorption column 

chromatography, high-resolution gas chromatography, gas chromatography/mass spectrometry, 

and low-voltage probe-inlet mass spectrometry. Toxicological activity was determined using the 

standard histidine microbial mutagenicity assay, an initiation/promotion mouse skin tumorigenicity 

assay, and a static bioassay with the freshwater invertebrate Daphnia ma~:na. 

Results from the chemical class composition analyses indicated that both coal liquids 

produced from the bituminous coals contained higher concentrations of polycyclic aromatic 

hydrocarbons (PAH), nitrogen-containing polycyclic aromatic compounds (NPAC), and 

hydroxy-substituted PAH than did their corresponding sub-bituminous coal or lignite-derived 

liquids. The materials produced from the sub-bituminous coal or lignite contained a significantly 

higher aliphatic hydrocarbon content than those derived from the higher rank bituminous coal. 

Qualitatively, the individual components present in the chemical class fractions were similar 

amongst the products from the same direct coal liquefaction process, regardless of the rank of coal 

from which they were derived. The products derived from the lllinois No. 6 coal did, however, 

have a generally increased molecular weight distribution of approximately ten atomic mass units. 

Toxicological testing of the materials from the two coal liquefaction processes derived from 

the various coals indicated a general trend of increased biological activity with increasing coal 

rank. The NPAC fractions from both the EDS recycle solvent and the H-Coal heavy fuel oil 
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derived from the Illinois No.6 coal expressed significantly increased microbial mutagenicity as 

compared to their respective Wyodak and/or Texas Lignite-derived counterparts. Increased tumor 

initiating activity, as determined by total number of tumors per mouse, was noted to correlate with 

increased coal rank feed for the EDS recycle solvents; the greatest tumorigenicity was expressed 

by the recycle solvent derived from the Illinois No. 6 coal, while the least tumorigenicity was 

expressed by the recycle solvent derived from the Texas Lignite. The EDS recycle solvent derived 

from the bituminous coal also had a greater aquatic toxicity to D. mae;na than did the recycle 

solvents derived from the sub-bituminous coal or lignite. 
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INTROPUC!JON 

Research and development of advanced direct coal liquefaction technology is being supported 

by the U. S. Department of Energy (DOE) as a means of utilizing domestic supplies of coal to 

produce petroleum-substitute fuels. As a component of this effort, the U.S. DOE has supported 

the chemical analysis and toxicological evaluation of coal liquefaction products to define the 

potential health effects and industrial hygiene concerns associated with coal liquefaction 

technology. 

Feed coal rank is an important variable in direct coal liquefaction processes. Coals of 

different rank from different mines and seams are widely available across the U.S. The purpose 

of this document is to present and compare the results of the chemical and toxicological 

investigations perlormed with coal liquefaction materials derived from different coal ranks. Main 

stream products from two different coal liquefaction processes were studied. These products 

included the recycle solvent from the EDS coal liquefaction process (operated in the bottoms 

recycle mode) derived from bituminous, sub-bituminous, and lignite coals and the heavy fuel oil 

from the H-Coal process derived from bituminous and sub-bituminous coals. The pilot plant 

operating parameters were optimized for and were dependent upon the coal rank being processed. 

Therefore, these studies indicate the general differences in coal liquid composition and toxicology 

attributable to the use of differing feed coal ranks, eventhough somewhat different operating 

parameters were used during their processing. Coal liquefaction products derived from feed coals 

of the same rank but from different mines and seams were not compared in this study. 

Chemical analyses were perfonned to determine the compositions of the materials produced 

from the various ranks of coal. Gross chemical compositional differences between the liquids 

produced from the different coal rank feeds were determined by fractionation using adsoprtion 

column chromatography. Fractions of aliphatic hydrocarbons (AH), polycyclic aromatic 

hydrocarbons (PAH), nitrogen-containing polycyclic aromatic compounds (NPAC), 

hydroxy-substituted PAH (hydroxy-PAH), and hydroaromatic compounds were among the 

chemical class fractions isolated from the EDS recycle solvents and H-Coal heavy fuel oils. 

Selected fractions were analyzed by high-resolution gas chromatography (HRGC), gas 

chromatography/mass spectrometry GC/MS, and/or low-voltage probe-inlet MS (LVMS) to 

determine the qualitative and quantitative composition of the individual constituents present in the 

fractions. 

Toxicological response was determined using three biological endpoints. The microbial 

mutagenicity of selected chemical class fractions isolated from the three EDS bottoms recycle 

solvents and the two H-Coal heavy fuel oils was measured using the standard histidine reversion 

assay with Salmonella typhimurium, TA98. The EDS recycle solvents derived from the 

bituminous, sub-bituminous, and lignite coals were also evaluated for tumor-initiating activity 
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using the initiation/promotion assay for mouse skin tumorigenicity. The ecotoxicity of 

water-soluble fractions (WSF) derived from the three EDS recycle solvents was evaluated using 

static bioassays with Daphnia maena. The toxicological properties of the coal liquids WSF mainly 

reflect the presence of highly soluble phenolic constituents (Dauble tl..J!l., 1982, 1983). In 

contrast, increased mutagenic and tumorigenic activity predominates in the NPAC, particularly the 

amino-substituted PAH, and the higher molecular weight PAH compounds, respectively (Wright 

tl...al... 1985). Thus, the three different toxicological studies were utilized to better identify the 

potential overall environmental hazard of the coal-derived materials. 

2 



ENGINEERING AND SAMPLES 

EDSPRQCESS 

The EDS coal liquefaction pilot plant (ECLP) was designed to process 200 tons/day of dry 

coal. The plant was successfully operated on lignite, sub-bituminous, and bituminous coals to 

produce a full range of products and by-products. A simplified flow scheme of the EDS process 

is shown in Figure 1. A more detailed description of the process is given by Later~ (1984). 

The samples provided for analysis were produced during bottoms recycle operation and 

represented the principle products of the process. During bottoms recycle operation, liquid 

vacuum bottoms were recycled to the slurry drier and mixed with the recycle solvent and feed coal 

(see Figure 1). 

To compare the chemical composition and toxicological activity of coal liquefaction materials 

produced from the various ranks of coal, samples of the recycle solvent were provided from the 

bottoms recycle processing of Texas Lignite, Wyoming, and Illinois No. 6 coals. A summary of 

typical elemental analyses of Illinois No. 6 coal from the Monterey Mine, Wyoming coal from the 

Wyodak Mine, and Texas Lignite from the Martin Lake Mine is given in Table 1. The variation 

between the elemental analysis of coals from the same seam is given by the range of nine 

determinations for the Illinois No. 6 and Wyoming coals. The Illinois coal had a higher sulfur 

and nitrogen content and lower oxygen content than did the lower rank Wyodak coal and Texas 

lignite. The Texas lignite had a significantly lower carbon content than did the Illinois and 

Wyodak coals. 

Operating parameters of the EDS Coal Liquefaction Pilot Plant (ECLP) were modified for 

each of the three coals, because each of the different coal ranks processed exhibited different 

liquefaction characteristics. A summary of reactant feedrates and reaction conditions for each of 

the coals studied is given in Table 2. Generally, increased residence time and operating 

temperatures were used with increasing coal rank. 

H-COAL PROCESS 

A simplified schematic diagram of the single-stage, catalytic H-Coal direct coal liquefaction 

process is shown in Figure 2. A description of this process was given by Wilson~ (1985). 

Samples of the heavy oil were taken from the Catlettsburg, KY pilot plant during the processing 

of Illinois No. 6 and Wyodak coals in the syncrude mode. Nominal reactor temperature for the 

processing of the Illinois coal was 8500F, with the reactor operated at a pressure of approximately 

3000 psig. Nominal reactor temperature for the processing of the Wyodak coal was 8350f, with 

3 
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TABLE 1. Elemental Analysis Data for Selected Coals 

Coal Rank; Weight Percent Moisture Ash Free Coal 

Element Illinois No. 6a Wyoming (Wyodak)a 

Carbon 69.40-70.82 66.16-67.30 

Hydrogen 4.68- 4.91 4.76- 5.06 

Nitrogen 1.08- 1.27 0.70- 0.93 

Oxygenb 9.77-10.29 16.90-18.08 

Sulfur 3.28- 3.49 1.10- 1.66 

~Range of determinations of nine coal samples from the same mine 
By difference 

TABLE 2. Summary of ECLP Operating Parameters Using Selected Coals 

Coal Rank 

Texas Lignite 

55.35 

4.15 

0.92 

16.54 

1.54 

illinois No.6 Wyoming (Wyodak) Texas Lignite 

Reactant Feedrates 

Coal Feed Rate 
SolventJMFa Coal 
H21MFCoal 
Bottoms/MF Coal 
VG0°tMF -Coal 

Reaction Conditions 

Liquefaction Temperature 
Liquefaction Pressure 
Slurry Residence Time 

~Moisture-free basis 
Vacuum gas oil 

cNodata 

137 tons/day 
1.5 lbllb 
4.9 wt % MF coal 
0.65lbllb 
0-0.31b/lb 

840°F 
2550 psig 
92 minutes 
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132 tons/day 
2.2lb/lb 
6.5 wt % MF coal 
0.45lb/lb 
0-0.1lb/lb 

806°F 
2515 psig 
85 minutes 

130 tons/day 
2.2lbllb 
6.3 wt % MF coal 
0.65lb/lb 
NOC 

8350p 
2522 psig 
79 minutes 
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Figure 2. Simplified Schematic Diagram of the H-Coal Direct Coal Liquefaction Process. 
(Baughman, 1978) 

the reactor also operated at a pressure of approximately 3000 psig. Catalyst replacement was 

between one and two lb/ton of feed coal for both runs. 

SUMMARY 

A summary of the samples analyzed, identified with their PNL numbers and a brief 

description, is given in Table 3. Identifying runs from the ECLP and the H-Coal Pilot Plant are 

also given. 
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TABLE 3. Coal Rank Samples Analyzed 

Sample Number 

5226-003 

5226-107 

5226-108 

5226-118 

5226-119 

Sample Description 

EDS Recycle Solvent, Bottoms Recycle Mode, E1P-133 ,lllinois No.6 
Coal 

EDS Recycle Solvent, Bottoms Recycle Mode, E1P-83, Wyoming 
(Wyodak) Coal 

EDS Recycle Solven~ Bottoms Recycle Mode, E1P-223, Texas Lignite 

H-Coal Heavy Fuel Oil, Illinois No. 6 Coal, Pilot Plant Run No. 8. 

H-Coal Heavy Fuel Oil, Wyodak Coal, Pilot Plant Run No. 10. 

3Refers to ECLP identifying sample set 
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METHQDS 

CHEMICAL ANALYSIS 

Adsorption Column Chromatowaphy 

Alumina. Samples were fractionated by chemical class according to the method described by 

Later tl.a!. (1981) and Later and Lee (1983). Samples (approximately 100 mg) were sequentially 

eluted from standardized alumina (1.5% HzO, Later tl.Jil., 1985) with 20 m1 hexane, 50 ml 

benzene, 70 ml chloroform:ethanol (99:1), and 50 m.l methanol. The chemical class fractions 

produced were AH, PAH, NPAC, and hydroxy-PAR. The weight percent contribution of each 

fraction was determined gravimetrically. 

Picric-Acid-Coated Alumina. The hydroaromatic compounds were isolated from the coal 

liquids using a layered adsorption column of 15% picric-acid-coated alumina over alumina as 

described by Wozniak and Hites (1983). Samples were sequentially eluted with 10 m1 hexane to 

obtain the AH (PAl), 40 m1 methylene chloride:hexane (3:97) to obtain the hydroaromatic 

compounds (PAz), 30 m1 methylene chloride:hexane (3:17) to obtain the dihydro-PAH and 

<three-aromatic-ringed PAH (PA3), and 25 ml benzene to obtain the >three-aromatic-ringed PAH 

and some polar compounds (PA4). The weight percent contribution of each fraction was 

determined gravimetrically. 

High-Resolution Gas Chromatography (l:IRGCl 

The fractions isolated from the coal liquefaction materials were analyzed by HRGC using a 

Hewlett-Packard (HP; Avondale, PA) 5880A gas chromatograph equipped with a 30-m x 

0.25-mm-ID fused silica capillary column coated with 0.25-~m film thickness DB-5 (J & W 

Scientific, Rancho Cordova, CA). The oven was temperature-programmed to 300°C at 3°C/min 

after 2 min isothermal at 50°C. Splitless injection was used with helium as the carrier gas at 50 

em/sec linear velocity. The injection port and flame ionization detector were operated at 275 and 

300°C, respectively. Components were identified by retention index (Lee .euL.. 1979; Vassilaros 

tL.aL., 1982), absolute retention times of standard compounds, and/or GC/MS data. Selected 

components of the PAH and NPAC fractions were quantified according to the external standard 

calibration method outlined by Wilson .tlJ!.l, (1984) using 2-chloroanthracene as an internal 

standard. Response factors (amount/area) were calculated from standard compounds 

chromatographed at eight concentration levels, ranging over two orders of magnitude. The 

response factor of a closely eluting or similar compound was used to quantify components for 

which standards were not available. Fractions were analyzed at 10.0, 5.00, and 2.50 mg/ml 

8 



concentrations with averaged results and standard deviations of the mean reported in parts per 

thousand (ppt) for each particular fraction. 

Gas Cbromato&raphy!Mass Spectrometzy IGC/MSl 

GCIMS analyses were perfonned on an HP-5982A quadrupole mass spectrometer interfaced 

with an HP-5710 gas chromatograph equipped with a 15-m x 0.25-mm-ID DB-5 fused silica 

capillary coumn (J & W Scientific, Rancho Cordova, CA). Gas chromatographic conditions were 

similar to those previously described for the HRGC analyses, except that the oven was 

temperature-programmed at 8°C/min. The MS was operated in the electron impact mode at 70 eV, 

and scan rates were typically 100 atomic mass units/sec (amu/sec). 

Low-Volta&e Probe-Inlet Mass Spectrometzy IL VMS> 

The chemical class fractions isolated from the coal liquefaction materials by alumina column 

chromatography were analyzed by LVMS using a Vacuum Gasifier (VG; Manchester, England) 

ZAB 2-F double-focusing MS operated in the electron impact mode with ionizing electron energies 

of 10-12 eV. Each sample (10 to 20 ~g) was loaded into a glass capillary tube, which was then 

inserted into the source affixed to the end of a direct insertion probe. The probe was heated in a 

linear fashion from ambient to 250-280°C while the MS scanned repeatedly throughout the 

desorption period. The MS was operated with an accelerating voltage of 6000 or 7000 V, a 

magnet scan rate of 2 to 3 sec/mass decade, a source temperature of 2500C, and a dynamic 

resolving power (as determined by the VG 2035 data system) of 1:2000. The intensities of each 

mass across the entire profile were summed, generating an average spectrum that was 

representative of the entire sample. Average spectra were composed primarily of signals 

representing molecular ions rather than fragments or doubly charged ions, due to the low 

ionization voltage. 

TOXICOLOGICAL ASSAYS 

Microbial Muta~nici(y 

Standard agar-plate mutagenicity assays were performed as described by Ames l:Lal. (1975) 

using S. ~phimurium, TA98 microbial tester strain with optimized levels of Aroclor-induced rat 

liver (S9) homogenate metabolic activation. Dimethylsulfoxide (DMSO) was used as the solvent. 

Revertant colonies per petri plate were counted electronically using a Biotran ll automated colony 

counter. The specific mutagenic activity of the chemical class fractions isolated by alumina 
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column chromatography are expressed as revertant colonies of S, typhimurium, TA98 per J.lg of 

test material (rev/Jlg), as estimated by linear regression analysis of dose-response data. The 

following criteria were used for selecting the best dose range for estimating a linear dose response: 

at least a four-point dose range; approximate doubling of response for doubled dose concentration; 

a correlation coefficient of 0.8 or greater; and an intercept on the response (ordinate) axis within 

20% of the negative control for the day. 

Initiation/Promotion (I/P) 

The liP mouse skin tumorigenicity assays were performed on the EDS recycle solvents as 

described by Mahlum ( I983a) using female CD-I mice (Charles River Laboratories, Portage, MI), 

approximately 6 to 8 weeks of age. The animals were housed five per cage on standard bedding 

material with food and water availabe ad libitum. Prior to administration of test materials, the 

animals were ear-tagged for unique identification, weighed, shaved, and assigned to a test groups, 

30 animals per group. Each test material was diluted 1:1 with acetone or methylene chloride, and 

50~ of the diluted material was applied to the shaved backs of the mice {approximately 25 mg 

dose per mouse). Two weeks after initiation, 5-jlg doses of phorbol myristate acetate (0.1 mg/ml 

acetone) were applied to the initiated area, twice weekly for 24 weeks. The mice were shaved as 

necessary throughout the study, usually weekly. Animals were observed regularly for tumor 

growth, and the number of tumors per animal was counted biweekly. The data are expressed as 

the total number of tumors per group of 30 mice, as the total number of tumors per mouse 

normalized to a groups of 30 mice, and as the percent incidence. 

Aquatic Toxicity 

Aquatic toxicity of the water-soluble fractions (WSF) derived from the EDS recycle solvents 

was determined by conducting static bioassays with the freshwater invertebrate D, magna. All 

tests were conducted at 20°C with a 16:8-hour, light:dark cycle. The test consisted of placing five 

first-instar D. magna in each of four 100-ml-capacity glass jars at six treatment levels, plus a 

control (4 x 7 test matrix, 20 organisms per treatment level). 

The WSF were generated by adding 100 ml of each of the EDS recycle solvent materials 

listed in Table 3 to ten L of well water (1:100 ratio) in a 15-L-capacity glass carboy. The mixture 

was stirred at 90 rpm with a teflon-coated rod for 4 hours. After a one hour settling period, 

approximately eight L of the WSF were siphoned from the center of the carboy, chemically 

analyzed, and used for bioassays. Exposure solutions for testing were made by diluting the WSF 

with well water. 
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Total carbon (TC) of the WSF was determined by direct aqueous injection into a Beckman 

915B carbon analyzer. Detailed chemical analysis of the WSF by GC was conducted to determine 

phenol composition acconding to methodology outlined by Dauble tUl. (1982, 1983) Total 

phenols in selected test solutions were estimated by the direct photometric method (APHA 1980) 

at test initiation to check dilutions. 

Three to five tests were conducted using the WSF from each of the EDS recycle solvents 

produced from the different coal types. The 48 hour LCso (lethal concentration for 50% of the 

organisms) values were determined by the graphical method (APHA 1980). Toxicity thresholds 

were expressed as percent WSF and TC, based on dilution of measured stock solution. 
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RESULTS AND D!SGJSSSJON 

CHEMICAL ANALYSIS 

Chemical Class Composition 

Table 4 presents the chemical class composition data, as determined by adsorption column 

chromatography using neutral alumina, for the coal liquids derived from the different ranks of 

coal. The products from the lower rank Wyodak coal and Texas lignite contained significantly 

higher concentrations of AH compared to the products from the higher rank coal (Illinois No. 6) 

for both the EDS recycle solvents and the H-Coal heavy fuel oils. Both coal liquids produced 

from Illinois No. 6 coal contained higher concentrations of PAR, NPAC, and hydroxy-PAH 

compared to their respective coal liquids produced from the Wyodak coal or Texas lignite. 

Hydrogenated and partially hydrogenated PAH compounds were detected in both the AH 

and PAH fractions isolated from the EDS and H-Coal products derived from the different ranks of 

coal. Because of the presence of these hydrogenated components and the inadequate class 

separation of AH, hydroaromatics, and PAH on neutral alumina, a second adsorption column 

chromatographic separation was performed on these samples. The results of fractionation using 

picric-acid-coated alumina on alumina column chromatography are given in Table 5 for the EDS 

recycle solvents and H-Coal heavy fuel oils. Again, the coal liquids produced from the lower rank 

Wyodak coal or Texas lignite showed increased concentrations of AH compared to their higher 

rank Illinois No. 6 coal counterparts. The EDS recycle solvents derived from the Wyodak coal 

and Texas lignite also showed lower hydroaromatic (fraction PAz) composition than did the 

recycle solvent produced from the lllinois No.6 coal. Lower concentrations ofPAH compounds 

of greater than three rings (fraction PA4) were present in the coal liquids produced from the 

sub-bituminous coals or lignite as compared to the materials produced from the bituminous lllinois 

coal. 

Aliphatic Hydrocarbon Fractions 

Chromatograms of the AH fractions isolated from the EDS recycle solvents produced using 

different coal ranks are shown in Figure 3. Selected straight-chained AH are labeled with their 

number of carbon atoms. The major components in these fractions were AH with a high 

concentration of hydroaromatic components also present. Qualitatively, the components were 

similar to each other in the AH fractions isolated from the EDS recycle solvents produced from the 

various ranks of coal. Increased levels of the straight-chained AH were evident relative to the 

hydroaromatic species in the AH fractions isolated from the recycle solvents derived from the 
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TABLE 4. Chemical Class Composition of Process Materials Derived from Different Coal Ranks 

Fraction Weight Percent 

Sample AH PAH NPAC Hydroxy-PAH Total 

EDS Recycle Solvent 

5226-003 46 39 7.7 12 105 
Illinois No. 6 Coal• 

5226-107 b 61 22 3.6 8.7 95 
WyodakCoal 

5226-108 
Texas Ligniteb 

61 25 3.8 7.0 97 

H-Coal Heavy Fuel Oil 

5226-118 38 42 7.8 12 100 
Illinois No. 6 Coale 

5226-119 61 31 5.1 5.8 103 
Wyodak Coalc 

~Average of four determinations 
Average of three determinations 

c Average of two determinations 

Wyoming coal and Texas lignite compared to the recycle solvent derived from the lllinois No. 6 

coal. 

Similar results were achieved for the AH fractions isolated from the H-Coal heavy fuel oils 

derived from the bituminous Illinois No. 6 and sub-bituminous Wyodak coals, as shown in Figure 

4. Increased concentrations of straight-chained AH compounds were present relative to the 

hydroaromatic components in the AH fraction isolated from the heavy fuel oil derived from the 

Wyodak versus the Illinois No. 6 coal. 

Polycyclic Aromatic Hydrocarbon £PAH) Fractions 

The HRGC chromatograms from the analyses of the P AH fractions isolated from the EDS 

recycle solvents derived from the three different ranks of coal are shown in Figure 5; the PAH 

fraction derived from the illinois No. 6 coal is on top; the Wyoming-coal-derived fraction is in 
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TABLE 5. Hydroaromatic Composition of Process Materials Derived from Different Coal Ranks 

Fraction Weight Percent" 

Sample PA1b PAz" PA3d PA4" Total 

EDS Recycle Solvent 

5226-003 
Illinois No. 6 Coal 

23 40 13 17 93 

5226-107 49 29 8.4 14 100 
Wyonting (Wyodak) Coal 

5226-108 51 32 9.4 12 104 
Texas Lignite 

H-Coal Heavy Fuel Oil 

5226-118 21 39 12 29 101 
Illinois No. 6 Coal 

5226-119 50 36 8.8 16 101 
WyodakCoal 

~Average of two determinations, unless otherwise noted 
AH 

~ydroaromatic compounds 
Dihydro-PAH and <three-ringed PAH 

~>Three-ringed PAH and some polar PAC 
Average of six determinations 

the middle; the Texas-lignite-derived fraction is on the bottom. The peaks labeled in Figure 5 

are identified in Table 6 with quantitative values given for selected components. Qualitatively, the 

components were similar in each of the PAR fractions isolated from the EDS recycle solvents 

from the bottoms recycle mode, regardless of the rank of coal processed. There were few 

differences in the chromatograms. Quantitatively, the PAH fraction isolated from the Illinois No. 

6-derived recycle solvent tended to have increased concentrations of components containing five 

aromatic rings or greater compared to the other materials (although the difference was only 

significant between the former versus the Wyoming-coal-derived recycle solvent). A higher 

degree of alkylation was present in the recycle solvent derived from the Texas lignite versus the 

other two materials. This result was based on the ratio of the combined concentrations of the 
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Figure 3. High-Resolution Gas Chromatograms of the Aliphatic Hydrocarbon Fractions Isolated 
From the EDS Bottoms Recycle Solvents Derived from Different Ranks of Coal. A: 
Fraction Isolated from the Illinois No. 6-Derived Material; B: Fraction Isolated 
from the Wyoming (Wyodak)-Derived Material; C: Fraction Isolated from the 
Texas Lignite-Derived Material. See Text for Conditions. 
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Figure 4. High-Resolution Gas Chromatograms of the Aliphatic Hydrocarbon Fractions Isolated 
from the H-Coal Heavy Fuel Oils Derived from Different Ranks of Coal. A: 
Fraction Isolated from the Illinois No. 6-Derived Material; B: Fraction Isolated 
from the Wyodak-Derived Material. See Text for Conditions. 

methylphenanthrene isomers divided by the concentration of the parent phenanthrene; these ratios 

were 1.02, 0.75, and 0.74 for the EDS recycle solvents PAH fractions produced from the Texas 

Lignite, Wyodak coal, and Illinois No. 6 coal, respectively. 
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Figure 5. High-Resolution Gas Chromatograms of the PAH Fractions Isolated from the EDS 
Bottoms Recycle Solvents Derived from Different Ranks of Coal. A: Fraction 
Isolated from the Illinois No. 6-Derived Material; B: Fraction Isolated from the 
Wyoming (Wyodak)-Derived Material; C: Fraction Isolated from the Texas 
Lignite-Derived Material. See Text for Conditions. Peaks Numbered Refer to 
Compounds Identified in Table 6. 
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TABLE 6. Concentration of Selected Components in the P AH Fractions Isolated from the EDS 
Recycle Solvents Derived from Different Ranks of Coal 

Concentration, Parts per Thousand (mg/g) P AH 
Fractions; Sample; Coal Rank 

Peak Mol. 
Compoundb 

5226-003 5226-107 5226-108 
No. a Wt. Illinois No. 6 Wyoming Texas Lignite 

1 128 Naphthalene 5.69 ± 0.84 9.36 ± 0 .06 3.84 ± 0.07 
2 142 2-Methylnaphthalene 14.5 ± 2.0 20.5 ± 0.5 13.2 ± 0.33 
3 142 1-Methylnaphthalene 2.68 ± 0.41 5.35 ± 0.13 2.45 ± 0.04 
4 154 Biphenyl 3.04 ± 0.47 9.79 ± 0 .01 6.40 ± 0.10 
5 156 2-Ethylnaphthalene 2.73 ± 0.59 4.09 ± 0.09 2.79 ± 0.26 
6 156 2,6- or 2,7-Dimethyl-

naphthalene 4 .29 ± 0 .92 8.26 ± 0.23 6.53 ± 0.19 
7 156 1, 7-Dime thy !naphthalene 1.78 ± 0.43 4 .22 ± 0 .18 2 .05 ± 0.09 
8 156 1,3- or 1,6-Dimethyl-

naphthalene 1.01 ± 0.43 3.79 ± 0.25 1.62 ± 0.14 
9 156 C2-Naphthalene ~ ND ND 

10 170 ~-Naphthalene ND ND ND 
11 166 uorene 10.2 ± 1.6 23.4 ± 1.1 16.7 ± 1.0 
12 168 1 ,2-Dihydrophenalene 9.88 ± 1.55 9.22 ± 1.0 15.1 ± 1.4 
13 168 CKBiphenyls, Dihydro-

uorenes ND ND ND 
14 182 crBiphenyls, c 1-Di-

ydrofluorenes ND ND ND 
15 180 2-Methylfluorene 7.48 ± 1.1 10.3 ± 0.7 10.4 ± 1.2 
16 180, 182 1-Methylfluorene, 

C 1-Dihydrophenalene, 
C}) Dihydrofluorene 14.5 ± 1.7 18.0 ± 1.2 20.9 ± 2.0 

17 182, 180 C t ihydrophenalene, 
1-Dihydrofluorene, 

ND ND ND C l3 Fluorene 
18 196 C~- iphenyl 3.26 ± 0.42 4.95 ± 0.28 3 .88 ± 0.30 
19 178 P enanthrene 16.0 ± 1.8 26.8 ± 1.4 16.1 ± 0.9 
20 194, 196 CrFluorenes, c 2-Di-

ydrophenalenes/fluor-
enes ND ND ND 

21 192 3-Methylphenanthrene 5.53 ± 0.63 5.88 ± 0.21 4 .92 ± 0.27 
22 192 2-Me thy !phenanthrene 1.40 ± 0.14 8.30 ± 0.47 7.49 ± 0.58 
23 192 1-Me thy !phenanthrene 4.86 ± 0 .39 5.93 ± 0.56 4.06 ± 1.83 
24 206 C?hPhenanthrenes ND ND ND 
25 204 D ydrofluoranthene 6.97 ± 0.91 6.71 ± 0 .86 9 .19 ± 0.28 
26 202 Fluoranthene 1.09 ± 0.51 0.673 ± 0.568 1.54 ± 0.16 
27 220 C3-Phenanthrene ND ND ND 
28 202 pYrene 7.64 ± 0 .87 5.70 ± 0.19 10.6 ± 0.5 
29 204 Dihydropyrene ND ND ND 
30 218 C1-Dihydrofluroanthenel 

pyrene ND ND ND 
31 234 C4-Phenanthrenes ND ND ND 
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TABLE 6. (Continued) 

Concentration, Parts per Thousand (mg/g) P AH 
Fractions; Sample; Coal Rank 

Peak Mol. 
Compoundb 

5226=003 5226-107 5226-108 
No.a Wt Illinois No. 6 Wyoming Texas Lignite 

32 216 Benzo[b]fluorene, 2- or 
4-Methylpyrene 4 .34 ± 0.27 1.24 ± 0.04 4.61 ± 0.37 

33 218 C M"henylnaphthalene 6.35 ± 1.57 2.36 ± 0.12 4.29 ± 0 .50 
34 216 1- ethylpyrene 1.22 ± 1.44 1.75 ± 0.04 2.00 ± 0.51 
35 234 Benzonaphthothiophenes ND ND ND 
36 232 CThDihydrofluoran-

enes/pyrenes ND ND ND 
37 228 Benz[a]anthracene 0.784 ± 0.129 0.154 ± 0.020 0.981 ± 0.074 
38 228 Chrysene 0.453 ± 0.081 0.172e 0.250 ± 0.052 
39 242 4- or 6-Methylchrysane 2.26 ± 0.21 0.406 ± 0.019 2.32 ± 0.06 
40 252 Benzofluoranthenes 0.610 ± 0.322 0.055 ± 0.006 0.556 ± 0.024 
41 252 Benzo[e]pyrene 0.643 ± 0.119 ND 0.460 ± 0.115 
42 252 Benzo[a]pyrene 0.114 ± 0.019 ND 0.064 
43 276 Benzo[ghi]pery lene 0.166 ± 0.025 ND 0.136 ± 0.002 

aRefers to peaks labeled in Figure 5 
bTentative identifications based on GC/MS and retention information 
C.No data or none detected 
OComposite of three isomers 
eone determination only 

Added insight into the composition of the P AH fractions isolated from the EDS recycle 

solvents derived from the three different ranks of coal is given by the L VMS spectra in Figure 6. 

The average molecular weight of the P AH fraction isolated from the bituminous-coal-derived EDS 

recycle solvent was higher than the average molecular weight for the same fraction isolated from 

the sub-bituminous or lignite-derived materials; 280 amu for the Illinois No. 6-derived PAH 

fraction versus 250 and 260 amu for the Wyodak coal and Texas lignite-derived P AH fractions, 

respectively. Despite the differences in the molecular weight ranges of the fractions, the overall 

composition of the fractions appeared to be similar with a few exceptions. Both the materials 

derived from the Wyodak coal and the Texas lignite had increased concentrations of components 

in the series including masses of 208, 222, and 262 amu in their respective P AH fractions. The 

recycle solvent derived from the lllinois No. 6 coal had increased concentrations of components in 

the series of mass 256 in its isolated P AH fraction as compared to the P AH fractions isolated from 

19 



'II. I 

'II. I 

211 

'II. I 

o ~--~~~~ma• 
100 200 

28& 

' 288 
290 

300 

274 

~21& 
II 12841 

288 

300 
amu 

EDS Recycle Solvent 
PAH Fraction 

A 

B 

c 

400 

Figure 6. Low-Voltage Mass Spectra of the P AH Fractions Isolated from the EDS Bottoms 
Recycle Solvents Derived from Different Ranks of Coal. A: Fraction Isolated from 
the Illinois No. 6-Derived Material; B: Fraction Isolated from the Wyoming 
(Wyodak)-Derived Material; C: Fraction Isolated from the Texas Lignite-Derived 
Material. See Text for Conditions. See Table A-1 in Appendix A for a Key to Mass 
Identifications. 
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the lower-rank-coal-derived materials. A key to possible structures which correspond to the 

masses labeled in Figure 6 is given in Table A-1 of Appendix A. 

The composition of the P AH fractions isolated from the Illinois No. 6 and 

Wyodak-coal-derived H-Coal heavy fuel oils were both qualitatively and quantitatively similar (see 

Figure 7 and Table 7). There was a general trend of increased concentrations of low molecular 

weight compounds and decreased concentrations of higher molecular weight compounds in the 

PAH fraction derived from the lower rank, sub-bituminous Wyodak coal compared to the PAH 

fraction derived from the bituminous Illinois No. 6 coal. 

The average molecular weights of the PAH fractions isolated from the H-Coal heavy fuel oils 

were both 240 amu. Little to no difference in the molecular weight ranges of these fractions were 

shown by the L VMS spectra of Figure 8. This result was in contrast to the results given above for 

the EDS recycle solvents derived from coals of similar rank. There was, however an increased 

concentration of compounds which were of the series including the masses of 208 and 222 amu in 

the P AH fraction of the heavy fuel oil derived from the Wyodak coal as compared to the Illinois 

No. 6 coal-derived material. This result was comparable to the results acheived for the EDS 

recycle solvents derived from similar coals. A key to possible structure identifications to those 

masses given in Figure 8 is given in Table A-1 of Appendix A. 

Nitro~en-Containjn~ Polycyclic Aromatic Compound NPAC Fractions 

The major components of the NP AC fractions isolated from the EDS recycle solvents were 

carbazole and its alkylated derivatives, regardless of the rank of coal from which they were 

derived. HRGC chromatograms of the NPAC fractions isolated from the EDS recycle solvents 

from the processing of Illinois No. 6 and Wyoming coals and Texas lignite are shown in Figure 9 

(top, middle, and bottom, respectively). Qualitatively, the components analyzed in each of these 

fractions were similar to each other. Increased concentrations of lower molecular weight 

components were evident in the NP AC fractions isolated from the lower rank Wyoming coal and 

Texas lignite-derived recycle solvents as compared to the Illinois No. 6 coal-derived recycle 

solvent, however. 

The quantitative values are given in Table 8 for selected components in the NP AC fractions 

isolated from the EDS recycle solvents derived from the various ranks of coal. The highest 

concentrations of carbazole (a three-ringed compound) were found in the fractions derived from 

the Wyoming coal and the Texas Lignite. The highest concentration of benzo[c]carbazole (a 

four-ringed compound) was found in the fraction derived from the higher rank lllinois No. 6 coal. 

The L VMS spectra of the NP AC fractions isolated from the EDS recycle solvents 

complement the HRGC data (see Figure 10). The molecular weight proflle of the recycle solvent 

NPAC fraction derived from the lllinois No.6 coal (top) was of a slightly higher molecular weight 
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Figure 7. High-Resolution Gas Chromatograms of the PAH Fractions Isolated from the H-Coal 
Heavy Fuel Oils Derived from Different Ranks of Coal. A: Fraction Isolated from the 
Illinois No. 6-Derived Material; B: Fraction Isolated from the Wyodak:-Derived 
Material. See Text for Conditions. Peaks Numbered Refer to Compounds Identified 
in Table 7. 

range than either fractions of the EDS recycle solvents derived from the Wyoming coal (middle) or 

the Texas Lignite (bottom). The average molecular weight of the NP AC fractions were calculated 

to be 250, 240 and 240 amu for the EDS recycle solvents derived from the bituminous coal, 

sub-bituminous coal, and lignite. For a key to possible stucture identifications of the masses 

given in Figure 10, see Table A-2 in Appendix A. 
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TABLE 7. Concentrations of Selected Components in the P AH Fractions Isolated from the 
H- Coal Heavy Fuel Oils Derived from Different Ranks of Coal 

Concentration, Parts Per Thousand (mg/g) 
P AH Fractions; Sample; Coal Rank 

Peak Mol. 
Compoundb 

5226-118 5226-119 
No.a Wt. Illinois No. 6 Wyodak 

1 128 Naphthalene 0.251 ± 0.030 0.146± 0.051 
2 142 2-Methylnaphthalene 5.10 ± 0.36 5.47 ± 1.40 
3 142 1-Methylnaphthalene 1.26 ± 0.10 1.87 ± 0.49 
4 154 Biphenyl 2.69 ± 0.20 3.44 ± 0.86 
5 156 2-Ethylnaphthalene 5.75 ± 0.38 6.68 ± 1.69 
6 156 2,6- or 2,7-Dimethylnaphthalene 9.97 ± 0.61 9.09 ± 2.28 
7 156 1, 7-Dime thy !naphthalene 3.17 ± 0.27 3.71 ± 1.22 
8 156 1,3- or 1,6-Dimethylnaphthalene 1.69 ± 0.01 2.37 ± 0.50 
9 156 1,4- or 2,3-Dimethylnaphthalene Not ND 

10 156 1,2-Dimethylnaphthalene ND ND 
11 154 Acenaphthene 8.29 ± 0.46 8.76 ± 2.3 
12 168 Dibenzofuran 7.84 ± 1.17 8.05 ± 1.63 
13 170 CrNaphthalenes ND ND 
14 170 2, ,6-Trimethylnaphthalene ND ND 
15 166 Fluorene 20.7 ± 2.1 15.2 ± 1.8 
16 168 1 ,2-Dihydrophen~ene 47.8 ± 1.6 46.6 ± 0.5 
17 168 Dihydrofluorenes 55.6 ± 2.3 42.5 ± 0.9 
18 180 2-Methylfluorene ND ND 
19 180,182 1-Methylfluorene, c1-Dihydro-

phenalene, C 1-Dihydrofluorene ND ND 
20 182 C 1-Dihydrophenalenelfluorene ND ND 
21 178 Pnenanthrene 29.6 ± 0.8 19.7 ± 1.2 
22 194, 196 c2-Fluorenes, CrDihydro-

phenalenes/fluorenes ND ND 
23 192 3-Methylphenanthrene 7.81 ± 0.39 3.37 ± 0.17 
24 192 2-Methylphenanthrene 11.3 ± 0.6 7.75 ± 0.39 
25 192 4- or 9-Methylphenanthrene 3.31 ± 1.0 2.05 ± 0.27 
26 192 1-Methylphenanthrene 6.38 ± 2.73 4.68 ± 0.11 
27 206 C?hPhenanthrenes ND ND 
28 204 D ydrofluoranthene 6.72 ± 0.78 6.44 ± 0.16 
29 202 Fluoranthene 3.99 ± 0.36 3.40 ± 0.47 
30 202 Pyrene 24.5 ± 5.5 19.3 ± 3.1 
31 204 Dihydropyrene ND ND 
32 216 Benzo[ a]fluorene ND ND 
33 216 Benzo{b]fluorene, 4- or 6-Methyl-

chrysene 11.3 ± 0.5 6.50 ± 0.83 
34 218 C lfhenylnaphthalene 6.63 ± 0.05 4.22 ± 0.46 
35 216 1- ethylpyrene 3.66 ± 0.47 2.78 ± 0.21 
36 230 C 1-Pyrenes/fluoranthenes ND ND 
37 228 Benz[a]anthracene ND 0.184± 0.032 
38 228 Chrysene 0.304± 0.103 0.064± 0.001 
39 242 4- or 6-Me thy lchrysene 1.78 ± 0.20 1.57 ± 0.21 
40 252 Benzo[j or b]fluoranthene 0.333 ± 0.020 0.293 ± 0.039 
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TABLE 7. (Continued) 

Concentration, Parts Per Thousand (mg/g) 
P AH Fractions; Sample; Coal Rank 

Peak Mol. 
Compoundb 

5226=118 5226-119 
No. a Wt illinois No. 6 Wyodak 

41 252 Benzo[ e ]pyrene 0.389 ± 0.118 0.224± 0.067 
42 252 Benzo[a]pyrene 0.294± 0.057 0.116± 0.048 
43 276 Indeno[ 1 ,2,3-cd]pyrene 0.096± 0.010 0.056± 0.011 
44 276 Benzo[ghi]pery lene 0.319 ± 0.049 0.313 ± 0.063 

aN umbers refer to peaks labeled in Figure 7 
bTentative identifications based on GC/MS and retention information 
c.No data or none detected 
OComposite of two peaks 

The components were also similar to each other in the NPAC fractions isolated from the 

H-Coal heavy fuel oils derived from either the bituminous and sub-bituminous coals, as was the 

case with the EDS recycle solvents derived from different ranks of coal. The HRGC 

chromatograms of the H-Coal NPAC fractions are shown in Figure 11 with corresponding 

identifications and quantification of selected components given in Table 9. Carbazole and its 

alkylated species were the major components of both NPAC fractions. Increased concentrations 

of heavier molecular weight components were present in the fraction isolated from the material 

derived from the higher rank Illinois No. 6 coal as compared to the material derived from the 

lower rank Wyodak coal, as has been the case for majority of the chemical class fractions isolated. 

The LVMS spectra showed a molecular weight shift of approximately 10 amu between the 

NP AC fractions isolated from the H-Coal heavy fuel oils derived from the two different ranks of 

coal, with the fraction isolated from the Illinois No. 6-derived material having 

increased concentrations of heavier molecular weight species and decreased concentrations of 

lower molecular weight species as compared to the fraction isolated from the Wyodak-derived 

material (see Figure 12). The average molecular weights of the NP AC fractions were 240 and 230 

amu for the NPAC fractions isolated from the H-Coal heavy fuel oils derived from the Illinois No. 

6 and Wyodak coals, respectively. Possible structures for the molecular ions in Figure 12 are 

given in Table A-2 of Appendix A. 

24 



%1 

182 

17\ 1 

H-Coal Heavy Fuel Oil 
PAH Fraction 

A 

0~------r-~~~ 

100r-----------~~r--r-2~22~-------------------------------

8 
236 

%1 

100 200 300 400 
amu 

Figure 8. Low-Voltage Mass Spectra of the PAH Fractions Isolated from the H-Coal Heavy 
Fuel Oils Derived from Different Ranks of Coal. A: Fraction Isolated from the Illinois 
No. 6-Derived Material; B: Fraction Isolated from the Wyoming-Derived Material. 
See text for Conditions. See Table A-1 in Appendix A for a Key to Mass 
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Figure 9. High-Resolution Gas Chromatograms of the NPAC Fractions Isolated from the EDS 
Bottoms Recycle Solvents Derived from Different Ranks of Coal. A: Fraction 
Isolated from the lllinois No. 6-Derived Material; B: Fraction Isolated from the 
Wyoming (Wyodak)-Derived Material; C: Fraction Isolated from the Texas 
Lignite-Derived Material. See Text for Conditions. Peaks Numbered Refer to 
Compounds Identified in Table 8. 
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TABLE 8. Concentrations of Selected Components in the NPAC Fractions Isolated from the 
EDS Recycle Solvents Derived from Different Coal Ranks 

Concentration, Parts per Thousand (mg/g) NP AC 
Fractions; Sample; Coal Rank 

Peak Mol. 
Compoundb 

5226-003 5226-107 
No. a Wt. Illinois No. 6 Wyoming 

1 210 c6-Indole Nl)C ND 
2 167 Carbazole 5.94 ± 0.94 7.65 ± 0.04 
3 181 1-Methylcarbazole 2.27 ± 0.38 4.64 ± 0.19 
4 181 3-Methylcarbazole 3.80 ± 0.25 3.09 ± 0.12 
5 181 2-Methylcarbazole 2.74 ± 0.21 2.43 ± 0.16 
6 181 4-Methylcarbazole 2.92 ± 0.37 1.83 ± 0.65 
7 195 C2-Carbazoles ND ND 
8 209 C3-Carbazoles ND ND 
9 223 C4-Carbazoles ND ND 

10 221 C3-Azaphenanthrenes ND ND 
11 217 Benzo[ a ]carbazole 0.900 ± 0.190 ND 
12 235 C4-Azaphenanthrenes ND 

0.408JID 13 217 Benzo[ c ]carbazole 2.46 ± 0.51 

aN umbers refer to peaks labeled in Figure 9 
bTentative identification based on GC/MS and retention information 
c.No data or none detected 
OOne determination only 

Hydroxy-PAR Fractions 

5226-108 
Texas Lignite 

ND 
7.56 ± 0.15 
3.50 ± 0.13 
3.19 ± 0.21 
2.65 ± 0.32 
1.90 ± 0.367 

ND 
ND 
ND 
ND 

0.474 ± 0.317 
ND 

1.18 ± 1.13 

The LVMS spectra from the analyses of the hydroxy-PAR fractions isolated from the EDS 

recycle solvents from the bottoms recycle mode of operation using different ranks of coal are 

shown in Figure 13. The profiles of the recycle solvents hydroxy-PAR fractions were quite 

similar to each other regardless of the coal which was processed, indicating similar components 

were present in the hydroxy-PAR fractions of the EDS material derived from the processing of 

Dlinois No. 6 and Wyoming coals as well as the Texas lignite. The molecular weight range of the 

hydroxy-PAR fraction isolated from the recycle solvent derived from the bituminous coal was 

approximately 10 amu higher than those isolated from the recycle solvents derived from the 

sub-bituminous coal or the lignite. The average molecular weights of the hydroxy-PAR fractions 

were 250, 240, and 240 amu, respectively, for the fractions isolated from the illinois No. 

6 coal, the Wyoming (Wyodak) coal, and the Texas lignite-derived materials. These results 
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Figure 10. Low-Voltage Mass Spectra of the NPAC Fractions Isolated from the EDS Bottoms 
Recycle Solvents Derived from Different Ranks of Coal. A: Fraction Isolated from the 
Illinois No. 6-Derived Material; B: Fraction Isolated from the Wyoming 
(Wyodak)-Derived Material; C: Fraction Isolated from the Texas Lignite-Derived 
Material. See Text for Conditions. See Table A-2 in Appendix A for a Key to Mass 
Identifications. 
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Figure 11. High-Resolution Gas Chromatograms of the NP AC Fractions Isolated from the H-Coal 
Heavy Fuel Oils Derived from Different Ranks of Coal. A: Fraction Isolated from the 
Illinois No. 6-Derived Material; B: Fraction Isolated from the Wyodak-Derived 
Material. See Text for Conditions. Peaks Numbered Refer to Compounds Identified in 
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were consitent with the majority of the L VMS results which indicated that the material derived from 

the bituminous coal was of a generally higher molecular weight range than the materials derived 

from the lower rank sub-bituminous coal or lignite. For a key to possible structure identifications 

of the masses given in Figure 13, see Table A-3 in Appendix A. 
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TABLE 9. Concentrations of Selected Components in the NPAC Fractions Isolated from 
the H-Coal Heavy Fuel Oils Derived from Different Coal Ranks 

Concentration, Parts Per Thousand (mg/g) 
NP AC Fractions; Sample; Coal Rank 

Peak Mol. 
Compoundb 

5226-118 5226-119 
No.a Wt. lllinois No.6 Wyodak 

1 147 C 1-Tetrahydroquinoline Nl)C ND 
2 117 Inaole 0.669 ± 0.097 0.810 ± 0.028 
3 143 2-Methylquinoline ND ND 
4 143 8-Methylquinoline ND ND 
5 161 Ci"fTetrahydroquinoline ND ND 
6 143 7- ethylquinoline ND ND 
8 131 3-Methylindole ND ND 
9 131 2-Methylindole ND ND 

10 157 2,6- or 2,7-Dimethylquinoline ND ND 
11 157 1 ,2-Dimethylquinoline ND ND 
12 145 2,3- and 2,5-Dimethylindole ND ND 
13 179 Acridine ND ND 
14 179 Benzo[ f]quinoline, Phenanthridine 2.32 ± 1.34 1.15 ± 0.11 
15 167 Carbazole 15.3 ± 0.7 13.2 ± 0.6 
16 193 2- or 3-Methylbenzo[f]quinoline 4.46 ± 0.59 2.53 ± 0.30 
17 181 1-Methylcarbazole 3.99 ± 0.87 4.17 ± 0.51 
18 181 3-Methylcarbazole 11.1 ± 1.0 5.57 ± 0.29 
19 181 2-Methylcarbazole 8.20 ± 0.54 5.21 ± 0.35 
20 181 4-Methylcarbazole 4.20 ± 0.21 2.75 ± 0.36 
21 195 C2-Carbazoles ND ND 
22 203 1- or 4-Azapyrene 4.93 ± 0.46 2.86 ± 0.12 
23 217 C 1-Azapyrene/fluoranthene ND ND 
24 217 Benzo[a]carbazole 1.69 ± 0.04 0.892 ± 0.076 
25 217 Benzo[b ]carbazole 1.36 ± 0.10 0.286 ± 0.173 
26 217 Benzo[ c ]carbazole 1.94 ± 0.09 1.19 ± 0.21 

aN umbers refer to peaks labeled in Figure 11 
hTentative identifications based on GC/MS and retention information 
CNo data or none detected 

The hydroxy-PAR fraction isolated from the H-Coal heavy fuel oil derived from the Illinois 

No. 6 coal also showed an increased molecular weight range than did the material derived from the 

Wyodak coal when analyzed by LVMS (see Figure 14). The average molecular weights of the 

heavy fuel oils were calculated to be 240 and 230 amu for the bituminous-derived and 

sub-bituminous-derived hydroxy-PAR fractions, respectively. Table A-3 in Appendix A gives a 

key to possible structure identifications of the masses shown in Figure 14. 
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Figure 13. Low-Voltage Mass Spectra of the Hydroxy-P AH Fractions Isolated from the EDS 
Bottoms Recycle Solvents Derived from Different Ranks of Coal. A: Fraction 
Isolated from the Illinois No. 6-Derived Material; B: Fraction Isolated from the 
Wyoming (Wyodak)-Derived Material; C: Fraction Isolated from the Texas 
Lignite-Derived Material. See Text for Conditions. See Table A-3 in Appendix A 
for a Key to Mass Identifications. 
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Summazy 

The following observations can be made based on the results of the chemical analyses of the 

coal liquids derived from different ranks of coal: first, the products derived from the lower rank 

Wyodak coal and Texas lignite contained a higher proportion of aliphatic hydrocarbons than did 

the products derived from the higher rank lllinois No.6 coal; second, the materials derived from 

the bituminous coal were of a higher molecular weight range (generally about 10 amu) than their 

sub-bituminous or lignite counterparts; and, third, the materials derived from the Illinois No. 6 

coal contained higher concentrations of components containing condensed ring structures, 

including PAH, NPAC, and hydroxy-PAR, than did the materials derived from the Wyodak coal 

or Texas Lignite. These observations are consistent with the structures of the organic 

materials in these coal ranks. Of the feeds used in these studies, the bituminous coal had the most 

highly condensed, aromatic structure, and the lignite had the least amount of ring condensation. 

Figure 15 presents some average structures for the various ranks of coal. The coal liquids 

produced from the sub-bituminous coal and lignite showed many similar chemical characteristics, 

which may have been a function of the mines from which the materials originated. 

TOXICOLOGICAL TESTING 

Microbial Muta~enicity 

Table 10 gives the microbial mutagenicity results for the chemical class fractions isolated by 

alumina column chromatography from the three EDS recycle solvents and the two H-Coal heavy 

fuels oils. In those materials where mutagenic responses were detected, the majority of the 

mutagenic response was expressed in the NP AC fractions. These results are consistent with other 

microbial mutagenicity results which have indicated that the NP AC compounds, particularly the 

arnino-PAH, are the determinant mutagens in coal liquefaction materials (Later~' 1983; 

Wilson~ 1980; Guerin~, 1980). 

Little to no mutagenic activity was detected in the EDS recycle solvents derived from the 

Wyodak coal or the Texas lignite. However, significant mutagenic activity was detected in the 

NP AC fraction of the EDS recycle solvent derived from the illinois No. 6 coal. Significantly 

greater mutagenic response was detected in the NP AC fraction isolated from the H-Coal heavy 

fuel oil derived from the Illinois No. 6 coal compared to the same fraction isolated from the 

H-Coal heavy fuel oil derived from the Wyodak coal. These results indicated that an increased 

microbial mutagenic activity was detected in the materials derived from the higher rank versus the 

lower rank coals. Chemical analyses results showed that the illinois No. 6 coal produced 
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Figure 15. Average Structures for Different Ranks of Coal. (Wender «.a~.., 1975) 

materials with higher NPAC compositions than did either the Wyodak coal or the Texas lignite. 

The microbial mutagenicity results indicated that the NPAC fractions isolated from the lllinois No. 

6 coal expressed increased activity as compared to the lower rank coals. These two results 
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TABLE 10. Microbial Mutagenicity Results (revertants/J.lg) of Coal Liquefaction Materials 
Derived from Different Coal Types 

Chemical Class Fraction 

Sample (5226-) AH PAH NPAC Hydroxy-PAR 

003, EDS Recycle Solvent 
Illinois No. 6 Coal 0 0 29 0 

107, EDS Recycle Solvent 
Wyoming (Wyodak) Coal 0 0 0 0 

108, EDS Recycle Solvent 
Texas Lignite 0 0 0 0 

118, H-Coal Heavy Fuel Oil 
Illinois No. 6 Coal 0 305 3 

119, H-Coal Heavy Fuel Oil 
Wyodak.Coal 0 0 29 0 

aNo data 

indicate that the crude materials produced from the bituminous coal would be expected to have a 

significantly higher microbial mutagenicity than the sub-bituminous or lignite-derived materials. 

lniti ation!Promotion Assay 

Results of the liP mouse skin tumorigenicity assay for the EDS recycle solvents from the 

bottoms recycle mode during processing of Illinois No. 6 and Wyodak coals and Texas lignite are 

shown in Figure 16. Cumulative mouse skin-tumor yield data (The total number of tumors, 

nomalized to a population of 30 mice) indicated a general trend of increasing tumor initiating 

activity with increasing rank of coal processed. The 25-mg dose of the recycle solvent from the 

Illinois No. 6 coal produced a mean number of tumors per mouse of 1.0, while the recycle 

solvents from the Wyodak coal and the Texas lignite produced mean number of tumors per mouse 

of 0.7 and 0.5, respectively. The percent tumor incidence was also higher for the illinois No.6 

coal as compared to the Wyodak coal or the Texas lignite. 

The results of increasing tumor initiating activity with increasing rank of coal was consistent 

with the chemical analyses results that showed the EDS recycle solvent from the illinois No. 6 

coal had increased P AH content, decreased AH content, and an increased molecular weight 
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distribution as compared to the recycle solvents derived from the Wyoming coal and the Texas 

lignite. Increased tumorigenic potential has been correlated with increased boiling point and 

increased concentrations of heavier-molecular-weight species in coal liquefaction materials by 

Mahlum (1983b ). In addition, little to no tumor initiating activity has been found associated with 

AH, while the majority of tumor initiating activity has historically been associated with the PAH 

fractions of coal-derived materials (Mahlum tt...al...., 1984). 

The EDS coal liquefaction recycle solvents studied were produced using slightly different 

operating parameters of the ECLP, as well as using the three different coal ranks. In general, 

shorter residence times and lower operating temperatures were required for the lower rank coals. 

The different operating parameters of the ECLP probably had some effect on the chemical 

composition and biological activity of each of the three materials studied, regardless of the 

different coal ranks. Previous studies with integrated two-stage liquefaction (ITSL) materials 

reported by Wilson tUL. (1984) indicated significant differences in biological activity between 

materials produced under normal operating conditions versus those produced under off-normal 

conditions. However, regardless of the differences in the operating conditions, the recycle 

solvents produced represented materials obtained from the different ranks of coal since the 

operating parameters were modified as a function of the coal rank. 

Aquatic Toxicity 

The toxicity of the respective water-soluble fractions (WSF) was dependent both on the 

relative amounts of water-soluble constituents present in the coal liquids as well as the collective 

toxic properties of the soluble constituents. Because each material was treated identically in this 

experimental protocol, a direct comparison of each of the materials chemical and toxicological 

properties can be made. Some differences were observed in the toxicity of the three WSF when 

LC50 results were based on the percent WSF needed to elicit an acute toxic response (see Table 

11). In each case, trends in toxicity were related to the amount of water-extractable consituents 

present in the coal liquids. For example, the EDS recycle solvent derived from Texas lignite 

contained the least extractable carbon of those tested and was also significantly less toxic when the 

endpoint was based on the amount of the WSF needed to obtain toxicity. General trends of 

increasing WSF concentration and hence, generally increased toxicity to D. ma~a were noted as a 

function of the recycle solvents produced from coals of increasing rank. Based on concentration 

of TC in solution, there were no observed differences in toxicity that could be attributed to coal 

type (Table 11). This indicated that the soluble constituents from each of the three EDS recycle 

solvents were similar in toxicity. Previous studies with coal liquids of similar characteristics have 

also indicated a causal relationship between toxicity of parent material and presence of 

water-soluble components (Dauble tUL., 1983; Later, 1985; Wright tUL., 1985). 
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TABLE II. Solubility, Inherent Toxicity and Acute Hazard to~~ 
Solvents (Bottoms Recycle Mode) Derived from 

48-Hour Lc50a 

Coal Rank mg!LTC mg!LTC 

illinois No. 6 123±41 6.4 ± 1.8 

Wyoming (Wyodak) 89 ± 12 6.7±0.7 

Texas Lignite 58± II 6.7 ± 1.1 

~V aloes expressed as mean ± standard deviation of the mean 
Significantly different at ex = 0.05 

%WSF 

5.8 ± 2.5 

7.7 ± 1.7 

13.1 ± 2.6b 

N 

5 

3 

4 

The phenol composition of the WSF derived from the three EDS recycle solvents were 

compared since previous studies have shown that phenols usually comprised up to 90 percent of 

water-soluble chemical components in full-boiling-range coal liquids (Dauble !:.U]., 1982, 1983). 

Other chemical constituents present in the WSF of coal liquids are the nitrogen bases, saturated 

hydrocarbons, aromatic hydrocarbons, and carboxylic acids (Wright tl.ll.l., 1985, Thomas, 1984). 

The concentrations of these water·soluble components are generally significantly less than the 

phenols. For example, the total concentration of selected phenols in the WSF of a solvent refined 

coal (SRC) II product was 266 mg/ml; the total concentrations of selected nitrogen bases, 

saturated hydrocarbons, aromatic hydrocarbons, and carboxylic acids in the same WSF were 20 

mg/mi, 0.18 ~g/ml, 6.2 ~g/ml, and 120 ~g/ml, respectively (Thomas, 1984). The concentrations 

of the nitrogen bases, saturated and aromatic hydrocarbons, and carboxylic acids in the WSF of 

the EDS recycle solvents derived from the various ranks of coal were not determined based on 

these results. 

Although the three EDS recycle solvents from the different ranks of coal differed in their water 

solubility, they showed similar overall composition of phenols to each other (see Table 12). 

Alkyl-substituted phenols of two to three carbon chain length were the major soluble components 

of each of the EDS materials, comprising from 69-77 percent of the total phenols for each of the 

three WSF. The amount of total carbon accounted for by the selected phenols in each WSF was 

directly related to coal rank. The lower concentration of water-soluble constituents and phenols 

from the relatively higher oxygen-containing lignite may be an effect of process conditions, or an 

effect of the type of oxygen linkages present in the original matrix (see Figure 15). It has been 

noted that sub-bituminous coals contain more oxygen ether linkages and that lignite contains more 
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TABLE 12. Concentrations (mg!L) of Phenols in Water-Soluble Fractions Derived from EDS 
Recycle Solvents Produced in the Bottoms Recycle Mode 

Coal Rank 

Compound Illinois No. 6 Wyoming(Wyodak) Texas Lignite 

Phenol 1.00 0.36 0.46 

Cresols 8.51 5.58 2.62 

c2-Phenols 42.40 34.81 12.77 

C3·Phenols 45.10 25.30 16.54 

C4·Phenols 13.26 7.37 5.05 

CyPhenols 9.98 6.89 6.95 

lndanols 9.01 4.51 356 

Crlndanols 3.86 2.57 1.89 

Total Phenols 131.12 87.39 49.84 

% TC Accounted for 
by Phenols 85.8 81.2 68.3 

oxygen ester linkages (Kwang E. Chung, Rockwell International, Thousand Oaks, CA, personal 

communication). Under process conditions, ether linkages may be expected to produce phenols, 

whereas ester linkages may not. Relative amounts of phenol and cresol in these WSF were 

substantially lower than were observed for similarly-derived WSF from the EDS recycle solvent 

material from the once-through recycle mode, and for other coal liquids with similar solubility 

characteristics, but produced under different operational conditions (Dauble tl..al... 1983; Later fit 

a!., 1985; Wright tlJIL., 1985). 

These studies indicated that feed coal selection may affect the toxicity of a material spilled into 

an aquatic environment. Observed differences with respect to the three EDS materials tested can 

be largely attributed to differences in relative amounts of extractable phenols present rather than the 

chemical composition of the WSF. The amount of material that went into solution, rather than the 

kinds of material in solution, dictated toxicity in this case. Potential differences in acute toxicity 

among the EDS recycle solvents derived from the different ranks of coal may be partly attributable 

to process conditions which were optimized for the specific characteristics of each of the coals. 
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APPENDIX A: KEY TO MASS IDENTIFICATIONS OF :.VMS SPECTRA 



TABLE A-1. Key to Low-Voltage Mass Spectra ofPAH Fractions. Nontinal Masses for 
Alkylated Homologous Series. 

Compound8 Co c, Cz c3 c. c, c. c, c. Cs C,o 

Benzene 78 92 106 120 134 148 162 176 190 204 218 
lndene 116 130 144 158 172 186 200 214 228 242 256 
lndane 118 132 146 160 174 188 202 216 230 244 258 
Naphthalene 128 142 156 170 184 198 212 226 240 254 268 
Acenaphthalene 152 166 180 194 208 222 236 250 264 278 292 
Biphenyl/ 154 168 182 196 210 224 238 252 266 280 294 
Acenaphthene 

Fluorene/Phena- 166 180 194 208 222 236 250 264 278 292 306 
lene 

Phenanthrene 178 192 206 220 234 248 262 276 290 304 318 
Cyclopenta[def]- 190 204 218 232 246 260 274 288 302 316 330 

phenanthrene 
Pyrene/Fl uor- 202 216 230 244 258 272 286 300 314 328 342 
anthene 

Phenyl naphthalene 204 218 232 246 260 274 288 302 316 330 344 
Benzofluorene 216 230 244 258 272 286 300 314 328 342 356 
Cyclopenta[cd]- 226 240 254 268 282 296 310 324 338 352 366 
pyrene/Benzo-
[ghi ]fluor-
anthene 

Chrysene/Benzo- 228 242 256 270 284 298 312 326 340 354 368 
[a] anthracene 

Cyclopentachry- 240 254 268 282 296 310 324 338 352 366 380 
senes/Benzo[a]-
anthracenes 

Phenyl fluorene 242 256 270 284 298 312 326 340 354 368 382 
Benzopyrenes/ 252 266 280 294 308 322 336 350 364 378 392 
Benzofluoranthenes 

Binaphthyls 254 268 282 296 310 324 338 352 366 380 394 
Cyclopentabenzo- 264 278 292 306 320 334 348 362 376 390 404 
pyrenes 

Dibenzofluorenes 266 280 294 308 322 336 350 364 378 392 406 
lndenopyrenes/ 276 290 304 318 332 346 360 374 388 402 416 
Cyclopenta-
chrysenes 

Oibenzanthra- 278 292 306 320 334 348 362 376 390 404 418 
cenes/Phenan-
threnes 

c., 

232 
270 
272 
282 
306 
308 

320 

332 
344 

356 

358 
370 
380 

382 

394 

396 
406 

408 
418 

420 
430 

432 

8 In most cases, only selected isomers are given. The MS data merely provide 
assistance in determining isomer groups, rather than identifying precise mo-
lecular structures. Furthermore, several of the mass assignments can be at-
tributed directly to hydroaromatic species of the PAH-. Increments of- two 
mass units for dihydro-PAH species, four mass units for tetrahydro-PAH spe-
cies, etc. can be used to provide a key for the hydroaromatic compounds. 



TABLE A-2. Key to Low-Voltage Mass Spectra ofNPAC Fractions. Nominal Masses for 
Alkylated Homologous Series. 

Compound8 Co c, c, c, c. c. c. c, c. c. C,o 

Pyridine 79 93 107 121 135 149 163 177 191 205 219 
Indole 117 131 145 159 173 187 201 215 229 243 257 
Quinoline/lso- 129 143 157 171 185 199 213 227 241 255 269 

quinoline 
Azaacenaphtha- 153 167 181 195 209 223 237 251 265 279 293 
lene 

Azaacenaphthene/ 155 169 183 197 211 225 239 253 267 281 295 
Azabiphenyls 

Carbazole 167 181 195 209 223 237 251 265 279 293 307 
Benzoquinolines '179 193 207 221 235 249 263 277 291 305 319 
Benzo[def]carba- 191 205 219 233 247 261 275 289 303 317 331 
zole 

Azapyrene/Aza- 203 217 231 245 259 273 287 301 315 329 343 
fluoranthene 

Azaphenylnaphtha- 205 219 233 247 261 275 289 303 317 331 345 
lene 

Benzocarbazolas 217 231 245 259 273 287 301 315 329 343 357 
Azabenzo[ghi]- 227 241 255 269 283 297 311 325 339 353 367 
fluoranthene/ 
Azacyclopenta-
pyrene 

Azachrysenes/Aza- 229 243 257 271 285 299 313 327 341 355 369 
benzanthracenes 

Azacyclopenta- 241 255 269 283 297 311 325 339 353 367 381 
chrysene 

Azabenzopyrenes/ 253 267 281 295 309 323 337 351 365 379 393 
Azabenzofluor-
anthenes 

Azabinaphthyls 255 269 283 297 311 325 339 353 367 381 395 
Azacyclopenta- 265 279 293 307 321 335 349 363 377 391 405 
benzopyrenes 

Dibenzocarbazoles 267 281 295 309 323 337 351 365 379 395 407 
Azaindenopyrenes 277 291 305 319 333 347 361 375 389 403 417 

c .. 

233 
271 
283 

307 

309 

321 
333 
345 

357 

359 

371 
381 

383 

395 

407 

409 
419 

421 
431 

8 In most cases, only selected isomers are given. The MS data merely provide 
assistance in determining isomer groups, rather than identifying precise mo-
lecular structures. Only pyrrolic and pyridinic NPAC have been considered. 
Hydro-substituted NPAC were also present in most A, fractions and appropri-
ate masses can be determined by addition of two mass units to the parent PAH 
molecular weight for dihydro-substitution, four mass units for tetrahydro-
substitution, etc. 
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TABLE A-3. Key to Low-Voltage Mass Spectra of Hydroxy-PAR Fractions. Nontinal Masses 
for Alkylated Homologous Series. 

Compound8 Co c, c2 c, c. Cs c. c7 c. Cg C,o c .. 

Phenol 94 108 122 136 150 164 178 192 206 220 234 248 
lndenols 132 146 160 174 188 202 216 230 244 258 272 286 
lndanols 134 148 162 176 190 204 218 232 246 260 274 288 
Naphthols 144 158 172 186 200 214 228 242 256 270 284 298 
Acenaphthylenols 168 182 196 210 224 238 252 266 280 294 308 322 
Hydroxybiphenyls/ 170 184 198 212 226 240 254 268 282 296 310 324 
Acenaphthenols 

Hydroxyfluorenes 182 196 210 224 238 252 266 280 294 308 322 336 
Hydroxyphenan- 194 208 222 236 250 264 278 292 306 320 334 348 

threnes/Anthra-
cenes 

Hydroxycyclopenta- 206 220 234 248 262 276 290 304 318 332 346 360 
phenanthrenes 

Hydroxypyrenes/ 218 232 246 260 274 288 302 316 330 344 358 372 
Fluoranthenes 

Hydroxyphenyl- 220 234 248 262 276 290 304 318 332 346 360 374 
naphthalenes 

Hydroxybenzo- 232 246 260 274 288 302 316 330 344 358 372 386 
fluorenes 

Hydroxyi ndeno- 242 256 270 284 298 312 326 340 354 368 382 396 
pyrenes 

Hydroxychrysenes/ 244 258 272 286 300 314 328 342 356 370 384 398 
Benzanthracenes 

Hydroxycyclo- 256 270 284 298 312 326 340 354 368 382 396 410 
pentachrysenes 

Hydroxyphenyl- 258 272 286 300 314 328 342 356 370 384 398 412 
fluorenes 

Hydroxybenzo- 268 282 296 310 324 338 352 366 380 394 408 422 
pyrenes/Benzo-
fluoranthenes 

Hydroxybinaphthyls 270 284 298 312 326 340 354 368 382 396 410 424 
Hydroxycyclopenta- 280 294 308 322 336 350 364 378 392 406 420 434 
benzopyrenes 

Hydroxydibenzo- 282 296 310 324 338 352 366 380 394 408 422 436 
fluorenes 

Hydroxyi ndeno- 292 306 320 334 348 362 376 390 404 418 432 446 
pyrenes 

Hydroxybenzo- 294 308 322 336 350 364 378 392 406 420 434 448 
chrysenes 

8 In most cases, only selected isomers are given. The MS data merely provide 
assistance in determining isomer groups, rather than identifying precise mo-
lecular structures. 
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