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FOREWOQRD

This document reports the results of the chemical analysis and toxicological testing of
process materials sampled during the operation of the Advanced Coal Liquefaction Research and
Development Facility (Wilsonville, AL) in the reconfigured, integrated (RITSL run #247), the
close-coupled, reconfigured, integrated (CCRITSL run #249), and the Wyodak coal integrated
(ITSL run #246) two-stage liquefaction operating modes. Chemical methods of analysis
included proton nuclear magnetic resonance spectroscopy, adsorption column chromatography,
high resolution gas chromatography, gas chromatography/mass spectrometry, and low-voltage
probe-inlet mass spectrometry. Toxicological evaluation of the process materials included a
histidine reversion assay for microbial mutagenicity, an initiation/promotion assay for
tumorigenicity in mouse skin, and an aquatic toxicity assay using Daphnia magna. The results
of these analyses and tests are compared to the previously reported results derived from the
Illinois No. 6 coal ITSL and nonintegrated two-stage liquefaction (NTSL) process materials from
the Wilsonville facility.
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EXECUTIVE SUMMARY

The chemical composition and toxicological activity of the coal liquefaction products and
internal process stream materials from the reconfigured, integrated two-stage liquefaction
(RITSL) process, the close-coupled, reconfigured, integrated two-stage liquefaction (CCRITSL)
process, and the integrated two-stage liquefaction (ITSL) process using a sub-bituminous
Wyodak coal as a feedstock have been evaluated as part of an effort to define the potential health
effects of advanced coal liquefaction technology. All coal-derived liquids were produced at the
Advanced Coal Liquefaction Research and Development Facility in Wilsonville, AL. The RITSL
process configuration consisted of a first-stage thermal liquefaction unit followed by a second-
stage hydrotreater unit with critical solvent deashing after the second-stage. The CCRITSL
process was operated the same way as the RITSL process, except that no cooling down or
heating up of products occurred prior to the second-stage in the close-coupled mode. Critical
solvent deashing was prior to the second-stage hydrotreater reactor in the ITSL process.

Chemical analyses were performed using the following methods: proton nuclear
magnetic resonance spectroscopy, 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 reversion
microbial mutagenicity assay, an initiation/promotion mouse skin tumorigenicity assay, and a
static bioassay with the freshwater invertebrate Daphnia magna.

Chemical analyses and mutagenicity testing of the RITSL and CCRITSL product and
internal process stream coal liquids indicated there were generally no significant differences
between the samples from the close-coupled versus the non-close-coupled configuration. There
was, however, slight evidence of retrograde reactions occurring in the RITSL process as
compared to the CCRITSL process probably due to the cooling down step in the former versus
the latter process. The first-stage products of both processes had compositions generally higher
in nitrogen-containing polycyclic aromatic compounds (NPAC) and hydroxy-substituted
polycyclic aromatic hydrocarbons (hydroxy-PAH) and had compositions generally lower in
aliphatic hydrocarbons (AH) and hydroaromatic hydrocarbons than did the second-stage
products. These results corresponded to slightly increased mutagenic responses in the first-stage
products versus the second-stage products. Increased tumorigenic response was also noted for
the hydrotreater feed (a first-stage internal process stream coal liquid) versus the second-stage
heavy distillate product. The coal liquids of higher boiling ranges (particularly the bottoms
products) had increased NPAC and hydroxy-PAH contents with correspondingly decreased AH
contents as compared to the lower boiling range matenals from the same process.

vii



The RITSL, CCRITSL, and ITSL (Wyodak) coal liquids all had the same major
individual components present in their isolated fractions as have been identified in other two-
stage direct coal liquefaction products, with their concentrations dependent upon the boiling
range of the sample. All the coal liquids in the present study expressed low microbial mutagenic
activities, also consistent with other two-stage liquefaction materials studied to date. The
tumorigenicity of the CCRITSL heavy distillate product was the same as the tumorigenicities of
comparable distillate products from the ITSL and nonintegrated two-stage liquefaction (NTSL)
processes from the same pilot plant. Similar to other coal liquids, the aquatic toxicities of the
RITSL distillate products were related to their water solubility, with the more water soluble coal
liquid expressing increased acute toxicity to Daphnia magna.

Compared to the ITSL (Illinois No. 6) products, comparable ITSL (Wyodak) products
were of a generally lower molecular weight range and had increased AH content and decreased
hydroxy-PAH content.
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INTRODUCTION

The U.S. Department of Energy (DOE) has supported the chemical analysis and
toxicological evaluation of coal liquefaction products to better define the potential health effects
and industrial hygiene concerns of coal liquefaction technology. This research has been
performed as a component of research and development into advanced coal liquefaction
technology as a means of utilizing domestic supplies of coal to produce petroleum-substitute
fuels. The purpose of this report is to present data from the chemical and toxicological
characterization of products and internal process stream materials from three different
configurations of the Advanced Coal Liquefaction Research and Development Facility in
Wilsonville, AL. The three configurations of the pilot plant included the reconfigured, integrated
two-stage liquefaction process (RITSL, run #247), the close-coupled, reconfigured, integrated
two-stage liquefaction process (CCRITSL, run #249), and the integrated two-stage liquefaction
process with a subbituminous Wyodak coal used as feedstock (ITSL, run #246). Results from
the analyses of these process materials will be compared to the results obtained from ITSL
process materials derived from a bituminous Illinois No. 6 coal reported by Later (1985).
Evaluations of process considerations will be made for the following conditions: critical solvent
deashing placement either prior to or after the second-stage hydrotreater reactor (ITSL versus
RITSL process materials); close-coupled versus non-close-coupled mode (CCRITSL versus
RITSL process materials); and feedstock coal rank (TTSL process materials derived from Illinois
No. 6 versus Wyodak coals).

Chemical analyses were performed to determine the compositions of the materials
preduced from the different two-stage, direct coal liquefaction processes. Gross chemical
compositional differences were determined by proton nuclear magnetic resonance (nmr)
spectroscopy and fractionation using adsorption 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 RITSL, CCRITSL, and
ITSL (Wyodak) products and internal process materials. Selected fractions were analyzed by
high resolution gas chromatography (HRGC), gas chromatography/mass spectrometry
{GC/MS), and low-voltage probe-inlet mass spectrometry (LVMS) to determine the qualitative
and quantitative composition of the individual constituents present in the fractions.

Three toxicological assays were used on selected crude products and chemical class
fractions to better identify the potential overall environmental hazard of the coal-derived liquids.
Three assays were chosen since each one tends to be sensitive to the presence of particular



classes of compounds. For example, microbial mutagenic activity of coal liquids generally
predominates in the NPAC, particularly the amino-substituted PAH (Later et al. 1982, Wilson et

al. 1980). The microbial mutagenicity of the RITSL, CCRITSL, and ITSL (Wyodak) coal-
derived liquids was measured using the standard histidine reversion assay with Salmonelia (S.)
typhimuriwm, TA98. The tumor initiating activity was evaluated using the initiation/promotion
(I/P) assay for mouse skin tumorigenicity. Generally, increased tumorigenicity has been noted to
correspond to increased boiling range and increased PAH content of coal liquids (Wright et al.

1985). The ecotoxicity of the water-soluble fractions (W SF) of two RITSL distillate products
was evaluated using a static bioassay with Daphnia (D.) magna. The toxicological properties of
the coal liquids' WSF mainly reflect the presence of highly soluble phenolic constitutents (Dauble
etal. 1982, 1983).



ENGINEERING AND SAMPLES

A schematic diagram of the RITSL and CCRITSL processes is shown in Figure 1.
Briefly, these direct coal liquefaction processes consisted of a first-stage ebullated bed thermal
liquefaction unit followed by a second-stage hydrotreater unit with critical solvent deashing after
the second-stage. Sample locations are enumerated in the figure and refer to the descriptions and
sample numbers given in Table 1. Both the Pacific Northwest Laboratory (PNL) identification
numbers and the Wilsonville pilot plant identification numbers are given for all samples. The
RITSL samples were from run #247 of the Wilsonville pilot plant. The CCRITSL samples were
from run #249 of the same plant. Both runs were with bituminous Illinois No. 6 coal. The
operating conditions of the CCRITSL process were the same as the RITSL process, except the
former was run in the close-coupled mode with no cooling down or heating up of products prior
to the second-stage. The ITSL (Wyodak) samples were from run #246 of the Wilsonville pilot
plant operated in the ITSL mode using a sub-bituminous Wyodak coal. In this mode, the critical
solvent deashing step was after the first-stage reactor and prior to the second-stage reactor. The
analyses of ITSL products and a description of the process conditions when using a bituminous
Illinois No. 6 coal as feedstock were given by Later (1985). All samples studied were from pilot
plant origin, and, as such, may not be considered to be representative of commercial products.
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TABLE 1. Reconfigured, Integrated Two-Stage Coal Liquefaction Sample Descriptions

PNL Number (50378-); Pilot Plant Number

Sample RITSL CCRITSL ITSL (Wyodak)
No.2 Description Run #247% Run #249¢ Run #2464
1 Naphtha or Light Fuel Oil; -093; 40688 -136; 53483
T-104; V-170; Overheads
2 First-Stage Distillate Product; -094; 40690 -135; 53481 -111; 35582
T-102, P-171; Overheads
3 Thermal Liquefaction Unit -095; 40689 -137; 53485
Distillate Process Solvent;
T-102; Tray 8; V-178
4 Thermal Liquefaction Unit -096; 40691 -142¢; 53501
Product: T-102; Bottoms -143f; 53512
5 Hydrotreater Unit Feed; -097; 40692 -146; 53489 -112; 35579
V-1064; Blend Tank -1478; 53522
6 Hydrotreater Unit Light -098; 40693 -148; 53492 -113; 34370
Distillate Product; V-1078; -149h; 53608
<500°F
7  Hydrotreater Unit Heavy -100; 40694 -1391; 53491
Distillate Product; V-1074; -101; 40695
>500°F, Less Resids and Ash
g Hydrotreater Unit Vacuum -099; 40696 -144¢e; 53497
Flash Bottoms; V-1082; Resids -145f; 53456

and Ash; Critical Solvent
Deashing Feed

aNumbers refer to sampling points shown in Figure |

bSampled 11/13/84

¢Sampled 8/20/85 unless otherwise noted
dSampled between 6/13/84 and 8/8/84
¢Sampled at 1500 hours

fSampled at 2300 hours

£Sampled 8/21/85

hSampled 8/22/85

iSampling point V-1072



TABLE 1. Continued

PNL Number (50378- ); Pilot Plant Number

Sample RITSL CCRITSL ITSL (Wyodak)
No.? Description Run #2470 Run #249¢ Run #246d
9 Critical Solvent Deashing -102; 40698 -1408; 53517
Thermal and Light Thermal -141f; 52504
Resids; KM: V-101A
10 Recycle Pasting Solvent; -103; 40699 -138; 53486 -114; 35591
V-131B; Blend of 7and 9
11 Critical Solvent Deashing -104; 40697 -1502; 53514
Ash Concentrate; KM: V-107 -152h; 53510

aNumbers refer to sampling points shown in Figure 1
bSampled 11/13/84

cSampled 8/20/85 unless otherwise noted

dSampled between 6/13/84 and 8/8/84

¢Sampled at 0330 hours

fSampled at 1630 hours

8Sampled 1500 hours

hSampled 2300 hours



CHEMICAL ANALYSIS
Proton Nyclear Magnetic Resonance Spectroscopy

Proton nmr spectra were obtained on a Varian XL-300 instrument for the crude RITSL
and CCRITSL heavy distillate products. Aliquots of the crudes were dissolved in about 20 pl of

deuterated chloroform and sealed in 1.7-mm capillary tubes. Chemical shifts are reported in
parts per million (ppm) with respect to tetramethylsilane (TMS).

A i lumn Ch
Aluming

All RITSL, CCRITSL, and ITSL (Wyodak) samples were fractionated by chemical class
according to the method described by Later er al. (1981) and Later and Lee (1933).
Approximately 100 mg were sequentially eluted from standardized alumina (1.5% H,O; Later,
Wilson and Lee 1985) with 20 ml hexane, 50 ml benzene, 70 ml chloroform:ethanol {(99:1 v:v),
and 50 ml methanol. The chemical class fractions produced were AH, PAH, NPAC, and
hydroxy-PAH. The weight percent contribution of each fraction was determined gravimetrically.
The critical solvent deashing ash concentrates were solvent extracted in a Soxhlet extractor for
24 h with approximately 180 ml benzene:methanol (3:1 v:v). The dried and weighed extracts
were then separated on neutral alumina as above. The organic extractables in the ash were
approximately 25% by weight.

Picric-Acid- A

The hydroaromatic compounds were isolated from the RITSL and CCRITSL hydrotreater
feeds, heavy distillate products, and recycle pasting solvents 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 ml hexane to obtain the AH (PA ), 40 ml methylene

chloride:hexane (3:97) to obtain the hydroaromatic compounds (PA;), 30 ml 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.
HighR ion h h

The AH, PAH, NPAC, and PA, fractions isolated from the RITSL, CCRITSL, and

ITSL (Wyodak) coal liquids were analyzed at 5.0 mg/ml dilutions in benzene (unless otherwise
noted) by HRGC using a Hewlett-Packard (HP; Avondale, PA) 5880A gas chromatograph



equipped with a 15- or 30-m x 0.25-mm-ID fused silica capillary column coated with 0.25-um
film thickness DB-5 (I & W Scientific, Folsom, CA). The oven was temperature-programmed
to 3009C at 3 or 4°C/min after 2 min isothermal at 50°C. Splitless injection was used with
helium as the carrier gas at 50 cm/sec linear velocity. The injection port and flame ionization
detector (FID) were operated at 275 and 300°C, respectively. Components were identified by
retention index (Lee et al. 1979; Vassilaros er 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 ez al. (1984)
using 2-chloroanthracene as an internal standard (ISTD). 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. PAH and NPAC fractions were
analyzed at 10.0, 5.00, and 2.50 mg/ml with averaged results and standard deviations of the
mean for selected components reported in parts per thousand (ppt) for each particular fraction.
When no quantitative values are reported, either no data was collected or none was detected
above approximately 25 ppm in a particular fraction. PAH and NPAC fractions were futher
monitored for the presence of nitrogen-containing components by simultaneous injection onto
two 15-m x 0.25-mm-ID fused silica columns coated with 0.25 pm film thickness bonded
methyl (5% pheny]) silicone gum (Quadrex Corp., New Haven, CT) according to the method of
Wright (1984). One column was connected to the universal FID, while the other column was
connected to the nitrogen-specific nitrogen-phosphorus detector (NPD).

Gas Chromatography/Mass Spectrometry (GC/MS)

GC/MS analyses were performed on an HP-5985 quadrupole mass spectrometer
interfaced with an HP-5840 gas chromatograph equipped with a 15-m x 0.25-mm-ID DB-5
fused silica capillary coumn (J & W Scientific, Folsom, 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). AH, PAH, NPAC,
and PA, fractions isolated from the RITSL, CCRITSL, and ITSL (Wyodak) coal liquids were

analyzed.

Low-Voltage Probe-Inlet Mass Spectrometry

The PAH, NPAC, and hydroxy-PAH chemical class fractions isolated from the coal
liquefaction materials were analyzed by LVMS using a Vacuum Generators (VG; Manchester,
England) ZAB 2-F double-focusing mass spectrometer operated in the electron impact mode with
ionizing electron energies of 10-12 eV. Each sample (10 to 20 ug) was loaded into a glass

8



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 mass
spectrometer scanned repeatedly throughout the desorption period. The ZAB 2-F 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 250°C, 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
icrobi

Standard agar-plate mutagenicity assays were performed as described by Ames, McCann
and Yamasaki (1975) using S. ryphimurium, 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 II automated colony counter. The specific mutagenic activities of the crudes and
chemical class fractions isolated by alumina column chromatography are expressed as revertant
colonies of S. typhimurium, TA98 per ug of test material (rev/pg), 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/P on Tumorieenicity A

The L'P mouse skin tumorigenicity assays were performed on the CCRITSL hydrotreater
feed and heavy distillate product as described by Mahlum (1983) using female CD-1 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 available ad libitum .
Prior to administration of test materials, the animals were ear-tagged for unique identification,
weighed, shaved, and assigned to a test group, 30 animals per group. One g of each test material
was diluted to a total volume of 2.0 ml with methylene chloride, and 50 1 of the diluted material
were applied to the shaved backs of the mice (approximately 25 mg dose per mouse). Two
weeks after initiation, 5-lg 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, usuaily weekly. Animals were observed regularly for tumor growth, and the number

S



of tumnors per animal was counted biweekly. The data are expressed as the total number of
tumors per group of 30 mice, the mean number of tumors per mouse * standard deviation
normalized to groups of 30 mice, and as the percent incidence.

Aquatic Toxici

Aquatic toxicities of the water-soluble fractions (WSF) derived from the RITSL light and
heavy distillate products (50378-098 and -101, respectively) were 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 light and heavy distillate
products 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.

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 gas chromatography
was conducted to determine phenol composition according to methodology outlined by Dauble &
al. (1982, 1983). Total nitrogen base concentrations were determined by HRGC with a NPD
(Thomas, 1984).

Paired tests were conducted one week apart using a WSF from each of the RITSL light
and heavy distillate products. The 48 hour LCsq (lethal concentration for 50% of the organisms)

values were determined by the graphical method (APHA 1980). Toxicity thresholds are
expressed as percent WSF and as TC, based on dilution of measured stock solution.
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TABLE A-1. Key to Low-Voltage Mass Spectra of Polycyclic Aromatic Hydrocarbon
Fractions. Nominal Masses for Alkylated Homologous Series.

Compound? Co € € C C Cs Cg C; Cg Cg Cio Ciy
Benzene 78 92 106 120 134 148 162 176 190 204 218 232
Indene 116 130 144 158 172 186 200 214 228 242 25 270
Indane 118 132 146 160 174 188 202 216 230 244 258 272
Naphthalene 128 142 156 170 184 198 212 226 240 254 268 282
Acenaphthaiene 152 166 180 194 208 222 236 250 264 278 292 306
Bipheny1/ 154 168 182 196 210 224 238 252 266 280 294 308

Acenaphthene
Fiuorene/Phena- 166 180 194 208 222 236 250 264 278 292 306 320
lene
Phenanthrene 178 192 206 220 234 248 262 276 250 304 318 1332
Cyclopenta[def]- 180 204 218 232 246 260 274 288 302 316 330 344
phenanthrene
Pyrene/Fluor- 202 216 230 244 258 272 286 300 314 328 342 356
anthene
Phenylnaphthalene 204 218 232 246 260 274 288 302 316 330 344 2358
Benzofluorene 216 230 244 258 272 286 300 314 328 342 35 370
Cycliopentaf{cd]- 226 240 254 268 282 296 310 324 338 352 366 380
pyrene/Benzo-
[ghilfluor~
anthene
Chrysene/Benzo- 228 242 256 270 284 298 312 326 340 353 368 1382
[a]lanthracene
Cyciopentachry- 240 254 268 282 29% 310 324 338 352 366 380 394
senes/Benzo[a]-
anthracenes
Phenylfluorene 242 256 270 284 298 312 326 340 354 368 382 3%
Benzopyrenes/ 252 266 280 294 308 322 336 350 364 378 392 406
Benzofluoranthenes
Binaphthyls 254 268 282 296 310 324 338 352 366 380 3%4 408
Cyclopentabenzo- 264 278 292 306 320 334 348 362 376 390 404 418
pyrenes
Dibenzofluorenes 266 280 284 308 322 336 350 364 378 392 406 420
Indenopyrenes/ 276 290 304 318 332 346 360 374 388 402 416 430
Cyclopenta-
chrysenes
Dibenzanthra- 278 292 306 320 334 2348 362 376 390 404 418 432
cenes/Phenan-
threnes

n most cases, only selected isomers are given. The MS data merely provide
assistance in determining isomer groups, rather than identifying precise mo-
Furthermore, several of the mass assignments can be at-

Jecular structures.

tributed directly to hydroaromatic species of the PAH.
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.

A-1
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TABLE A-2. Key to Low-Voltage Mass Spectra of Nitrogen-Containing Polycyclic
guqmanc Compound Fractions. Nominal Masses for Alkylated Homologous
eries.

COITIpOUnda CQ Cl CZ C3 C4 C5 Cs C7 CS Cg C10 Cll
Pyridine 79 93 107 121 135 149 163 177 191 205 219 233
Indole 117 131 145 159 173 187 201 215 229 243 257 271
Quinoline/lIso- 129 143 157 171 185 199 213 227 241 255 269 283

quinoline
Azaacenaphtha- 153 167 181 195 209 223 237 251 265 279 293 307
lene
Azaacenaphthene/ 155 169 183 197 211 225 239 253 267 281 295 309
Azabiphenyls
Carbazole 167 181 195 209 223 237 251 265 279 293 307 321

Benzoquinolines “179 193 207 221 235 249 263 277 291 305 319 333

Ben%o[def]carba- 191 205 219 233 247 261 275 289 303 317 331 345
zole

Azapyrene/Aza- 203 217 231 245 259 273 287 301 315 329 343 357
fluoranthene

A*apheny]naphtha- 205 219 233 247 261 275 289 303 317 331 345 359
ene

Benzocarbazoles 217 231 245 259 273 287 301 315 329 343 1357 37N

Azahenzo[ghi]- 227 241 255 269 283 297 311 325 339 353 367 381
fluoranthene/

Azacyclopenta-

pyrene

Azachrysenes/Aza- 229 243 257 271 285 299 313 327 341 355 369 383
benzanthracenes

Azacyclopenta= 241 255 269 283 297 311 325 339 353 367 381 395
chrysene

Azabenzopyrenes/ 253 267 281 295 309 323 337 351 365 379 1393 407
Azabenzofliuor-

anthenes
Azabinaphthyls 255 269 283 297 311 325 339 353 367 381 1395 409
Azacyclopenta- 265 279 293 307 321 335 349 363 377 1391 405 419
benzopyrenes

Dibenzocarbazoles 267 281 295 309 323 337 351 365 379 395 407 421
Azaindenopyrenes 277 291 305 319 333 347 361 375 389 403 417 431

2In most cases, only selected isomers are given. The MS data merely provide
assistance in determining isomer groups, rather than identifying precise mo-
lecular structures. 0Only 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
moiecular 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-Substituted Polycyclic
Aromatic Hydrocarbon Fractions. Nominal Masses for Alkylated Homologous

Series.

Compound® Co € € € C¢ Cs C C Cg Cq Cio Cyy
Phenol 94 108 122 136 150 164 178 192 206 220 234 248
Indenols 132 146 160 174 188 202 216 230 244 258 272 286
Indanols 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
Acenaphthylencis 168 182 19 210 224 238 252 266 280 294 308 322
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 1386
fluorenes

Hydroxyindeno- 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 29 310 324 338 352 366 380 394 408 422
pyrenes/Benzo-

fluoranthenes

Hydroxybinaphthyls 270 284 298 312 326 340 354 368 382 39 410 424
Hydroxycyclopenta- 280 294 308 322 336 350 364 378 392 406 420 434
benzopyrenes

Hydroxydibenzo- 282 29 310 324 338 352 366 380 394 408 422 436
fluorenes

Hydroxyindeno- 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

470 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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