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SUMMARY 

The purpose of this investigation was to evaluate any changes in the chem­

ical composition and microbial mutagenicities of two representative solvent­

refined coal (SRC) liquids as a function of exposure time to sunlight and air. 

This information was desired to assess potential health hazards arising from 

ground spills of these liquids during production, transport and use. Results 
of microbial mutagenicity assays using Salmonella typhimurium TA98, conducted 

after exposure, showed that the mutagenicities of both an SRC-II fuel oil blend 

and an SRC-1 process solvent decreased continuously with exposure time to air 

and that the decrease was accelerated by simultaneous exposure to simulated 

sunlight. The liquids were exposed as thin layers supported on surfaces of 

glass, paper, clay or aluminum; but the type of support had little effect on 

the results. The contrast between these results and the reported increases of 

mutagenesis in organisms exposed simultaneously to coal liquids and near­

ultraviolet light suggested that short-lived mutagenic intermediates, e.g., 

organic free radicals, were formed in the liquids during exposure to light. 

The highest activities of microbial mutagenicity in the SRC liquids were 

found in fractions rich in amino polycyclic aromatic hydrocarbons (amino PAH). 
After a 36-hour exposure of the fuel oil blend to air in the dark, the muta­

genicity of its amine-rich fraction was reduced by 65%; whereas a 36-hour expo­
sure in the light reduced the mutagenicity of this fraction by 92%. Similar 

rates of reduction in mutagenicity were achieved in exposures of the process 

solvent. The mutagenicities of other chemical fractions remained low during 
exposure. Analyses showed that most of the amine components of both liquids 

contained less than four aromatic rings and that their concentrations generally 
decreased with exposure time. These results indicate that the microbial muta­

genicities of the two SRC liquids may be expected to gradually decrease if they 
are spilled out of doors, with the rate of decrease dependent on their access 

to air and sunlight. However, one cannot be sure that all of the potential 

health hazards of these materials are reduced by such exposures si nee the _i. 

typhimurium TA98 test system has been reported to be relatively insensitive to 
potential mutagens in fractions of SRC liquids rich in neutral aromatic 

compounds. 
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Electron spin resonance (ESR) measurements on the liquids showed free 

radical concentrations on the order of 5xlo16 unpaired spins per gram before 
exposure. In darkness, this concentration decreased continuously during expo­
sure to air, paralleling the decrease in mutagenicities of the samples. In 
simulated sunlight, the concentration of paramagnetic species rapidly increased 
within the first few minutes of illumination and then decreased with continued 
exposure. This behavior suggested that organic free radicals were the major 
paramagnetic species, although charge-transfer complexes may have also been 

present. The ESR spectra were not sufficiently resolved to identify the chemi­
cal structure of the radicals; however, the lifetimes of the radicals and their 

spectroscopic line-widths and splitting factors were similar to those for radi­

cals produced by photo-oxidation of 2-aminoanthracene, a typical amino-PAH com­
pound. These observations suggest that the expression of mutagenic activity by 
the SRC liquids in~ typhimurium TA98 may involve conversion of their amino­

PAH components to free radicals by oxidation and that these radicals and their 
parent amines are destroyed by extended illumination. 
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INTRODUCTION 

The development of coal liquefaction processes has caused concern about 
the potential toxicity of liquefaction products. Some of these liquids have 

been found to be mutagenic in Salmonella typhimurium TA98 and to initiate tumor 
formation in mice (Wilson et al. 1980; Pelroy and Petersen 1981; Pelroy and 

Wilson 1981; Mahlum and Wilson 1983; Mahlum 1983). Moreover, the mutageni­
cities of some coal liquids and other materials containing polycyclic aromatic 

compounds have been shown to increase during exposure to near-ultraviolet light 
(Larson et al. 1977; Barnhart and Cox 1980; Strniste and Brake 1981; Strniste 

and Chen 1981; Chen and Strniste 1982; Strniste et al. 1982a, 1982b; Selby et 
al. 1983 ). Such exposures could occur if coal liquids were spilled out of 

doors at a production plant or during transport to a combustion site. 

The purpose of this investigation was to evaluate any changes in the chem­

ical composition and microbial mutagenicities of representative solvent-refined 
coal (SRC) liquids as a function of exposure time to sunlight and air. This 

information was desired for assessing potential health hazards arising from 

ground spills of these liquids during production, transport and use. Although 
microbial assays do not always accurately predict the mutagenicities of mate­
rials in mammalian cells, they do provide a relatively inexpensive assessment 
of genotoxicity. 

Two coal liquids were selected for study: an SRC-II fuel oil blend and an 
SRC-I process solvent. These liquids represent pilot-plant-scale materials 
from single-stage, coal-liquefaction processes and are not necessarily repre­
sentative of materials which may eventually be produced commercially. Mutagens 
were highly diluted in these materials, so that concentration by means of frac­
tionation was necessary to evaluate their mutagenicities precisely. Thus, the 
plan for the investigation was to (1) expose each liquid to air in the dark or 
in simulated sunlight under conditions representative of those expected for 
potential spills, (2) separate the products into fractions based on chemical 
class, (3) evaluate the mutagenicities of these fractions as a function of 
exposure time and (4) determine the chemical basis for any changes in muta­
genicity by more-detailed analyses. 
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MATERIALS AND METHODS 

PRE-EXPOSURE HANDLING OF SAMPLES 

An SRC-II fuel oil blend was obtained from the SRC-II pilot plant at Fort 

Lewis, Washington. It was prepared from components produced at the site and 
consisted of 2.9 parts of micdl~ distillate (b.p. = 350 to 550°F) mixed with 1 
part of heavy distillate (b.p. = 550 to 850°F). The mixture was stored at 4°C 
in Teflon-lined, stainless-steel containers, blanketed with nitrogen gas. 
Analyses for the major components in this material have been reported earlier 

(Wright and Weimer 1984). 

SRC-I process solvent was obtained from the SRC-1 pilot plant at 
Wilsonville, Alabama. It was stored in the same manner as described above. 
Analyses for the major components in this material have also been reported 

(Wright and Weimer 1984). 

EXPOSURE OF SAMPLES 

Samples of the SRC liquids were exposed to air for measured periods of 

time in the dark and in simulated sunlight, using the apparatus shown in Fig­
ure 1. This apparatus consisted of an exposure chamber, a thermoelectric cool­

ing plate and a source of simulated sunlight. The exposure chamber was a glass 
dish with a quartz cover plate which transmitted the complete solar spectrum. 

Several different materials were used to support the SRC liquids in the dish in 
order to test for catalytic effects of the support surface during exposure. In 

addition to the glass bottom of the dish itself, Whatman No. 1 filter paper, 
bentonite clay particles, 100 to 500 urn in size, and a plate of aged aluminum 

were used as supports. The latter three materials were selected as representa­
tive of the cellulose, soil and metal surfaces that might be encountered in 
actual spills. Samples were spread thinly on these supports in order to expose 
them uniformly to air and simulated sunlight. A 750-mg portion of liquid was 

spread over the 24-cm2 area of the support, and its temperature was maintained 
at 23°C by placing the exposure chamber on the surface of the cool plate, model 

SK 12, manufactured by Thermoelectronics Unlimited. After the sample was 
placed in the dish, the cover plate was attached with Teflon tape to form an 

airtight seal. 
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FIGURE 1. Apparatus for Exposing Samples to Simulated Sunlight 

Simulated sunlight was supplied by an Oriel solar simulator, model 6720. 

I 

The spectrum of emitted light was adjusted to that of sunlight striking the 

earth's surface at 90° by using optical filters supplied with this instrument. 
The intensity of light was measured with an Eppley pyranometer, model PSP, and 

was adjusted to a value of 1.37 kW/m2, the maximum intensity of sunlight strik­
ing the earth's surface (Stair and Ellis 1968). 
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FRACTIONATION OF EXPOSED SAMPLES 

Following exposure, each sample was extracted from its support, first with 

three 5-cm3 portions of methylene chloride, then with three 5-cm3 portions of 
methyl alcohol. Distilled-in-glass solvents, prepared by Burdick and Jackson 

Inc., were used in each case. The extracts were combined, and the components 
were separated into chemical-class fractions by column chromatography (Later 

et al. 1981). A sample was first separated on alumina into four major 
fractions: (A-1) aliphatic hydrocarbons, (A-2) neutral monocyclic and poly­

cyclic aromatic compounds, (A-3) nitrogen-containing aromatic compounds and 

(A-4) monocyclic and polycyclic phenols. The nitrogen-containing compounds 

were then further separated by column chromatography on silica gel into three 

fractions: (S-1) heterocylic compounds containing secondary nitrogen atoms, 

(S-2) monocyclic and polycyclic aromatic amines (amino-PAH), and (S-3) hetero­
cyclic compounds containing tertiary nitrogen atoms. Following separation, a 

portion of each fraction was dissolved in dimethyl sulfoxide and assayed for 
mutagenicity. The remainder of each fraction was dissolved in methylene 

chloride for chemical analysis. During storage, all solutions were kept at 

-13°C under an atmosphere of nitrogen gas. 

MUTAGENICITY ASSAYS 

Standard plate-incorporation mutagenicity assays were performed using S. 

typhimurium TA98 (Ames et al. 1975). Samples were applied as solutions in 
dimethyl sulfoxide. Assays were run both with and without activation by S-9 

enzymes prepared from liver homogenates of Aroclor-injected rats. Optimum 
concentrations of the S-9 enzymes in the assays were established in preliminary 
experiments. Positive controls for the assays included standard solutions of 
2-aminoanthracene and benzo[a]pyrene. Background frequencies of reversion were 

measured with aliquots of dimethyl sulfoxide. Revertant colonies on the petri 
plates were counted electronically with a Biotran II automated colony counter. 

The mutagenic activity of a chemical fraction was expressed as the number 

of revertant colonies of S. typhimurium TA98 observed per ~g of test material. 

This ratio was estimated by linear-regression analysis of the dose-response 
data. A positive test was considered to be one showing twice the the background 

5 



frequency of revertant colonies. Data were averaged from at least four doses 

which showed a correlation coefficient of 0.8 or greater and an intercept at 

zero dose within 20% of the background for the day. 

CHARACTERIZATION OF SAMPLE COMPONENTS 

Solutions of fractions showing high mutagenic activity were analyzed with 
a Carlo Erba series 4160 gas chromatograph fitted with an electron-capture 

detector. Fractions rich in amino-PAH were treated with pentafluoropropionic 
anhydride to convert those components to the corresponding amides (Later et al. 
1982). The fluorine-substituted amides gave larger signals than the original 
amines and were, thus, more readily distinguishable from other components in 
the fractions. The solutions were injected directly onto a silicone-bonded 
quartz capillary column, type DB-5, prepared by S&J Inc. The injection tem­
perature was 40°C, and the temperature program used increased the column tem­

perature by 8°C per minute to 200°C, and then, by 2°C per minute, to 260°C. 
The retention times of the components were then compared with those for a group 

of 16 aromatic amine standards treated in the same way. Concentrations of 
these amines in the samples were calculated from the area of the identified 

peak, the response factor of the detector for that component and the weight 
fraction of S-2 material in the coal liquid. Some derivatized fractions were 

also analyzed with a Hewlett-Packard gas chromatograph/mass spectrometer, model 
5982A. 

Solutions of the unfractionated coal liquids and their chemical-class 
fractions were analyzed for paramagnetic species, such as organic free radi­
cals, by electron spin resonance (ESR) spectrometry. A Varian spectrometer, 

model E-1600, was used with a 12-inch magnet whose field was modulated at 
100 kHz. Some solutions were examined both before and after exposure to simu­

lated sunlight in the apparatus shown in Figure 1. They were exposed as 
. layers, 0.2 mm in depth. Each sample was passed through a Teflon filter with 

0.22-~m pores, Millipore type FGLP, before being transferred to a quartz sample 
container in the spectrometer. The microwave cavity of the spectrometer con­

tained a slotted window, and some samples were examined while illuminated with 
light from a xenon lamp, Eimac type 150x8R, that was filtered with Pyrex glass 

to simulate the spectrum of sunlight. 
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The ESR signals from the samples were displayed graphically as first 
derivatives of the absorption spectra, and the concentrations of radicals 
giving rise to these signals were measured by double integration of the 
spectra, using a moment balance (Alger 1968). The system was calibrated with a 
standard solution of the stable free radical, a, a'-diphenylpicrylhydrazyl 
(DPPH) in mineral oil. The concentration of radicals in this standard was 
evaluated from its physical density, its optical absorption at 520 nm and the 
molar absorptivity of DPPH, 1.15 x 104 L mol- 1 cm-1 (Henglein et al. 1957). 

For day-to-day calibrations of the spectrometer, a powdered mixture of DPPH in 
sodium sulfate was used. The spectroscopic splitting factor (i.e., g-value) 
and hyperfine splitting of the resonance lines were also examined to help 

identify the chemical structures of the paramagnetic species. 

Since ESR signals can arise from paramagnetic transition-metal compounds 
as well as from organic free radicals and charge-transfer complexes, the con­
centrations of several transition metals in the coal liquids were determined by 
energy-dispersive X-ray fluorescence spectrometry. The samples were analyzed 
with a Kevex spectrometer, model 810a, using Zr and Ag secondary sources. The 
procedure followed was that described by Sanders et al. (1983). 
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RESULTS 

CHANGES IN MICROBIAL MUTAGENICITY DUE TO EXPOSURE 

The S-2 fractions of both SRC-II fuel oil blend and SRC-I process solvent 
were found to contain the highest mutagenic activity, as shown in Table 1. 
These fractions should contain all of the monocyclic and polycyclic aromatic 
amines in the coal liquids. Exposure of the unfractionated liquids to air 
decreased the mutagenicities of their S-2 fractions, and the process was accel­
erated by simultaneous exposure to simulated sunlight. Table 2 lists the muta­

genicities of S-2 fractions from the SRC-11 fuel oil blend as a function of 
exposure. These results, plotted in Figure 2, indicate that the composition 
and texture of the support had little effect on the decrease in mutagenicities. 
Mutagenicity was observed only if the activating enzyme, S-9, was added to the 
fractions before they were assayed. Exposures of SRC-1 process solvent were 
conducted only on glass and paper supports, but similar effects were observed. 
These results are shown in Table 3 and Figure 3. 

TABLE 1. Weight Percentages and Microbial Mutagenicities (TA98) of 
Fractions Separated from SRC Liquids 

SRC-II Fuel Oil Blend SRC-1 Process Solvent 

Mutagenicity Mutagenicity 
Fraction Wei9ht % (revertants/~g ± SE) Weight % (revertants/~g ± SE) 

(Crude)(a) ( 100) (7 ± 1) (100) (11 ± 4) 
A-1 28 0 21 0 
A-2 28 0 37 0 

S-1 5.6 0 8.8 0 

S-2 1.3 283 1.7 235 
S-3 4.4 4 5.5 22 
A-4 26 0 24 0 

Recovery 93 98 

(a) Wright and Weimer, 1984 
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TABLE 2. Microbial Mutagenicities (revertants/~g) of Amine-Rich, S-2 
Fractions from Samples of SRC-11 Fuel Oil Blend Exposed to 2 
Air on Different Supports Either in the Dark or in 1.37 kW/m 
of Simulated Sunlight for Various Time Periods 

Time 
( hr) 

0 

9 

18 
36 

Glass 
Support 

Dark Light 
283 283 

175 
151 
84 

96 
66 
33 

Paper 
Support 

Dark Light 
283 283 
166 
145 
108 

79 
30 
12 

Clay 
Support 

Dark Light 
283 283 

157 
128 
115 

80 
43 

37 

Dark Light 
283 283 

169 
134 

95 

90 
72 

28 

TABLE 3. Microbial Mutagenicities (revertants/~g) of Amine-Rich, S-2 
Fractions from Samples of SRC-1 Process Solvent Exposed ~o Air 
on Different Supports Either in Darkness or in 1.37 kW/m of 
Simulated Sunlight for Various Time Periods 

Time Glass Support Paper Support 
(h r) Dark [igfit Dark [i9fit 

0 235 235 235 235 

9 42 44 125 125 
18 44 26 96 50 
36 55 29 74 6 

Exposure caused little to no increase in the mutagenicities of fractions 
other than S-2, as can be seen from Tables 4 and 5. The A-1, A-2 and A-4 frac­
tions, containing the aliphatic compounds, the neutral aromatic compounds and 
the aromatic phenols, showed no measurable mutagenicity before exposure and 
none after 36 hours in air and sunlight. The S-1 fractions of both liquids, 
containing heterocyclic compounds with secondary nitrogen atoms, were nonmuta­

genic before exposure, but the fraction from the fuel oil blend showed a slight 
mutagenicity after 36 hours of exposure. The S-3 fractions of both liquids 

were slightly mutagenic before exposure and slightly mutagenic afterwards. The 
S-3 fraction of the fuel oil blend increased somewhat in mutagenicity as a 
result of a 36-hour exposure, whereas the S-3 fraction of the process solvent 
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TABLE 4. Microbial Mutagenicities of Fractions Other than S-2 from Samples 
SRC-11 Fuel Oil Blend Ex~osed to Air on Different Supports Either 
Darkness or in 1.37 kW/m of Simulated Sunlight for Various Time 
Periods 

Treatment 
Muta~enicity (revertants/~a) 
A-1 A-2 s-1 s-3 A-- - -

o(a) 0 0 0 4 0 

9LG 0 0 0 

18LG 0 0 0 

36DG 3 18 

36DP 3 17 

36DC 4 24 

36DA 2 20 

36LG 0 0 0 6 0 

36LP 0 13 
36LC 1 15 

36LA 1 19 

(a) Number of exposure hours in darkness 
(D) or light (L) on glass (G), paper 
(P), clay (C) or aluminum (A) 

TABLE 5. Microbial Mutagenicities of Fractions Other than S-2 from Samples 
of SRC-1 Process Solvent Exposed to Air on Different Supports in 
Darkness or in 1.37 kW/m2 of Simulated Sunlight for Various Time 
Periods 

Treatment 
Mutagenicity (revertants/ pg) 
A-1 A-2 s-1 s-3 A-4 - - -

o(a) 0 0 0 22 0 

36DG 0 0 0 15 0 
36LG 0 0 0 3 0 

(a) Number of exposure hours in darkness 
(D) or light (L) on glass (G) or 
paper (P) 
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decreased in mutagenicity during that time period. In both cases, the changes 
in mutagenicity were small compared to those found in the S-2 fractions. 

CHANGES IN CHEMICAL COMPOSITION DUE TO EXPOSURE 

There was no clear pattern of change in the weight distribution of frac­
tions from the coal liquids following exposure to air. The distributions and 

recoveries are listed in Tables 6 and 7. The data for the fuel oil blend sug­
gested a gradual increase in the S-1 fraction with exposure time, but this pat­

tern was not seen in data for the S-1 fraction of process solvent. 

Gas chromatography, gas chromatography/mass spectrometry and ESR spectro­
metry were used to determine the chemical basis for the decrease in mutageni­

city of the S-2 fractions. Over 100 components of the derivatized amine-rich 
fractions were separated by gas chromatography. Concentration data for those 

identified in the fuel oil blend and process solvent after exposure to air and 
sunlight on paper are shown in Tables 8 and 9. Several unidentified components 
in each sample gave rise to chromatographic peaks with larger areas than those 
identified. The values in these tables should therefore be regarded as repre­

sentative rather than as a complete analysis of the samples. Generally, the 
concentrations of both the identified amines and the unidentified components in 

the S-2 fractions decreased with exposure time, and the rates of decrease were 
enhanced by simultaneous exposure to simulated sunlight. Data for representa­
tive components in the coal liquids are plotted versus time in Figures 4 and 5. 
Comparison of these data with those in Figures 2 and 3 shows a marked simi­
larity between the rate of decrease in mutagenicity of the coal liquids with 
exposure time and the rate of decrease in concentrations of the selected amines 
in these liquids. Comparison of chromatographic peak areas with their column­
retention times indicates that the bulk of the components in the amine-rich, 

S-2 fractions of both liquids contained less than four aromatic rings. This 
was confirmed by gas chromatography/mass spectrometry. 

Electron spin resonance (ESR) signals were detected in both SRC liquids, 
indicating the presence of compounds with unpaired electrons (e.g., organic 
free radicals, organic charge transfer complexes or paramagnetic organometallic 
compounds). The ESR spectra for solutions of the coal liquids in toluene are 

shown in Figure 6. Each signal consisted of a single absorption band centered 
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TABLE 6. Weight Distributions of Fractions in SRC-II Fuel Oil ~lend Exposed 
to Air on Different Supports in Darkness or 1.37 kW/m of Simu-
lated Sunlight for Various Time Periods. (All values in percent.) 

Fraction 
Treatment A-1 A-2 $-1 s-2 S-3 A-4 Total - - - -

o(a) 28 28 5.6 1.3 4.4 26 98 

90G 19 29 6.5 1.0 2.7 22 80 
9DP 19 30 5.3 1.2 2.7 24 82 
9DC 14 39 6.4 0.9 2.5 31 94 
9DA 19 35 6.8 1.1 2.9 28 93 

9LG 19 24 4.7 2.3 4.6 33 88 
9LP 23 27 6.7 1.3 1.8 29 89 
9LC 20 25 5.1 1.0 2.3 28 81 
9LA 17 36 6.2 1.2 2.9 30 93 

18DG 15 38 6.1 1.0 3.1 32 95 
18DP 17 34 6.2 1.1 2.9 36 97 
18DC 17 36 11.2 1.3 2.1 32 100 
18DA 17 33 11.7 1.6 3.3 33 100 

18LG 17 37 5.2 1.1 3.3 33 97 
18LP 15 33 5.9 1.4 3.5 36 95 
18LC 18 14 10.3 1.3 2.3 51 97 
18LA 15 34 9.4 1.3 3.5 32 95 

36DG 19 31 11.2 1.3 2.6 34 99 
36DP 20 32 12.2 1.6 2.7 28 97 
36DC 21 26 10.3 1.6 2.9 31 93 
36DA 21 28 9.4 1.3 1.8 36 98 

36LG 17 32 11.3 1.8 3.9 33 99 
36LP 19 32 11.2 2.1 3.4 27 95 
36LC 17 31 11.2 1.9 2.8 36 99 
36LA 16 29 10.4 1.6 3.5 32 92 

(a) Number of exposure hours that the sample was 
exposed to air in darkness (D) or in light 
( L ) on g l ass ( G ) , paper ( P ) , c 1 ay ( C ) or 
aluminum (A) 
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TABLE 7. Weight Distributions of Fractions in SRC-1 Process Solve2t Exposed 
to Air on Different Supports in Darkness or in 1.37 kW/m of 
Simulated Sunlight for Various Periods of Time. (All values in 
percent.) 

Fraction 
Treatment A-1 A-2 s-1 s-2 s-3 A-4 Total - - - - - -o(a) 21 37 8.8 1.7 5.5 24 98 

9DG 25 29 10.3 1.9 5.2 27 98 
9DP 19 41 7.5 1.5 5.2 19 93 

9LG 25 32 9.4 1.8 5.7 26 100 
9LP 14 45 7.8 1.5 6.0 23 97 

18DG 14 44 9.9 1.9 5.2 24 99 
18DP 24 37 7.8 1.8 5.5 20 96 

18LG 12 44 8.8 2.3 5.7 25 98 
18LP 17 39 6.8 1.9 5.7 25 95 

36DG 24 31 9.4 2.0 4.5 25 96 
36DP 29 24 8.1 2.2 5.8 25 94 

36LG 20 36 7.5 2.8 5.9 24 96 
36LP 30 27 6.4 2.0 6.4 22 94 

(a} Number of exposure hours in the darkness (D} 
or light (L) on glass (G) or paper (P} 
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TABLE 8. Concentrations of Components Identified in the Amine-Rich, S-2 
Fractions of SRC-11 Fue1 20il Blend Exposed to Air on Paper in 
Darkness or in 1.37 kW/m of Simulated Sunlight for Various 
Time Periods. (All values in units of ~g/g of SRC liquidJ 

9-Hr Exposure 18-Hr Exposure 36-Hr Exposure 
Component Unexposed Dark [ight Dark [ight Dark Cight 

' -- --
1-aminonaphthalene 12.9 6.1 1.7 1.4 1.0 <0.4 <0.4 
2-aminobiphenyl 5.4 2.4 2.4 2.0 1.7 3.4 2.4 
2-aminonaphthalene 29.2 15.6 4.1 10.2 3.7 8.5 2.7 
3-methyl-2-amino-

naphthalene 10.9 4.4 1.4 2.4 1.0 <0.4 <0.4 
2-aminofluorene 12.2 5.1 1.7 1.7 2.0 2.4 3.7 
9-aminophenanthrene 3.1 0.4 2.0 2.7 0.7 3.1 1.0 
3-aminophenanthrene 4.4 3.4 1.4 1.4 0.4 1.4 0.7 
2-aminoanthracene 4.4 2.7 3.1 2.0 1.4 1.7 2.7 
3-aminofluoranthene 0.4 1.0 0.4 0.4 <0.4 1.0 <0.4 
1-ami nopyrene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
2-ami nopyrene 1.4 0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
8-aminofluoranthene 2.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
6-ami nochrysene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
3-ami nochrysene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 

TABLE 9. Concentrations of Components Identified in the Amine-Rich, S-2 
Fractions of.SRC-I Proce~s Solvent Exposed to Air on Paper in 
Darkness or 1n 1.37 kW/m of Simulated Sunlight for Various 
Time Periods. (All values in units of pg/g of SRC liquid.) 

9-Hr Exposure 18-Hr Exposure 36-Hr Exposure 
ComEonent UneXEOSed Dark Ugflt Dark c, 9nt Dark c, 9nt 

1-aminonaphthalene 14.1 13.2 7.0 11.9 2.6 11.0 2.2 
2-aminobiphenyl 10.6 5.7 5.7 11.4 8.4 6.6 4.4 
2-aminonaphthalene 22.0 19.4 7.9 13.2 3.1 13.2 2.2 
3-methyl-2-amino-

naphthalene 26.4 24.6 14.1 21.6 7.5 19.8 4.8 
4-aminobiphenyl 5.7 4.8 1.3 4.0 1.3 3.5 0.4 
4-aminofluorene 4.4 3.5 2.6 3.5 1.3 3.5 1.3 
2-aminofluorene 4.8 4.8 3.5 4.4 2.2 4.4 2.6 
9-aminophenanthrene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
3-aminophenanthrene 0.9 1.8 1.3 1.8 1.3 1.8 <0.4 
2-aminoanthracene 2.2 0.9 1.8 1.3 2.2 0.9 2.2 
3-aminofluoranthene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
1-ami nopyrene 3.1 1.8 2.2 1.3 3.1 <0.4 2.6 
2-arni nopyrene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
8-aminofluoranthene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
6-ami nochrysene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
3-ami nochrysene <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 <0.4 
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FIGURE 4. Disappearance of Representative Amines in the S-2 Fraction of SRC-II 
Fuel Oil Blend as a Function of Exposure Time to Air on Paper 
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FIGURE 6. Electron Spin Resonance Spectra of (a) SRC-II Fuel Oil Blend and 
(b) SRC-1 Process Solvent as 10% Solutions in Toluene 
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at a y-value very close to 2.0023, the value characteristic of organic free 

radicals and charge-transfer complexes. The concentrations of unpaired elec­

trons in the fuel oil blend and the process solvent were 4.6 x 1016 and 5.2 x 

1016, respectively. Possible contributions to this signal by paramagnetic 

organo-metallic compounds containing transition metals were examined by energy­
dispersive X-ray fluorescence spectrometry. The concentrations of some of 

these metals are listed in Table 10. Those whose concentrations were near or 
exceeded 5 x 1016 atoms/g could account for at least part of the spectra. 

However, these species do not generally show a singlet absorption band at g = 
2.0023, and it was concluded that they probably did not contribute to the 

spectra. 

In simulated sunlight, the total concentration of paramagnetic species in 

each coal liquid increased initially, then decreased with continued exposure. 

This pattern is indicative of free-radical formation and can be seen in data 

for the fuel oil blend shown in Figure 7. These data were obtained by exposing 

solutions of the coal liquids in the apparatus shown in Figure 1, then trans­

ferring the solutions to the spectrometer. The initial increase in concentra­

tion of radicals in the process solvent was not seen by this technique because 

the photo-induced radical disappeared too rapidly. It was observed, however, 

by illuminating the solution of process solvent through the slotted window of 

the spectrometer•s microwave cavity. These results are shown in Figure 8. 

TABLE 10. Concentrations of Metals in Coal Liquids 

SRC-II Fuel Oil Blend SRC-I Process Solvent 

( l:!:g/g) (1016 atoms/g) ( l:!:g/ g) (lo16 atoms/9) 

Ti <5 <6 8 10 
v <4 <4 <3 <3 

Cr <3 <3 6 7 

Mn <2 <2 <2 <2 

Fe 16 17 77 81 

Co <1 <1 <1 <1 

Ni <1 <1 1 1 
Cu 4 4 <1 <1 
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In darkness, the concentrations of paramagnetic species in both liquids 
slowly decreased with time. This is shown in Figure 9. Comparison of these 
data with those shown in Figure 7 shows that the concentrations decreased more 

rapidly in simulated sunlight. 

Paramagnetic species were detected in all but the A-1 fractions of the 
untreated SRC liquids; their concentrations are listed in Table 11. It seemed 
unlikely that these fractions could contain both electron donors and electron 
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TABLE 11. Concentrations of Organic Free Radicals in Fractions from Samples of 
Untreated Coal Liquids (All values in units of radicals/g.) 

Fraction SRC- II Fuel Oil Blend SRC-I Process Solvent 

A-1 <1 X 1013 <1 X 1014 

A-2 2.4 X 1015 4.0 X 1015 

S-1 1.6 X 1016 4.6 X 1016 

S-2 1.2 X 1017 1.7 X 1017 

S-3 1.5 X 1016 5.1 X 1016 

A-4 5.0 X 1016 2.1 X 1016 

acceptors capable of forming a charge-transfer complex. We concluded, there­

fore, that the species were organic free radicals. The S-2 fractions showed 

the highest radical concentrations by factors of at least 3. Also, the con­
centrations of radicals in these fractions were reduced by exposing the SRC 

liquids to air, as shown in Table 12. These reductions were accelerated by 
simulated sunlight as were the mutagenicities of the samples. 

In order to learn more about possible sources of ESR absorption in coal 

liquids, a solution of a representative amino-PAH, 2-aminoanthracene, was pre­
pared in toluene and examined both before and after successive exposures to 

1.37 kW/m2 of simulated sunlight. The solution was exposed outside the 
spectrometer's microwave cavity, and the results are shown in Figure 10. The 

concentration of 2-aminoanthracene, determined by gas chromatography, decreased 
rapidly at this light intensity. Initially, the amine solutions contained no 

detectable radicals, but the radical concentration increased with illumination, 
then decreased below the limit of detection within 10 minutes. The spectrum of 

TABLE 12. Concentrations of Organic Free Radicals in the Amine-Rich, S-2 
Fractions from Samples of Coal Liqui~s Exposed to Air on Glass 
or Paper in Darkness or in17.37 kW/m of Simulated Sunlight 
(All values in units of 10 radicals/g.) 

SRC-II Fuel Oil Blend SRC-I Process Solvent 
Time Glass Su~~ort Pa~er Suf!eort Glass Su~~ort Pa~er Su~eort 
( h r) Dark Light Dark Light Dark Light Dark Light 

0 1.2 1.2 1.2 1.2 1.7 1.7 1.7 1.7 
9 0.8 0.8 0.8 0.8 1.6 1.4 1.7 1.3 

18 0.8 0.6 0.5 0.4 1.4 0.8 1.2 0.9 
36 0.7 0.6 0.5 0.5 1.1 0.8 0.9 0.4 
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the radical derived from photolyzing 2-aminoanthracene was resolved into 19 
lines (Figure 11). However, additional efforts to increase resolution are 
needed to distinguish the chemical structure of the radical unambiguously. 
Identification would require resolution sufficient to correlate the intensities 
of the hyperfine lines with those anticipated from candidate chemical 
structures. 
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DISCUSSION 

The results of this investigation indicate that the microbial mutageni­
cities of SRC-II fuel oil blend and SRC-I process solvent may be expected to 
gradually decrease if these materials are spilled out of doors. Exposure of 
the liquids to air and simulated sunlight for several hours reduced the concen­

trations of the amine components, the predominant source of mutagenicity; and 
any new mutagens resulting from the exposure were relatively ineffective, as 

measured by microbial mutagenicity assays using~ typhimurium TA98. However, 
this assay has been reported to be less sensitive than mammalian-cell systems 

to potential mutagens in the neutral, aromatic (A-2} fractions of the SRC 

liquids (Mahlum et al. 1983}. Thus, one cannot be sure that all of the poten­
tial health hazards of these materials are reduced by exposure to air and sun­

light. 

In these experiments, the samples were purposely exposed as thin layers in 

order to obtain uniform illumination and rapid penetration by oxygen. In con­
trast, the mutagenicities of coal liquids stored under nitrogen gas in the dark 

have been shown to be relatively constant with time, (Wright and Weimer 1984}. 
These results indicate that the rate of decrease in mutagenicity will be 
enhanced by good contact between the spilled liquids and both air and sunlight. 

The contrast between the results of this study and those showing a muta­
genicity-enhancing effect of near-ultraviolet light on coal liquids suggests 
tllat short-lived, photo-induced species, e.g., organic free radicals, may be 
formed in these liquids and that such species can be mutagenic. In this study, 
the products of exposure were tested in the mutagenicity assays several days 
after they were formed. In studies where near-ultraviolet light enhanced the 
mutagenicity of coal liquids and other fuel oils (Larson et al. 1977; Barnhart 

and Cox 1980; Strniste and Brake 1981; Strniste and Chen 1981; Chen and 
Strniste 1982; Strniste et al. 1982a, 1982b; Selby et al. 1983}, the test mate­

rial was illuminated while in contact with the biological organism. This 

latter protocol gives any short-lived photolysis products, whether derived from 
amines or other organic components, more opportunity to diffuse to the deoxy­
ribonucleic acid of the organism and to initiate mutagenesis before reacting 

with air or other substances in their surroundings. 

27 



ESR measurements showed that short-lived organic free radicals were indeed 

formed by exposure of SRC-II fuel oil blend and SRC-I process solvent to simu­

lated sunlight. The concentration of photo-induced radicals attained its maxi­
mum value within a few minutes after illumination began, then decreased rapidly 

below the background concentration of more stable paramagnetic species in the 
liquids. The chemical structures of the photo-induced radicals were not iden­

tified; but the kinetics of their formation and decay, as well as the line­
width and g-value of their ESR absorption signal, were very similar to those 

for radicals produced by photo-oxidation of 2-aminoanthracene in solution. 

Detection of stable paramagnetic species in these coal liquids provides 
further information about their compositions and potential reactivities. It 

was particularly interesting to find organic free radicals in all but one of 
the chemical-class fractions from both coal liquids. The apparent stabilities 
of these radicals may be due to their limited chemical reactivities in glass 
containers exposed to ordinary laboratory light. Stability may also be due to 
a dynamic process of radical formation and destruction in which only a steady­

state concentration of radicals is observed. 

Other bituminous materials have been shown to contain both organic free 
radicals and charge-transfer complexes (Yen and Young 1973). Charge-transfer 
complexes can be distinguished from organic free radicals by the different 
effects of temperature on their ESR spectra (Alger 1968), and such measurements 
are planned for future research in this project. In any case, the presence of 
organic free radicals in a liquid raises the possibility of radical-mediated 
chain polymerizations which may cause the formation of undesirable gums and 
other sediments in these liquids (Frankenfeld et al. 1983). 

The decrease in mutagenicities of the amine-rich, S-2 fractions was 
accompanied by reductions in the concentrations of amino-PAH and organic free 

radicals in these fractions. Both the amino-PAH and their free radicals may 
contribute to the mutagenicities of the fractions. However, in view of the 

enhanced mutagenicity of coal liquids in contact with biological organisms 
exposed to near-ultraviolet light, it seems likely that the radicals are the 

ultimate mutagens and that the amines act as reservoirs for their production by 
means of auto-oxidation or photo-oxidation. It is clear, however, that all 
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radicals are not mutagenic, since some fractions of the SRC liquids, e.g., the 
A-2, S-1 and A-4 fractions, with substantial radical concentrations, showed no 

response in the microbial mutagenicity assay with~· typhimurium TA98. 
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• 

CONCLUSIONS 

It was concluded that if SRC-II fuel oil blend or SRC-I process solvent is 
spilled out of doors, its microbial mutagenicity may be expected to gradually 

decrease. The rate of decrease will depend on the access of the liquids to air 
and sunlight and will be enhanced by conditions that promote uniform illumina­
tion and rapid diffusion of oxygen into all parts of the spilled material • 

It was also concluded that organic free radicals may be important inter­
mediates in the mutagenic action of amino-PAH. Formation of radicals would 
explain the mutagenicity-enhancing effect of near-ultraviolet light on coal 
liquids in contact with biological organisms during illumination. The eventual 

photodegradation of these radicals and their amine precursors would explain the 
decrease in mutagenicities of the SRC liquids examined in this investigation. 
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