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ABSTRACT 

Effects of Age on Toxicity to Freshwater Algae of '.7ater 

Soluble Extracts of Ho. 2 Fuel Oil 

The effects of fresh-prepared, 4-day-aged and 8-day- 

aged Ho. 2 fuel oil water soluble fractions on the growth of 

Selenastrum capricornutum were investigated. The fresh- 

prepared water soluble fraction inhibits both the growth rate 

and cell yield of S. capricornutum. Its toxicity decreases 

after four days but there is still residual toxicity. This 

residual toxicity decreases very slowly; the effects of the 8- 

day-aged water soluble fraction on S. capricornutum are 

comparable with those of the 4-day-aged one. 

The components of the water soluble fractions were iden¬ 

tified by a mass spectrometer interfaced to a gas chromato¬ 

graph. The major components are aromatic compounds, of which, 

the benzene and indene derivatives volatilize '.very quickly. 

Naphthalene and methyl naphthalenes volatilize in four days. 

However, the di-aromatic and tri-aromatic compounds, having 

boiling points higher than naphthalene,are still in 

the medium after 8 days. Sixteen component compounds wei*e 

chosen for chemical analysis and toxicity testing. The 

concentrations of these compounds in the fresh-prepared , 

4-day-aged and 8-day-aged water soluble fractions were 

determined, and their toxicities were investigated by "algal 

lavra" technique. The concentration distribution test on the 

agarized medium shows that the concentrations of naphthalene 



and phenanthrene are comparable at a selected distance after 

diffusing in the medium for four days. The results indicate 

that methyl, dimethyl and trimethyl naphthalenes are more 

toxic than naphthalene. The most toxic compounds are dibenzo- 

furan, fluorene, phenanthrene and dibenzothiophene, v/hich 

have high boiling points. 



TABLE OF CONTENTS 

Introduction 2 

Materials and methods g 

Results and discussions 15 

Conclusions ' 24 

Figures and tables 25 

References 48 



INTRODUCTION 

The rapid increase in utilization of petroleum and 

petrochemicals has resulted in a steadily increasing level 

of petroleum contamination of the environment. The acute 

and chronic petroleum pollution of the marine environment 

has been intensively studied over the past ten years. 

However, petroleum contamination of freshwater may also be a 
i 

more important environmental issue. Storrs cited five major 

sources of petroleum contamination in freshwater, namely: 

oil refinery wastewaters, petrochemical industry wastewaters, 

steel processing facilities, urban storm drainage and 

disposal of used lubricants. Besides these five sources, 

oil also enters the freshv/ater environment through acci- 

2 
dental spills and normal operation of powered watercraft. 

Boyd^ investigated the statistical picture regarding 

discharges of petroleum hydrocarbons in and around United 

States waters. He reported that pollution incidents in 1974 

in inland U. S. were 52% of the total, with the great lakes, 

the Atlantic coast, the Gulf coast and the Pacific coast 

constituting l+%, 18%, 25% and 3% of the volume. 

1 Straughan^ discussed nine factors causing‘environmental 

changes after an oil spill: 1) type of oil spilled; 2) dose 

of oil; 3) physiography of the area of the spill; 4) weather 

conditions at the time of the spill; 5) biota of the area; 

6) season of the spill; 7) previous exposure of the area to 

oil; 8) exposure to other pollutants; and 9) treatment of 

the spill. 
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'The effects of oil and oil products on marine animals 

such as seals, birds, fish and benthic invertebrates are well 

documented. For the healthy seals, surface exposure to light 

crude oil for 24 hr only damages their eyes, whereas the 

stressed seals die v/ithin 71 minutes on the same exposure.^ 

After exposure to oil, birds are more susceptible to lethal 

and adverse effects.^on the other hand, the susceptibili- 

ty of fishr * *Ji and invertebrates to oil pollution varies 

from species to species. However, several conclusions were 

made: 1) refined products are usually more toxic than crude 

oils; 2) estuarine and benthic species are often more tole¬ 

rant than oceanic species; 3) larvae and juveniles are more 

sensitive than the adults. 

Since algae are the base of the food chain in aquatic 

environments and phytoplankton are responsible for a majority 

of the primary productivity, toxicity studies of both macro 

and microalgae have received considerable attention. Toxic 

effects of crude oils on algae varies from species to species. 

Host are resistant to crude oils, ^ and those that are 
1 q in OC\ 

damaged often recover rapidly. * y* Investigations of the 

21 
effects of a spill of fuel oil along the coast of Washington 

revealed heavy mortality of three species of red algae and 

12 
one species of brown algae. Flow-up studies showed that 

the flora of the cove had returned to pre-spill distribution 

and abundance after 18 months with the exception of one 

sensitive brown alga, Laminaria sp. 



The effects of No. 2 fuel oil, Nigerian crude oil and 
3 

used crankcase oil cn the metabolism of benthic algal 

communities were investigated by Eott.^ He found that 

exposure depressed net primary productivity of algal commu¬ 

nities. The degree of depression -depended on the type of 

oil and- its concentration. No. 2 fuel oil exerted the great¬ 

est toxicity. 

25 Hsiao studied the effects of crude oils on the growth 

of arctic marine phytoplankton. The green flagellates of the 

genus Chlamydomonas sp, were the most tolerant and had a 

greater ability to resume growth, while diatoms were more 

sensitive and had little or no ability to resume growth. 

26 
Gordon and Prouse , using a radiocarbon method, examined 

the effects of Venezuelan crude oil, No. 2 fuel oil and No. 6 

fuel oil in the photosynthesis of marine phytoplankton. 

They inhibited photosynthesis, and the degree of inhibition 

depended upon the type and concentration of oil. No. 2 fuel 

was the most toxic. Under certain conditions, low concentra¬ 

tions of Venezuelan crude oil stimulated photosynthesis. 

The effects of water soluble materials extracted from 

27 
oils have also been investigated. Nuzzi ' found that the 

toxicities of water soluble materials extracted from No. 2 

fuel oil, No. 6 fuel oil and outboard motor oil to axenic 

cultures of Phaeodactylum tricornutum. Skeletonima costatura^ 

Chiorella sp. and Chlamydomonas sp. were quite different. 

The water-soluble constituents in No, 2 fuel oil were more 



L 
toxic to phytoplankton cultured axenically, though they also 

had an effect on natural phytoplankton populations. The water 

soluble material from Ho. 6 fuel oil had little effect on 

the populations while those from outboard motor oil seemed 

to stimulate the growth of many species studied. 

Dunstan exposed cultures of four phytoplankton to 

solutions with different concentrations of benzene, toluene 

and xylene. A variety of growth responses by marine micro¬ 

algae was observed. The degree of influence by these aro¬ 

matic hydrocarbons varied with type of compound, concentra-' 

tion and algal species. 

The toxic effects of water soluble extracts from two' 

crude oils and No. 2 fuel oil on six species of marine 
pa 

phytoplankton were investigated by Pulich He found 

differences in sensitivity to fuel oil extracts among those 

species, Extracts from the two crude oils were not toxic. 

’./inters^ studied the toxic effects of water soluble 

extracts from four fuel oils to six species of marine phyto¬ 

plankton, which includéd two bluegreens, two greens, and 

two diatoms. The water extracts from the four fuel oils 

showed considerably different inhibitory effects on growth 

of the six microalgae. Different growth responses were shown 

by each algae to a single water extract or by a single orga¬ 

nism to the four different extracts. He advesed extreme cau¬ 

tion in generalizing on the toxicity of a given oil to given 

organism. He isolated and characterized phenalen-1-one from 
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the v;ater soluble fraction of ho. 2 fuel oil,^1 which had 

two very different effects on the growth of microalgae, an 

abrupt tonicity with bluegreen algae, which was independent 

of wavelength. However, the tonicity was strongly wavelength 

dependent with two green algae. In white light, 250 ppb 

was lehtal. With a sharp cut yellow filter (530 nm), the 

growth rate was not affected until the concentration reached 

10 ppm. 

The toxicity of crude oil and its components to fresh- 
p 

water algae was investigated by Kauss. He suggested that 

rapid loss of volatile compounds lowers the toxicity of oils, 

and he found differences in toxicity of selected aromatic 

components of crude oils, e.g., benzene, toluene, o-xylene 

and naphthalene. He also believed that the differences in 

toxicity were related to an increase in méthylation. The al 

algae he studied were found to differ markedly in their res¬ 

ponse to oil spills, varying from considerable suppression 

of growth to stimulation. 

Soto-^,^if compared the effects of naphthalene and 

extracts from crude oil on the growth and photosynthesis 

of the green flagellate Chlamydomonas angulosa. Extracts 

from crude oil inhibited the growth, but the effects were 

loss severe than those exerted by naphthalene. The addition 

of naphthalene to C, angulosa cultures caused an immediate 

and almost complete loss of photosynthetic capacity. But 

the photosynthetic capacity was decreased only when cells 



v;ere incubated in closed systems with media containing 

aqueous crude oil extracts. 

According to all the experiments discussed above, do. 2 
,Q 

fuel oil is the most toxic. Anderson"1 has investigated the 

hydrocarbons in the seawater soluble fractions of k different 

oils: South Louisiana crude oil; Kuwait crude oil; Ko. 2 fuel 

oil; and Bunker G residual oil. The water soluble fractions 

of the crude oils had higher total hydrocarbon concentrations 

and were richer in light aliphaticsoand single ring aromatics 

than the water soluble fractions of the refined oils. How¬ 

ever the water soluble fractions of two refined oils had 

significantly higher concentrations of diaromatic hydrocar¬ 

bons. 

Smith and MacIntyre^ reported that the medium mole¬ 

cular weight aromatic hydrocarbons in fuel oil comprise the 

greatest portion of dissolved compounds in sea water. 

Predominant are the methyl and dimethyl naphthalenes. The 

dissolution of the lower molecular weight aromatics seemed 

to be offset by their high rate of evaporation, while the 

high molecular weight aromatics were less affected because 

of their low solubilities. 

Since fuel oil is a refined product which is a mixture 

of compounds fractionated from crude oil at 375° to 725°F, 

and the boiling points of toxic diaromatic and triaromatic 
q 

hydrocarbons fall within this temperature range; the concen¬ 

tration of these compounds is higher in fuel oil than in 

crude oil. It was generally agreed that the higher toxicity 
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of fuel oil than crude oil is due to these aromatic corn- 

rounds. 

Two interesting questions which emerge from the above 

are : 1) what is the behavior of high molecular weight 

aromatic compounds in terms of degrees of toxicity? and 

2) what would the physical state of the compounds be after 

they were dissolved in water from oil spill or other inci¬ 

dence? 

If the high molecular weight aromatic compounds had 

very high toxicity and they stayed in aqueous solution for 

quite a long period, then their effects on the biological 

system could not be ignored. .Several articles related to 

these questions are discussed below. 

2 
Kauss found that differences in the toxicity of 

benzene, toluene, o-xylene and naphthalene to freshwater 

algae were related to increased méthylation. Boylan and 

Tripp^ reported that naphthalene and other naphthalene 

related compounds, which were identified in the aqueous 

extracts of oils, were the most toxic components to marine 

animals, lleff^ found that the toxicity of aromatic 

compounds to marine animals increased with increasing mole¬ 

cular size from benzene to phenanthrene, and the alkyl analo¬ 

gues were more toxic than the parent compounds. 

The toxic effects of water soluble fractions of Kuwait 

crude oil, South Louisiana crude oil, No. 2 fuel oil and 
•zg 

naphthalene on five freshv/ater algae were tested by Coffey. 



The two crude oils exhibited no inhibitory effects on any of 

the test algae, 'later soluble fractions of ho. 2 fuel oil 

were more toxic and inhibited cell yields of all test algae. 

In one case, the cell yields of the green alga gelenactrum 

carriesrnuturn were reduced to 17% of its normal yields by 

i;o. 2 fuel oil water extract, while the extract which was 

aged for 72 hr inhibited the cell growth to 67% of its 

normal value. Saturated naphthalene solution, due to rapid 

volatilization, did not inhibit Selenastrum canricornutum. 

The above papers suggest that the origin of the toxicity 

of aged No* 2 fuel oil is related, at least to some extent, 

to high molecular weight aromatic compounds. This research 

concerns the toxicity of the aged water soluble fraction of 

No. 2 fuel oil on the growth of freshwater phytoplankton. 

Experiments were specifically designed to : 

1) find out the origin of the toxicity of aged water 

soluble fraction of No. 2 fuel oil, and 

2) compare the toxicity of diaromatic and triaromatic 

compounds which are found in aged water soluble fractions 

of No. 2 fuel oil with that of naphthalene. 



MATERIALS AI!u METHODS 
9 

Organisms and Experimental Culture Systems 

The test alga Selnastrum canricornutum was obtained 

in unialgal culture from Carolina Biological Company. 

The algal culture was purified of contaminating bacteria by 

using the spray plating method (Hoshaw and Rosov/ski, 1973).-^ 

The axenic cultures were tested periodically for bacteria 

contamination by both microscopic inspection and by visual 

inspection of inoculated organic carbon enriched nutrient 

medium after k8 hr incubation in the dark. 

Basic microbiological techniques (Collins and Lyne, 
70 

1976;° v/ere employed throughout the experiments to maintain 

axenic systems. Stock- cultures of log phase cells were 

maintained under the experimental culture conditions to be 

described and v/ere transferred to fresh sterile medium 

every 72 hr. All glassware used in these experiments v/ere 

washed in laboratory detergent, rinsed thoroughly with de¬ 

ionized water and autoclaved at 13 psi and 121°C for 15 min. 

Transfer pipettes were either sterilized plastic disposable 

or glass, washed and autoclaved. 

The liquid phycological medium used in these experiments 

v/as the basal nutrient medium developed for the algal assay 
xo 

procedure (National Eutrophication Research Program, 1971)•“" 

The medium v/as prepared from deionized v/ater and reagent 

grade chemicals (Table I). The medium v/as routinely autto- 
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clave:! (autoclave, AMS CO Laboratory) for 15 min at 15 psi and 

121°C; the final pH was between 6.3-7.0 at room temperature 

and atmospheric pressure. 

20 ml algal cells were grown in cotton stoppered 125 

ml Erlenneyer flasks. Flasks were incubated in a Psycro- 

therm Controlled Environment Incubator Shaker (Hew Brunswick 

Scientific Co.) (Fig. 1). Incubation temperature was mainta 

maintained at 25 0,5 °C. The flasks were shaken at 100 

rpm to facilitate mixing and gas transfer. Lighting was 

provided by six two-foot cool-white high output fluorescent 

tubes (General Electric Co.) from below. Light intensity was 

measured by an illumination meter (Y/eston Instrument Inc.). 

Translucent plexiglass was used to diffuse and filter the 

light to uniform 600+20 ft-c. Cell counts of undiluted algal 

suspensions were determined by using a Spencer Bright-Line 

hemocytometer and a binocular compound microscope. Tripli¬ 

cate cultures were used for each experiment. 

Preparation of Water Soluble Fraction of No. 2 Fuel Oil 

The No, 2 fuel oil tested in these experiments was 

obtained from the American Petroleum Institute through Dr, 

J, M, Neff of Texas A&M University, 

The V/SF (water soluble fraction) of No. 2 fuel oil was 

prepared by laying 1 part of oil over 10 parts of sterile 

EPA+N medium in a 2 liter or 4 liter sterilized Pyrex bottle 

with the medium slowly stirred (50 rpm) by a 1,5 inch teflon- 

coated bar for 24 hr at room temperature. The bottle was 
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stoppered to minimize evaporation of any volatile hydro¬ 

carbon, The stirring speed was adjusted so that the vortex 

did not extend more than 25% of the distance from the top to 

the bottom of the container. After mixing, the oil and the 

aqueous phase v/ere allowed to separate for 1 to if hr before 

the aqueous phase was drawn off from the bottom of the bottle 

The resulting hydrocarbon saturated medium was sterilized by 

filtering through a 0.45 p- filter paper (Gelman Instrument 

Co. ) . 

Fresh-prepared, if-day-aged and 8-day-aged v/SFs were 

chosen for both chemical analyses and toxicity tests. For 

aging the V/SF, each 100 ml fresh-prepared hydrocarbon satura¬ 

ted medium was put into a 500 ml cotton stoppered flask and 

incubated for if days or 8 days under the same condition as 

for incubating algal cultures. Temperature was 25±0.5°C, 

light intensity was 600+20 ft-c, and the shaking rate was 

100 rpm. After the specific time period, the contents were 

used for chemical analysis and algal growth test. 

Qualitative and Quantitative Analysis of Water Soluble 

Cornu ound.s 

Ï/SF (400 ml) was extracted with 15 ml of pentane (spec- 

troquality, Matheson Co.) 3 times. The resulting extract was 

dehydrated with 3 grams of anhydrous MgSO^. After filtration 

the extract was evaporated to 2 ml under a stream of zero 

grade nitrogen. Pentane (1ml) was added to rinse the con- 
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tainer and the resulting concentrated pentane extract was 

used for qualitative and quantitative analyses. . 

GC-Mass spectra were obtained by a Finnigan 4023 quadru- 

pole mass spectrometer interfaced to a Finnigan 9610 micro¬ 

processor controlled gas chromatograph and equipped with an 

IÎIC0S 2300 data system (Finnigan Corporation). The experi¬ 

mental conditions for talcing the mass spectra were as follows 

ionising energy = 70 ev, emission current = 350^amp, source 

temperature = 25Q°C. 

A Hewlett-Packard 5700a gas chromatograph equipped with 

flame ionization detectors was employed for quantitative 

analysis. Peak areas were determined by triangulation. 

Glass columns of 6 ft by 1/4 in were used in all analysis. 

The column packings utilised were y/ô uV-17 on 100/200 mesh 

Gas Chrom ^ and 5% FFAP on 80/100 mesh Gas Chrom. Q. FFAP has 

been used for identifying components in 7/3F of fuel oils ( 

7/inters et al, 1976^°, Nicol et al, 1977^°), while OV-17 has 

been used for analysing organic compounds in drinking water' 

(Kleopfer, 1976).^ The OV-17 column was also used in the 

GCM3 system. Temperature programming was routinely employed 

in all tests with initial temperature at 60°C for 4 min and 

rising to 220°C at a rate of 4°C/min. Carrier gas (N2) flow 

rate was 20 ml/min. Detector temperature was 350°C. 

Toxicity Test of Pure Compounds 

Toxicities of pure chemicals were tested by the "algal 
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lawn" technique (Pulich, 1974;29 V/inters, 1976^°). Algal 

cells at log phase stage (final concentration = 8500 cells/ml) 

were added to agarized 2PA+N medium (]% Bifco agar) at 42-45°C 

20 ml of the medium was then mixed thoroughly before plating 

onto plastic petri dishes. The test materials, dissolving 

in absolute ethanol, were applied to the embedded algal cells 

by soaking them into antibiotic sensitivity discs (12.7 mm * 

I»D., Cchleicher&Schuell Inc.), Discs were sterilized and 

dipped in the specific solution for 1 min. They were then 

placed directly on the agar. The plates were sealed with 

masking tape and incubated in light (600 ft-c) at 25°C for 

8-10 days. The radius of the inhibition zone (Fig. 2) was 

measured by a ruler. 

Toxicities of 17 compounds were examined. These 17 

compounds were chosen basing on the results of mass spectra 

of V/8F of No. 2 fuel oil and information elsewhere ( 

Anderson et al,® V/inters et al,-^ Nicol _et al,^0 Bieri^2). 

The sources of these chemicals and the concentrations tested 

are shown in Table 2, 

Concentration distribution analyses were performed 

on naphthalene and phenanthrene after they had diffused in 

the agar medium for 4 days. Agar rings (2mm wide, 2.24 g) 

were severed from the plates at 24-26 mm from the rim of the 

discs. Each agar ring was homogenized and stirred for 35 min 

in 25 ml of distilled chloroform (Matheson Coleman & Bell) 

in a covered 100 ml beaker. The homogenate was then 



ni under a stream of zero gr solution evaporated to O.G 

1^2 at 70°C, The concentrated extract v.'as then analysed 

quantitative gas chromatography. 



RESULTS AND DISCUSSIONS 
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The rates of growth of Selenastrum capricornutum in 

different media are shown in Fig. 3» The growth kinetics 

and cell yields of S. canricornutum are shown in Table 3. 
The water soluble fractions of No. 2 fuel oil inhibited 

algal growth even after aging for 8 days. The algae growing 

in medium containing fresh-prepared water soluble fractions 

had very long lag phase and the growth rate was significantly 

slower than those of the algae in media with 4-day-aged and 

8-day-aged water soluble fractions. The lag phases of those 

algae growing in media with 4-day and 8-day aged, water 

soluble fractions were comparable with the control which had 

no extract in it. However, their growth rates and cell 

yields were significantly lower than those of the control. 

There was no significant difference between 4-day-aged and 

8-day-aged samples in terras of groxvth rates, cell yields and 

lengths of lag phases. The results indicated that the toxi¬ 

city decreased after being aged for four days, but there was 

residual toxicity which decreased very slowly. 

The gas chromatogram of fresh-prepared water soluble 

fractions of No. 2 fuel oil on OV-17 is shown in Fig. 4. The 

identities of selected peaks are presented in Table 4. Mass 

spectra of peaks #1 to #12 indicated that they were benzene 

and indene derivatives. These compounds were not chosen for 

toxicity test because they volatilized very quickly. Sixteen 

other compounds were chosen for chemical analyses and 
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toxicity tests. Their structures are shown in Table 5. All 

these sixteen compounds have been identified previously as 

components of water soluble fractions of Ho. 2 fuel oil,0*^*^ 

In this study, naphthalene, methyl naphthalenes, dimethyl 

naphthalenes, trimethyl naphthalenes, dibenzofuran, fluorene 

and phenanthrene were identified in the ÏÏSF by analysing 

structural information from GC-Hass spectra and by comparing 

GC retention times with commercially available standards. 

The identities of benzothiophene, indole, 2-methyl indole, 

3-methyl biphenyl and dibenzothiophene could not be verified 

by the mass spectra possibly because of the presence of 

minute amount of contaminant eluted off the column together 

with the above compounds. However, since these peaks had 

exactly the same retention times as the standards on two 

different liquid phases (OV-17 and FFAP), and since they have 

been identified previously, they were also chosen for the 

tests. 

At the end of the gas chromatogram (Fig. 4), there 

were three big peaks. Mass spectra showed that these were 

diisobutyl, dibutyl and butyl isobutyl phthalate esters. 

The deionized water used in these experiments was extracted 

and concentrated by the same method and there were three 

small peaks on the gas chromatogram. However, they did not 

overlap with any of those sixteen test compounds and the 

phthalate esters. Phthalate esters have not previously been 

identified as components of petroleum products. Their origin 
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coulé 

tubes 

less 

that 

be due to contamination from plastic containers or 

. The aquatic toxicity of phthalate esters is much les 

than that of naphthalene.^ It is reasonable to assume 

these compounds contribute little to the toxicity of 

aged water soluble fractions of ho, 2 fuel oil. 

Quantitative analysises were performed on a G ft FFAP 

column. The gas chromatograms of fresh-prepared, 4-day-aged 

and 8-day-aged water soluble fractions of Ho. 2 fuel oil are 

shown in Fig. 3»G,7* The identities of the peaks are shown 

in Table 6,7*3. The concentrations of the mentioned 16 

compounds found in ÏÏSF are listed in Table 9. After being 

aged for four days, naphthalene, methyl naphthalenes and 

those compounds with shorter GC retention times than naphtha¬ 

lene disappeared. Dimethyl naphthalenes, trimethyl naphtha¬ 

lenes, indole, dibenzofuran, fluorene and phenanthrene 

persisted in the sample even after being aged for eight days. 

The concentrations of the major components in the fresh- 

prepared water extract of No. 2 fuel oil has been determined 

by Anderson0 and Hicol^ . Some of their values are shown in 

Table 10. In comparison, the concentrations of naphthalenes 

reported in this study are relatively higher. It may be 

possibly due to the higher solubility of aromatic compounds 

in freshwater than in seawater (Sganhouse & Calder, 1976)^. 

However, the concentration of 3-methyl biphenyl is too high, 

there could be other compounds eluted in the same peak. 

The results of toxicity test using algal lawn technique 
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are shown in Table 11,12. The important discoveries here 

are as follows: 1) aromatic compounds studied have the toxici- 

ties either comparable or greater than naphthalene, 2) the 

residual toxicity for aged Nc. 2 fuel oil can be attributed 

to the compounds studied in this project, 3) the trend of 

increasing in toxicity of those compounds parallels their 

increasing in boiling points, i.e., the higher the boiling 

point, the greater the toxicity. 

In order to minimize a misinterpretation of data owing 

to the intrinsic properties of the compounds, some considera¬ 

tions must be given to the phenomena of volatilization and 

molecular diffusion. 

Since naphthalene is the most volatile among the test 

compounds, its vapor pressure and amount of volatilization 
hR 

were calculated according to the following equations^"-: 

loglQ P = (-0.2183 A/°K) + B 

for naphthalene A = 17065.2, B = 11.at 25°C 

The calculated vapor pressure for naphthalene is 0.08 mm Hg, 

and the amount of naphthalene volatilized is 2.76x10“^g. 

Since the minimum concentration of naphthalene solution used 

in the experiment was 2,000 ppm, and the amount of the 

solution absorbed by the disc was 0.13 ml, the total amount 

of naphthalene on the disc would be 2.6x10“^ g. Thus, the 

upper limit of volatilization of naphthalene is estimated to 



be approximately 10%. If the concentration of the naphthalene 

solution is 10,000 ppm, the percentage of volatilisation 

would be only 2%. The 10% upper limit can also be applied 

to all other compounds. 

The second parameter which must be considered regarding 

the algal lawn technique is molecular diffusion. The 

relative diffusion coefficients of the compounds studied 

are estimated by the following equation^ 

DAB = 7.4 X JO-8 X ( f X MB ) 

where D°p = mutual diffusion coefficient of solute A in 
solvent B 

/ = association parameter of solvent B 

Mg = molecular weight of solvent B 

T = temperature (°K) 

jin = viscosity of solvent B 
XJ 

= molal volume of the solute 

for the same solvent 

(D^Dg) = (Vg/V^ 

where D, 

D, 

V. 

V. 

the diffusion coefficient of compound 1 

the diffusion coefficient of compound 2 

the molal volume of compound 1 

the molal volume of compound 2 

Assuming the diffusion coefficient of naphthalene to 

be 1.0, the relative diffusion coefficient of each compound 

is calculated and shown in Table 13. The maximum difference 

between any one coefficient of the test compounds and that 
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of naphthalene is 2.0%, 

The mathematical equations used to calculate the mean 

distance of diffusion in a finite time are described 

elsewhere.^ Assuming a finite mass of substance, Cm, can be 

positioned at the origin,. x=y=z=0, the following equations 

can be applied to solve the three dimensional problem. 

C = f (x,y,z) 

m 

3C TV32C , d2C . a2Cs 

* = D(a~ 7? 7? 
at time t = 0 

f(0,0,0,0) = C 

f(x,0,0,0) = 0 

f(0,y,0,0) = 0 

f(0,0,z,0) = 0 

the solution is 

f(x,y,z,t) = 
'm 

2 2 2 2 r = x+y+z 

2 2 2 / x +y +z x 
-i 2exp(- i p-r ) 

(4 Dt)1,:? 

f(r,t) = m 
^ exp (- T~) 

(4 Dt) * ^ Z|-Dt 
(1) 

Equation (1) is used in a system with no diffusion 

boundary. In this study, the substance diffuses in the 

agarized medium in the petri dish. Furthermore, the total 

mass at the origin can not be considered as a point source. 

However, since the rates of diffusion of these compounds are 

very small (Fig. 8), this equation can be used to get an 

approximation. 

One test was performed to examine the distribution of 



test compounds after they have diffused in the medium for if 

days. Naphthalene and phenanthrene we re chosen for this test 

and the method is described in the Materials and Methods. 

After naphthalene and phenanthrene have diffused for 4 days, 

their concentrations measured at 24-26 mm from the rim of 

the disc were determined by quantitative GC to be 0.20 ppm 

and 0.22 ppm, respectively. By substituting these values 

into equation (1), the diffusion coefficients are calculated 

to be 0.89x10”^ for phenanthrene and 0.87x10“^ for naphtha- 
£ 

lene. Based on this results, a value of 0.90x10“° was chosen 

as an estimated diffusion coefficient for all the test 

compounds because of their similarities in structure and 

molecular weight,. The concentration of the test compounds 

vs the distance from the center of the petri dish is shown 

in Fig. 8. The time dependence of concentrations of the 

test compounds at a selected distance was shown in Fig. 9. 

Based on the results of the inhibition zone measurements 

the conclusion that compounds with higher boiling points are 

more toxic than those with lower ones is drawn. Here, naph¬ 

thalene and benzothiophene are the least toxic ones. 

Pulich^ used the same method to investigate the effect 

of pure hydrocarbons on the growth of two marine algae. 

Although a comparison of the zones of inhibition of naphtha¬ 

lene to those of methyl and dimethyl naphthalene showed that 

the later were significantly more toxic, the conclusion that 

the toxicities of phenanthrene and fluorene were not higher 

than naphthalene was also obtained. The divergent result 
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between Pulich's and this study is probably due to the higher 

solubilities of these two compounds in freshwater. 

Since o-toluidine was found to be very toxic to some 

blue-green algae,it was also examined by the algal lawn 

technique. However, its toxicity turned out to be less than 

that of fluorene and phenanthrene. 

The origin of the toxicity of the aged water soluble 

fraction is probably due to the presence of aromatic 

compounds with low evaporating rate and high toxic effect. 

Naphthalene^,^il',^ and low molecular weight aromatic 

compounds e.g., benzene, toluene, xylene, can volatilize very 

quickly.Mackay^ investigated the concentrations of 

low molecular weight aromatic compounds present in aqueous 

solution. Their impact in aquatic biota may be considerably 

reduced because of their rapid volatilization. Smith and 

MacIntyre^ reported that initial weathering of fuel oils 

in sea water caused the volatilization of components with 

boiling points less than 270°C and the initial rates of loss 

were concentration dependent. Mackay and Wolkoff^ derived 

a equation to predict the rates of volatilization of low- 

solubility contaminants in water assuming that they follow 

first order kinetics. 

dC/dt = -kC 

where C = concentration of organic compounds 

t = time 

k = rate constant 
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and 

k = (EP M, x 106/C x 18GP ) hr"1 
VI S vV 

where 3 = gms of water evaporating per hour 

= vapor pressure of pure material 

I-L = molecular weight of the organic compound (gm) 

C = solubility of the organic compound (ppm) 
s 

G ■•= gms of water containing the chemical 

P = vapor pressure of water 
w 

18 = molecular weight of water 

The ratio of two different rate constants was calculated as 

Vk2 = *VlMi,°s2 7 Cs,Pv2Mi2 

Mackay also measured the aqueous solubility of some 

polynuclear aromatic hydrocarbons (Table 1 Zf). If the vapor 

pressures of the compounds are available, the rate constants 

of evaporation can be calculated in the selected system. 

Despite the open nature of the experimental system and 

the vigorous mixing during extraction which would have vola¬ 

tilized some low molecular weight aromatic compounds and 

thus minimized their effects on the test alga, the inhibition 

of algal growth by the aged water soluble fractions of the 

No. 2 fuel oil is apparent. 

Finally, the residual toxicity of the water soluble 

fraction of No. 2 fuel oil appears to be the same no matter 

if they are aged for 4 days or 8 days. A future investiga¬ 

tion with longer experimental period is valuable in under¬ 

standing the nature of this residual toxicity. 
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1) The v/ater soluble fractions of No. 2 fuel oil inhibit 

the growth of S. canricornuturn. The toxicity of the water 

soluble fractions decreases after being aged for four days 

but there is still residual toxicity. This residual toxi¬ 

city decreases very slowly; the effects of the 8-day-aged 

water soluble fraction on S. canricornuturn are comparable , 

with those of the 4-day-aged one. 

2) The major components of the water soluble fraction are 

aromatic compounds; of which, the benzene and indene deri- 

vatives-volatilized very quickly, .Naphthalene, methyl na- 
• ' • 

1 

phthalene volatilized in four day£. 

3) Dimethyl/ naphthalenes, trimethyl naphthalenes, indole, 

dibenzofuran, fluorene and phenanthrene persist in the 

sample even after being aged for eight days. 

4) The results of. toxicity test indicate that methyl and 

dimethyT“naphthalenes are more toxic than naphthalene. The 

most toxic compounds are dibenzofuran, fluorene, phenanthrene 

and dibenzothiophene, which have high boiling points. 

5) The origin of the toxicity of the aged water soluble 

fraction is probably due to the presence of aromatic compounds 

with low evaporating rate and high toxic effect. 

6) Some future investigations are suggested. First, it is 

expected that all of these aromatic compounds are UV active 

and the UV effect should be examined. Second, the synergistic 

effects of all test compounds and the phthalate esters which 

are found in the water extracts should be examined. 
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control 
j thermostat 

Figure 1• Psycrotherm controlled environment incubator 

shaker 
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\ 
\ 

the size Nof inhibition zone On/n) 

Fig. The measuremant of inhibition zone 
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3 / 

No. 2 fuel oil. Column : 5% FFAP on 80/100 mesh Gas 

Chrom Q. Recorder speed 0.1 inch/min. 
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fFigure i. Gas chromatogram of 4-day-aged WSF of 

No. 2 fuel Column : 3% FFAP on 80/100 mesh Gas Chrom 

Q. Recorder speed 0.1 inch/min. 
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Chrom Q.' Recorder speed 0.1 inch/min. 
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Figure *?, The concentration vs time at the distance 

2*5 cm from the rim of the disc (D = 0.9x10”^) 



. Table I Basal Nutrient Medium with a Tenfold Increase 3k 

in Nitrate Nitrigena 

Compound Concentration 

  
mg/1 

NaNO^ 255.0 

K-HPO. 
2 k - 1•044 

MgCl2 5.7 

MgSO^^^O 14.7 

CaCl2*2H20 4.41 

NaHC03 15.0 

ug/1 

H3BO^ 185.52 

MriCl2 264.27 

ZnCl2 32.7 

CoCl2 0.78 

CuCl2 0.009 

Na2Mo0^.2H20 7.26 

FeCl^ 96.0 

Na2EDTA«2H20 300.0 

aNational Eutrophication Research Program, 1971^ 
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The compounds of the peaks shown on the Figure 4 
37 

compound peak 
number compound 

methyl benzene 

dimethyl benzene 

dimethyl benzene 

24 fluorene 

25 dibenzothiophene 
26 phenanthrene 

ethylmethyl benzene 

trimethyl benzene 

trimethyl benzene ' 

dihydroindene 
dihydromethyl indene 

tetramethyl benzene 

dihydromethyl indene 

dihydromethyl indene 

tetrahydronaphthalene 

naphthalene 

benzothiophene 

2-methyl naphthalene 

1- methyl naphthalene 

indole 

1.2- dimethyl naphthalene 

2,6-dimethyl naphthalene 

dimethyl naphthalene 

1,4-dimethyl naphthalene 

2.3- dimethyl naphthalene 
2- methyl indole 

3- methyl biphenyl 

dibenzofuran 

2,3»5-trimethyl naphthalene 



Table £, The structures of the test compounds 

naphthalene 03 
1- methyl naphthalene 

2- methyl naphthalene 

1,2-dimethyl naphthalene 

1,4-dimethyl naphthalene 

2,3-dimethyl naphthalene 

2,6-dimethyl naphthalene J&r 
2,3>5-trimethyl naphthalene 

benzothiophene 0? 
indole 

2-methyl indole 

3-methyl biphenyl 

dibenzofuran 039 
fluorene 

phenanthrene 

dibenzothiophene 
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Table 6. Identification of the peaks shown in Fig. 5 

peak number compound 

1 naphthalene 

2 benzothiophene 

3 2-methyl naphthalene 

4 i-methyl naphthalene 

5 1,2-dimethyl naphthalene 

2,6-dimethyl naphthalene 

6 dimethyl naphthalene 

7 1,4-dimethyl naphthalene 

2,3-dimethyl naphthalene 

8 3-methyl biphenyl 

9 dimethyl naphthalene 
10 2,3»5-trimethyl naphthalene 
11 dibenzofuran 

12 fluorene 

13 indole 

14 2-methyl indole 

15 dibenzothiophene 

16 phenanthrene 



Table 7. Identification of the peaks shown in Fig. 6 

peak number compound 

5 1,2-dimethyl naphthalene 

2,6-dimethyl naphthalene 

7 1,4-dimethyl naphthalene 

2,3-dimethyl naphthalene 

8 

10 

11 

12 

13 

14 

15 

16 

3-methyl biphenyl 

2,3y 5-trimethy1 naphthalene 

dibenzofuran 

fluorene 

indole 

2-methyl indole 

dibenzothiophene 

phenanthrene 
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Table 8. Identification of the peaks shov/n in Fig. 7 

peak number compound 

5 1,2-dimethyl naphthalene 
2,6-dimethyl naphthalene 

7 1,4-dimethyl naphthalene 
2,3-dimethyl naphthalene 

8 3-methyl biphenyl 
10 2,3,5-trimethyl naphthalene 

11 dibenzofuran 
12 fluorene 

13 indole 

16 phenanthrene 
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Table 9. Concentrations of the test compounds found in the 

fresh-prepared, 4-day-aged and 8-day-aged water soluble 

fractious (WSF) of No. 2 fuel oil 

wumjjuuiiu 
fresh- 
prepared 

4-day- 
aged 

8-day- 
aged 

naphthalene 1.10 0 0 

1-methyl naphthalene 0.40 0 0 

2-methyl naphthalene 0.75 0 0 

1,2-dimethyl naphthalene 
2,6-dimethyl naphthalene 0.14 o. 046 0.036 

1,4-dimethyl naphthalene 
2,3-dimethyl naphthalene 0.12 0,066 0.056 

2,3»5-trimethyl naphthalene 0.083 0.041 0.030 

benzothiophene 0.056 0 0 

3-methyl biphenyl 0.18 0.083 0.065 

dibenzofuran 0.068 0.027 0.014 

indole 0.056 0.029 0.023 

2-methyl indole 0.017 0.004 0 

fluorene 0.033 0.014 0.009 

phenanthrene 0.024 0.008 0.004 

dibenzothiophene 0.007 0.003 0 
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Table 10. Concentrations of some components of water 

soluble fraction from No. 2 fuel oil (Anderson8, Nicol^0). 

compound concentration (onm) 
a* b** 

naphthalene 0.84 0.87 

1-methyl naphthalene 0.34 0,36 

2-methyl naphthalene 0.48 0.51 

dimethyl naphthalenes O.24 0.42 

trimethyl naphthalenes 0.03 - 

benzothiophene - 0.14 

methyl biphenyls 0.014 - 

indole and methyl indole - 0.12 

fluorene 0.009 - 

phenanthrene 0.010 - 

dibenzothiophene 0.004 — 

* : Anderson (1974). 1part oil : 9 parts 20% artificial 

seawater, mixed for 20 hr. 

** Nicol (1977). 1 part oil : 8 parts seawater, mixed 

for 24 hr. 
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Table 13. Relative diffusion coefficients of the test 

compounds 

compound 
relative 
diffusion 
coefficient 

naphthalene 1 

methyl naphthalene 0.94 

dimethyl naphthalenes 0.88 

trimethyl naphthalenes 0.84 

benzothiophene 1.04 

3-methyl biphenyl 0.83 

indole 1.17 

2-methyl indole 1.02 

dibenzofuran 1.01 

fluorene 0.94 

dibenzothiophene 0.80 

phenanthrene 0.80 

o-toluidine 1.09 



Table 14. Solubility of some polynuclear aromatic 

hydrocarbons in water 
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compound solubility (nm) 

in freshwater* in seawater** 

naphthalene 3U7 ± 0.26 20 ± 2 

1-methyl naphthalene 28.3 ± 0.3 - 

2-methyl naphthalene 25.4 ± 0.2 - 

1,4-dimethyl naphthalene 11.4 t 0.1 - 

2,3-dimethyl naphthalene 3.0 ± 0.01 - 

2,6-dimethyl naphthalene 2.0 ± 0.02 2.4 ± 0.5 

1,4,5-trimethyl naphthalene 2.1 ± 0.1 - 

2,3,6-trimethyl naphthalene - 1.7 ± 0.6 

fluorene 1.98 ± 0.04 0.8 i 0.2 

phenanthrene 1.29 ± 0.07 0.6 ± 0.1 

* : Mackay and Shiu (1977)^ 

** : Rossi and Neff (1978)^ 
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