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ABSTRACT 

,----NOTICE-------, 

This report was prepared as an account of work 

sponsored by the United States Government. Neither the 

United States nor the United States Department of 

l:.nergy , nor 1ny of theu employees, nor any of their 

c:ontuctors, subcontractort, or their employees, makes 

any warranty, express or implied, or auumes any legal 

li.lbillty or responsibility for the accuracy, completeness 

or usefulness of any information, apparatus, product or 

process disclosed, or represents that its uae would not 

infrin&e privately owned rights. 

.Polcyclic aromatic hydrocarbons (PJl.H) commonly occur in Hastes from 

pyrolysis of biogenic fuels. Because some PAH are knm·m carcinogens, 

understanding of t'heir environmental behavior and persistence is criti­

cal to determining their potential hazard to man. ~lhile many pt~ocesses · . 

may remove or transform PAH in aquatic ecosystems> sever a 1 may be parti-

cular~y important in determining the fate of PAH in most systems. labo- · 

ratory measurement of the rates of various pr~ocesses under. controlled 

conditions are identifirig those critical parameters of environmental · 

transport \·t~ere more detailed research is nece$sary. 

Anthracene \·/as selected as a representative PAH due to its inter­

mediate molecular and its lack of carcinogenicity. Rates of photolysis> 

hydrolysis, volatilization, and microbial degradation of anthracene \·tere 

measured under different environmental conditions using fluorimetric and 

radi otracer techniques. Equi 1 ibrium constants for processes such as 

sorption and bi oaccumul at ion \'tere a 1 so determined. 

1Research sponsored by the Division of Biomedical and Environmental 

Research, U. S. Departrnent of Energy under contract ~·tith H-7405-eng-26 

Union Carbide Corporation. 

-2Publication No. 1175, Environmental Sciences Division, ORNL 
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,, Results of the study indicated that photolysis and microbial 

degradation within the \·tater column are likely to be the dominant 

path\'lays. of anthracene remova 1 from aquatic system_s. f·1ore re.search is 

needed to ascertain· the degree to \'thi ch microbial degradation rates 
. . 
observed in this study are representative of other PAH contaminated 

··systems. Further _study of· the role of microbial ·degradation in bedded 

sediments in removing PAH· s from the \•later column is also necessary. 

Key Words: Anthracene,_ Polycyclic Aromatic Hydrocarbons, 

· Transformation, Persistence, Degradation, Transport, 

Volatilization, Photolysis, Microbial Degradation, 

Bioaccumulatinn. 
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INTRODUCTION 

Po-lycyclic aromatic hydrocarQons (PAH} are important constituents 

of effluents and products of synthetic fuels production and are also 

released to the environment from many other sources, such as c;mbustion· 

of organic fuels and petroleum refining:~~ storage:~~ and trans.portation 

(1). Numerous PAH _have been shm-m to be potent skin carcinogens in mam­

mals, while la,'ler molecular \·:eight PAH have demonstrated high toxicity:· 

to ·aquatic life (1). In vie~ of the potential hazard of this class of 
. . 

compounds to i~habitants and users of aquatic resources, an understand-
. . . . 

ing of the processes \'lhi ch determine the persistence, compartmentaliza-

tion, and transport of PAH in aquatic environments is needed for 

assessing and minimizing the environmental impact of synthetic fuels 

technqlogy. 

Processes \·lhich caul d act to reduce PAH concentrations in receiving 

\'/aters include volatilization, photolysis, hydrolysis, microbial degrad­

ation, adsorption and subsequent sedimentation, and adsorption by bedded 
. . . 

sediments. Processes·\·Jhich could act to concentrate PAH's. in certain 

compartments of· aquati"c ecosystems 

·This paper represents a first 

. . ; .. ~~ ~-~~~,.~~ ~;.;,{;.'~:~t ~~~-·~;J !1. 
ar·e adsorption and bioaccumulation. ,,. ·· ··::~:.'"":.·.-.:'~; 

·. . . . ·. ·:·-~ .. · ... ;:· . .; _:··:.~r-~--~--; 

attempt to coallesce the process rate: ... :.- ·?-r-i,.:, 
. . . . . 

data for a single PAH compound, anthracene, into a frameo11ork in \·Ihich 

the relative importance of the various processes could be evaluated in 

several hypothetical environments. The objective is to identify areas 

where research emphasis should be placed. Huch of the data used here is 

of a preliminary nature and, thus, is not _intended to be used to predict 

the fate .of anthracene or other PAH in aquatic environments. Actual 

c..-· 

•. ;·.: ... _ ... ···. 



'li \; ......... 

• 
2 

field site measurements of PAH persistence and transport are needed to 

test the· assumptions and methodologies utilized in this study before 

the information will have predktive utility. 

• • 
METHODS 

It \'las assumed that each process could be described in such a \'lay 

that its effect on the total concentration of anthra·cene. in the \·rater 

· column (irrespective of dissolv.ed or adsorbed state) could be expressed 

as a simple first order decay \'lith an overall removal rate being giyen 

by the sum of the decay constants (k1.) for an the various processes. 
. . 

All experimenta.l determinations \'lcre carried out at aqueous . 

anthracene concentrations \·rell belo'lt the published solubility limit of 

anthracene of 42 ~g/~ (2). 

Adsorption 

The adsorption of anthracene by suspended particulate matter \·/as · 

investigated by adding varying amounts of particulate matter t~ 

·. 

anthracene solutions, centrifuging to remove the particulates, and . ·:::::·:J!=·:·" 

the' '+(·'::~~~~~ monitoring the resultant change in anthracene concentration in 

supernatant by 14c techniques or fl ~orescence. Oistributi on 

coefficients \·Jere calculated using the follm·1ing expression: 

K = (A] particulate 
" .[A]. dissolved 

.. · ... 

(1) 
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where: 
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Kd is distribution coefficient, 
. . 

[A]particulate is the equilibrium anthracene concentra.tion 

_on- particulates, (l!9 anthracene/g partic~latesL and·· 

[A]disso lved is the equilibrium dissolved anthrac·ene 

concentration in \·later· (J.lg anthracene/g \·later). 

Absorbents investigated \'tere autoclaved yeast cells, Haste\'later 
. . 

treatment efflu~nt (particulate organics), clay and silt size fractions · 

of natural sediment, and a reference clay mineral. All studies were 

done ~t 25°C. For further details, see Herbes (3). 

A key assumption \·las that only dissolved anthracene \·tas available 

for removal by processes such as volatilization, photolysis, etc.; and· 

that ~?sorption \·las readfly reversible. Thus, in the presenc.e of par-· 

ticulate matter, \'rhich causes a fraction of the total anthracene to be 
. . 

adsorbed, the rate· of removal by any of these· processe~ is reduced by· 

.the fraction adsorbed. The first orde~ decay _expression is thus given 

by: 

where: 

[A]H 0 is the tot a 1 anthracene concentration in the \·later 
2 

column (includes dissolved and particulate), 

: ~ .' 
. ! ..•• · 
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f dis is fractfon of [A]H 0 that· is disso lved:t' given by 
. . 2 . . 

Kd[pa;t] ·+ 1 \·lith [part] being the col}centration of 

particulates~ in g particulate/g \·sater. 

k is the sum of first order rate constants of all removal 

. processes. 

Volatilization 

Volatilization of anthracene from aquatic systems \·Jas. described 

using the mass transfer equations. previously used to describe the trans­

~er of gases across an air-\'/ater interface ( 4~5). The rate of the pro­

cess under a given set of conditions is described as a simple first 

. order· exponential decay, 

where: 

0· is the depth ot the \'later column, and 

KL is the overall mass transfer coefficient. 

KL has units of dist~nce time-1 (such as em hr -l) and has three· 

components: kg, k1 and H, relqted by the expression 
/ 

. . . 

(3) 

H., the Henry's La\v constant, is a distribution coefficient 

representing the equi 1 ibrium distribution of a material bebseen 

. . ·;~" ··'' .. :· 

.... . . . . 

"'.-· . 

·. . . ... ~ -~ 
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.gaseous and liquid phases. Units used for H in this paper are 

molar concentration anthracene(air) 

mo 1 ar con cent ration anthracene (\'later) 

k9 ~ the· gas phase exchange constant~ is a measure of the rate of 

tr~nsport of the material a~'lay from_ the interfac~ in th~ air. 

k1, the liquid phase exchange constant~ is a measure of the rate­

of transport of the material to the interface in the \·later. 
. . 

_Both kg and k1 are influenced by mixing \'rit~in their respective 

phas~_s and, to a lesser extent, by rriixing \'lithin the adjoining phase 

(4}. The rate of volatil.ization of a substance from.a given \'later body 

will be determine? by propert~es of the substance. (H) and_ the environ-. 

ment (\'lind, water turbulence, and temperature) •. Temperature acts to 

influence H~ \'lhile k1 and kg are functions of wind and \'tater turbu­

lence.'-

The Henry's law constant· at 25°C \·ras estimated using the method of 
., 

~1ackay" (6), wQ_ich consists of sparging a column of \·Sater containing PAH 

\'lith a measured flm'l of nitrogen. Preliminary experiments indicated 

.. :· 

•:. 

.. 
that the PAH concentra'tion \'lithin the nitrogen attained 95~~ of the equi- . - .. ~ _ .... 

_,_:. : ·.,>:-- ;;:{:: ;~ ·• :· 0 • 0 :~~:::¥~1'-~~:~<;t7; 
li.briurri value in passing through a 38 em column~ 6 em i~ diameter< 

. . 

Anth~acene concentration \oJas analyzed directly using fluorescence spec- · 

trophotometry (7). Henry's law constant \·las calculated directly as the 

rate constant for the exponential decay of aqueous PAH concentration vs 

volume of nitrogen • 

. The gas phase mass-transfer coefficients (k
9

) vsere calculated at 

various 'ttind velocities by multiplying the-data of (4) for \'tater by 

• •• • •••• • ,'.> ·.: 

. ~. -·· ; .. 

. ··. ·-... -· 
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(
MoL wt H20 . )l/2 

Liquid phase mass transfer coefficients \•tere No l • \'It anthracene . • 

calculated for various current velocities from st~eam reaeration coeffi­

cients (k2} using the expression derived by Churchill et ~-
00 ~ 

converted to metric units (8}. 

where: 

v0.969 _1 
k2 (25~C}. = 0.2351 Dl.GlJ hr ' 

V is current velocity (m/sec), and D is mean depth (m). 
. . 

0 {4) 

The reaeration coefficient (a first order rate constant} Has con-
. . 

verted to the mass transfer coefficient br multiplying it by the depth 
.. 

. (D). While th~ most d1rect effect of varying ~·1im.l velodty is upon · 
. .... 

kg and current velocity upon k 1 ~ each also affects the mass transfer 

coefficient of the adjoi~ing phase. In order to take this interaction. 

into account, \'lind and .\·later velpcities \·rere summed before determining 

kg, and the 9bserved. ·relationship bet\>teen \·ririd and k1 vtas incor- , 
0 

porated into the estimation of k
1 

by fitt_ing an exponential curve,-~~ ·. · ··':,··:0·:->·"i~~,tt)/; 
· · ·-~~~:tr::·-~:::~tfsl~f 

the data of (4) (for values of wind velocity ~ 1.9 m/sec,_ k1 was 
. . -·. ""!, 

assumed to .be unaffect~d by \'lind). The equations used .to generate k 
• • 0 • • • 

0 

• o.g 
and k1 as fuocti ons of \·lind and current velocity \·rere 

and 

.•• • ,. < · •• 
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(6) 
vo· 969 ~-- current 

kl - 23 ~ 51 0o.673 Mol. wt 32 ) anthracene 
1/2 

for Vwind ~ 1.9 m/sec, and 

v0.969 ~ . k = 23 _51 current · 
1 . 0o.673 Mol. 32 )· wt anthracene (7} 

for vwind > 1.9 m/sec. 

where: 

V is wind velocity (m/sec), wind 

vcurrent is current velocity (m/sec), 

0 is stream depth (m), and 

Units of k1 and k are em hr-1• 
. g 

The estimations of H25oc, kg, and k1 were used to calculate the 
. . 

volatilization rate of anthracene in a hypothetical river 1.0 m in . . . . 
-· 

depth, at current veJocities ranging from 0.1-1.0 m/sec and wind 

velocities ranging from 0.25-4.0 m/sec. A critical assumption in this 

. estimation _was -that :of thorough and i-nstantaneous mixing throughout the·. 
' _t ·' ..... ~;~~~~-· ::,·.:;.;:~->~-~~\··-!~}' 

water column; thus a ccl'lcentrati on gradi ant exists only at. the surface. 

Photolysis 

The rate of photolysis of anthracene in aqueous solution was 

measured by exposing solutions of anthracene ("' 10 ppb) in distilled 

water to midsummer, midday sunlight at Oak Ridge {~ 35~N latitude). 

Solutions 2 em in depth were-maintained in shalla~ pyrex vessels 

enclosed·by a pyrex cover to eliminate volatilization and exposed to 

.· . 
. . .. 

... · , . 
. ·.· ,_ .... 
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direct sunlight for 30 minutes at midday. Pyrex does not absorb 

. \'tavelengths·of sunlight absorbed by anthracene; no correction \'las made 

for decreased incident radiation or increased pathlength due to 

reflection--these processes \'IOUl d tend to counteract each other. The . . . 
change in anthracene concentra.ti on \·tas monitored by fluorescence spec-

compounds~ 

In natural \·raters, the rate of photolysis of a substance is 
~ . . 

affected a great deal by the attenuation of incident solar radiation by 

su~stances dissolved and suspended in the \·tater column (9). Such atten­

.. uation of incident is described by the expression 

\'there: 

.. . .. .. 

1
0 

is the intensity of incident radiation at surface, 

Id is int~nsity of radiation at depth D {in em), and 

et is the decadic lig~t extinction coefficient (in cm-1) 

at 350 nm (approximate midpoint of the anthracene 

absorption spectrum. 

: ....... 

-.. . .. 

· ..... : .... ~ ~- . 
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The ratio of the rate constant for photolysis of a substance in 

distilled \·tater (kD\~}, (a= a0w depth = Dm~ (em) to the rate 

constant in natural \'later (kN) of depth (ON) {em) and aN is given 

by: .. 

(9). : .· 

for solar declination < 20° at midday, from (9). 

Thus, the estimated rate constant for the midday photolysis of 

anthracene in a body of \'tater of transparency characterized by aN and 

depth ON at 35° N. latitude, midsummer, is given by· the experimentally 

. . ·k .. " . 
. observed rate constant in distilled \·:ate~ multiplied by kN calculated 

ow 
from equation (9), using am·I = -0.002 cm-1 and ~DH = 2 em. 

The expression for ·the midday midsumrner photolysis of anthracene • · 

is thus given by: 

d [A]H 0 . kN 
. 2 - ,_ 
-~ d~ ...... "'OW km~ 

l1icrobial degradation 

. The rate of degradation of ·anthracene by microorganisms suspended 
. . . 

in the \'tater column \'las. estimated by adding 10 pl of anthracene stock 

so1ution in methanol (10 mg/1) to 100 ml of natural water in a 200 ml 

glass bottle. The sample was incubated overnight (18 hr) at 25°C on a 

ttrist action shaker. Incubation \'las terminated by adding 50 ml of 

. ·.· ... 

. ·.·.: 
. .·::.-
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methanol and 0.1 g of NaOH, follo~sed by 50 ml of distilled water. The 

. sample \•tas extracted \'lith 5 ml of hexane:. and a 1 ml aliquot of the 
. . 

.hexane extract evaporated to dryness. A small amount of nonvolatile 

lipid \'las added to the hexane extract prior to evaporation to prevent 

·:.volatilization losses in this step.· The sample \'las redissolved in 5 ml 

of methanol, and anthracene content determined by fluorescence 

spectrophotometry. The· sample· procedure \·tas carried out with samples 
. - . . 

: in~~ulated \'lith 14c lab~led anthracene in addition to untagged : .. · .. 
. . 

:an~hracene. ·In this experiment:. a KOH co2 trap \·ras pl~ced in ·the 

'sample bottle at the end _of the incubation period; and the \·tater 

acidified to pH 2. After tvto hours, the to2 trap:o hexane extract:. 

. and remaining aqueous phase \·tere analyzed for 14c using liquid 

·scintillation counting. 

\·later samples· \'t'ere obtained from Third Creek:o in Knox County, 

Tennessee, a small stream receiving chronic PAH inputs from a refined 

oil storage facility~ and a small \'/Oodland stream on the Oak Ridge. 

reservation in Anderson County, Tennessee. The latter originated from .:., .. · ;:. 
. . . '''" .· +~~~?f~}~!!~~%!~~1 

a spring about 400 m upstream, and \'/as considered. a pristine el}viron- . -.~;/i'.:~ :._!;:,~i~;tf:. 

·ment. Autoclaved Third Creek sa~ples and distilled_ water were used as 

controls. Anthracene concentration in all \'later samples prior to 

additions \•tas < 0.05 ppb lm'ler case in all cases. 

Hicrobial degradation rate \'las assumed to be first order vtith 

respect to anthracene concentration, and \·tas described by: 

d [A]H 0 
2 ---- = -kb [A]H 0 f dis 

dt 2 

. :,."• ... 

(11) 

.. · ... 
. ·.: ::: ~ :'·::~ ', .. ~ . 

. ::~;;~~JF.t'N;:.:; 
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~licrobi al degradation rates of anthracene in sediments \·Jere deter­

mined by ·adding 14c labeled anthracene to mixed sediment samples, 
14 . 

. which were incubated at 25°C for up to 48 hours. co2 \'las trapped 

·in KOH as in \·later samples, and the sediment extracted overnight ~·lith . . 14 . . 
ac·etone in a micro-soxhlet apparatus. Residual cellular C in the 

sediment \·Jas det.ermi ned by liquid scintillation counting fo llo,,Jing co:n-

. bustion (Tri-carb Sample Oxidizer, Packard Instruments). The acetone 

extract Has chromatographed on .a silica gel-G column, using benzene to 

initially elute anthracene, follm·ted by 19:1 v/v butano~-acetic acid to 

remove polar metabolites.. Quantitation of 14c \·sas carried out ·using 

liquidscintillation counting, and the degradation rate constant was· 
. . . M . 

calculated from the rate of change of [ C-anthraceneJsediment (10). 

Experiments al ~o \•/ere carried out to compare the rate of degrada­

tion of anthracene added only to th~ surface of 1nLact sediment cores 

· tlith that observed in mixed sediments. Rate of degradation in sediments 

\·/as described by: 

·· d [A] sed 
.::--T~...;;..:;_:_ = dt 

. 
Sedimentation 

-k m 
·(12) . 

. ~ir' 

.· 

· Sedimentation ot' particulate materials containing. adsorb~d· anthra- · 

: cene can act as a. rerimva 1 process, transporting anthracene from the 

\'later column to the sediments. The rate of removal of anthracene by 

this process in quiescent \·later for a given type and size of particulate 

matter is given by the. expression: 

.. 



... 
'-

with,. 

\-I here: 

12. 
·. 

d[A]H 0 
2 = -k [ant]H 0 dt s ,. 

2 . 

.. 
. . 

ks = Gf)f ads ' 

V · is the. settling velocity of the particuh~t~s ~-~ hr-f f. 

(calculated from Stoke's law), 

D is the depth of the \'later column em~ and 

fads is the fraction of the total anthracene in the· water 

column adsorbed to particulates: 

(13} 

(14} 

Kd [part] 
afads = Kd [part]+~ (15} 

river systems \·tas ·obtained· by using a sedimentation rate typical of the 

highest values observed in tributary reservoirs in the Ohio River system 

(6 em/yr., or~ 1 x 10~3 g/cm2hr} (11). to calculate the_·~~spen.ded 
sediment load [part] of a given sediment type producing s~ch a sedi-

mentation rate., 

-3. 
[part] = 1 ~ 10 g/cm3 . 

f 
(16) 

The value of [part] was used in equation (15) to determine f d • a s 

.. ··;·· 

., 
.; 

· . 

. ' ... 
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Resuspensi on forces generated by \·tater turbulence in flm'ling ·water 

.systeri)S act to make.ks far smaller in flm.,ring systems. There \'lill be 

no net .movement of suspended particles from the \·tater. to the sediment 

unless the [part] exceeds the amount of suspended load the stre.am is 

capable of carrying in suspension. The suspended load capacity given by 

·(12} is: 

where: 

"c•• 

.. -~ 

Js. .. . . 
Q = 0.016 p ~ sin 15, 

f 

p is the density of \'later (g/cm3), 

·p is the mean current velocity, 

~ is the sTope of the stream in degrees from horizontal. 

Js is the suspended 1 oad Het mass transport rate 

Q is the hydrologic flO'il rate 

(17} 

Js 
- ·\'tas calculated for 2 llm clay and 10 m silt for ·a current velocity .Q 

of 0;.1 misec and a =··5. 7 x 10-4 (1 em drop per 1000 m of stream). 

Adsorption to bedded sediments 

In the absence of some mechanism for removal of anthracene from 

sediments along t.he \'later-sediment interface, an adsorption equilibrium 

condition \'IOuld be rapidly established in this layer and net movement of· 

anthracene from water to sediments Hould tend to zero. The action of 

microorganisms in removing anthracene from surface sediments to promote 

an adsorption disequilibrium can act to cause a net movement of anthra­

cene· from •r~ater into the sediments. 

·- .. 

.-.. -

.... ~. 
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The rate of adsorption of anthracene by· sediments \·tas described in 

a \'lay analagous to mass transfer across an air-vtater interface~ yielding 

the expression: 

... 

·where: 

d [A] H 0 k . [A] 
-~-2- = -

0
1 (l _ sed ) [A], f . 

dt Kd [A]H O f dis H20 d1s. 2 . 

[A]sed is the concentration of anthracene in sediment {g 

anthracene/g sediment dry Height).· · 

· k1 is the. liquid phase mass transfer coefficient used 

previously. 

D is depth of the \·later column. 

Under steady state conditions, the flux of anthracene across a given 
.. 

(18) 

surface area of sediment (adsorption) is equal to the rate of degrada-

tion of anthracene. in a depth of sediment (d) in \·Ihi ch the concentratipn 

of anthracene can influence the rate of adsorption. Thus~ the rate of 

degradation of anthracene under 1 cm2 of interface~ given by: 

\'there: 

. 2 
degradation (pg/clil hr) = -" "m [A] sed P s d · , 

Ps is the mass· of dry sediment/cm3 bedded sediment .. 

d is the depth of adsorption, 

density of water 
3 . 

p is the {g/cm ), 

·;s ~qual to the rate of adsorption, given by: 

adsorption (llg/c. m2 hr) =. k1 . (1 - [A) [~d f \A]H 0 p fd · • (20) 
\ K d H

2
0 . d i s) 2 . 1 s 

· .. ·. 

· . . ~·: : ,.: . . .·• 
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Setting equation (17} equal to (18) and solving for Iant]sed yields: 

(21} .. 

.. 
Finally:~~ substituting equation ( 21) into equation {18) gives an expres­

sion describing the effect of adsorption by bedded sediments-microbial 

degradation on aqueous anthracene concentration: 

Removal rates \·tere calculated using parameters representative of 
. . 

. Third Creek:~~ Kd = 1000, p
5 

= l. 7 g/cm3, and measured km va 1 u2s. 

· The depth of $Cdiment actively adsorbing anthracene directly from the 
· ... 

\·tater .'ttas estimated to be 0.1 em. ~lhile this estimate is somewhat 

arbitrary, it seems reasonable for· clay type sediments, 1t1here the 

anaerobic zone is likely to be less than 0.5 em from the ·interface (13). 

Bioaccumulation: 
~- : . - . . . . :,; 

The bioaccumulation potential of anthracene \·ras investigated using 

the zoopl ankter, Daphnia pulex, and fathead· minnm'l, · Pimephales . 

promelas. Each species \'/as exposed to dissolved anthracene in \'later 

(~ 6 ppb for Daphnia, 0.25 ppm for Pimephales) at 25°C for varying 
. . . 

periods of time, and analyzed for anthracene content by fluorescence 

spe~trophotometry follm>~ing digestion-extr~ction. Daphnia could be 

analyzed by. direct extraction into methanol", \'rhile minnO' .. tS required 

... t 

: :' . 
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homogenization (Tekmar Tissuemizer) and NaOH digestion (5 ml 1!!. 

NaOH,"' 0.2 g fish, 70~C for 30 min) follm·1~d by hexane extraction (14)». 

evaporation and dissolution in methanol. 

Bioaccumulation data \'/ere analyzed as a first order- approa~h to 

equilibrium in a t\-ro compartment model (\·tater ·and organisms). Uptake 

was assumed to be a first order process \'lith respect_ to aqueous anthra­

cene concentration» and the elimination rate first order with respect to· 

anthracene concentration in the organism. These assumptions lead to.the 

·following differential equation as our mode.l: 

."where: 

d [A] ORG (t) = 
dt C [A) H

2
o (t) -ke [A] ORG 

[A]ORG is the anthracene concentration in the organ ism:. 

(llg anthracene/g tissue \·ret \·Ieight) 

ke is the elimination rate constant in the or-ganism»· 

(hr-1) i 

( -1 -1) aC is the uptake rate constant, ml mg hr •. 

(23} 

. Since aqueous anthracene .concentr.ati on tended to decr-ease 'trith time at . 

· very 10'11 concentrations due to uncharacterized removal and degradation 

processes, [A]H 0 (t) was empirically approximated by the function 
2 . . 

. -At 
[A] H20 (t) = a + be (24) 

to give a description of the behavior of the aqueous concentration over 

time. Substitution of equation (24) into equation (23) and integrating 

! •• •• 
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this differential equation yields the expression 

[A] . _ Cb . Ca -k t Cb e-)..t+ C 
ORG -~ - k e e - K a · . (t) }.. e e (.A-Ke) 

. . 
(25) 

For an unchanging aqueous concentration~ i.e. the expression takes the 

form: 

[A] ORG 
(t) 

C [A] H2o .-k t 
= k (1-e e ) 

e 
.. - . 

. The. estimates of the parameters C and ke \'tere obtained using· a 

bro stage iterative 1 east squares technique. The first stage used the 
.. 

observed (t, (A]H
20 

(t)) values to obtain estimates of a, b, an~ .A or 

. [A)H 0 (o) for the unchanging aqueous cor,centl-ati on case. (The · · 
2 : -

estimate of [A]H 0 (o) \·tas equal to the sample average of t~e 
. 2 . -

observed [A]H 0 (t) values). By substitituting the parameter esti-
2 . 

_mates from the-first stage into equation (25} ot equation (26), a non-

linear iterative least squares procedure \·sas used to determine the 

estimates of C and ke (15). The bioaccumulation curve (concentration 

factor vs time) \otas derived from the ratio of equat1on (25} to (24)~­

and approached C/ke as a limit \·tith increasing time. 

RESULTS 

Volatilization 

· Despite its lrn-t vapor pressure at 25°C, anthracene in aqueous solu-

tion is appreciably more volatile than Hater, (H = 0.0027 ± 0.0001)* and 

*In these and all further cases~ the number to the right of ± is the 
standard error of the estimated quantity. 

-:.· 

": .. 

- .. 

.. . :· ·~ 
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thus volatilization would tend to reduce aqueous concentrations of 

anthracene. Hi xi ng of both aqueous and gaseous phases acts to increase 

the rate of volatilization. Thus, under quiescent conditions:~~ anthra­

cene has a predicted volatilization half life of about 300 hours in a 

body of \•later 1 m deep ll .\·lhile in a system \•lith current velocity of 1 

m/sec and wind of 4 m/sec, the predicted half life is reduced to about 

·18 hours (Fig. 1). 

·Photolysis 

Anthracene. in distilled \•later was observed to be rapidly degr-aded 

under exposure to natural sunlight, \·tith a photolysis half life of 

about 35 minutes under a midday sunlight in midsummer at 35°rl latitude 

(kp = 1.19 ±0.10 hr-1). A.24-hour photolysis t~ate for anthracene 

in midsurrrner \•lould be about 0.36 times the summer midday photolysis 

rate:~~ while a ~,olinter 24-hour photolysis rate \·Jould be roughly 0.12times 

the sumner midday rate (9). Thus, in pure \·tater at shallm-1 depths:~~ 

anthracene \·1ould exhibit 24-hour photolytic half lives of about 1.6 

hours in summer and 4.8 hours in \·linter at ~ 35°N latitude~ 

In most natural waters, the absorption of light by dissolved and 
. 

suspended matter 'lmuld act to. reduce photolysis rates considerably. 

. ' 

Thus, for a decadic light absorption coefficient of 0.020 at 350 nm (a 

value observed in Third Creek water), the photolysis half life in a 100 

em deep body of water is increased by about 4 fold (Fig. 2). In a more 

turbid system (et = 0~100, ·typical of~ 50 mg/1 clay suspension), the 

half life is increased about 19 fold. Photolytic activity in most natu­

ral \'/aters is thus limited to the uppermost 100 em or less except for 

. -. : . 

.. : . 

.• . ··.; ... 
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\'laters of exceptional clarity (\'lhich v1ould not be likely recipients of 

· \'lastes .containing PAH). 

Hydrolysis: .. 
No degradation \·/as observed in controls for photolysis and micro­

.bial degradation .experiments, indicating that the .rate constant for non 
. . 

·photolytic abi oti·c processes t~at degrade anthracene ~tt~s < 0.001 hr-1 

at 25°C. This process \·las assumed to be un~mportant with respect to 

· other, mo·re rapid remova 1 processes. 

Microbial degradation 

. The rate constant of microbial degradation of anthracene in Third 

Creek \>tater incubated. 18 hours at 25°C \'las 0.061 ± ·0.007 hr-1 • No 

. degrndnti on \'Ia~ Ob$erved in auto c) aved Third. CrP.?.k \'later. distilled 
·.,_ 

\·later, or \'later from Halker Branch over the same time· period. Anthra­

cene concentration in the_ Third Creek \·rater prior to addition of 1 ppb · 

anthracene \'ras belo;t/ the' limit of detection by fluorescence (<; 0.05 

ppb). Analysis of l 4c fractions· ·in thi~ experiment indicated that 

about s% of the ~4c -in the degraded· anthracene (labeled at C-9 posi-. 

tion) \·Tas ·converted to co2, \'lith the remainder pres:nt in 1 N NaOH 

soluble metabolites~ · Fiuorescence and 14c techniques a~reed \·iell in . . . 

·estimating anthracene degradation rates. 

Adsorpti.on 

Anthracene \·/as ·sorbed by inorganic sediments ar:sd suspended organic 

particulates. The organic particulates (autoclaved yeast) exhibited a 

high affinity for anthracene, \'lith. Kd being approximately 25,000 at. 

. . 

. .. ·.·. · .. 
. .. 

. ....... . 
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25 C (3). As a result of s.uch a high Kd, a 40 mg/l susp_ensi on \·tould 
. . 

remove 50% of the anthracene from solution. Sorption by inorganic par~ 

ticulates \•las considerably less, vtith a 2.0-0.1 p clay fraction 

exhibiting a Kd val~e of ·about 1600. larger particles (5-10 mm .. silt) 

ha~ appreciably less sorptive affinity, \·lith Kd 'V 100. In the efflu­

ent from a biological \'laste \·later treatment plant, only 4.4~ of anthra­

cene added was adsorbed by 18.8 mg/1 (dry \·u~ight) of solids, for_ a Kci 
. 1\. 2500 ... 

Sedimentation 

· The rate of remova 1 of anthracene by adsorption and subsequent 

sedimentation of particulates is determined by th:_extent of adsorption 

and rate of sedimentation. Calculated removal rate constants for 

·anthracene (assuming no forces act to maintain particulates in 

SUSpension - a clearly incorrect assumption) range f~om 7.2 X 10-3 

hr-1 (T112 = 96 hr) for depth 1 m, 1 g/~7 2 ~· c~ay sediment to 

1.44 x 10-3 hr-1 (T112 = 481 ~r) for dep~h 1_ m, 40 mg/1 10 ~-silt 

sediment. (Both sediment concentrattons produce sedimentation rates of 

8.4 cm/yr, a value higher than that found in most reservoirs of the 

Ohio River system). 

The sedimentation rate constant for removal of anthracene by 

organic detritus .\'las calculated for particles 10 J.1 in diameter of 

speci~ic gravity 1.02, using kd = 25000 and [part] of 20 mg/~ •. The 

resulting rate constant \'laS 0.0012 hr-1 for a depth Of 1.0 meters. 

·. '.: 
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.. 
Sedimentation rates calculated i_n this \'lay .are unrealisti_cally 

. large due to neglecting suspension forces (resulting from the kJnetic 

energy of flm·Jing \'later), but the removal rates are nevertheless consi­

·derably slcMer than ·those predicted for volatilization, photolysis,. and 
. .. 

microbial degradation. In the presence of \·tater current, sedimentation 

··rates are likely· to- be far slo·,ter than these; hence adsorption­

sedimentation is not lik.ely to be a significant process for the net 

removal of anthracene from the \·Iater co 1 umn. Sed imer1t concentrations 
. . 

·calculated in Equation (14) for a sedimentation rate of 8.4 cm/yr \·sould 

be maintained in suspension (Equation (15}). by 0.1 m/sec current. if 

composed of either 2 ll or 10 ll particles~ 

Adsorption to bedded sediments 

The rate of adsorption of anthracene by bedded sediments is deter-

mined_by mixing in the aqueous phase (k~ from volatility determinations) 
. . 

and the degree to \·thich the uppermost layer of bedded sediment i~ not in 

equilibrium \'lith respect to adsorption of anthracene fro:n the \•tater. In 

the absence of some process \'lhich removes anthracene from the uppermost 

sediment layer, anthracene in the sediment \·tould attain an e.quilibrfum 

concentration (Kd ~A] H
2
0 fdis) and net adsorption_ :·tou~a 

approach zero. Degradation of anthracene in the sediments_by microor­

ganisms provides the driving force for the removal process. Thus, the 

rate of removal of anthracene by this process is det~rmined by the rate 
-

of microbial degradation unless microbial degradation is so rapid that 

delivery of anthracene to the sediment-\'/at~r interface (k 1) becomes 

limiting. 

. ' ·.~· ..... ~-":'~+ 
• • • ..·.-..::a,_ 

.. 
. · .. · . 

. . ·-: 

•'. .. .. 
··. ·.·· 
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·. 
The· predicted rate of adsorption to bedded sedi.ments vs microbial 

degradation rate is depicted in Fig. 3 for a system 1 m deep flm'ling at 

1 m/sec. At microbial degradation rates observed in Third Creek sedi­

ments_ (km .= 1 x 10-3 - 1 x 10~2 hr-1),. (10)' the adsorption of 

anthracene by bedded Sediments \·IOU ld reduce th~ concentration Of 

anthracene iri the overlying \•tater \·lith a half life of 65.-500 hr. If 

the depth of sediment actively participating in the adsorption process 

is greater than that used in these estimations {1 mm), the rate of 

adsorption \'tould be· increased equivalent to a· proportional increase in 

k , ~lith d remaining 1 rr.m. Similarly, increasing Kd of the sedi- · m . 
. . 

ments \•tould act to increase the rate of adsorption {assuming microbial 

degradation rates in sediments do not vary \otith adsorptive potential of 

the sed·iments} .· 

Bioaccumulation: 

Bioaccumulation of anthracene by both Daphnia -and Pimephales \·ras · 

rapid, \'lith Daphnia attaining apparent equilibrium concentrati ens \·iithin 

several hours, while the minnoNs attained apparent equilibrium \·t .. ithi'n 

2-3 days. Uptake and elimination kinetics of the minnm·ts \otere roughly 

an order of magnitude less rapid than those of the ~oop~an.kter •. Uptake 

(C) ancf elimination {k ) rate constants of 0.702 ± ·0.077 ml mg-l e . . 
· hr-1 and 0.589 ± ·0.077 hr~1 \·rere observed for Daphnia, and· 0.031 ± 

-1 -1 0 5 1 -1 -1 0.025 ml mg hr and 0.064 ± .0 9 m mg hr \·Jere 
[A] . . 

. ( organ1sm) noted for Pimephales. Equilibrium concentrat1on factors, [A]H 
0 

, 
2 

\•lere similar, being 1192 ± 52 for Daphnia and 480 ± 95 for Pimephales. 

... 

.. · .. · 
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·. 
In order to assess the importance of possible food chain bioaccu~u­

lation, the uptake rate for minnm·ss ingesting 10% of _their live \·Ieight 

. ·per day in Daphnia equilibrated \'lith the ambient aqueous anthracene 

concentration \·tas calculated using the observed Daphnia concen~t:a t ion 

"factor and compared to the anthracene uptake rate (C) for Pimephales. 

In a 1 lJg/l anthracene solution, a 200 mg minnm·1 \·tould take up an 

estimated. 6.2 x 10-3 ~g anthracene/hr through direct uptake, \·thile 

. uptake from ingesting Daphnia \•Jould be 1.0 ~ 10-3 pg anthra~erie/hr~ 
Since the rapid bioaccumulation kinetics of Daphnia indicate that zoo- . 

plankton populations \·:oul d maintain body burdens of anthracene nearly 

in equ·il ibri um with ambient \·later concentrations" fish \·:auld req.uire 

ingestion of more than 60% of their \'Ieight per day to take in an amount 

of a.nthru.cene equivalent to that taken up directly. 

DISCUSSION 

..) 

· · The persistence of anthracene in natural \·Jaters under surrmer -condi-

tions of temperature and illumination appears _to be primarily determined 

·by the processes of photolysis and degradation by microorganisms sus-. 

pended. in the \·later column (Table 1}. In a large, deep (5 mL slow 

moving (0.1 m/sec) river such as the upper Ohio (Table lA), depth and 
.) 

turbidity would act to reduce the importance of photolysis, making. 

microbial activity the major removal process.. In highly turbid \·tCiters 

(Table lB), photolysis is reduced further, while the removal of anthra-
. . 

cene from solution by adsorption to suspended particles acts to reduce 

··the rate of microbial ·degradation and volatilization. In a relatively 
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transparent deep \'laterbody (Table lC), micr~bial degradation of anthr-a­

cene is still dominant, accounting for 74% of the estimated degradation 

rate, \'lith photolysis accounting for 18% . .In shallm·le:"' systems, inter­

face related phenomena become of increased importance. Thus, for a 

system 1m in depth, relatively clear (Table tO), the abiotic processes, 

photolysis and volatilization account for 63;~ of the estimated removal 

rate. r1icrobial degradation still plays an important role·. For a very 

shallad (0.25 m), clear stream (Table lE), photolysis and volatilization 

dominate even more, and anthracene is estimated to be removed with a 

half life of only 1.5 hr (mean daily photolysis rate). 

The process of adsorption-sedimentation and adsorption to bedded 

sediments-microbial degradation in sediments do not a~pear to be of 

major significance in determining the persistenc~ of anthracene in the 

hypqthetical systems consi.dered. .This does not indicate, ho·t~c:ver, that 

anthracene will not accumulate in sediments, in fact, the coupling of 
~· 

rates of adsorption to bedded sediments and microbial degradation rates 

within the sediments predicts sediment concentrations of> 80~ of equi-

librium values (Kd [A] HzO fdis)~ 

,. CONCLUSIONS 

· (1) Anthracene chronically introduced to aquatic environments \'Jill 

be rapidly removed by the action of suspended microorganisms, sunlight, · 

and volatilization. Half lives of substantially less than one day are 

anticipated in manY systems. 

(2) r1icrobial degradation by suspended organisms is likely to be 

the most .significant of these processes under a variety of conditions, 

. . . .• .. . . . 
~. . . 

. . . . . 
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but under situations of shallo.'l depth and clear \·Jater photolytic degrad­

ation and volatilization may be more rapid. 

(3) Bi oaccumul ati on kinetics of anthracene in sma 11 fish and zoo­

: plankton are rapi d:t. and equilibrium concentrat.ion factors attained are .. 
·comparable. Food chain magn i fi cation at this step (zooplankton fish) 

.. is. not likely to. be great due to the rapid direct. uptake of anthracene 

from \'tater by f.ish. Rapid bi oaccumul ati on kinetics suggest that body 

burdens of anthracene in zooplankton \'till r~spond rapidly to changing 

aqueous anthracene concentrations, \•lhile body burdens in fish \·;auld 

folla.'l a similar, but some ... .,hat damped:t pattern. 

·We have identified the follmoJing areas \·there greater research 

emphasis is needed. 

(1} Since microbial d~gradation rates used in these estimations 

were measured in a single contaminated aquatic ecosystem, further 

··research needs to be done in other contaminated systems to determine 

more representative rates and factors affecting them, such as aqueous 
. . 

concentrations of' anthracene and other PAH's. 

. . (2) Estimation of the rate of the process of adsorption to bedded 

sediments-~microbi.al degradation requires a knm-Iledge of chemical, phys­

ical, and biological characteristics of a thin surface layer at the 

sediment-\·tater interface:t specifically the thickness (d), · adsorptivity 

(Kd), and microbial. activity (km). \·lhile km estimations made in 

mixed sediments vs intact sediment surfaces did not differ greatly, the 

the values of d and Kd assumed are some.'lhat arbitrary. Further 

attempts to experimentally determine these· pa1·ameters seem \'tarranted. 

.. : .. •. 

-···.: .-
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(3) Data on bioaccumulation by filter feeding invertebrates such 

· as clams is needed. Such organism may be consumed by humans, and may 

-exhibit higher concentration factors than fish due to their less· complex .. 
physi·ological detoxification capability.· 

.. 

(4) Experi~ental determination of volatility. and microbial degrad~ 

at ion of anthracene at lm·1 temperatures is needed . 
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·Figure 1. Variatio·n in predicted volatilization rate of anthracene at 

.25°C under varying conditions of \·tind and current in a stream 

1.0 m in.depth. .. 
Figure 2. ·Variation in predicted midsummer midday photolysis rate of 

anthracene in \•rater at 35°N latitude under varying conditions 

of transparency and depth. 

Figure 3. Variation in predicted rate of decrease in aqueous anthracene 

concentration due to adsorption by bedded sediments with 

varying microbial degradation rate (Km) ~ n. a stream 1.0 m 

deep, current velocity 1.0 m/sec, 25°C. Sediment Kd = 

1000, depfh of active adsorption (d) = 0.1 em. 

Figure 4. Bioaccumul ati on of anthracene by Daphnia pulex at 25°C, shown 
. -

as concentration factor ([anthracene]Daphnia (vret \·Ieight)/ 

[anthracene]H O) vs time. Error bars are ± 1 S.E. 
2. 

Aqueous anthracene concentration .~ 6 ppb. 

Figure 5. Bioaccumulation of anthracene by Pimephales promelas (fathead 

mi nnm-1), shm·m as concentration factor ( [anthracene]fish 

(\'ret weight)/[anthracene]H
2
0) vs time~ Error bars are ± 

. 
1 S.E. Aqueous anthracene concentration ~ 0.25 ppb. 
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Table 1. Removal of anthracene ft·a:n the water column at ?S~C~ 
midsummer sunlight in various environments 

(A) Deep~ slo•tt~ some>.'lhat turbid 

depth - 5 m 
current - 0.1 m/sec 
wind - 4 m/sec 

Process 

Volatilization 
Adsorption to bed 
Photolysis 
Microbial degradation 
Sedimentation 
Combined 

(B) Deep, slm·t, muddy 

depth - 5 m 
current - 0.1 m/sec 
wind - 4 m/sec 

Process 

Volatilization 
Adsorption to bed 
Photolysis 
Microbial degradation 
Sedimentation 
Cornbi ned 

:J . 

suspended solids_- 50 mg/1~ 2 ~clay 
kd = 1000, fads·= 0.05 

Ct.= 0.100 

Rate constant (hr-1) 

0.002 
< 0.001 

0.004 
0.060 

. < 0.001 
0.055 

r112 = 10.5 hr 

Fra~tional contri~ution 

0.03 

0.05 
0.91 

suspended solids - 1 g/1~ 2 ~ clay 

a= 2.00 

Rate constant (hr-1) 

0.001 
< 0.001 

. < 0.001 
0.030 
0.001 
0.032 

. Tl/2 = 21.6 hr 

kd = 1000, fads = 0.5 

Fractional contribution 

0.03 

0.79 
. 0.18 -. .. 
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{C) Deep, slow, clear 

depth - 5 m . · 
current - 0.1 m/sec 
wind - 4 m/sec 

Process 

Volatilization 
Adsorption to b~1 
Photolysis 
f1icrobial degradation 
Sedirr.entati on 
Combined 

(D) Shallovt, fast, clear 

depth - 1 m 
current - 1 m/sec 
wind · - 4 m/sec 

Process 

Vo lat il izati on 
Adsorption to bed 
Photolysis 
Microbial degradation 
Sedimentation 
.combined 

Table L {continued} 

suspended solids - lm·t, fads < 0'.01 

= 0.020 

Rate constant (hr-1) 

0.002 
0.001 
0.018 
0.061 

·< 0.001 
0.082 

T112 = 8.5 hr 

kd :: 1000 

Fractional contribution 

0.02 
0.01 
0.22 
0.74 

suspe:-1ded solids - lm·1, fads < 0.01 

a = 0.020 

· Rate constant (hr-1) 

0.042 
0.008 
0.086 
0.061 

< 0. 001 
0.197 

r112 = 3.5 hr 

kd = 1000 

Fractional contribution . 

0.21 
0.04 
0.44 
0.31 

·.· .. · 



.,, 

Table 1. (continued) 
.: . 

J Very shallo•:;, clear~ fast 

depth 
current 
wind 

0.25 m 
1 m/sec 
4 m/sec 

Process 

Vol at i 1 i z at i on 
Adsorption to bed 
Photolysis 

· Microbial degradation 
Sedimentation 
Combined 

suspended solids 

a = 0.020 

Rate constant (hr-1) 

0.179 
0.032 
0.238 
0.061 

< 0.001 
0.510. 

1112 = 1.4 hr 

1 o·.i~ fads < 0.01 
kd = 1000 

Fractional contribution 

0.35 
0.06 
0.47 
0.12 

- .... 

. · .. 

··: ·· ... · . 
. . · .. 
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