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pyrolysis of biogenic fuels. Because some PAH are known car;inogens,
undérstanding of their environmental behavior and persistence is criti-
cal to determining their ﬁotential hazard to man. While many processes.
may remove or transform PAH in aquatic ecos}stems, several may bé parti-
cularly important in determining the fate of PAH 1in most systems. Labo--
rator} measurament of the rates of various processes under controlled
conditions are identifiﬁg those critical parémeters of environmental °
transport where more detailed research is necgssary.

Anthracene was selected as a representative PAH due to its infer;
pediate molecular and its lack of carcinogenicity. Rates of phatolysis,
hydro]ys%s, volatilization, and microb{al degradation of anthracene vere
measured under different environmental conditions using fluorimetric and
radiotracer techniques. Equilibrium constants for processes such as

sorption and bioaccumu]ation’were also determined.
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Results of the study indicated that photolysis and microbial

. degradation within the water column are likely to be the dominant

pathways-of anthracene removal from aquatic systems. lore research is

‘needed to ascerta1n the degree to which mxcrob1a1 de gradation rates
observed in thls study are reprcsentat1ve of other PAH contaminated
"systems. Further_study of the role of microbial -degradation in bedded

sediments in removing PAH's frem the water column s also necessary.

Key HWords: Anthracene, Po]ycyc11c Aromatic derocarbons,
- Transformation, Pers1stence, Degradaulon Transporu,

Volatilization, Photolysis, Microbial Degradation,

Biocaccurmulation.
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INTRODUCTION

Polycyclic aromatic hydrocarbons (PAH) are important constituents
of effluents and products of synthetic fuels production and are eTso
released to-the environment from meny other sourceo, such as coobustioo
of organic fuels and pefro]euﬁ refining, storage, aod tranﬁportafioo
(1). Numerous PAH have been shown to ba potent skin carcinogens.io mam;

mals, whlle ]ower mo]ecular xe1ght PAH have demonstrated high tox1c1ty

" to aquatic life (l). In vie# of the potent1a1 hazard of this class of

compounds  to inhabitants and users of aquatic resources, an understand- °
ing of the processes which determinz the persiétence, comparimentaliza-
tion, and transport of PAH in aquatic environments is needed for

assessing and minimizing the environmental impact of synthetic fuels

'technology.

_ Processes which could act to reduce PAH concentrations'in.receioing
waters include volatilization, photolysis, hjdfolysis, microbfal degrad-
ation, adsorption and suboequentAsedimentation, and adsorption by bedded
sediments. Processes which could act to concentrate PAH's. in certaio.
compartw.n;s of” aquat1c ecosystems are adsorptlon and bxoaccumu]at1on._
-This paper represenus a first attempt to coal]esce the process rateﬁ;ﬁ
data for a single PAH compound, anthracene, into a framework in which
the reTat%ve jmportance of the various processes could be eve]uated in
several hypothetical environments. The objective is to identify ereos
where research emphasis should be placed. Much of the data used here is
of 5 preliminary nature and, thus, is not intended to be used to predict

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




field site measurements of PAH persistence and transport are neaded to

test the assumptions and methodo]bgies utilized in this study before

the information will have predictive'uti]ity. .
MEfHons '

It was assumed that each process cou]d be described in such a way

that its effec» on the total concentraonn of anthracene in the vater

“column (1rrespect1ve of d1ssoTved or adsorbed state) could be expressed

as a s1mp]e first order decay with an overall remova1 rate being g1ven

by the sum of the decay constants (kz) for all the various processes.
ANl experimental determinations vere carr1ed out at aqueous :

anthracene concentrations well below the pub]xshed so]ub1]1ty Timit of

anthraeene of 42 ug/e (2).

Adsorpt1on

The adsorption of anthracene by suspended paru1cu1ate matter was °
jnvestigated by adding varying amounts of particulate matter to
anthracene solut1ons, centrifuging to remove the part1cu1ates and
mon1tor1ng the resu]tant change in anthracene concentratxon ln thewﬁi_
supernatant by 14C techniques or f]uorescence. D1str1but10n o

coefficients were calculated using the following expression:

[Al particulate I ' (1)
tﬂ] dissolved '




. where:

Kd is distribution coefficient,
[A]

Aon~particﬁlates, (ug anthracene/g particﬁ]ates), and '’

particulate is the equilibrium anthracene concentraﬁion
[A]dissolved is the equ111bf1um dissolvad anthracene
conceniration in water (pg anthracens/g water).

Absorbenus 1nvest1gated viare autoclaved yeast cells, wastewater

- treatment ef‘]uent (part1cu1ate organ1cs), c]ay and s11t size fract1ons '

of natural sediment, and a reference clay minaral. A]] Stud1es were '
done at 25°C. For further details, see Herbes (3).
A key assuhption was that only dissolved anthracene was aVai]ab1e -

for removal by processes such as vo]at111zat10n pnoLo1ys1s etc.; and .

" that qﬁsorptlon was readily reversible. Thus, in the presence of par- -

ticulate matter, which causes a fraction of ths total anthracene to be

adsorbed, the rate of removal by any of thesé~processe§ is reduced by -

‘the fraction adsorbed. The first order decay expression. is thus given

by:

...d[A]HZO | . R
B kz:["]rxzo' fais » /

where:
[A]H 0 js the total anthracene concentration in'the_wafer

~ column (includes dissolved and particulate),
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fdis is fractibn of [A]HZO that is dissqlved, given by

) . _ , :
~ it ; . -
Rylpart] + I with [ParF] bé1ng the concentration of

particulates, in g part1cu1ate/g vater. e
k’ ~is the sum of first order rate constants of all removal

.processes. '

© Yolatilization | B

Volatilization of anthracene from aquatic systems was described
using the mass transfer equations previously used to describe the trans-
fer of gases across an air-water interface (4,5). The rate of the pro-

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

.or‘der expunentw'l d'—’Ldy, & “p [A]H 0 f(hs o .

\-v-

Qheré:
D-is the depth of the water column, and
KL is the overa]l mass trans:er coefficient.

KL has unxts of d1stance txme (such as cm hr~ ) and has three

components: kg, k.l and H, related by the expre551on

H< k
K 1

ot T ¢
.L4 ‘g™ 1 ' IR

vhere:

H, the Hen}y's Law constant, is a distribution coefficient

representing the equilibrium distribution of a material between
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gaseous and liquid phases. Units u;ed for H in this paper are

molar concentration anthracene(air)‘

mo lar concentration anthracene(water)

kg the gas phase exchang° constaﬁt, is a meaéure of the rate of
transport of the material avay from the 1nterFace in the air.

kl’ the 11qu1d pnase exchang= constant is a measure of tnn rate-

of transport of the mauerlal to the interface in the water

Both k and k] are 1nf]uonced by mixing WluhTH their respect1ve

phases and,. to a ]esser extenu, by mixing within the ad301n1ng phase

(4). The rate of vo]at111zat1on of a substance from.a given weuer bodj
will be determineg'by pfoperties of ths éubstance'(H)_aea.the environ-
ment (wind, water turbulence, and temperature). Temberature aqfs to
influence H, while k] and kg are'functidns of wind aqd vater tefbu-
lence.

The'Henry's Law censtant-at 25°C was estimated using tha method of

Mackay'(G), which consis%é'of sparging a column of water containing PAY

: w1th a measured f]ov of nitrogen. Preliminary experiments indicated

that the PAH concentrat1on within the nitrogen atta1ned 95% of th equ1- o

11br1um value in pass1ng through a 38 cm column, 6 cm in dlameter

AAnthraceno concentrat1on was analyzed dlrectly uswng f]uorescence spec-'

trophotometry (7). Henry s Law constant was calculated directly as ths :
rate constant for the exponential decay of aqueous PAH concentration vs -
volume of nitrogen. | | T

" The gas phase mass . transfer coefficients (kg) viere calcufafe&let

various wind velocities by multiplying the data of (4) for water by
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HoT i anthracene . Liquid phase mass transfer coafficients were

(ho]Q wt HZO : ;/2 ' ' ' o .

calculated for various current velocities from stream reaeration coeffi-
C1ents (k?) using the expression der1ved by Churchill et al. .-
converted to metric units (8).

. | . ,0.959 L e

-0 - LA -1, < o (4

where: |

v is.cufrent ve]ocity‘(m/sec), and D is mean depth (m)

The reaeration coefficient (a first order rate c0ﬂstant) was con~

verted to the mass transfer coefficient by multiplying it by the deptn

(D). While the most direct effect of varying wind velocily is upon |

kg én&hcurrent velocity upon ki, each also affects the mass transfer
coefficient of the adjoining phase. In order to-take this fnteraction.
1nto account, wind and water ve10c1u1es were summed before determining
k., and the observed valationship between w1nd and k] vas incor-

g
porated into the est1mat1on of kl by f]tt1ng an exponent1a1 curve to

the data of (4) (for values of wind velocity < 1.9 n/sec k] was °

assumed to be unaffected by wind). The equations used to generate kg

- and k] as functions of wind and current velocity wvere

| 18 1/2
kg = 137.5 (Vwind ¥ chrrent) Mol. wt anthracene > (5)

and




0.969 - | : o
k. = 23.51 Veurrent [ 32 ' 172 ' (6
1 : D0.673 Mol. wt anthracene : > )

1.9 m/sec, and

for Viing £ ' .
| 0. 969 ' |
v . 172
- current [ - 32 . 0.526(V . -1, 9)
Ky 2%'51 p0-673 <§ oWt anthracene) _ (e w1nd _‘7)
for V ;4 > 1.9 m/sec. )
where: |

Vwind is wind velocity (m/sec),

- Veurrent

- D is stream depth (m), and

is current velocity (m/sec),

Units of kl and kg are cm hr 1.
The estimations of stoc, kg, and k1 were used to calculate the
volatilization rate of anthracene in a hypothetical river 1. 0 m in
depth, at current velocities 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 instantaneous mixing throughout the T
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water co]umn, thus a concentration gradxent exists only at the surface.

Photolysis

The rate of photd]ysis of anthracene in aqueous solution was
measured by exposing solutions of anthracene {~ 10 ppb) in distilled
water to midsummer, midday sunlight at Oak Ridge (v 35°N latitude).
Solutions 2 cm in depth were maintained in sha]]éw pyrex vessels

enclosed by a pyrex cover to eliminate volatilization and exposed to
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. uation of incident is described by.the expression

vihers:

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

-wavelengths of sunlight absorbed by anthracene; no correction was made

for decreased incident radiation or increased pathlength due to

reflection--these processes would tend to counteract each other. The

change 1n anthracena concentratxon vias mon1uored by fluorescence spec—'

“trophotometry, and the first order rate constant calculated. A sample

"containing l4c labeled anthracene was exposed to sunlignt, acidified

extracted into hexane and’ then chromacographed with benzene on a silica

i ge]—G TLC plate. The TLC p]ate was scanned with a 14C counting TLC

scanner. The presence of a large portion of the 14C near the origin

- in the sun]1ghu exposed sample while nearly a]] 14C was near the sol-

vent’ front in a dark control samp]e indicated that in thes presence of

sunllght anthracene was converted to more polar (probably hydroxy]ated)

compounds-

In natural waters, the rate of photo]ys1s of a substance is

affected a great deal by the attenuaulon of 1nc1dent ‘solar rad1at1on by

. substances dissolved end suspended in ths water column {9). Such atten-

.'Id = IO 10“0‘0 , .‘__' P (8)

I0 is the intensfty of incident.radiation at.surface;-

I is intensity of radiation at depth D {in cm), and

o is the decadic light extinction coefficient (in_cm"l)
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 water (kp,), (o = depth = Dy, (cm) to the rate

“pw>
constant in natural water (kN) of depth (DN) (cm) and ay s given

by: B o . T s

-1.2 aNDN

Ky .o

plow [(1-16 M My 1.1 (1-10
S =12 ¢

. "N
K a,D ~0Otqy D o0 .. ?
D N ‘N [(1_10 DY DN) + 1.1 (1-10 _ DW D”)JA

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

. Thus, the estimated rate constant for the midday photo]ysis.of

anthracene in a body of water of transparency characterized by o and

i depth DN at 35° N']atitude, midsummer, is given by - the experimental]&

o ' . - ky -
. observed rate constant in distilled water multiplied by~EE— calculated
- _ . D :
from equation (9), using Gy = ~0.002 cmL and Dy, = 2 cm.

The expression for ‘the midday midsumher phbto]ysis of anthracene“
is thus given by: ' |
e how kg Do fais T R o fass. (100

Microbial degradation'

~ The rate of‘deékadation of anthracene by microorganiéms sﬁspended
in the water‘co1umn was. estimated by édding 10.ﬂ1 of anthracene stock .
solution in methanol (10 mg/1) to 100 ml of natural water in a 200 m1 f
glass bottle. The sample was incubated 60ernight (18 hr) at ZSfC on a

wrist action shaker. Incubation was terminated by adding 50 ml of
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methanol and‘O.l g of NaOH, followed by'Sd ml of distilled water. The

‘sample was extraéted with 5 m1 of hexane, and a 1 ml aliquoi of the

}ﬁexané extract evaporaﬁed to drynéss. A small amount of nonvolatile
lipid was addad to the hexane extract pr10r to evapo'atwon o prevent
‘;volat111zat10n losses in th1s step.” The sample was redissolved in 5 m]
. of methanol, and anthracene content dotern1nnd by f]uorescence _
_spectrophotometry The samp]e procedure was carried out thn sanples
ilnocu1atcd with 14C Tabeled anuhracene in add1t1on to untagged -
;anthracene. ‘In this exper1ment a KOH CO2 trap vias p]aced in th° -

.isample bottle at the end of the incubation period, and the wator o ‘j.f'.,

4 'ac1d1f1ed to pd 2. After two hours , th= CO2 trap, hoxano eeracL, N
?and remaining aqueous phase wvere analyzed for 14C using liquid |
~scintillation countinﬁ. | " ‘ -

ﬁater'samples were obtained from Third Creek, in Knox‘Counfy,
vTennessee, a sma1].streaﬁ receiving chronic PAH'inputs from a refined -

. 0il storage facility, and a small woodland stream on the Oak Ridge
:reéervaﬁion in'Anderson County, Tennassee. The Iat;er or191nated from

a 'spring about 400 m upstream, and was considered a prxst1ne envwron-'

-ment. Autoclaved Third Creek samples and d1st111ed water vere used as B
‘ contfo1s. Anthracene concentrat1on in all water samp1es pr1or to
additions was < 0.05 ppb lower case in all cases. '

Microbial degradation rate was assumed to be first order with ;. _:;;.":._
respect to anthracene concgntratjon, and was described by: s

d g .
2 (11)

=k, [Ady  Foce -
n b 12,0 Tais -
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.which were incubated at 25°C for up to 48 hours.

" calculated from the rate of change of [14C-anthracene]sedimen£ (10).

- tion of anthracene added only to the surface of inlLact sediment cores

- with that observed fn mixed sediments. Rate of degradation in sediments

11

Microbial degradation rates of anthracene in sediments were deter-

146 Tabeled anthracene to mixed sediment samples,

14

mined by ‘adding
CO2 was trapped

-in KOH as in water samples, and the sediment exiracted overnight wit

acetone 1n a micro-soxhlet apparatus. Residual cellular 14C in the o

sediment was determined by 11qu1d scintillation counting f011ow1ng com- '.

.bustion (Tri-carb Samp]e Oxidizer, Packard Instruments). The acetone

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

' inftially elute anthracene, followed by 19:1 v/v butanol-acetic acid to

14

remove polar metabolites. Quantitation of “'C was carried out using

liquid scintillation counting, and the degradation rate constant was’

Experiments also were cafried out to compa%é the rate of degrada—

i

was described by:

d [A] sed

—ar— = Ky [Algeq (12)

Sedimen{ation

Sed1mentat1on of particulate mater1a1s conta1n1ng adsorbed anLhra— ‘

-cene can act as a.removal process, transporting anthracene from the

vater column to the sediments. Tha rate of removal of anthracene by

this process in quiescent water for a given type and size of part1cu1ate

matter is given by the expression:
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Ay | -
B s R . (3)
 with, - - - - _ Ve
ks=(F)me’ o (14) BT

'wheré: : S R LT ]
“ Vf'js the.sett]ing velocity of the particu}étés é& ﬁr"l. o
- (calculated from Stoke's Law),
D is the depth of the water column cm, and

faqs 1S the fraction of the total anthracene in the water

co]ﬁmn édsofbed to particulates:
Ky [part] I | o Jg
Ofads = KdA[part] S : (15) o

An estimation of the rate of removal of anthfaéene from'typical

river systems was'obiained'by'using é sedimentation rate typicgl.of tﬁé S
highest values observed in tributary reservoirsrih the Ohio River system"ff.ff
(6 cm/yr, or ; 1 x 10'f3 g/cmzhr) (ll)lto calculate.thejﬁuééeﬁdeg |
sediment load [parf] of a given sediment type prodﬁéing s@ch a sedi—. o
mentation rate, o | | '

. -3 o ' -
[part] = l-%—lg—— g/cm3 . - (16)
f .

" The value of [part] was used in equation (15) to determine fads'



-~ Adsorption to bedded sediments ) i.:“,
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Resuspension forcesugenerated by water %urbu]ence»in Tlowing ‘water
.systéms act to make.ks far smaller in flowing systems. There will be
' no net.ﬁovement of suspended particles from th2 water to the sediment
unless the [part] exceeds the amount of suépended load the stream is-
éapabie of carrying in suspension; The suspehded load capacity given bj

l(12) is:

’-;—séf‘o.ms Przsine, )
whéré:
| p is the densityidf water (g/cm3),

‘3 is the mean current velocity,

' B is the s]ope.of the stream in .dzqrees from horizontéf,

.Js is the suspended 1dad wet mass‘transport rate

Q is the hydrologic flou rate |

3 I

== was calculated for 2 pm clay and 10 m silt for-a current Ve1ocity

- Q
of 6;1 m/sec and B=5.7x 10"4 (1 cm drop per 1000 m of stream);

In fhe absence of some mechanism fcrlremova1 of.éﬁthtacehe from
sediments along tﬁe water-sediment interface, an adéorption edui]ibrium .'
condition would be rapidly established in this layer and net mOVément of 
anthrécene from water to sediments would 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 water into the sediments.




" where:

14

The rate of adsorption of anthracene by sediments was described in
- a way analagous to mass transfer across an air-water interface, yielding

the expression:

| [AJHO'_,( . ’,[A] S
dt - a- A )[A]HZO fais =~ » (18)

Ka WHZO Tais

[A]Sed is the.concentraﬁfon.of anthracene in sedimeant (g- “
anthracene/g sediment dry weight){ . )
Ky {s‘the,]iquid phase mass transfer coefficient used
previous]y.' | | .. .

D is depth of the water column.

‘ 'Under~steady state conditions, the flux of anthracene across a gfven

surface area of sediment (adsorption) is equal to ths rate of degrada-
tion of anthracene in a depth of sediment (d) in which the concentration
of anthracene can influence the rate of adsorption. Thus, the rate of

degradation of anthracene under 1 en? of interface, given by:‘

degradation (yg/ci® hr) = -k_ [Wlieq ps 0

where:

~ps is the méss~of dry sediment/cm3

'be&ded'éediﬁént~<
d is.the dépth of adsorptidn, | |
p is the density of water (g/cm3);

"is equal to the rate of adsorption, given by:

‘ N N |
. 2 [ sed

adsorption (ug/cm“ hr) = k. {1 - [A] p f,... (20)

p. no - ]( Ko P wyo Tais) 07 dis




.15
Setting equation (17) equal to (18) and soléing for [ant]sad yields:

| Kd y [A] h,0 Fais

[A] . .

- (21).

Fina]]y,'substituting equation (21) into eﬁuation (18) gives an expres- -
sion describing the effecL of adsorption by beddad sed1nenus microbwal

degradation on aqueous anthraceno concentration: )

Ao &, -k
20 _ 1 (1o
k] + kdkmd Pg

I ) Hzo fais -~ . (22)
' Removal rates were caTcQ]ated using parametérs reprgsentéﬁivé of

. Third Creek, Kd = 1000, pg = 1.7 g/cm3, and measurad K vaiuas.

- The dgpth of scdimgnt actively adsorbing ént%racene direﬁt]y from the
watériwas estimated to be 0.1 cm. While this estimate is somewhat
arbitrary, it sesms reasonable for clay type sedfmen?;, where-tha

anaerdbic zone is likely to be less than'O.S cm from thz -interface (13).

Bloaccumu1at1on'

The b1oaccumu]at1on potential of anthracene was 1nvesL1gaLed us1ng

the zooplankter, Daphn1a pu]ex, and fathead minnow, P1ﬂepha1es

promelas. Each species vas exposed to disselved anthracene in water

(~ 6 ppb for Daphnia, 0.25 bpm for Pimephales) at 25fC for varying
periods of time, and ana1yzed for anthracene content by f]uorescéhce _ i
sﬁeqtfophotometry following digestion-extraction. Daphnia could be |

analyzed by direct extraction into methanol, while minnows required
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homogenization (Tekmar Tissuemizer) and NaOH d]gest1on (5 ml 1 N

NaQH, n0.2g fish, 70 C for 30 min) followed by hexane extraction (14),

" evaporation and dissolution in methanol.

Bioaccumulation data were analyzed as a first order epproach to

. equilibrium in a two compartment modelA(water'and organisﬁs). .Uptake

| vas assumed to be a f1rst order process with respecL to aqua=ous anthra—

~cene concentrat1on and the elimination rate First ordor with respect to
'j anthracene concentration in the organism. These assumptions lead to’ the

- following differential equation as our model:

4 I g () S R,
—gT @) - ¢ ) Ho (t) Fe Plog > (@)

" where:

[AJOQG is the anthracene concentrat1on in the organism,
| (ug anthracene/g t1ssue wet weight)
ko is the elimination rate constaqt in the organism, _
(hral) : : o S ?:4
-1 hr‘l)

aC is the uptake rate constant, (ml mg

. Since aqueous anthracene concentration tended to decrease with time at.'
" very lo# concentrations due to uncharacterized removal and degradation

' processes; [A]H 6 (t) was empirically approximated by the function
. 2 : | . R

LAl wy0 (1) 2+ be™ e

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 -kt _Cb Aat, € ey
[A] ORG (t) I:E; 'E; e e - = et za. ‘25)

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

form:

C[A]HO | -kt o
=1 %) . . Thi(26)

A
[ J ¢ 0RG (t) ke

The estimates of the parameters C and k vere obtained usiﬁg’a
two stage iterative 1east squares techn1que. Tha first stage ﬁsed'the
observed (t, [A]HZO (t)) values to obtain estimates of a, b, and X'or-
.[A]Hzo (o) for the unchanging aqueous contentration case. (The
estimate of [A]H20 (o) was equal to the sample average of the _'
‘observed [A]H 0 (t) values). By substitituting the parame ter estl-

. mates from th= first SLage into equation (25) o* equation- (26), a non—'
11n=ar dterative least squares procedure was used to dauermxne the
estimates of C and k (15) The bioacc&mu]ation curva (concentrétfon-
" factor ¥s t1me) was derived from the ratio of equaulon (23) to (Zd),

and - approached C/ke as a 11myt with increasing time.

RESULTS

Vo]at1]1zatlon

Desplte its low vapor pressure at 25°C, anthracene in aqueous solu-

tion is apprec1ably more volatile than water, (H = 0.0027 + 0.0001)* and

*In these and all further cases, the number to tho right of v]s the .
standard error of the est1mated quantity. o
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thus vo]ati]i;ation wpu]d tend to reduce équeous concentrations ;f
anthracene. MWMixing of both aqusous and géseoué phases acts to increaée
the rate of volatilization. Thus, undéf quiescent conditions, anthra-
cene has a predicted volati]izatioﬁ_half_]ife of aﬁdut 300 hours in a
Sody of water 1 m deep, while in a systém with current velocity 6? 1 |
m/sec and W1nd of 4 m/sec the predlcted half life is reduced to about _ 

-18 hours (Fig. 1)

'Photolysis . _

Anthracene in distilled water was obﬁerveq to be rapidly degfaded.
ﬁndéf.exposure to naturé] sunlight, with a photo]ysisihalf life of."
about 35 m1nutes under a m1dday sun]1gnt in m1dsu7mor at 35° N lat1;ud°
(k p =1.19 +0.10 hr-l) A 24- hour phoLo]ys1s rate for anthracene
" in midsummer would be about 0.35 times tha summer m1dday pnoLo1y515 |
fate, while a winter 24-hour photolysis rate would be roughly 0.12 timss -
the summer midday rate (9}. Thus, in pure wafer at shallow depths, ‘
anthracene would exhibit 24-hour photo]ytié half lives of about 1.6
hours in summer and 4. 8 hours in winter at n 35°N 1at1tude. |

In most natural waters, the absorpt1on of Tignt by dissolved and
‘suspended matter wou]d,act to reduce photolysis rates considerab]y.
Thus, for a decadic 1ight absorption coefFicient of 0.020 at 350 mm (a
value observed in Third Creek water), the photolys1s half 1life in a 100
cm deep body of water is 1ncreased by about 4 fold (Fig. 2) In a more‘-'
turb1d system (o = 0.100, typical of n 50 mg/l clay suspension), thé
hél% life iﬁ increased aboﬁt i9 fold. Photolytic activity in most natu-

ral waters is thus limfted to thz uppermost 100 cm or less except for
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waters of exceptional clarity (which would not be likely recipients of

‘wastes containing PAH).

Hydrolysis:

.®

No dagradat1on was observed in controls for pho;oljs1s and micro-
'b1a1 degradation exper1ments, 1nd1cau1ng that the .rate constent for non
'ph0u01yt1c abiotic processes that d=grade anthracene was < 0. 001 hr -1
at 25°C This process vias aSSLmed to be un1mpor*ant w1uh respect LO.

‘other more rap1d removal processes.

Microbial degradation

The rate constant of microbial dagradétioﬁ of anthracene 1in Third

Creek water incubated 18 hours at 25°C was 0.061 * 0 007 hr'l. Mo

,degradat1on waf observed in autoclaved Tn1rd Creak waLe » distilled
vater, or water from Walker Branch over the samQ time period. Anthra-
cene concentratlon in the Thlrd Creex water prior to addition of 1 ppb

' anthracene was below the limit of detection by f]uorescence (< 0.05

ppb). Ana]y51s of 14C fractions in thié experiment indicated that

14

about 5% of the "'C.in the degraded anuhracene (1abeled at C-9 p051- o

tlon) vias converted to COZ’ with the remaunde* presewt in 1 N NaOH

14

soluble metabolites. -Fluorescence and =~ C technxqu¢> agreed wall in

‘estimating anthracene degradation rates.

Adsorption
4 Anthracene was ‘sorbed by 1norgan1c sediments and suspendead organlc

part1cu]ates. The organic particulates (autoclaved yeast) exhibited a

. high affinity for anthracene, with.Kd being approximately 25,000 at.
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25 C (3). As a result of such a high Kg> @ AO mg/1 suspensicn would
remove 50% of the‘anthracene from solution. Sorption by inorgahic par-
ticulates was considerably less, with a 2.0-0.1 p clay fraction
exhibiting a K, value of about 1600. Larger partfc]es (5-10 mm silt)
ﬁad appreciab]y less sorptive affinity, with Kd'u 100. In the eff]u%
enﬁ from a biological waste water‘treatment plant, only 4.47% of anthra-
cene added was adsorbed by 18 8 mg/1 (dry u=1ght) of solids, for a Kd
K 2500 : S N . L

Sediméntatidn

:'The rate of removal of anthracena by adsorption and subsequeﬁf
sedimentation of'particu1ates.is»dg;ermfnéd by thz extent of aasorption "
and rate of sedimentation. Calculated removal rate constants for- |
" anthracene .(assuming no forées act to maintain particulates in
suspension - a c1ear]y'ihcorrect assumption) range from 7.2 X 10“,

'1 ( 1/2 = 95 hr) for depth 1 m, 1 g/g, 2 B c]aj sed1nont to

1.44 x 1073 h (T1/2'= 481 hr) for depth 1 m, 40 mg/1 10 y site
sediment. (Both SOdlment concentrations produce S°d1nentat10n rates of
8.4 cm/yr, a value h1gh°r than that found in most reservoirs of th=
Ohio R1ver system). .

The sed1mentat10n rate constant for removal of anthracene by
organic detr1tus was calculated for part1c1es 10 yt in d1ameter of
specific gravity 1.02, using kd = 25000 and [part] of 20 mg/].‘ The

resulting rate constant was 0.0012 hr Y for a depth of 1.0 meters. -
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- Sedimentation rates ca]cu]ated in this way are unrealistically
. large due to neglecting suspens1on forces (resulting from the k1neL1c
energy of flowing water), but the removal rates are nevertheless consi-

derably slower than those predicted for volatilization, photonsis, and

microbial degradation. In the presenco of water current, sedimentation

'~rates are ]1ke1y to be far s]ower than these; hence adsorpt1on— o l
'sed1mentau1oo is not 11kely to be a significant process fow the net
-removal of anthraceoe from th° vater column. SedlnenL concenurat1ons
-calculated in Equation (14) for a sed1n°ntat1on rate of 8.4 cm/yr uou]d
be ma1nta1ned in SUSpenSIOH (Equauwon (15)) by 0.1 m/sec current if

. composed of either 2 Hor 10 u par»xcles,

Adsorption to bedded sedimants

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

mined by mixing in the aqueous phase (k from volatility determlnations)

and the degree to which the uppermost layer of bedded sedlmenu is not 1n'

equ111br1um with respect to adsorption of anthracepe»from tha water. In

the absence of some process which removes anthracene fron the uppermost

4sed1ment layer, anthracene in the sediment wou]d attaun an equ1]1br1um
concentrat1on (K [A] H, 0 fdls) and net adsorpu1on woqu
approacn zero. Degradatlon of anthracene in the sed1menus by microor-

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

rate of femova] of anthracene by this process is determined by the rate .

of microbial dngradat1on unless m1crob1a1 degradat1on is so rap1d that

de]1very of anthracene to the sed1wont-water interfeace (x ) becomes

Timiting.

i
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The predicted rate of adsorption to bedéed sediments vs microbial
degradation rate is depicted in Fig. 3 for a system 1 m deep flowing at
1 m/sec. At microbial degradation rates observed in Third Creek sedi-
ments (km:= 1 x 1()"3 -1x 102 hr"l), (10)‘thé adsorption of
anthracene by bedded sediments would reduce th2 concentration o}
anthracene in the overlying water with a half 1ife of 65-500 hr. If
theAdepth of sedimeﬁf actively participating in fhe agsorption précess
' is:greater than that ﬁsed in these estimations (1 mm), the rate of
' adsbfption vould be increased equivalent to a proportional incfeé%é in
km, with d remaining 1 mm. Similarly, increaéiﬁg Kd of the sedi- B
_men{s.would act to increase the rate of adsorption (assuming miéfcbial
degradqtion rates in éedimepts do not véry with'ad§orptiva‘pofentia1 of

the sediments).

Bioaccumulation:

Bioaccunulation of anthracene by both‘Daphnfa-and Pimephales was
rapid, with Daphnia attaining apparent equilibrium concentrations within

several hours, while the minnows attained apparent equilibrium wjthin

2-3 days. Uptake and elimination kinétics‘of the minnows were voughly .=

an order of magnitude less rapid than those of the ;oop}éhkte?.i Uptake .- S

1

(C) and e]ihination (ke) rate constants of‘0.702 + 0.077 m1 mg~

'hr"l-and 0.589 + 0.077 L were observed for Daphnia, and‘0:031.£_
0.025 ml mg~! hr~) and 0.064 + 0.059 ml mg™! hr™) vere
o N 7
noted for Pimephales. Equilibrium concentration factors, ( 0r:an15m)’
. 0
2

were simi]a}, befng 1192 + 52 for Daphnia and 480 +* 95 for Pimephales.
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In brder to assess.the importance of pé;sib]e food thain bioaccumu-~
lation, the uptake rate for minnows ingesting 10% of:their live weight
per day in Daphnia equj]iﬁrated with the ambient aqueous anﬁhracene
concentration was calculated using the observed Daphn%a concentration
factor and compared to tﬁe anthracena uptaﬁe rate (C) for Pimephales.
In a 1 ug/1 anthracene solution, a 200 mg minnow would take up an

estimated 6.2 x 1075

ug anthracene/hr through direct uptake, while
_uptake from ingesting Daﬁhnia would bz 1.0 x 10"3 ﬁg anthraéene/hr;

" Since the rapid biocaccumulation kinetic§ of Daphnia indicate tﬁat.zoo;
p]anktoanopu1afions would maintain body burdens of anthracene nzarly '
in eddf]ibrium with ambient water concehtrations, fiéﬁ vould ;édhire

ingestion of more than 60% of their weight per day fo take in an amount

of anthracenz equivalent to that taken up directly.

DISCUSSION

3 . .
- The persistence of anthracene in natural waters under summer.condi-

tions of temperature and illumination appears to be primarily dafermined
‘by the procegses of photolysis and dazgradation by micrdorganisms sus-
pended:in the water column (Table 1}. In a large, deep (S'm), s]éw -
moving (0.1 m/sec) rivér such as the upper Ohio (Table 1A), depth and
turbidity would act to ;educe the importance of photolysis, making . |

. microbial activity the major removal proéess, In highly turbid waters
(Table 1B), photolysis is reduced further, while the removal of anthra-
cene from solution by'adsorption to suspended part%c]es acts to reducé

" the rate of microbial degradation and volatilization. In a relatively
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transpareht deep water body (Table 1C), micrgbial degradation of anthra-
cene is still dominant, accounting for 74% of the estimated degradation
rate, with photolysis accounting fpr 18%. In sha]?owar systems,.inter~
face related phenomena become of increased imbortance. Thus, fpr a _"
system 1 m in depth,. relatively clear (Téb]e 1D}, the abiotic processes,
photolysis and volatilization account for 63% of the estimated'remova1
rate. Microbial degradation still p1ay§ an important role. For a very

shallow (0.25 m), clear stream {Table 1E), photolysis and volatilization

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

half 1ife of only 1.5 hr (mean daily photolysis rate).

Tho process of adsorption-sedimentation and adsorpt1on to beddcd

sed1menus microbial degradat1on in sediments do not anppear to be of

major significance in determining the persistence of anthracenz in the

hypothetical systems considered. This does not indicate, however, that

anthracene will not accumulate in sediments, in Tact, the coupling of
rates of adsorption to bedded sediments and microbial degradation rates

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

‘]ibrium values (Kd [A] HZO fdis)’

“ CONCLUSIONS

© (1) Anthracene chron1ca11y introduced to aquatic environments will R
be rap1d1y removed by the action of suspended microorganisms, sun]1ght |
and volatilization. Half lives of substantially less than one day are'
ant1c1pated in many systems. | |

(2) Microbial degradation by suspended organ1sns is 11ke1y to be

the most significant of these processes under a variety of conditionsz
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but-under situatipns of shalley depth and ciéar water photolytic dagrad-
| ation and vp]atijization may be more rapid. |

(3)’ Bioaccumulation kinetics of aﬁthracene in small fish and zoo-
:blankton are rapid, and equilibrium concentration factors attaiqed are |
comparable. Food chain magnification at‘this step (zoop]ankfon Vfish)
s npt likely to be great due to the rapid dfrect.uptaka.of anthraééne
. from water by fisﬁ. Rapid bioaccumulation kinetfcs suggest that body
burdens of an;hracene in zoop]aﬁkton 1111 respond rapidly to chang1ng
aqueous anthracena concenura+1ons wn11e body burdens in fish would
fo]lov a similar, but someqhaL damped oattern |

" We have 1dent1f1ed the fo11ow1ng areas wvnere - greauer résearcn.
emphasis is needad. |

(1) Since microbiaﬁ degradation rates used in these estimations
were measured in a single contaminated aquatic ecosystem, further
" research neads to bé done in other contaminated systems to determine
more representative rate§ and factors affecting them; such as aqueous'
concentrations of” anthracene and other PAH‘S. |

| (2) Estimation of the rate of the process of adsorptxon to bedded

'sed1m.nus-—n1crob1a] degradat]on requ1res a know]edge of chemical, phys~
1ca], and biological character1st1cs of a thin surface 1ayer at the
sedlment-wauer lnterface, spec1.1ca11y the thickness (d), adsorpuxv1ty .
(K4), and microbial activity (k ). While k_ estimations made in
mixed sediments vs intact éediment surfaces did not differ greatly, the
the.values of d and'Kd.assumad are somewhat arbitrary. Further

attempts to experimentally determine these-parameters seem warranted.
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(3) Data on bfoéccumu]ation 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 thair less complex
physiological detoxification capability. - | " |

‘(4) Expef%menta] determinatioh of vofatilityiand microbial degradf

-~ ation of anthracené at low temperatures is needed.
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Variation in predicted volatilization rate of anthracene at
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1.0 m in depth. u ) : -

‘Variafion in predicted midsummar midday photolysis rate of
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varying microbialfdegfadation rate (Km)'in'a stregmkl.o m
deep, current velocity 1.0 m/sec, ZSfC. Sedimgnt Kd'=
1000, depth 6f active adsorption (d) = 0.1 cm.

Biocaccumulation of anthracene by Daphnia pulex at 25°C, shown

as concentratidn factor ([anthracene]Daphnia (wet weight)/
[anthracene]Hzo) vs time. Error bars are * 1 S.E.
Aqueous anthracene concentration‘4,6 ppb.

Bioaccumulation of anthracene by Pimephales promelas (fathead

. . anthracene ..
minnow), shown as concentration factor ([ ]f1sh

(vet weight)/[a"thrace"ejﬁzo) vs time. Error bars are %

1 S.E. Aqueous anthracens concentration n 0.25 ppb.
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(A) Deep, slow,

(8)

Table 1.

Removal of anthracene from the water co1u*n at 25 C

midsummer sunlight 1n various environments

some&hat turbid

susponded solids - 50 ng/]

depth - 5m 2 u c]ay : .
current - 0.1 m/sec kd = 1000 d .=0.05
wind - 4 m/sec ' a=0.100 : "

Process Rate constent (ﬁr’l) Fractional contrfbutioﬁ
Volatilization 0.002 0.03
Adsorption to bed < 0.001 -
Photolysis . 0.00% 0.05
Microbial degradation 0.060 0.91
Sedimentation < 0.001 - . _ -
Combined - 0.055 ‘ B

T1/2 = 10.5 hr

Deep, slow, muddy _ .
depth =-5m . suspended solids - l'g/l;'2 p clay :
current - 0.1 m/sec . kd = 1000, fads = 0.5
wind - 4 m/sec a=2.00 ST :

Process Rate constant (hr'l) Fractional contribution

Volatilization
Adsorption to bed
Photolysis

Microbial degradation
Sedimentation

~ Combinad

0.001 - 0.03
<0.001 - | -
< 0.001 o -
0.030 - 0.79
0.001 0.18
0.032
= 21.6 hr

T2



(C) Deep, slow, clear

(D)

Table 1. (continued)

Shallow, fast, clear ~

depth -5m . 'suspended solids —-1ow, fads < 0.01
current - 0.1 m/sec ' kd = 1000
" wind - 4 m/sec = 0.020
Process Rate constant (hr'l) Fractional ﬁontributfcn
Volatilization 0.002 ' 0.02
. Adsorption to bed 0.001 ‘ 0.01
Photolysis 0.018 : - 0.22
Microbial degradation 0.061 C 0.74
Sedimentation < 0.001 _ - - -
Combined - 0.082
Tl/z = 8.5 hr

T2

depth -1m suspended solids - Tow, fads < 0.01
current - 1 m/sec : kd = 1000
wind - 4 m/sec a = 0.020 . :

4. Process " Rate constant (hr'l) - Fractional contribution . )
VoTatilization 0.042 - 0.21
Adsorption to bed 0.008 0.04
Photolysis 0.086 0.44
Microbial degradation 0.061 0.31
Sedimentation < 0.001 -
Combined 0.197

= 3.5 hr

R SN



Table 1. (continued)

-~} Very sha]lbw, clear, fast

depth - 0.25m
current - 1 m/sec
wind - 4 m/sec

suspended solids - Jow, fids < 0.01
: kd = 1000
a = 0.020 T

Process . Rate constant (hr'l) FractionaI:coh%ributiOn .
- Volatilization ©0.179 : 0.35
Adsorption to bed 0.032 . 0.06
Photolysis 0.238 _ . 0.47
- Microbial degradation 0.0561 : - 0.12
Sedimentation < 0.001 - L -
Combinad 0.510. o -
TI/Z = 1.4 hr






