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Abstract: The low biodegradability and high persistencenmvironment of PCBs (polychlorinated biphenyls) makeir
removal difficult and incomplete in conventionalhéemical-biological) wastewater treatment plants (WR), and
frequent oversteps (5-250 ng/L) of the admissilieits in effluents (1 ng/L) are reported worldwidm general,
accidental discharges of low loads might not ber#tical, due to the fast pollutant dispersion ogeshort river-section
downstream the release point. In contrast, thidlpro can turn into a serious one if the pollutanaiPOP (persistent
organic pollutants, as the PCBs), even for smalceatrations in the WWTP effluent, due to its knowigh
bioaccumulation capacity in the environment. Theepaillustrates, for the case of a low-level bugginent PCB-52
discharge from a WWTP, the high pollution potenf@i the river. By using a combined advective-dispee dynamic
model, including the phase-exchange and bioaccuimnléerms in biota and sediments, it is proved howmall but
quasi-continuous release of PCB can become dargenoua long term. The model allows predicting tineoting
pollution front” effect propagated downstream theer, as soon as the aquatic phase-exchange euniiiends to be
reached in the critical discharge section.
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1. Introduction discharged in the environment without any precawtiotil
80's when their use has been restricted. Due tovéng

Aquatic environment pollution with toxic persistenthigh toxicity and frequent accidental releases I t

compounds resulted from industrial processes reptes environment, their production has been ban, thesr have
one of the h|ghest concern of the modern Societyleen ||m|ted, while the Stockholm Convention on 200

Particu]aﬂy, the persistent Organic po”utants m,o restricted the POP prOdUCtion worldwide. DeSpItahait,
resulted as by-products or produced for variousistial PCBs inevitably persist in the environment and rienza
uses, are a class of very stable pollutants, vifigudt to ~ focus of attention [3]. Moreover, these POPs inhtlye
be removed from wastewaters by means of classicaiPPear as by-products in the worldwide productidn o
treatment methods. Among them, the PCBs are ortieeof Various chlorinated organics such as pesticides,
most dangerous for the human health and environmefisecticides, or chlorinated aromatics, continuitog be
even at extremely low concentrations (ng/L). Thplanar Presentin the wastewaters, sediments and industates,
PCBs present toxicity comparable to those of digxinWwasted sludge from WWTPs, and in the levigates ftoen
having a carcinogen and mutagen effect on fauna, Bydustrial waste deposits [2,4].
altering the transcription of genes in the livirells [1]. While the EU regulations sets PCB limits in the e
PCBs, with the general formula,0,Cl, and with 1 €nvironment to 1 ng/L (water), and 800 ng/g dw
to 10 chlorine atoms attached to the biphenyl,ereg209 (sediments, sludge), the wastewaters and WWTP daste
congeners, from which ca. 140 have been manufatase sludge can present sometimes significant loadstoug
commercial mixtures of viscous liquids. As the chie Hg/L (water) [3], 10ug/g dw (sludge) [5], 3lug/g dw
content increases, as the PCB solubility in waselower (sediment) [1,6], while the wastes and levigatesmasent
but higher in lipids, the pollutant being low valatand €ven higher PCB contents depending on the waste typ
more stable. The PCBs exhibit a high resistandheomal, (more than 50pg/g dw [7]). The current EU and
biological or chemical degradation, leading to ahhi international regulations set PCB maximum levelsfémd
mobility, easy bioaccumulation in biota and sediteghat and feed to ca. 0.1-pig/g ww [1,8], and recommend

will negatively affect the riverine area on a |ategm [2]. measures to control the waste stocks and industrial
PCBs are used by various industries as: hydramkt adischarges.
dielectric fluids, plasticisers in paints and cetseras To solve this problem, a large number of researches

casting agents, adhesives, water-proofing, vasefine- have been published over the last decades, regortin
proofing, railway sleepers, or for production ofremarkable progresses in the PCB removal methedgd
insecticides, pesticides, solvents etc. In the, fB&SBs have on a physical, chemical, or a microbial (biologjcal
been extensively produced (millions tnes) and treatment [9].
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A classical WWTP consists in a series of sectiongapacity in biota and sediments, very low biodegbélity
primary (mechanical and chemical), secondary (lgic&l) and long-term persistence in the aquatic environmen
and, in modern configurations, a tertiary (advahced
pollutant treatment. The biological treatment ig tmost 2. Dispersion and bioaccumulation model in
complex but also sensitive to perturbations indefit loads the riverine pathway
or operating conditions, being conducted in coupled

aeration basin — sludge settler units with actidatkidge. To model the pollutant fate in a surface water taain

Sudden increases in substrate concentration, mresef approached have been developed: i) characterizafitme

g!hlbnory sur?stlanc?ls 8r| P(?Phs, deteno;?oq Of” thﬁollutant partition among various phases in contaater
lomass, or the low fiexibility of the aerator-sexttunit, a equilibrium conditions, and ii) simulation of thelutant

these can Igad to a difficult process control [19.In spite . dispersion dynamics in water and bioaccumulation in
of various improvements [12], the WWTP safe operati sediments, biota, or volatilisation in air.

can become a critical issue, being related to tieiant The equilibrium models are based on defined pamtit

type and maximum input loads that can safely be .. . -
processed. On the other hand, introduction of %oeffmlentsK,J of the pollutant between every two phases

supplementary wastewater treatment step for larg§ contact that is [16]:Kii =kii / Kij =ci /o [where:
discharged flow-rates is very costly. o ' _ . ) S 1o )

The presence of PCBs in wastewaters, of whosel = the phases in contact, i.e. water (‘w'), aquédiona
neutralisation is difficult, makes their removal\MWTPs and plants (biota ‘b’), sediments and sludge ('s’),
to be problematic and often incomplete. Applicatadrthe  suspended solids, air/aerosokg; = uptake rate constant of
conventional chemical-biological treatment can reeno
max. 45% of PCBs, while addition of other reagdgatsch
as Fenton) in the chemical phase can lead to a 5i®%. constant of the pollutant from phgsec; = concentration of

removal yield [13,14]. Even if an adapted sludgeised, the pollutant in the phase *' denotes the equilibrium

the effluents from WWTP can still contain 1.4-4.8/ln \qye]. The coefficients;; are determined experimentally
PCBs (in Montreal area [15]), or 250 ng/L (Thessiib .
area [3]). As a consequence, difficulties to obtain OF when no such data are available, they are ledede

satisfactory removal of PCBs from urban, agricuﬂturWith the structural characteristics or propertiels tbe
sewerage or industrial discharges when the wwrTRollutant, such as theKg, (octanol-water partition
possibilities are limited, can periodically lead duerstep coefficient of the pollutant) oiS,, (aqueous solubility of

the maximal admissible limits in the surface watefhe chemical). Compartmented multi-phase and multi-
dls_charge section. If the r_eleasgd amounts of P@&s segment models (based on the fugacity approaahy at
quite small, the concentrations in the WWTP efflu@f  reqict the pollutant fate in lakes or rivers, hsm a

ca. 1-5 ng/L) can be close to the admissible linatsl the geries of well-mixed inter-connected water sectigmuxes)
pollutant may quickly be dispersed over a smaksizg; quasi-equilibrium [16].

section of the river, downstream the WWTP releasiatp Dynamic models are based on the classical forioulat

The pollution problem seems to be in this case VeRf the pollutant dispersion in the riverine pathwag
limited. However, if such a situation persists, i gitferential mass balance equations written for an

questionable what effect can have such an incomplghfinitesimal element of the river. By considering
treatment of PCBs in WWTPs on a long term and @ thyrpylent field and the flow main characteristidhe

whole riverine area. _ _ _ dispersion model can be of various complexitiese-on
The scope of this paper is to illustrate, in theecaf a gimensional 1D (accounting for only longitudinafegition
low-level but frequent PCB-52 discharge from a WWTPy pi.dimensional 2D (longitudinal and lateral itensx,
the high pollution potential for the river. By ugina )" tri-dimensional 3D (longitudinal, lateral, ancrtical
combined advective-dispersive dynamic model, indgd girectionsx, y, z) [17-19]. These models are usually solved
the phase-exchange and bioaccumulation terms ta 8@ ,ymerically by imposing initial and limit conditien
sediments, it is proved how a small but quasi-eRitis  specific to the pollution source (continuous oeimtittent)
release of PCB can become dangerous for the Wholgg river topology. Even if more precise than thgatity
riverine pathway on a long term. The model allowgompartmental approach, the differential transpaotels
predicting the “moving pollution front” effect pragated meet difficulties with including changes in the vilo
downstream the river over long time intervals, asnsas volume, velocity, or river width or depth, requigin
the aquatic phase-exchange equilibrium tends t@#ehed  separate solutions on  different river sections amd
in the critical discharge section. _ significant computational effort to simulate dynami
Such a study can be of help for a WWTP rislcongitions. However, with the increase of computing
assessment, when the low quantities of releasddi@ol  failities, differential models can offer accuratenulations
appear not to raise critical situations due to fast of pojutant dispersion with even including several
pollutant dispersion over a relatively small sectiof the phenomena, such as: absorption / desorption ofsgAse
river pathway. The low level but continuous polbutican pollutant from/to atmosphere through the river scef
however turn into a serious one if the pollutartohgs 10 chemical and biological pollutant degradation; iatgion
the POP class, due to their very high bioaccumarati\yith multiple receptors from the aquatic environmen

the pollutant from phaseto phasg; kjj = clearance rate
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pollutant adsorption in suspended solids, sedimeats where: index ‘e’ denotes the phases in contact With

living organisms, etc. _ _ _ _ water; Fo= ratio of two phase quantities being in contact
The adopted 2D advective-dispersive dynamic modgleferred to the water volume). At limit, for — oo, the
can predict the pollutant concentration fieddx,y,t) in thermodynamic equilibrium is reached, ie.

the river downstream a small-size continuous relgasnt, K. =kye/key for all the phases in contact. The last
by solving the following mass balance [19-21]: two terms in (2) account for the bioaccumulationekics

2 : B
@HNXﬁ:DyO_ZCJrZi - in the phases ‘e’, i.e. the pollutant uptake,) and
ot 2 dy clearance rates§).
oc
—=0,for y=0,andy=B;
ay Y y 3. Case study: PCB-52 fate for a low level
c=0,for y=B; continuous discharge
c=cq, for x=0, y=0, (2) The approached case study consists in a low-(eael

ng/L) discharge of a PCB-52 pollutant from a WWTkhw
_incomplete removal possibilities. The input dateluding
'the river and discharge characteristics togetheh \the
Dy = apparent lateral dispersion coefficietit;time. The constant flow rates are presented in Table 1 (dnnua
. average values). In order to simulate the pollufate in
accounted reaction or phase transport rateslead to the riverbed, a control section Okqg= 1000m is
disappearance or appearance of the pollutant irritles considered downstream the source point.

(e.g. pollutant evaporati_on / runo_ff, biodegrada,tiup_take The released PCB-52 (ie. 2255 tetra-
or clearance by/from biota, sediments, suspendédsso . qrohiphenyl) is one of the most persistent PGRe the
river bed_). Suc_h a model is F’ased on several s‘inrqih)ry_ characteristics in Table 1). PCB-52 presents a low
assumptions: i) a small size discharge source, with solubility and vapour pressure, a low biodegradibil
continuous release flow-rat&)gs ) including the pollutant (small kq), but a high bioaccumulation potential in biota

flow-rate (Q;), and located in the middle of the rivergng sediments (largéy, and kys) compared to their
(y=0); the release water temperature and dissobxgden jearance rates (smalky, and kgy). A value of

are approximately the same with those of the rivgr,; _ _
contaminant release time in the riverine pathwaynish Log(BCF )=4.69 >> 23 [23] and Log(Koy)=5.92 >

longer than the travel timef& x/wy) in the control 5.0-5.5 [24,25] clearly indicate a pollutant with hagh

section, from the source to a receptor located retevant bioaccumulation and biomagnification potential,

distance; iii) an uniform longitudinal flow with eonstant To simulate the pollutant f_ate over ca. one year,
combined numerical - analytical procedure has been

flow-rate (Q) and velocity fvy) over the analysed time developed, by using a time discretization uniforepsof
interval; iv) a prismatic river-geometry with an 4= 1 day. During one integration step, the pollutant
approximately constant rectangular cross-sectibnyidth dispersion can be considered at quasi-stationaaye st

B anq[ depth h; c;/) quiii-constlantdv';/_ater_ quality (gc, / dt =~0), the contaminant release time being longer
parameters, averaged over the analysed time iferya than the travel time in the river control sectidius, the

negligible adsorption/desorption of the pollutardanh the . . )
river to suspended solids (others than biota omsemuts); zfznlag/g]c.al solution of model (1) can be obtainedhaf form

if these are proved to be important, a supplemgnta
pollutant exchange rate must be added to the nwasde 6y ) = Cron Q +Caig(X,Y) [x
term Y;r; ; vii) an advection which dominates dispersion~ N Q+Qy P

where:y= lateral distance from middle-riveB= river half-
width; wy = water-mean velocity in the flow direction

in the longitudinal direction Py =0); viii) a fully mixed ook o\

ong 0y =0): vii) a fully mixe expl kg 1)+ 2 (1-expl—ky )
contaminant plume over the river depth (i.e. vailjc km
homoge_neous_ water concentration fleld); i) a aamst . =ky +kybFp +KusFs ; Ke = KpwFbCh + KeyFsCs »
lateral dispersion coefficiently, ) that includes the lateral 3)
turbulent mixing and diffusion; a value dy =0.06hwy  where: cgig = dispersed pollutant concentration at various

is adopted following the recommendations of Fis¢Bgt. locations downstream the riverkyy = the apparent

_ By assuming _that po!lu’tant blod_egradatlon occuty o McKinney rate constantk.= the apparent clearance rate
in the water (index ‘w’), the inter-phase exchange

dynamics of the contaminant can usually be satisfiy of pollutant from the phases in contact with theexaThe

represented by a pseudo first-order kinetics, efftinm: ke constant has been constructed by considering -quasi
dey constant concentrations of PCB-52 in biota andrsedts
?:rd *rytle = (2) over one time-step, being taken at the previousiesl
—kgCw =2 kKweFeCw + X KayFeCe Ce(X,y,t—4t) for every river location.

149



Chem. Bull. " POLITEHNICA" Univ. (Timisoara)

Volume 53(67), 1-2, 2008

TABLE 1. Input data for the simulation model of the pollutant fate

in the riverine pathway

(a) River topological/water data

Notes: (a)Fp = OpYpw avg. biota density op = 1000 kg/mi, vol.
fraction in water yp,, = 10* (plants, fauna) [16,27]; (bfFs =dgps/ h;
05=0.1m is the active sediment depth [2Z)5= 1500 kg/m.

Symbol Significance Value
X longitudinal flow-direction 0< X< Xmax =

(x=0_at pollutant release 1000 (m) _

location) time(days)= 250 Conc.(water) (ng/L)
y lateral distance from the river | 0< y< B (m) : B

middle §/=0) to a lateral 20

receptor " £ "
z vertical distance from the water 0< z< h (m) B3 g

surface £=0) 52 5 10
B half of the river width 50/2 (m) S e T sos 0264
h average river depth in the h=(Q+Qg ) /(2Bw) 0 '

control section L 500 1000 O Width/2 (m) % 200 400 600 800 1000

- ength (m)

Q river average flow-rate 30 (i#s)

; Cone.(sediment DW

Wy river mean velocity in the flow | 0.2 (m/s) 25 e —on LISt (D GWW) 5 g rocediment) (ng/aPW)

direction 2 .

Dy lateral dispersion coefficient Dy =0.06hu = 3.8x10? T £
(m2/s) §15 §15
(b) Pollution source data T 10 57 510

Symbol Significance Value ® s = lies —

Qe discharged pollutant / 1.3x107 (kg/s)
contaminant flow-rate % 200 400 600 800 1000 % 200 400 600 800 1000

Qef discharged water flow-rate (at 2.0 (n¥/s) Length (m) Length (m)
x=0) (average)

Cef pollutant concentration in the Cef =Qc/ Qf Figure 1. PCB-52 pollutant concentration field ie tfiver, biota and
discharged water (average, sediment, downstream the discharge point afterd2§8 of continuous
before mixing) release (avg. 1:A07 kg PCB/s)

Ctond pollutant concentration before 0.1 ng/L (average)
the release point Axial concentrations

Co pollutant concentration at the  (Qcong + Q¢ ) .. H \ w w
release point¢0) after s
mising | "o 1(Q+Qef ) £’ 1000 days 1

= 4.06 ng/L 5, 250 days 4 ]

Crmax max. admissible PCB 1 ng PCB/L = 1 da} ‘ :
concentration in the river % 100 200 300 400 500 600 700 800 900 1000

c(x,y,t) 2D dynamic concentration dispersion model 300 . . . i
field of the pollutant, solution (kg/m) B
downstream the release point 2% i
(avg. on the depth) £ 100 250 day 1000 days ]

(c) PCB-52 pollutant characteristics 3
Symbol Significance Value (Reference) % 100 200 300 400 500 600 700 800 900 1000
kg overall biodegradation rate | 2.74x10* (1/day) 5 150 ;
constant (average) [27] ®
Kub water-biota overall uptake | 740 (L/day kg ww) g'° 1000 days il
ra_&te constant [28] E s0f 1 day 250 day: J
Kow biota-water clearance rate | 0.015 (1/day), [28] 3 ‘ ‘ ) ;
constant BCF = ka / ka % 100 200 300 400 500 600 700 800 900 1000
Length (m)
water-biota bioconcentration 4.69 (L/kg ww

Lg(BCF) factor [28] (kg ww) Figure 2. Pollutant (PCB-52) concentration dynanaicsg the river

Ko water-sediment overall 3256 (L/day kg dw), Iongltudl_nal axis (y=0) in wat_er, biota and seditn@ownstream t7he

uptake rate constant [29] release point (for an average d;sgg?rged polldawtrate of 1.%10" kg

Ksw sediment -water clearance | 0.1032 (1/day) s)

rate constant [29] ) ) )

Lg(Kys) | water-sediment 4.50 (L/kg dw) [29] To derive an analytical solution of (2), tR&€B-52

bioconcentration factor Kus = Kup / BSAF concentrations in water for each spatial locatibthe river

Fo biota content of river 5x10° ((al;g wwiL downstream the release point are kept constant aner

relatively to the water water) time-step, at values corresponding to the curriem step

Fs active sediment content of | 4.7x10° (kg dw/L ~ _ h lution b .

river relatively to the water | water)® Cw(X,y)=cw(Xy,t). The solution becomes:
Lg(Kow) octanol to water partition 5.92 [27]
coefficient K. oG (X y)

Lg(Kge) | organic carbon to water 4.65 [27] Ca(X,y,t) = Zwerwi Y (1_ exp(— kewt)) +

partition coefficient Kew

Lg(K ) dissolved organic carbon to| 4.79 [27] _

doc water partition coefficient Ce,O( X,y)x eXp( keWt) (4)

Sw solubility in water 66.7pg/L [27]

Py vapour pressure 2.08x10% (Pa) [27]

He Henry’s constant 91 (Pa®mol) [27]
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The solving procedure starts from the ihitianditions

the entirely riverbed can be slowly contaminatedrimans

of the river phases and WWTP discharge. Then, hyf such a pollution propagation effect.

successively evaluating the phase concentratiddsfi€3)
and (4) with a chosen time-increment, one finalbtains
the dynamics of the PCB distribution in watgg(x,y.t),

biota cp( x,y,t), and sedimentg(x,y,t).

Simulations are performed over ca. 250 days
continuous pollutant release, because
investigations for PCB bioaccumulation in fish reed

transient times between 15 and 256 days to reaeh th
pollutant

equilibrium after exposure to different
concentrations [24]. The obtained results are ptesein
Figure 1, while the axial PCB-52 concentrationstlie
riverbed (for y=0), downstream the

(x>0), are displayed in Figure 2 for all the phases if

contact. It is to observe that, over the first fdays of
release, the critical pollution front is locatedywelose the
to source, practically over less than 100m dowastr¢he
river (where the PCB concentration in the rivelédow the
threshold of 1 ng/L; this Figure is not presentesteh
However, even if the discharge load is quite modefsta.
4 ng/L at source), the situation tends to changendtically
on a long term due to the PCB-52 low degradabdityl
high bioaccumulations capacity. Thus, after 250sdafy
continuous release, the phase-equilibrium is praltyi
reached over ca. 400m downstream,; the criticalstiolels
are overstepped in water and biota (see Figurar),the
pollution front continue to move down the river.

By applying the simulation model, it is possible t
predict the negative effects of a PCB low-levetasie over
much longer time intervals, or for various discleatgads
at source.

4. Conclusions

Based on a combined dispersion-bioaccumulati

The model can be coupled with a statistical anglysi
associated to the accidental release of a pollutardrder
to derive the risk contours downstream the rivevanous
release scenarios that concern discharges from artwvw

(with incomplete treatment of certain pollutants][21

experimental
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