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Abstract—The occurrence and behavior of (he aromatic surfactants linear alkyibenzene sulphonates (LAS) and nonytpheno} po-
yethoxylates (NPE} as well as their biowansformation products in the central lagoon of Venice, laly, were mvestigated by monitoring
deep- und shallow-water lagoon stations, two riverine sites, and one sea station, Additional samplings were conduected at the tirge
inlets connecting the lagoon with the open sea under both ebb and low-tide conditions. and a radiometricnlly dated sediment core
spaming the last century was examined. The spatial distributions of L.AS, NPE, and their carboxylic metsholites sulphopheny]
sarboxylates and nonylphenct carhoxyvlates, respectively, appeared to be rather homogencous over the entire centeal lugoon, Re-
markable seasonal differences were found, however, primarily becaose of the increased biode gradation a2l tempenurcs greater than
20°C. The estimated primary and ultimate biodegraditions of LAS in the lagoon waters were approximately 9 and 725, respectively,
Anulysis of the dated sediment core showed similar annual Nuxes of bou: LAS und NPE {48 ngfem? year), which were hetwepn
previously reported values of pobvehlorinated biphenyls (4.7 ngfem? year) and polyevelic aromatic hydrocarbons 1167 nglom year).
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INTRODUCTION

Surfactants, which are largely used by both households and
industry, and surfaetant-derived chemicals {i.c.. precursors,
side products. and metaboliles) can contribute significantly to
the formation of dissolved organic carbon and particutate or-
ganie carbon. Because of their widespread use, source speci-
ficity, and ervironmental persistence, surfaclants can he ef-
fectively used as molecuiar markers lor the contamination of
waters and sediments by human activities [1].

Aromatic surfactants mainly consist of linear alkylbenzene
sulphonates {LAS) and nonylphenol polycthoxylates {NPE}.
which in Europe have completely different markets. Alkyl-
benzene sulphonates. which has been extensively used since
the mid-1960s, when they replaced the recalcitrant branched
LAS (etrapropylencbenzene sulphonates | TPS), arc the most
widely used surfactants in household delergents, with 2 world-
wide production during 1995 of approximately 1.5 X 10° tons
[2]. Nonylphenol polyethoxylates, which were employed in
household products until the mid-1980s, are now used only
by industry, with an annual worldwide production of approx-
umately 370,000 tons {31.

Alkylbenzene sulphonates consist of homologues with 10
to £3 carbor atoms in the linear atkyl chain as well as isomers
resulting from the different attachment posilions of the pheny!
group along the alkyl chain, with the exclusion of the first
carbon atom (Fig, 1A), Nonylphenol polysthoxylates are mix-
tures of cthoxymers (with 1 to 20 ethoxy units) and isomers
depending on the branching of the nonyl alkyl chain {Fig h).
... Both LAS and NPE exhibit relatively high acute toxicities,
with 48-lt LC50 values typically in the range of 5 to 10 and
0.1 to 2.0 mp/L runge, respectively [4,5]. The NPE and their
bi'r_;iz;tcrmcdiatcs atso have some estrogenic effects on fish [a].
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Acrobie biodegradation of LAS and NPE leads to the for
mation of carboxylated bioinlermediates, namely sulphophen-
yl carboxylates (Fig. ic) and nonylphenal polyethoxylate car-
boxylates (NPEC: Fig. 1d). respectively [7]. The NPE can also
biodegrade by nonoxidative cleavage of the polyethexylic
chain. leading to the formation of shorter NPE (mainly NPE
ethoxymers with one or twao polyethoxylic groups in the mol-
ccule [NP1E and NP2E, respectively]} and nonylphenol (NP,

The hydrophobic moicties of LAS and NPE interact with
particulate matter contained in the water column, which lowers
their bioavailubility. The overall removal from nalural waters
of these compounds resuity from bath biodegradation and
transfer to the sedimenl. The LAS interact preferentially with
organic surfaces through longer homelogues and owtermost
positional jsomers, exhibiling an inereased adsorption capa-
bility by more than two orders of nrgnitude from the 3-C,,
isomer to the 2-C,, isomer {8]. The NPE interact with organic
surfaces mainly through the shorter ethoxymers, especially
NPiE and NP2E. as well as thraugh the completely de-ethox-
ylated NP because of their relatively high octanol-water pur-
tidon (log K,,) cocefficients (4.5, 4.2, and 4.2 for NP NPIE,
and NP2E, respectively) [9]. These ethoxymers are minor cony-
ponents {</10%) in the commercial mixtures. but their relative
abundance compared with the total NPE concentration in-
creases remarkably in sediment because of the nenoxidative
biodegradation of the lonuer NPE cthoxymers [ 1G], Moreover,
NP transfers from the water phase to the aas phase by vola-
tilization and aerosel formation {11].

Envirenmental monitoring of LAS has been performed in
many industrialized countrics, but fewer data are available
regarding the newtral NPE metabolites, partly because of the
progressive decline in the domestic use of NPE triggered by
their unsatisfactory environmenial profile [12], The open lit-
erature reports wide concentration ranges (or LAS, ranging
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Fig. 1. Structures of linear alkyibenzene sulphonates (A}, nonyliphenol

polyethoxylates (B), and their actobic biointermedistes, sulphophenyt
carboxylates {C} and carboxyhued nonylphenol polyethoxylates (D).

from (.8 to 500 we/L in coustal marine waters and from 0.01
to 600 pg/e in sediments [13-19]. The recorded NPE con-
centrations for such locations are in the ranges of 0.5 to 76
pgfl, and 20 to 1300 ng/g, respectively {20-24]. To our knowl-
edge, no data arce available regarding their acrobic biointer-
mediates. SPC and NPEC, in the marine environment. These
cited concentralions were obtained by applying specific ana-
lytical procedures based on high-performance liquid chro-
matography or gas chromalography. Concentralion values re-
sulting from semispecific methods, such as methylene blue
aclive substances for LAS or bismuth iodine active substances
and cobalt thiocyanate active substances for NPE, have been
not included because of the inaccuracy of these methods [25].
The determined values in waters and surface sediments strong-
Iy depend on the distance of the samipling site from sources
of treated or untreated sewage {171,

In coastal walers, and especially those with low renewal

Environ. Toxicol, Clunn, 19, 2000 2001

rales and relatively low temperatures, the local adverse effects
from the discharge of LAS and NPE can be considerable. This
is because of the harmful effect of such compounds on Lhe
larvae and fry among many Species of commercial interest
{20}

We present bere the results of a field study on LAS and
NPE behavior in the Venice lagoon, iLaly. This lagoon receives
untreated sewage from the historical center of the town
{=120,0G0 inhabilants), weated municipal and industrial ef-
fivents from mechanical-biological sewage treatment plants
(8TPs). and contarninated freshwaler from rivers such as the
Lusere. Oselline, and Naviglio Brenta {27]. The serobic bioin-
termediates of LAS and NPE (SPC and NPEC, respectively)
were also studied to infer the comribution of both primary and
ultimate biodegradation to the removal of LAS and NPE from
the lagoon waters. Removal of LAS and acutral NPE metah-
olites by sedimenlation was assessed by amalyzing a dated
scdiment core that was collected near the Porto Marghera in-
dustrial area and spanned a tme period of 100 years.

MATERIALS AND METHODS
Chemicals

The LAS and TPS used ax reference standards {active ma-
terial, >98%) were supplied by Hiils (Marl, Germany). The
mono- (NP1E} and diethoxylated (NP2ZE) NP cthoxymers werc
obtained from A.G. Kolb as a 75:25 (w/w) NPIE-NP2E mijx-
ture. Nonylphenol (active malerial, >95%) and sodium per-
chlorate (NaClO,; active material, >99%) were supplied by
Fluka (Buchs, Switzerland). The carboxylated NP1E, carbox-
ylated NP2E, and sulphophenyt-4-butyric acid (C,-SPC) em-
ployed as reference standards were synthesized according to
methods described in the literature {28).

Al the organic solvents employed were high-performance
liquid chromatographic grade and were supplied by Baker {De-
venter, The Netherlands). Water (or chromatographic purposes
was purified by a Milli-Q systera (Millipore: Milli-Q, Bedford,
MA, USA)

The cellulose thimbles (80 X 22 mm: Schieicher & Schueli,
Feldbach, Switzerland) were Soxhlet extracted For 2 b in meth-
anol or hexane {depending on the analysis) before use.

Sampling

This study included sampling of waler at 13 sites: one in
the Adriatic Sea (Station §, = 2 km rom Lido Island), twa
along the terminal branch of the Osellino River, upstream and
downstream of the mechanical-biological Campalto STF (sta-
tions 8 and 7, respectively), and 10 inside the Venice lagoon
(Fig. 2).

Lagoon stations 9 through 12 and river stations 7 and 8
were lacated in shallow areas {(depth, <1 m). Stations 1 through
6 were In 14 to 4.5 m of water. Statton S, in the Adriatic Sea,
was in 11 m of water. Sampling siles were monitored twice
monthly from January to September 1994,

In each sampling campaign, the 13 sites were monitored
following the itinerary illustrated in Figure 2. starting from
stalion 1 at the Matamocco mouth. Sampling began at rising
tide and ended at cbb tide, and it spanned more than one tidal
hemicyele {6 h). The sampling campaigns at the three harbor
mouths—Lido, Malamocco, and Chioggia (the latter, though
not reported in Fig. 2, is the southern mouth of Venice lagoon,
11 km from the Malamocco mouth)—were performed during
both fRood and ebb tide. Flood tide was first sampled at the
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Fig. 2. Map of the centrut Venice lagoon, {taly, with the location of
witer sampling stations and the sequence of sampling. Station E is
the location of the sedimentary core sampling site.

Lido mouth, then at the Malamocco mouth, and finally, at the
Chioggia mouth. At cbb tide, these siations were sampled in
the reverse order. For these stations, water sumples {1,000 mbD
were collected at three different sites and depths and then
mixed together before filtering,

At the deep stations {stations 1-6 and $), water-sample
aliquots (1,000 mD) were collected with a homemade bottle-
sampler at three different depths (i.e.. surface, bottom, and
half depth), then mixed to obtain an average sample before
analysis. At the shallow stations (stations 7-12}, the water
sample (1,000 ml) was collected at half depth, All the collected
water samples were immediately filtered by a Swinnex Mil-
lipore (Milli-Q) apparatus using 1 Whatman (Whatman, Clif-
ton, N§, USA) glass-microfiber filer (0.7 wm), added to form-
aldehyde (3% v/v), and then stored ia the durk at 4°C.

Walcr transparency was oblained using a Secchi disk (ra-
dius, 20 cm). Oxygen saturation and chloriaity were deler-
mined by Winkler and Mohr-Knudsen ritrimetric methods, re-
spectively, During the six sampling campaigns, the average
temperature of the fagoan water was 7°C in January, 8°C in
February, 20°C in May. 26°C in June. 29°C in August, and
25°C in September. :

.- The sediment core was collected from the Venice lagoon
near the Porto Marghera industrial area on July 1, 1982 (station
C: Fig. 2) using a Plexiglas® cylindrical corer (100 X 10 cn)
equipped with a steel handling apparatus. The values for redox
potential, which were recorded immediately after sampling,
ranged +16 mV at the surface to =74 mV al the bottom {29].
The ore: was sectioned and frozen at —20°C within 3 h of

A, Marcomtind et al,

sarepling, and the sections were successively freeze-dried, ho-
mogenized, sieved wilh a stainless-steel sieve (2 mm). and
then stored at 4°C.

Detlermination of the analytes was performed in 1994 on
subsamples trom the core, The storing temperature (4°C) and
lack of meisture in the sediment permit the assumption that
no biodegradation occurred during slorage.

The total orgaric carbon (TOC) in the sediment core sec-
tions was determined with a Perkin-Elmer CHN Analyvzer
(Model 240B: Perkin-Elmer, Norwalk, CT, USA) after car
bonate removal with 1 M H,PQ,. The granular-size fractions
of 63 10 123 um and of less than 63 pm were determined by
sleving the sediment with 125- and 63-pm, American Society
for Testing and Materials (Philadelphia, PA. USA) sieves, re-
spectively. The sediment core was homogencous in grain size,
with the TOC ranging from 1,15 in the lower levels to 1,66
in the upper layers. :

Radiodating of the core, which has been previously reported
[30]. was performed by measuring the 1otal **Pb activity and
then subtracting the supported 2°Pb activity from that value.
A constant supply rate of unsupported 2P 1o the sediment
was assumed. An independent check was made by measuring
the ¥7Cs activily from nuclear Mallout.

Extraction from water samples

Determination of LAS, SPC, NPE, and NPEC was per-
formed on every water sample within 24 b of sampling using
solid-phase exizaction of 200-ml aliguots according o methods
described in the {iterature {31].

Extraction from sediment samples

For every core fraction, 10 to 20 g of dry sediment were
Soxhlet extracted for 20 h with 80 mi of methanol for the
reversed-phase, high-perfarmance liquid chromatographic de-
termination and with 80 ml of hexane for the normal-phase,
high-performance liquid chromatographic determination
{32,33]. The methanolic solution, after rotoevaporation to ap-
proximatcly 10 ml, was passed over a strong anion-exchange
cartridge column from Supeleo (Bellefonte, PA, USA) that was
previousty conditioned with 10 mi of methanol and 5 ml of
2:1 (v/v) methanol-HC1 1 M water solution. After sample di-
lution to 36 mi with water and pH adjusunent to 7 with sadium
hydroxide, the solution was passed through u C18—solid phase
extractionr cartridge (Supclco). The retained LAS and TPS wers
eluted in a test tbe with 5 mi of methanal and the eluale dried
oi a sund bath under a gentle nitrogen stream. The residue
was then redissolved in 500 pl of a 1:1 {v/v) water-acelonitrile
solution, ultrasonicated for 5 min. and centrifuged at 5000 rpm
for 5 min before injection.

The hexane extract containing NPE was concenlrated to
approximately 5 ml and then percolated through an NH,-solid
phase extraction cartridge (Supeleo} previously conditioned
with 5 ml of hexane, Desorption of NPE was performed with
5 ml of a 3:1 {v/v} hexane:acetone solution, and the eluate
was dried on a sand bath under a gentle nitrogen stream. The
residue was then redissolved in 500 1l of hexane. ultrasoni-
cated for 3 min, and centrifuged at 5000 rpm for 5 min before
injection,

Chromatographic separation and detection

The chromatographic apparatus consisted of a 1050 series
liquid chromategraph (Hewlett Packard, Avondale, PA, USA)
equipped with a model 10464 flucrescence detector (Now cell
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5 Table 1. Concentrations (pg/LY of linear alkylbenzene sulphonates (LAS), sulphophenyl carboxylates (SPC), nonylphenol polyethoxylates (NPE},

and nogylphenol carboxylates (NPECH during the six sampling campaigns

Station
i 2 S 3 4 5 6 7 8 9 10 I i2
Junuary
LAS 3.1 32 24 4.0 3.6 1.3 {32 2005 188 3.6 2.3 4.2 2.6
SPC 52 7.3 4.0 7.0 8.3 26,1 245 397 #92 6.3 3.5 7.3 38
NPE 23 1.6 1.6 l.4 L9 4.4 4.9 62 56 19 2.3 23 2.4
NPEC 1.4} 0.8 0.3 0.5 it 2.0 3.3 212 235 L5 6.2 1.5 LR
Febrmary
LAS 5 4.3 1.9 4.5 3.2 4.4 12.9 234 256 4.2 25 39 RRY:
spC 5.7 9.3 3.2 8.2 59 24.3 29.1 617 335 8.3 4.3 8.0 5.4
NPE 18 2.1 1.3 1.4 1.5 5.4 39 51 55 28 6.8 2.3 24
NPEC 1.8 1.5 .7 0.7 I £} 34 2.0 F42 166 IR +.03 1.3 0.4
Muy
[.AS 3.6 32 24 Phi 4.2 52 6.7 245 (52 33 4.5 3.2 2.4
SPC 29 34 1.8 [ 37 3.4 20.5 543 246 A6 3.8 a0} 4.8
NPE 2.8 2.5 1.2 LY 1. 2.5 24 30 14 2.4 6.8 1.7 1.8
NPEC L6 | 0.9 0.7 (.5 1.7 1.9 48 301w 19 .8 1.0
June )
LAS ERY 7.1 1.9 3.6 27 4.0 39 135 157 4.8 2.5 24 2.7
sec R ER 1.6 4.4 1.9 23 7.0 177 I43 6.0 23 3.2 3.0
NP 1.9 1.6 0.8 1.1 1.4 238 1R 23 79020 3.5 20 1.4
NPEC 0.9 0.4 0.4 0.5 07 21 b 33 91 1.4 | 1.1 7
Aungust
LLAS 1.8 30 1.3 23 1.3 5.6 6.9 138 153 33 b7 1.4 240
SPC 4.0 4.9 X3 4.8 3.3 2.4 18.2 36t 403 54 2.3 37 1.0
NPE 14 R4 .6 .8 0.6 26 25 28 26 1.9 3.3 1y 1.2
NPEC fLs 3.8 0.3 {3 () L7 1.5 his 78 (.3 1.6 0.9 0.6
Seplember
LAS 23 A6 1.4 2.9 1.3 6.3 6.6 166 135 4.0 1.3 0 32
SPC 16 6.0 2.8 36 4.7 10.8 16.0 433 388 LR 39 39 6.8
NPE 1.7 1.3 1.1 1.4 B3 2.3 18 37 29 3.0 4.0 2.0 2.1
NPEC 1. 1.3 0.3 0.8 IR .6 1.8 H 86 21 4.0 B 0.9

volume, 5 nk Hewlew Packard) setat a A, of 228 nm and X,
of 245 nm, The eavirormental samples and reference standard
solutions were igjected in a manual 71235 injeclor {Rheodyne.
Rohnert Park, CA, USA) cquipped with a 200-pl loop. The
LAS and SPC were separated on a reversed-phase octylsilica
(C-83, 5 pm, with 230- X 4.6-mm column (Supelco) at a flow
rate of 1.5 ml/min using a linear gradient elution by methanol
and a 0.2% (v/v} triflucroacetic acid solution in water. The
mobile phase was 10% methanol, which was increased to 30%
in 50 min, The NPE were separated on a reversed-phase C-8,
5 pm, with a 250- X 4.6-mm column {Supeleo) at a [ow rate
of 1.5 ml/min using an isocratic ehuion by methanol {77%)
and a I mM phosphate buffer (pH. 6.5) water sclution {235},
The NPEC were separated on a reversed-phase C-8, § wm,
with 2 250- ¥ 4.6-mm column {Supeleo) at a flow rate of 1.5
miftin using an isocratic elution by methanol (65%) and a 1
mdd phosphate buffer (pH, 6.5) water solution (35 [32]. The
NP. NPIE, and NP2E from the core samples were separaled
on a normal-phase amminepropylsilica, 3 wm, with 2 {00- X
4-mm column (Knauwer, Berlin, Germany} at a fow rate of 1
mi/min ‘using an isocratic elution by hexane (98.5%) and iso-
propanol (1.5%:) {331 The LAS and TPS in the sediment core
were separated on a reversed-phase octylsilica (C-18} 5 um,
with a 230- X 4.6-mm column (Supelco) using methods de-
seribed in the literature {32].

Cuantitation, accuracy, and precision

Quantitation of target compounds in both waler and sedi-
ment samples was performed by external calibralion curves

that were obtiained using reference standard solutions. The
extraction/enrichment/detection procedure employed for water
samples included triplicate analysis of selected water samples
spiked with reference standards at approximately 5 pug/L. Re-
covery values oblained were 96 * 4% for LAS, 98 * 6% for
NPE, 94 = §% lor SPC, and 95 % 5% for NPEC. No correction
was made for recovery. The limit of detection (LOD; s/n ratio,
5} was 0.1 pg/l. for LAS and 0.2 pg/L for SPC, NPL, and
NPEC. Procedure blanks (200 mi of Milli-Q water), which
were performed for every set of six samples, were always less
than the LOD, The NP was analyzed in all water samples,
Concentration values were always less than the 1L.OD.

The exlraclionfenrichment/detection procedure employved
for the core sumples included triplicate analysis of selected
samples spiked with LAS, NP NPLE, and NP2E, each at a
cemcentration of 50 ng/g. The obtained recovery values were
492 + 6% for LAS, 88 * 5% for NP, 90 £ 7% for NPIE, and
89 = 8% for NP2E. No correction was made for recovery.
The LOD (sfn ratio, 3) was 4 ng/g for all the target compounds.

RESULTS AND DISCUSSEON
Monitaring of lagoon water

The values of LAS, SPC, NPE, and NPEC determined dur-
ing the six sampling campaigos at all sttions are reporled in
Table i. The average values of the physicochemical parameters
and the contaminant corcentrations are reporled in Table 2.

The spatial trend for the average concentration values re-
vealed a homogeneous distribution of the examined com-
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Table 2. Average values of physicochemical parameters and concentrations ippdd.) of finear

carboxylates (SPC), nonylphenol polyethoxylates (NPE), and nonylpheno!

A Morcomini et al,

alkylrenzene salphonates (LAS). sufphopheny!
carboxylates (NPEC) determined during the six sampling campuigng

Water Averdge concentration (je/L)
temprerature Secchi disk Qxypen Chlorinity

Station °Cy {m}) {saf.) {ufl) [LAS SIrC NPE NPEC
| 15.6 4.5 18 18.6 2.9 4.0 22 1.2
2 5.6 4.3 120 18.8 4.4 58 1.9 IR4]
3 15.6 3.8 133 i8.2 1.4 2.0 1.1 3
3 160 34 119 18.4 4.7 6.0 P4 0.6
4 160 it 122 18.2 27 4.6 1.3 (8
3 i6.3 1.7 124 16.1 7.8 132 33 2.1
4] 16.2 I.d 139 14.5 5.4 19.7 31 1.9

7 17,2 0.9 G4 0.5 187 421 38.5 102

8 6.1 1.4 85 0.4 177 368 313 493
G 17.2 (1.6 143 14.4 4.3 6.4 15 1.7
10 18.7 0.6 156 16.4 2.3 3d 4.6 38
13 17.1 Bottom 156G 17.2 29 2.7 2.1 1.1
12 16.9 Bouom 130 17.7 2.7 Al 1.5 0.8

pounds at both shallow-water stations (stations 9-12) and la-
goon slations {stations 1-6). Much higher values were ob-
served at stations 7 and 8, over the terminal part of the Osellino
River. Moreover, the LAS and SPC concentrations determined
at the Lido and Malamocco mouths {stations 2 and 3, respec-
tively} were similar to those found inside the lagoon ilself
{e.g., stations 9 and 11).

The recorded values were within the range of values as
reported in literatere [14,15.18] but showed 3 much narrower
distribution, especiaily for LAS, The average NPE concenira-
tion at station 10 (4.6 jg/L) was higher than that recorded in
that area during 1990 (3.3 j1a/L) [20], indicating a passible
increased input of NPE into the fagoon waters,

Both LAS and NPE showed a marked seasonality, sug-
gesting a strong dependence of their biodegradation on tem-
perature, as has been previoosly reported [34). Other factors,
such as biogenic uptake or dilution by river water inflow,
cannot quantitatively influence the observed behavior, The el-
fects of temperalure generally were more marked for SPC than
for LAS, as shown by Figure 3, which presents the concen-
trations of LAS, SPC, NPE, and NPEC at station 5. near the
city of Venice (presently discharging raw sewage into the la-
goon). Higher values ol the concentration ratio SPC:LAS were
observed when the temperature rose from between 7 and 8°C
{January-February} o between 26 and 29°C (June-August).

The SPC concentrations at all siations were generally higher
than the corresponding LAS concentrations. except during

30,

stathns &

y Jum
Sampling manth

Fig. 3. Concentrations (pgfL} of linear alkylbenzene sulfonates (LAS),

"-s:u'iplvm_plmnyi carbaxylates (SPC), nonyiphenol pelyethoxylates

'(i\_‘Ph_}; and nonyiphenol carboxylates (NPEC} as determined at sti-
o] ST C .

May and June at the open sea {station S). the Lido and Ma-
lamocco mouths {stations 1-4), and stations 5 and 10 (Table
1). The NPEC concentrations were (wo- to threefold grealer
than the NPE concentration in the Osellino River bul one- to
twofold lower in the lagoon waters. Considering the differem
NPE:NPEC concentration ratios observed, the hydrolytic bio-
degradation mechanism, which leads to shortening of the NPE
palycthoxylic chain, is thoughl to prevail over the hydrolyiic-
oxidative mechanism, leading 1o a faster disappearance of the
carboxylated NPE bivintermediates {35]. The carboxylated
NPE metabolites usually dominate over the neutral metabolites
in freshwater and during acrobic biological treatments of sew-
age {36].

Station 10 {near the Porto Marghera industrial area) exhib-
ited the highest average concentrations of NPE and NPEC
(excluding stations 7 and 8), with values of 4.6 and 3.8 el
L. respectively. This indicates the dominant influcnce of in-
dustrial effluents on this area, The relatively high concentra-
tions of NPE and NPEC found at station 5 (near the historical
center of Venice), with average values of 3.3 and 2.1 pufL,
respectively, can be ascribed to the presence of craftsman ac-
tivilies {e.p., small boat vards) that use industrial detergents,

The SPC concentrations downstream (station 7) of the Cam-
paite STP were higher than those upstream (station 8), whereas
little difference was found for NPE and NPEC (Tuble I, Given
the mean annwal flow of the Osellino river (5.4 X {07 m¥fyear
[37}) and the average concentrations of LAS. SPC, NPE, and
NPEC at station 7 (187, 420, 39, and 102 ng/L. respectively),
the annual loading of surfactants and their metabolites in the
lagoon waters by this river can be estimated o be 10 wons/
year for LAS, 23 tonsfyear for SPC. 2.} tons/year for NPE,
and 3.5 tons/year for NPEC,

The annual loading of LAS inlo the central part of the
lagoon from the historical center of Venice can he estimated
from the average individual consumption of LAS in northern
aly (1.75 kg/year; Assocasa-Federchimica, personal com-
munication) and the number of cquivalen! inhabitants dis-
charging untreated sewage imo the central lagoon (= 120,000
people, including the tourist and commuler flow). The resulting
loading of 220 tons/year is much more significant than the
contribution by the Osellino River and accounts for more than
95% of the total loading (230 tans/year).

Because of the dominant use of LAS in houschold deter-
gents, their average concentration in the Venice lagoon (under
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(NPEL and nonylphenol carboxyiates (NPEC) determined during the
three sampling campaigns at the Lido, NMatumocco, and Chiogyis

Table 3. Concentrations {ug/l) of lincar alkylbenszene sulphonates
(LAS}). sulphopheny] carboxylates (SPCL. nonylpienol polyethoxylates

maouths
Concentration {pp/L)
Sampling
month Entrance mouth  LAS SPC NPE  NPEC
February Lido
Ebh tide 19 5.2 31 [.3
Flood tide 5.0 6.3 349 1.5
Mualumocen
Ebb ride 7.1 KR 4.0 3.2
Flood tide 6.l 3.7 2.6 1.4
Chioggia
Ebb tide 5.6 4.7 24 .1
Flood tide X4 27 1.8
April Lido
Ebhb tide 3.5 4.7 1.9 0.6
Flowd tide 3.2 3.3 1.2 {14
Aabunocco
Ebb lide 4.3 7.8 19 i.3
Flood tde 2.3 4.5 13 0.3
Chioggia
Ebb tide 25 4.1 1.3 04
Flood tide t.5 25 L8 0.3
September Lido
Ehb 1ide 3.7 5.7 26 (IRY]
Flood tide 2.8 3 20 n.s
Malamoceo
Ebb 1ide 3.0 9.2 5.0 1.9
Flood tide 3.2 4.9 298 13
Chioggia
Ebl tide 30 5.2 EX1] {.1
Flood tide 28 39 .8

conservative conditions) cun be estimated with reasonable ac-
curacy by considering the daily input (7} of LAS in the central
part of the Venice lagoon, or 630 kefd; the water volume (V)
of the ceatral lagoon. or 132 km® with an average depth of 1
my; and the mean residence time () of water inside the central
part of lagoon, or 10 d [38]. The average concentration of LAS
can then be calculated as

LAS = (f x TWV

The estimaled LAS concentration, assuming conservative bhe-
fhavior (i.e., no removal by biedegradation or sorptionfsedi-
mentation), is 48 pg/l. Compared with the average LAS con-
centration in the central lugoen (4.3 /L), this value suggests
that approximately 90% of the LAS was lost through biodeg-
radation and sedimentation. Such a result is similar to other
values reported by literature [39]. Thus, total loss {i.e., min-
eralization of SPC) is approximately 72%%.

Consumption of NPE by industrial activities (NPE have naot
been used in household detergents since the mid 1980s) in the
central Venice lagoon can be estimated using the equation and
assuming the same primary biodegradalion rale ns that esti-
mated for LAS. Such an assumption is in good agreement with
data reported in the literatere [7]. The average concentration
measured (2.6 pg/L) gives an estimated value of 380 ke/d (139
Lons/year) (or NPE inpul, of which only 5.8 kg/d come from
the Oselline River.
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Fig. 4. Concentrations of linear alkytwnzene sulfonates (LAS; A
tetcapropylenchenzene sulphonates (TPS: A), nonyiphenol (NP; B3,
moneethoxylated nonyipehand ethoxymers (NPIE: By, and dicthox-
¥lated nonylphenol cthoxymers (NPXE: B) as determined in sections
of the examined sediment core {pp/fp dry wth.

The sampling campaigns performed at the Lido, Mala-
mocco, and Chioggia mouths allowed quantification of the
sea’s influence en the distributions of the target compounds
inside the Venice lagoon. The outllowing walers from the Ven-
ice lugoon always exhibited concentrations higher than those
of the inflowing waters, except for the Lido moulh in February
(Table 3). Moreover, concentrations at the entrance mouths
were always greater than those recorded in the open sea (station
5}, confirming that some of the lagoon waters flowing out
during cbb tide re-enter the lagoor during flood tide. as has
been previcusly inferred from hydrodynamie data [40].

Sediment core

To examine the adsorption of LAS and NPE in the Venice
lagoon sediments, a radiodated sediment core, collected during
1982 ncar the Porto Marghera industrial area, was examined
(station C; Fig. 2). The concentrations determined in the core
allowed verification through the sedimentary record of the
transition from TPS to LAS during the 1960s and preliminary
assessment of the role played by sedimentation as a nonbiodeg-
radative removal mechanism for the aromatic surfactants, The
concentrations of LAS and TPS determined in the seven an-
alyzed sections of the core are shown in Figure 4a, whereas
the concentrations of NP, NP1E, and NP2E are shown in Figure
4b.

The LAS concentrations in the core sections were lower
than those previously reported for Venice lagoon sediments
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collected near the historical center of Venice [19]. The cu-
mulative concentrations of NP, NPIE, and NP2E recorded at
the surtace layer, however, confirm the values previously de-
termined in that aren during 1987 [21].

Available literature regarding the effects of sorbed LAS on
Venice lagoon beathic organisms indicate thut LAS concen-
trations in the investigated sediment core are at least 10-Told
fower than those causing adverse effects on marine organisms
[41}

The concentrations of NPIE and NP2E decrease four- and
threefold, respectively, whereas the concentration of NP de-
creases twolold, from (he core surface moving downward to
deeper layers dating to the 1950s. This behavior can be as-
cribed to nonoxidative anacrebic biodegradation of NP2E to
NPIE and, then, to NP, as has already heen observed during
previous studies regarding anacrobic digestion of $TP studges
{42} Both NP2E and NP1E were biotransformed into NP with-
out significantly reducing the total concentrations of these me-
labolizes.

An increase of the NP concentration moving downward in
older layers, dating to 1920s, also was observed. The presence
of NP as well as of NP1E, NP2E, and TPS, also in sediment
layers dating to before the World War IL. can be ascribed to a
postdepositional, vertical iransport through the sediment layers
caused by pore water diffusion, as has been observed for LAS
in river sediments [43], or to a partial biomixing of the sed-
iment, as inferred by the *¥Ph and ¥'Cs profiles {29].

The concentration ratio LAS:{NP + NPIE + NP2E} was
approximately I in the top sediment. At that time (1970-1980),
the LAS:NPE ratio in demestic detergents was approximately
2 [4d}, Therefore, such evidence indicates the prevailing in-
Ruence of industrial inputs over the municipal ones, as would
be expected from the Iocation of the core sampling site.

The vertical profiles of the selected compounds also were
used to estimate the average sedimentulion fux. The LAS and
the combined NP/NPIE/NP2E annual fluxes on the surface
sediment were ealealated (in site density value, 0.77 g/em?;
sedimentation rate computed by core radiodating, 0.39 em/
year [29)) using the average determined concentrations re-
ported in Figure 4. For cach type of aromatic surfactant. the
sedimentary anaual fluxes were very similar; 48 ng/em?® year
for the period 19721982, and 30 ng/em? year for the period
9541972, By comparison, the concentrations and yearly
Muxes previously determined in the sediment core for poly-
chlorinated bhiphenyls and polyeyclic aromatic hydrocarbons
were 19 ng/g and 4.7 ng/om?® year and 510 ng/fg and 167 ng/
cm? year, respectively [29],

The fraction of LAS and NPE removed by sedimentation
can be estimated through combining the reported fuxcs (48
ngfem? year for both LAS and NPE) with the annual loading
{calculated lor 1LAS and estimated for NPE) in the lagoon {230
and |39 tonsfyear respectively) and in the exlension of the
lagoon (132 km?). The values obtained for the period 1972—
1982, without considering NP volatilization [11{, were neg-
ligible (<C0.1%) compared with the total annual loading, clear-
ly indicating that biodegradation of LAS and NPE in the Venice
lagoon is much more effective than removal by sedimentation.

CONCLUSIONS

Anionic and nonionic surfactants of the LAS and NPE types
can be effectively employed as molecular markers for munic-
ipal and industrial sewage contamination in lagoonat and
coastal waters and sediments. Fheir homogeneous spatial dis-

AL Marcomind e ab,

tributicn in the Venice lagoon allowed good estimation of their
ficld bindegradation. No signilicant differences were observed
for canal waters (depth, > 1.5 m) and shallow areas (depth,
<<l m). The influence of the examined STP final effivent on
the receiving lagoon waters was significant only for SPC,

The selt-purifying capability of the Venice lagoonal envi-
ronment was clearly demonstrated by the efficient biolrans-
formalion of LAS 1o SPC and of NPE to NPEC. particufarly
al temperatures greater than 20°C (late spring and summer).
The overall results allowed the first, refiable evaluation of both
pritary and total biodegradation of LAS in the central lagoon,
which was 90 and 729, respectively.

Biodegradation of the surfactants in the fagoonal waters
significantly reduces the wansler of LAS and NPE to the la-
goonal sediment. When in the sedimeat. the subsequent deg-
radation is much lower, with anaerobic transformation of NP2J3
and NPLE in the subsurface layers to NP which does nat
significantly alter their total concentration.
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