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This  study  shows  the  evaluation  of  the  possible  use of  the freshwater  bivalve  Dreissena  polymorpha  for  the
removal  of  some  recalcitrant  contaminants,  namely  many  pharmaceuticals  and  drugs  of abuse  that  are
not sufficiently  removed  from  civil  wastewaters.  This  mollusk  has  an  enormous  filtering  capability  and  is
highly  resistant  to  natural  and  anthropogenic  stresses  and  to a significant  bioaccumulation  of lipophilic
contaminants.  All  these  characteristics  may  be particularly  useful  for the  removal  of  compounds  not  easily
eliminated  by  conventional  wastewater  treatment  processes.  To verify  this  hypothesis  an  experimental
study  was  conducted  at the  pilot  scale  using  a pilot  plant  installed  in the  largest  wastewater  treatment
plant  of  Milan  (Milano-Nosedo,  Italy).  First, we  presented  results  obtained  in  several  preliminary  tests  in
order  to evaluate  the capability  of  zebra  mussel  specimens  to  survive  in different  wastewater  mixtures,
io-filtration its  filtering  capacity  and the  possible  influence  of  bio- and  photo-degradation  in the abatement  of  the
molecules  of interest.  Finally,  data  obtained  in the final  tests  demonstrated  a  capacity  of  this  filter-feeder
to  reduce  the concentrations  of several  pharmaceuticals  and  drugs  of  abuse  higher  than  that  obtained  by
the simple  natural  sedimentation,  suggesting  a possible  implementation  of  the  bio-filtration  process  in
wastewater  management.

© 2014  Elsevier  B.V.  All rights  reserved.
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. Introduction

Today, the main challenge in the wastewater treatment of West-
rn countries is the abatement of several environmental pollutants
ecalcitrant to removal, such as pharmaceuticals and personal
are products (PPCPs), drugs of abuse and related metabolites.
hese compounds have been detected in sewage flows, surface and
roundwater with levels generally ranging from traces to pbb val-
es (Fatta-Kassinos et al., 2011). Despite it is known that these
hemicals are to be associated with adverse effects in aquatic
rganisms at environmental relevant concentrations, it is now well
ccepted that conventional WWTPs are not designed to quantita-
ively remove micropollutants, because they are basically designed

or the elimination of macropollutants (suspended solids, organic

atter and nutrients). Thus, in the last decade, intense efforts have
een made to improve the performances of WWTPs in respect

∗ Corresponding author. Tel.: +39 02 50314714; fax: +39 02 50314713.
E-mail address: andrea.binelli@unimi.it (A. Binelli).
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o micropollutants’ removal by introducing new steps designed
o remove such contaminants more efficiently (Batt et al., 2007;
lara et al., 2005a; Nakada et al., 2007). Thus, a plethora of several
ifferent new and pioneering methods have been developed and
ested as final wastewater treatment to remove these pollutants,
uch as activated carbon adsorption (Yu et al., 2008), ozonation
nd advanced oxidation processes (Kim et al., 2008), membrane
ltration (Snyder et al., 2007), reverse osmosis (Lee et al., 2012;
olar et al., 2012) and bio-filtration (Reungoat et al., 2011). Unfor-

unately, each of them possesses several drawbacks and/or most
f them are able to eliminate only specific contaminants. In fact,
he current consensus on treatment in the research community is
hat no single technology can completely remove pharmaceuticals
ecause of their very particular physical–chemical characteristics
nd that integration of removal technology may  prove essential to
andling of today’s mixtures of compounds in wastewater (Fatta-

assinos et al., 2011). Moreover, their efficiency of removal is
ignificantly affected by several factors: the physicochemical prop-
rties of pharmaceuticals, the treatment processes employed, the
ge of the activated sludge, the hydraulic retention time (HRT) and

dx.doi.org/10.1016/j.ecoleng.2014.08.004
http://www.sciencedirect.com/science/journal/09258574
http://www.elsevier.com/locate/ecoleng
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecoleng.2014.08.004&domain=pdf
mailto:andrea.binelli@unimi.it
dx.doi.org/10.1016/j.ecoleng.2014.08.004
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nvironmental parameters such as temperature and light intensity
Clara et al., 2005b; Andreozzi et al., 2003).

In this context, we tried for the first time worldwide a natu-
al, not expensive and energy-free treatment for the abatement
f some recalcitrant environmental pollutants from wastewaters
xploiting the physiological characteristic of the freshwater bivalve
ebra mussel (Dreissena polymorpha), which is well known for its
uge filtering capacity. This filter feeder can filter a wide range of
uspended particles of greater than 0.7 �m from the water (Sprung
nd Rose, 1988), whose a percentage is assimilated (typically in
he range of 15–40 �m;  Ten Winkel and Davids, 1982) and the
est deposited to the benthic zone as faeces and pseudofaeces. Fur-
hermore, zebra mussel has an enormous filtering capacity, ranging
rom 5 to 400 mL/bivalve/h (Ackerman, 1999; Baldwin et al., 2002)
nd the capability to reach a high population density, with more
han 700,000 specimens/m2 (Pathy, 1994). Its possible use in the
astewater treatments is also promoted by the great resistance

o physical and chemical changes (e.g. temperature, pH, hardness
nd salinity) and the ability to attach itself to hard substrates by the
yssus. McLaughlan and Aldridge (2013) consider the freshwater
lter feeders as “keystone organisms” or “ecosystem engineers”
ecause they are characterized by a system that processes large
olumes of water in order to trap and concentrate food from their
urrounding. On the other hand, there are several evidences in
he use of zebra mussel for environmental management as biofil-
er. Piesik (1983) examined almost thirty years ago the possible
pplication of D. polymorpha in eutrophication control in a canal of
oland, concluding that these mussels succeeded in removing dis-
olved nutrients from the water. Richter (1986) gave preliminary
esults of a study in Lake Tjeukemeer (The Netherlands), which
uggested zebra mussels could be effective tool for reducing algal
ensity in Dutch lakes. Antsulevich (1994) proposed the construc-
ion of artificial reefs in the Neva Bay (Finland), which could be
eriodically removed and cleaned from uncrusting zebra mussels
o improve the water quality. More recently, Elliott et al. (2008)
ested the influence of different ecological factors, such as the den-
ity of the mollusks, the current speed and the amount of food, on
he zebra mussel filtration capacity. These authors also suggested
hat zebra mussels could be used as an on-site industrial bio-filter
or water treatment. Finally, Schernewski et al., 2012 considered
he opportunities of using zebra mussel cultivation in the Szczecin
agoon (Germany) in order to improve water quality. Although
hese evidences based on the capability of zebra mussel to be
xploited in the environmental management, no data are available
ntil now on the possible use of this filter feeder as complementary
reatment in WWTPs. Thus, this study is a novelty in the wastewa-
er management overview and could represent a possible starting
oint to take advantage on the natural characteristics of an aquatic
rganism that can be enforced in the prevailing engineering and
hemical approaches. Our idea started from the consideration that
any environmental chemicals are bound to suspended particulate
atter (SPM) in different ways, depending not only on lipophilic

roperties, such as persistent organic pollutants (POPs), but also
n specific other characteristics (cation exchange, complexation
nd hydrogen bonding), typical of some relatively polar or ionic
hemical classes, such as pharmaceuticals and drugs of abuse (Lahti
nd Oikari, 2011; Baker and Kasprzyk-Hordern, 2011; Petrie et al.,
013; Darwano et al., 2014). Thus, we hypothesize that the very
igh filtration rate due to hundreds of thousands of zebra mussel
pecimens can decrease the concentration of several pollutants in
astewater by the increase of SPM deposition on the bottom of the

lant. Moreover, the high filtration rate allows a fast intake of envi-
onmental pollutants in the mussel soft tissues, increasing their
limination from the wastewater. To verify this hypothesis, we car-
ied out this research at the pilot scale at the largest WWTP  of Milan
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Milano-Nosedo; Northern Italy) by the construction of a pilot-
lant that was  implemented with other facilities during the entire
tudy. In detail, we investigated the possible use of zebra mussel to
ecrease the concentrations of 13 pharmaceuticals (atenolol, car-
amazepine, ciprofloxacin, clarithromycin, dehydroerythromycin,
iclofenac, furosemide, ibuprofen, hydrochlorothiazide, ketopro-
en, naproxen, ofloxacin, paracetamol) and 4 drugs of abuse
cocaine, benzoylecgonine, methamphetamines and methadone)
till present in the outflow of the largest WWTP  of Milan. Moreover,
e showed also the results obtained in the needful preliminary

ests carried out to verify the capacity of this mussel to live in differ-
nt wastewater mixtures, the better conditions to maintain higher
he filtration rate and data from tests conducted to evaluate the per-
entage of decrease of the chemical oxygen demand (COD), chosen
s starting marker of the filtration capability of the zebra mussel
pecimens.

. Materials and methods

.1. The pilot-plant

Fig. 1 shows the pilot-plant and other equipment used for this
roject. In detail, the pilot-plant was  a stainless steel tank with

 volume of 1000 L (l = 154 cm,  h = 102 cm, w = 80.5 cm) with 20
emovable Plexiglas® panels (size of 70 × 40 cm;  Fig. 2) to which
he zebra mussel specimens attached themselves. The particular
rrangement of panels forced the wastewater into a zigzag pathway
o increase its residence time (Fig. 2). More than 2000 zebra mussel
pecimens were attached to each panel, for a total of approximately
0,000 individuals in the pilot-plant. The tank had a hopper bot-
om with five outflow valves to allow the collection and elimination
f the sediments, faeces and pseudo-faeces (Fig. 1). A submerged
ump collected the treated effluent directly from the canal between
he sedimentation tanks and the sand filters of the WWTP. This
osition also guaranteed the lack of the possible accidental release
f D. polymorpha specimens into the WWTP  outflow because the
and filters and the following disinfection process (by peracetic
cid) should stop and kill any leaked organism. Moreover, we added
everal plastic grids with a narrow mesh to all valves and out-
uts from the pilot-plant to prevent any mussel outflow. In the
anal from which the effluent was pumped to the pilot-plant, the
emperature ranged between 14 and 24 ◦C, the optimal survival
emperature for zebra mussels (McMahon, 1996). We  also added a
00 L re-circulation tank (Fig. 1) to feed the plant by re-circulation
o investigate various hydraulic retention times (30, 60, 90, 120, 15,
80, 210, 240 min). The re-circulation pump allowed a maximum
aste flow of 3500 L/h. Finally, two  “attachment tanks”, in which

he zebra mussels can attach themselves to panels by the byssus,
ompleted the entire facility, in addition to a “nursery” (Fig. 1) in
hich the panels with the attached mussels can be stored before

heir placement into the pilot-plant. The pilot-plant and other facil-
ties were completely cleaned cyclically by tap water and before
ach test to guarantee the best conditions and the elimination of
he possible “memory effect” from the previous assay.

The mussels were collected by scuba divers at different times
rom Lake Maggiore and Lake Lugano, located at the Italy-
witzerland border. We  gently detached the mussels from the
ubmerged substrates (rocks, branches, anthropic wastes) and
apidly transferred them to the WWTP  of Milano-Nosedo by refrig-
rated bags to decrease any stress factors.
First, we  conducted the following preliminary tests: (1) evalua-
ion of the time and method required for the mussels’ adhesion to
he panels; (2) adaptation of the individuals to the fed effluent; (3)
ontrol of the possible concentration decrease of pharmaceuticals
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Fig. 1. Structure of the p

nd drugs of abuse due to photo- and bio-degradation
nd (4) evaluation of the removal efficiency of COD by the
ebra mussels. Only after the positive check of these conditions,
e moved to the final assays to evaluate the possible abatement of

ome pharmaceuticals and illicit drugs in the final WWTP  outflow.

.2. Analytical characterization of the fed effluent

As mentioned above, the bio-filtration was first fed on the
econdary effluents (after biological treatment and secondary sett-
ing). As the effluent had very low COD, suspended solid and
ecal coliform concentrations, tests were performed on different
nflow/outflow mixtures to evaluate the performance of the bio-
ltration for different pollutant concentrations and provide the
ussels with the needed feed. The mean starting chemical char-

cteristics and the Escherichia coli counts in the used mixtures are
eported in Table 1.

.3. Adaptation of mussels to the effluent

Once adherent to the Plexiglas® panels, the D. polymorpha spec-
mens were laid inside the pilot-plant and placed in contact with
he wastewater, which was pumped into the tank directly from the
ost-sedimentation canal. The idea of using D. polymorpha in the
ertiary treatments assumed that the mussels could live in the efflu-
nts, which have physico-chemical properties different from those
f the freshwater. Thus, some tests were conducted to control the

ood health conditions of the animals. We  fed the mussels twice a
eek with Spirulina spp. to provide the needed food as the effluent
ad very low organic matter content (BOD5 ≈ 3 mg/L). We  mon-

tored the mussel health status by measuring the total content of

m
e
w
w

ant and all the facilities.

roteins and lipids in their soft tissues. To evaluate these physiolog-
cal parameters, many bivalves (five mussels for proteins and thirty
or lipids’ determination) were gently cut off from the panels at dif-
erent times by the excision of the byssus and frozen at −20 ◦C until
he analyses. Unfortunately, the mussel soft tissue obtained at each
ime point was sufficient to perform the measurement of proteins
n triplicate (about 1.2 g fresh weight for each pool) but not for the
ipid determination (about 7 g fresh weight), which could only be
erformed once. To quantify the protein content, we removed the
hell and byssus and subsequently homogenized the soft tissues in

 solution of phosphate buffer (100 mM KH2PO4/K2HPO4, pH 7.4)
nd 0.1% Triton. The samples were placed at 4 ◦C in a refrigerated
entrifuge at 12,000 rpm for 15 min. The proteins were quantified
y the BCA Protein Assay Kit (Thermo Fisher Scientific, Rockford,
SA) using bovine serum albumin (BSA) as the standard. For the
uantification of lipids, the mussel soft tissues were lyophilized and
xtracted using 100 mL  of an acetone/n-hexane (1:1 v/v) mixture in

 Soxhlet apparatus (FALC Instruments, Lurano, Italy). The samples
ere subsequently reduced in volume with a rotary evaporator,

ransferred to 5 mL  tubes and gently evaporated under a nitro-
en stream. The lipid content was then measured by gravimetric
etermination.

.4. Evaluation of the zebra mussel removal efficiency

Because some environmental pollutants are bound to the par-
iculate matter, we  chose the measurement of COD as preliminary
arkers of the possible chemical removal. Thus, to evaluate the
fficiency of D. polymorpha in removing the selected compounds,
e compared the COD changes obtained after the tests with and
ithout mussels in the pilot-plant. For these tests, performed under



A. Binelli et al. / Ecological Engineering 71 (2014) 710–721 713

F line in
a

t
m
o
fl
p
o
i
m
i
(
t
5
c
t

w
W
i
e
i
t
l
e
t
a

T
M
m

ig. 2. The pilot-plant with the Plexiglas® panels placed inside. The yellow broken 

nd  wastewater.

he re-circulation condition, we added approximately 40,000 ani-
als to the pilot-plant, which was self-powered solely by the

utflow waste pumped from the post-sedimentation canal (waste
ux = 3500 L/h), allowing a residence time of 15 min  in the pilot-
lant. The time of complete re-circulation was 18 min  as we added
ther 200 L of waste to the re-circulation tank (Fig. 1). This exper-
mental design enabled a longer contact of the waste with the

ussels because the waste re-circulates approximately 14 times
n 4 h. Because the COD value in the outflow is normally very low
approximately 10–15 mg/L), we first added 32 g of Spirulina spp.

o the pilot-plant to increase the starting COD to approximately
0 mg/L, after mixing the algal suspension with waste in the re-
irculation tank for 20 min  to reach a good homogenization. After
hese preliminary tests, we conducted other assays with different

t
f
p
p

able 1
ean starting values of the chemical oxygen demand (COD), total suspended solids (SS
ixtures used in the preliminary tests.

Wastewater mixture C

Without mussel 100% OUT 1
25% IN 3
50% IN 5
100% IN 13

With mussel 100% OUT 1
25% IN 3
50% IN 5
100% IN 9
dicates the zigzag flow direction that maximizes the contact between the bivalves

astewaters obtained by mixing the inflow and the outflow of the
WTP  in different proportions. In detail, we performed four tests

n triplicate using the following waste ratios: (1) the outflow efflu-
nt from the WWTP, (2) the inflow waste of the WWTP, (3) 50%
nflow and 50% outflow and (4) 25% inflow and 75% outflow. Before
he addition of the inflow waste to the treated effluent, we  pre-
iminarily filtered the former with a bag filter (mesh = 1 mm)  to
liminate the gross particulate matter. In each test, we  measured
he COD every 30 min  for 4 h to obtain the removal slope for both
ssays, with and without mussels. In detail, we collected 50 mL  of

he mixture from the pilot-plant every 30 min for a total of 4 h to
ollow the two  COD decrease slopes. The samples were placed in
lastic bottles, immediately acidified with 1 mL H2SO4 and trans-
orted in refrigerated bags to the laboratory, where the samples

T) and colony-forming units (cfu) of Escherichia coli measured in the wastewater

OD mg/L TSS mg/L E. coli cfu/100 mL

5 ± 2 7 ± 3 6 × 103 ± 2 × 103

8 ± 15 20 ± 6 2 × 105 ± 8 × 104

9 ± 8 35 ± 11 4 × 105 ± 9 × 104

2 ± 43 101 ± 24 2 × 106 ± 6 × 105

2 ± 1 5 ± 1 6 × 103 ± 4 × 103

7 ± 10 32 ± 18 2 × 105 ± 6 × 104

2 ± 10 26 ± 10 5 × 105 ± 1 × 105

4 ± 23 97 ± 30 2 × 106 ± 5 × 105
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ere analyzed within 24 h. For the COD measurement, we  used the
ach Lange kit (LCK414 COD; 5–60 mg/L) coupled with the Hach
ange LT 200 digester and the Hach Lange DR 3900 spectropho-
ometer.

.5. Evaluation of the abatement of pharmaceuticals and illicit
rugs

These tests were carried out in re-circulation conditions with a
onstant flow rate of 3500 L/h. We  covered the re-circulation tank
ith a dark plastic bag to protect the waste from light and the pilot-
lant was already equipped with three plastic hard tops. First, we
erformed four assays without mussels in the pilot-plant for 6 h
o verify the possible role played by photo- and bio-degradation
f these pollutants: (1) the treated effluent that flows from the
edimentation tank of the WWTP; (2) the inflow waste of the

WTP; (3) 50% of inflow and 50% of treated effluent and (4) 25%
f inflow and 75% of treated effluent. Before the addition of the
nflow waste to the treated effluent, we preliminarily filtered the
ormer with a bag filter (mesh = 1 mm)  to eliminate the gross partic-
late matter. Then, to evaluate the abatement of pharmaceuticals
nd drugs of abuse contained in the wastewater, we performed
our assays with the same types of wastes described above to
nvestigate the possible role played by the different quantity of
uspended particulate matter in these processes. Since the res-
dence time of the wastewater in the WWTP  of Milano-Nosedo
s 24 h, these assays were conducted initially for 4 h in order to

aintain a temporal condition compatible with the possible future
ngineering of the process. Additionally, we decided the exten-
ion of the exposure time until 24 h for the last two  mixtures (50%
nflow/50% outflow; 25% inflow/75% outflow), which showed the
etter performances, in order to investigate the possible relation-
hip between filtration rate and time of contact with the chemicals
resent in the wastewaters. Then, we tested the eventual decrease

n the chemical concentration in the pilot-plant without mussels
controls) for all the wastewater mixtures. In these tests, per-
ormed in November 2012, we equipped the re-circulation tank
ith four submerged heaters to maintain the temperature of the
astewater at 15 ◦C also during the night. From the analytical
oint of view, the water samples (2 L) were first stored at −20 ◦C
ntil analysis and successively filtered on a mixed cellulose mem-
rane filter 0.45 �m (Whatman, Kent, U.K.). Samples (50 mL  for raw
astewater and 100 mL  for treated wastewater) were solid-phase

xtracted by a mixed reversed-phase cation exchange cartridge
Oasis-MCX). Before extraction, the pH was adjusted to 2 with
7% HCl, and the samples were spiked with the labeled deuterated
ompounds used as internal standards: atenolol d7, carbamazepine
10, ciprofloxacin d8 and ibuprofen d3 (Sigma Aldrich, Steinheim,
ermany) as well as cocaine d3, benzoylecgonine d3, metham-
hetamine d9 and methadone d3 (Cerilliant Corporation, Round
ock, TX, USA). The cartridges were conditioned before use by
ashing with 6 mL  methanol, 3 mL  MilliQ water and 3 mL  water

cidified to pH 2. Samples were then passed through the cartridges
t a flow rate of 5–10 mL/min. Cartridges were vacuum-dried for
0 min  and eluted with 2 mL  of methanol and 2 mL  of a 2% ammo-
ia solution in methanol. The eluates were dried under a nitrogen
tream. The dried samples were redissolved in 200 �L of MilliQ
ater, centrifuged, transferred into glass vials and analyzed by
PLC–MS/MS (high-pressure liquid chromatography-tandem mass

pectrometry) following previously validated analytical methods

Castiglioni et al., 2005, 2011; Zuccato et al., 2008). In the last
ssays, we measured also two other pharmaceuticals: paraceta-
ol  and ibuprofen, not preliminary considered in the photo- and

io-degradation tests.
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.6. Statistical analyses

Data normality and homoscedasticity were verified using the
olmogorov–Smirnov and Levene’s tests, respectively. We  per-

ormed a statistical comparison (SPSS 21 IBM software package)
etween tests carried out with and without mussels in the pilot-
lant. For all these cases, we conducted the comparison using the
ne-way analysis of variance (ANOVA; p < 0.05; p < 0.01).

. Results and discussion

As no data are available about the possible use of D. polymorpha
or wastewater treatment purposes, conducting some preliminary
ests was  necessary to investigate some operative problems and
o organize in the most appropriate way  the project plan to reach
he correct data interpretation in the final assays. Thus, we  showed
rst data from these preliminary tests, and then results obtained
ith pharmaceuticals and illicit drugs.

.1. Adhesion of the mussels to panels and adaptation of
ndividuals to the effluent

One of the first crucial problems faced in our project was  how
o attach thousands of mussels to each panel without damaging
hem or decreasing their filtration capability. To solve this prob-
em, we decided to exploit the natural behaviour of D. polymorpha
o produce the byssus. Thus, the collected specimens were sim-
ly placed on plastic panels stored horizontally in the attachment
anks (Fig. 3) filled with tap water, waiting the time required to
stablish a sufficient physical bond by the byssus. We  evaluated
he best conditions that guaranteed the minor stress to bivalves by
aking advantage of this natural adhesion. We  conducted several
ests that highlighted the need to observe few simple precautions:
1) the transport of mussels from the sampling site to the pilot-
lant should be performed as fast as possible and (2) the time
f adhesion must be sufficient to increase the resistance of the
yssus, which will be able to support the weight of the
nimal then positioned vertically in the pilot-plant. Indeed,
lthough we observed that 6–7 days were generally suffi-
ient to guarantee an adequate adhesion to the substrate, we
referred to wait at least two weeks before the final place-
ent in the pilot-plant. Furthermore, in the final tests in
hich these two  simple conditions have been maintained, we
oticed a very low mussel mortality rate during the entire test
ime.

To evaluate the health status of the D. polymorpha specimens
xposed to the outflow effluent of WWTP, we  measured the total
ontent of lipids and proteins in their soft tissues over the next
hree months after their sampling. Fig. 4A shows only a slightly
ecreasing trend in the percentage of lipids, reaching a final per-
entage of approximately 10% of the dry weight, which is absolutely
omparable with that found in several surveys performed using this
iological model in the Italian sub-alpine great lakes (Binelli and
rovini, 2003; Binelli et al., 2006, 2008). Furthermore, no signifi-
ant (p > 0.05) increase was noticed in the protein content (Fig. 4B).
he obtained data confirmed the acclimatization and adaptation of
hese mollusks to the physico-chemical characteristics of the final
aste, showing a remarkable resistance of the bivalve.

.2. Evaluation of the COD removal efficiency
Because the preferential food of this filter-feeder is algae and
uspended particulate matter, to which some pollutants are bound,
he measurement of COD can indirectly highlight the poten-
ial removal efficiency of D. polymorpha with respect to these
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Fig. 3. Plexiglas® panels with bivalves placed h
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ig. 4. Lipid (%; (A)) and protein (mg/mL ± standard deviation; (B)) content mea-
ured in the soft tissues of D. polymorpha exposed to the WWTP  effluent for two
onths after the sampling.
ecalcitrant chemicals. Thus, preliminary tests were conducted
onsidering the decrease of COD due to the mussel filtration com-
ared with the control tests performed without bivalves in the
ilot-plant.

i
d
t
t

orizontally inside the attachment tanks.

Fig. 5 clearly shows the higher and significant COD removal rate
one-way ANOVA, F = 809.9; p < 0.001) observed in the experiments
onducted with the zebra mussel specimens in the pilot-plant
ompared with the controls without mussels. After a linear start-
ng phase of 60 min, in which the two  slopes were completely
verlapped, the removal rate due to the zebra mussel filtration con-
inued to be linear (R2 = 0.95), with an increase of 42% after 4 h. In
ontrast, the COD slope obtained without mussels tended to an
symptote (R2 = 0.90). The percentage of COD abatement without
he mussels was  only 19%, which was  produced by the natural algal
nd particulate matter sedimentation. Therefore, it can be con-
luded that D. polymorpha is able to break down by bio-filtration
pproximately 20% of the COD in the filtered wastewater sup-
lemented with Spirulina spp. after 4 h and potentially the same
ercentage of the pollutants bound to the suspended particulate
atter.
Once the feasibility of the D. polymorpha to filter its food has

een established, the final preliminary step was  the evaluation of
he COD removal in wastewaters with different physical–chemical
roperties, in which the organic/inorganic matter ratio is very dif-
erent (Fig. 6). The choice to investigate the potential bio-filtration
otency with four different wastewaters’ mixtures (the outflow
ffluent from the WWTP; the inflow waste of the WWTP; 50%
nflow and 50% outflow and 25% inflow and 75% outflow) allowed
he investigation of both the presence of toxic substances in the
astes that decrease the pumping rate of mussels and/or increase

heir mortality and the possible change in the removal efficiency
ue to the different quantities of suspended particulate matter.
ecause the starting COD is different for each test due to the high
ntrinsic variability of the wastewater, we should normalize the
ata to compare the results obtained with the simple sedimen-
ation and with the filtration effect by the mussels. Fig. 6 shows
he comparison between the specific removal rates obtained with
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ig. 5. Percentage of COD (±standard deviation) removed from the outflow with the
pecimens in the pilot-plant, whereas the blue curve showed the COD decrease in t

nd without mussels in the pilot-plant for four hydraulic retention
imes (HRTs; 60, 120, 180 and 240 min) related to the COD (mg/L)

easured at these HRTs. No differences were noticed in the out-
ow effluent tests, as expected, because the starting COD value
mean = 12 mg/L) was too low to highlight any variation. More-
ver, as expected, the specific removal rates were increased with
he increasing COD in the wastewater and are higher for the early
imes both in the controls and in the presence of D. polymorpha.

e can highlight that the higher COD removal trend was always
btained by the additional filtration effect of the bivalves compared
ith the removal rates produced only by the natural sedimentation,
lthough there were no significant differences (p > 0.05) between
he two treatments. As the COD concentration measured at the
ingle HRT for the test pairs (with and without zebra mussels) is
ifferent, we can use the equations describing the trend lines to

t
o
t

ig. 6. Removal rate (g of COD removed/h ± standard deviation) related to the measured
ifferent waste mixtures (100% WWTP  outflow, 25% inflow/75% outflow, 50% inflow/50%
lso  shown.
ion of Spirulina spp. The yellow curve showed the COD removal with D. polymorpha
trol test (without zebra mussels).

ompare the effect of only the sedimentation with that obtained
y the filtration activity of D. polymorpha. For example, the mus-
els were able to remove from the 50% inflow/50% outflow a mean
f 40.8 g of COD/h at 40.7 mg  of COD/L (Fig. 6, 60 min), whereas the
imple sedimentation can remove only 23.0 g of COD/h at the same
OD concentration, based on data from the equation describing the
OD removal rate. This finding corresponds to a removal due to the
ussel filtration of 44% higher than that obtained solely with the

atural sedimentation. Thus, the zebra mussel specimens could be
ble to increase, in the same manner, the removal of the chemicals
ssociated with the particulate matter from the wastewater.
Finally, because these preliminary results showed that the bet-
er performance was obtained mainly for the wastewater mixture
f 50% inflow/50% outflow (Fig. 6), the zebra mussels’ filtra-
ion basically appears to be more effective with higher values of

 COD concentration (mg/L) evaluated for each of the fourth tests conducted with
 outflow and 100% inflow). The equations of the trend lines and the related R2 are
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nitial COD (30–40 mg/L) than those usually found in the very clean
utflow from the WWTP  of Milan-Nosedo (10–20 mg/L). However,
he European Union Municipal Wastewater Directive fixed 125 mg
OD/L as the limit for WWTP  outflow into the freshwater, and
everal outflows generally present a COD value of 60–70 mg/L,
omparable with the apparent best level for filtration by the D.
olymorpha specimens.

.3. Measurements of the abatement of pharmaceuticals and
llicit drugs

These environmental pollutants represent the new challenge
n the field of wastewater treatments because some of the most

idely used pharmaceutical classes, such as antibiotics and non
teroidal anti-inflammatory drugs (NSAIDs), reach levels compa-
able with those of many POPs both in freshwaters, wastewaters
nd groundwater. The fate and transformation of pharmaceuticals
epend on the basis of their special physical–chemical and bio-

ogical characteristics, which are very complex and different from
ther industrial chemical compounds (Fatta-Kassinos et al., 2011).
hese characteristics include polymorphism, their continuous
ntroduction into the environment after human metabolism, their
hemically complex structure and the fact that they can be ionized
nd have multiple ionization sites spread throughout the molecule
Cunningham, 2008). Particular attention should be made to poly-

orphisms that arise when a molecule has the ability to crystallize
n more than one form, giving to polymorphic forms with differ-
nt physical, chemical, electrical and thermal properties. Thus, the
olymorphs usually differ in bioavailability, solubility, dissolution
ate, chemical and physical stability. Moreover, pharmaceuticals
ay  be acid, basic or neutral and of variety of chemical forms,

uch small organic molecules, large polymers, carbohydrates and
ther compounds with complex chemistry (Fatta-Kassinos et al.,
011). These very different physical–chemical properties make
ery difficult the comprehension of their fate and behaviour espe-
ially in wastewaters, where the bacterial community can also
ransform the parent compound into a variety of degradation
roducts. In fact, because of the great availability of glucose in
iological systems, glucoronide formation is one of the most com-
on mechanisms of pharmaceutical metabolism (Fatta-Kassinos

t al., 2011). Therefore, the administered parent compound may
e excreted unchanged, as a glucoronide or sulfate conjugate and
s a complex mixture of many metabolites. There is evidence
hat glucoronides, which are the simplest and most common form
f conjugated pharmaceuticals excreted by humans, are capable
f being deconjugated to the parent compound during munici-
al sewage treatment (Kozak et al., 2001). For serotonin reuptake

nhibitors, benzodiazepines, carbamazepine and macrolide antibi-
tics negative removal is often observed during conventional
reatments. This is usually attributed to biotransformation of con-
ugates (Gros et al., 2010). Finally, the degree of ionization of
harmaceuticals at a particular pH will affect its bioavailability to
rganisms, its physical and chemical activity and its ultimate envi-
onmental fate. For example, an ionized molecule will generally
ave greater water solubility and will be less likely than its non-

onized form to partition to lipid-like substances (Cunningham,
008). All these particular characteristics make difficult both a cor-
ect qualitative and quantitative evaluation of these pollutants in
astewaters, and the achievement of a single abatement system

ble to decrease their levels before the following outflow in the
nvironment.
Results obtained by our tests were in some cases extremely
ariable and sometimes contrasting, pointing out the difficulties
n data treatment of this pollutants’ class. This lack of homogeneity
eems not due to photo- and biodegradation that can interfere on
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he quali–quantitative evaluation of these classes of chemicals in
he aquatic environments (Konstantinou et al., 2010). In fact, Fig. 7
hows the concentrations of pharmaceuticals and drugs of abuse
t the beginning (T0) of the assays and after 6 h (T6) of recircula-
ion measured in the pilot-plant without zebra mussels and filled
ith 100% WWTP  outflow (Fig. 7A), 25–75% (v/v inflow:outflow;

ig. 7B), 50–50% (v/v inflow:outflow; Fig. 7C) and 100% inflow
Fig. 7D), respectively. These data pointed out that the precaution
aken in our tests (see Section 2.5) make irrelevant these envi-
onmental processes because of no significant variations (p > 0.05)
f the chemicals’ concentration were noticed at the end of these
ssays. Obviously a slight decrease due to natural sedimentation
as present, since we  obtained after 6 h of recirculation an aver-

ge decrease of 12%, 11% and 9% for 50% inflow–50% outflow, 25%
nflow/75% outflow and 100% outflow mixtures, respectively. By
ontrast, results obtained with the last test (100% inflow) were dif-
erent because a mean increase of 9% in respect with the starting
hemicals’ concentrations was noticed. In fact, only carbamazepine
−8.5%) and furosemide (−10.8%) showed the expected decrease,
hile all the other compounds slightly raised its level in the waste-
ater. This can be due to the higher amount of particulate matter,

specially formed by the finest materials that cannot be able to
ediment rapidly.

Overall, results highlighted a great variability in the pharmaceu-
ical abatement in the final tests conducted until 4 h not only with
he mussels in the pilot plant, but also in the controls, and mainly
or the two  extreme wastewater mixtures (100% inflow and 100%
utflow). This is probably due to two  opposite reasons: the final
utflow of the WWTP  contains very poor quantity of suspended
atter, which can be filtered by mussels with the bounded chemi-

als, while the sewage from Milan (100% inflow) probably had the
ontrary physical and chemical characteristics, with an excessive
uantity of suspended particulate matter that block the gills with
he consequent death of the mussels. Another hypothesis should be
ue to the possible presence of specific toxicants for D. polymorpha

n the sewage. On the other hand, after this last test, carried out at
he end of the entire campaign, we observed a great mortality of
ebra mussel specimens and an increase of the byssus detachment
rom the panels, a clear stress symptom for this species.

The variability observed after only 4 h of exposure was  proba-
ly due to the peculiar chemical and physical properties and the
nexpected behaviours above-mentioned. Thus, we  showed only
ata from the intermediate wastewaters’ mixtures (25% inflow/75%
utflow and 50% inflow/50% outflow) carried out for 24 h, which
howed a more homogeneous behaviour. Fig. 8A (25% inflow/75%
utflow) points out that the biofiltration due to the mussels is
ble to decrease the level of several pharmaceuticals and drugs
f abuse better than the simple natural sedimentation (controls).
n detail, paracetamol seems to be the chemical more prone to
he abatement because the daily decrease due to the effect of the

ussels’ filtration is double than that found after the control tests
Fig. 8A). However, the greatest difference between the biofiltration
ffect and the natural sedimentation is not obtained for paraceta-
ol, but for other pharmaceuticals: biofiltration determined an

batement of the �-blocker atenolol four times higher than con-
rols, over than three times for the dehydro-erythromycin, the

ain metabolite of the antibiotic erythromycin, and eight times
igher for the ibuprofen, one of the most used NSAIDs worldwide.
he abatement noticed for carbamazepine and ofloxacin is more
ifficult to explain because controls showed pharmaceuticals lev-
ls slightly higher than the starting concentrations, even if the

iofiltration effect determined a clear decrease of their final con-
entrations (52 ± 11 �g/24 h and 141 ± 48 �g/24 h, respectively).
he slight rise of levels observed for controls probably points out
hat these two  molecules do not possess a great capability to
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Fig. 7. Concentration (ng/L) of pharmaceuticals and drugs of abuse at the beginning (T0, blue histogram) of the tests and after 6 h (T6, red histogram) measured in the water
from  the pilot-plant without zebra mussels and filled with 100% WWTP  outflow (A), 25–75% (v/v inflow:outflow; (B)), 50–50% (v/v inflow:outflow; (C)) and 100% inflow
(D),  respectively. Standard deviations from the marginal means were also shown.
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te  = atenolol; carb = carbamazepine; cipr = ciprofloxacin; clar = clarithr
ydr  = hydrochlorothiazide; ket = ketoprofen; nap = naproxen; ofl = ofloxacin; coc = c

edimentation and the only process able to decrease their con-
entrations is just the biofiltration. The illicit drugs showed a
ore homogeneous trend with a final decrease more than dou-

le to controls for cocaine, over six times higher for its main
etabolite (benzoylecgonine) and amphetamine, and about 1.5

imes higher for methadone, even if the measured concentrations
f the last two drugs were very low. On the contrary, the effect
f the biofiltration seems to be irrelevant for other pharmaceut-
cals, namely diclofenac and naproxen. Finally, we must highlight
he more controversial cases observed for four pharmaceuticals
ciprofloxacin, furosemide, hydrochlorothiazide, ketoprofen), in
hich the final concentrations were sharply higher than those
easured at the start of the assays (Fig. 8A). Since these rises

f levels are observed also in the test carried out with a sec-
nd wastewater mixture (Fig. 8B), but not in the controls, this
oints out a clear role of zebra mussel. Due to the great variability

n the behaviour of some pharmaceuticals and the very differ-
nt chemical–physical characteristics, we can only suggest some
ypotheses to explain this apparent contradiction. Ciprofloxacin,

urosemide and hydrochlorothiazide are generally excreted in
nconjugated form. Moreover, these molecules possess in their
tructures an acid and a basic group that determine two differ-
nt dissociation constants at least. This can heavily interfere on
he molecules’ interaction with the suspended particulate mat-
er in relation to pH changes. Although this parameter was not

easured during the 24 h assays, there are predictable little pH
ariations due to mussels’ metabolism, which can modify the ionic

tate of these pharmaceuticals. Thus, we can suppose that these
ompounds were mainly bound to suspended particulate matter
t the start of the assays and less present in the aqueous phase. The
ossible change of their ionic states, due to pH variations made

w
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in; dehydr = dehydroerythromycin; dicl = diclofenac; fur = furosemide;
e; benz = benzoylecgonine; met  = methamphetamine; meth = methadone.

y zebra mussels’ metabolism, should increase their affinity to the
queous phase with a consequent partial or total detachment of
he molecules from the particulate matter. Thus, this affinity mod-
fication contemporarily does not allow to mussels the decrease
f pharmaceutical concentration in the wastewater, since they
ecome not bioavailable with the suspended particulate matter,

ncreasing at the same time their instrumental reconnaissance.
owever, this suggestion cannot be applied to ketoprofen because

t does not possess any acid or basic groups and it is excreted as con-
ugated form (about 85% of ketoprofen-glucuronide; Baselt, 2004).
hus, zebra mussel can be able to de-conjugate this chemical, using
he glucoronide for its metabolism, increasing the concentration of
etoprofen in the wastewater by means the excretion. The great
ransformation of ketoprofen-glucuronide to the parent compound
an be also promoted by the re-circulation conditions followed
n these tests. In confirmation of the unexpected behaviour of
ome pharmaceuticals, depending both of their very particular
hysical–chemical characteristics and some environmental factors,
uch as pH, temperature and the quantity of suspended particu-
ate matter, we can highlight that the same four pharmaceutics
nvolved in the concentration increase showed the same trend
lso in the test carried out with the second wastewater mix-
ure (Fig. 8B). Surprisingly, other molecules (ibuprofen, naproxen,
floxacin, paracetamol) showed the same behaviour only in the
ontrol assays, carried out without mussels in the pilot-plant. Since
buprofen, naproxen and paracetamol were excreted in conjugated
orm, the bacterial community, greater than that present in the

aste mixture above-described, could de-conjugate the metabo-

ites, increasing their concentration in the waste. This means that
he biofiltration should be more efficient for these pharmaceut-
cals because mussels’ action was able to decrease them after 24 h.
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Fig. 8. Daily removal rate (�g/24 h) of pharmaceuticals and drugs of abuse obtained with and without mussels in the pilot-plant filled with 25–75% (v/v inflow:outflow; (A))
and  50–50% (v/v inflow:outflow; (B)). Standard deviations from the marginal means were also shown.
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n the contrary, this explanation is not valid for ofloxacin that is
xcreted in non-conjugated form. The only current possible sug-
estion of its particular behaviour can be due to the property of
imilar fluoroquinolones (ciprofloxacin and norfloxacin), which are
ainly bound to sludge (Golet et al., 2003) and consequently to sus-

ended particulate matter. Thus, a change of particulate content
n the tested wastewater mixture (from 25% inflow/75% outflow to
0% inflow/50% outflow) can modify the bioavailability of ofloxacin
o bacteria.

Notwithstanding the evident difficulties in data interpretation,
e can point out as the biofiltration effect seems remark-

ble for many compounds: paracetamol confirmed surely the
est abatement performance previously noticed with more
han 4000 �g eliminated from the wastewater in 24 h. Other
ignificant abatements were registered for clarithromycin
380 ± 48 �gremoved/24 h), ofloxacin (284 ± 48 �gremoved/24 h),
tenolol (250 ± 31 �gremoved/24 h) and ibuprofen (225 ±
4 �gremoved/24 h), as well as the cocaine (142 ± 9 �gremoved/
4 h).

The mechanism of the clear abatement of several pharmaceut-

cals and drugs of abuse observed after 24 h due to D. polymorpha
iofiltration can be only presumed since, for instance, only very
ecently a method to measure their levels in mussels is available
Klosterhaus et al., 2013). We  hypothesized that zebra mussels

t
p
c
r

dr = dehydroerythromycin; dicl = diclofenac; fur = furosemide; ibu = ibuprofen;
aracetamol; coc = cocaine; benz = benzoylecgonine; met  = methamphetamine;

an catch the SPM from wastewater and put them through faeces
nd pseudofaeces into the bottom of the pilot plant together with
he adsorbed chemicals. Since we  previously filtered (0.45 �m) the
amples, we can suggest that these pollutants are bound to the
nest SPM, as occur for some POPs. On the other hand, we  prelimi-
ary tested both the filtered fraction and the part of SPM remained
n the filter, obtaining a negligible concentration of the studied
hemicals in this last fraction (data not shown). Moreover, also
arwano et al. (2014) assert that the portion of suspended particu-

ates in a WWTP, that would be more recalcitrant to sedimentation,
ould be smaller and lighter and thus remain in the effluent with-

ut other treatments. Furthermore, such smaller SPM would tend
o have a greater specific surface area to which these chemicals can
e bound at higher concentration. Other possible hypotheses can
e due to the bioaccumulation and/or metabolism of certain chem-

cals. Klosterhaus et al. (2013) found several pharmaceuticals and
rugs of abuse in the soft tissues of the benthic ribbed horsemussel
Geukensia demissa) from San Francisco Bay (CA, USA). Interest-
ngly, since the calculated bioaccumulation factor (BAF) was much
igher than that the model-predicted BCF (bioconcentration fac-

or), the Authors explained this apparent discrepancy through the
artitioning or binding of these particular chemicals to a non-lipid
ompartment (e.g. protein binding or active transport processes
ather than passive diffusion). Finally, zebra mussel can be able
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o biotransform the parent compounds into different metabolites,
hich cannot be longer revealed by instrumental determinations.

herefore, when it is establish that D. polymorpha could be useful
or the abatement of pharmaceuticals and drugs of abuse, it will be
ecessary other studies in order to investigate the mechanism to
hich it is able to do it.

. Conclusions and future prospects

Although the reported results are only preliminary, they high-
ight for the first time a natural and inexpensive method to polish
iologically treated effluents from some recalcitrant pollutants.
he idea to try this new type of treatment based on the natural
ehaviour of a species, considered in several countries to be an alien
pecies, appears to be encouraging even if many other tests must
e conducted to verify this possibility before the engineering of
he entire process. During the project, we improved our knowledge
bout many technical and logistic problems, not possible to fore-
ee before the starting of the assays. Since the better performances
ere obtained with certain characteristics, namely a greater time

f exposure and the right quantity of suspended particulate mat-
er, we concluded that the next step to the possible grand-scale
se of the biofiltration technique shall be tested in small reser-
oirs, such as the phytodepuration and lagooning systems, where
he residence time are generally a few days long. Moreover, one of
he crucial problems to solve in the next future will be the need
o collect many zebra mussels, since each of our tests was carried
ut with about 40,000 specimens in the pilot plant. This number
s doomed to increase proportionally to the volume of the reser-
oir, forcing a fast method to collect hundreds of thousand zebra
ussels in the natural ecosystems. In this context, there are just

ncouraging studies about the possible cultivation of this species
y very simple methods in a cost-effective way (McLaughlan and
ldridge, 2013). Another problem to engage for a possible future
ngineering of this process is the management of mussels, which
an bioaccumulate not only these particular chemicals, but also
ther environmental pollutants from wastewaters (e.g. POPs and
eavy metals). Thus, mussels must be regularly substituted with
lean animals both to maintain a higher concentration gradient
etween biota and wastewater and contemporarily eliminate the
olluted mollusks. On the other hand, also sludge from the WWTPs
nd the vegetable biomass in the phytodepuration plants must be
reated as dangerous wastes, but the advantage made by the use
f D. polymorpha is surely be due to the lower weight of waste to
ispose.

Finally, we must avoid the escape from the plant of adult spec-
mens and larvae of this alien species. Thus, the placement of
he pilot plant before the sand filters and the peracetic treatment
esulted essential and must be followed with similar expedients in

 possible engineering of the system. In fact, we would not advocate
he introduction of this invasive species for water quality manage-

ent, but rather propose that we consider embracing their positive
ttributes in controlled systems, positioned in the areas where they
re already established. In fact, the recourse for these purposes to
ebra mussel, considered an alien species in many countries, seems
o be encouraging only if many precautions are made to avoid not
nly any mussel outflow, but also the escape of the veliger lar-
ae that were produced up to 1 million per individual per year
McIsaac et al., 1992). Obviously, in a conservation context, the ideal
ituation would be to use native mussels, such as freshwater union-

ds, but unfortunately they are in decline worldwide since several
ears (Bogan, 1993) and its reproduction depends on parasitic lar-
al stage in fish that can represent a sure disadvantage in a possible
uture industrialization of the biofiltration process.
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