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Contesto e obiettivi

% Accordo di programma tra MATTM ed enti territoriali coinvolti per messa in

sicurezza e bonifica del SIN Brescia-Caffaro (settembre 2009).

% Progettazione della bonifica dei terreni delle aree agricole del SIN Brescia-

Caffaro affidata a Regione Lombardia (e a sua volta ad ERSAF) (marzo 2013).

% Sperimentazione di tecnologie di bioremediation su aree agricole.

3 aree di circa 5 ettari (A, R, T),
per una superficie complessiva
di circa 12 ettari

Confine aree agricole SIN

Elisa Terzaghi - Universita degli Studi dell’ Insubria - FITOCONTENIMENTO E SPERIMENTAZIONE DI TECNOLOGIE DI BIOREMEDIATION

NEI TERRENI AGRICOLI DEL SIN BRESCIA-CAFFARO - Brescia - 13 giugno 2019



Perche in serra e non in campo?

= |n letteratura molti lavori con diverse specie di piante e condizioni.

= Necessita di selezionare le specie/condizioni migliori per il suolo del SIN-Brescia Caffaro.
= Alta variabilita spaziale delle concentrazioni.

= Necessita di selezionare una concentrazione costante ed omogenea.

» Tuttavia adottare un disegno sperimentale che garantisse delle condizioni di “semi-campo”.

» Budget e tempo limitato per il progetto.
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Selezione specie e condizioni

Consultazione di piu di 100 lavori scientifici

4

Compilazione di una tabella riassuntiva

:

Stesura di un background document

OUIBTIEE l
i 1 Chemosphere

Definizione di un protocollo
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Science of the Total Environment 575 (2017) 1395~ 1406
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Contents lists available at ScienceDirect

Review

Phyto-rhizoremediation of polychlorinated biphenyl contaminated soils:

@Cmﬂum

An outlook on plant-microbe beneficial interactions

Lorenzo Vergani
Cristiana Morosil
of Food, and

* Francesca Mapelli ?, Elisabetta Zanardini ®, Elisa Terzaghi ®, Antonio Di Guardo *,
¢, Giuseppe Raspa ¢, Sara Borin >*

ciemees [DeFENS ), University of Milon, Via Celorie 2, 20133 Mk, oy

* Department af Science and High Technolagy (DHSAT), Usiversity of emubria, Via Viallegio 9, Cams, ke
© Department of Science and High Technology (DISAT), Uriversity of ksubria, Via GAL Vico 46 Warese, iy
* Pepartment of Chemical Engineering Materials Emiranment (DICMA), Rame "La Sapienza™ University, Vi Eundossiana 18, Rome, Baly

HIGHLIGHTS

» Rhizoremediation is the most promis-
ing biotechnology for PCE-polluted
soils.

* Root exudates can induce the biphenyl
catabolic pathway enhancing degrada-
tion ability.

+ Better knowledge on in situ phyto-
rhizoremediation of PCB-poliuted soils
Is needed.

*+ “Omics” can unravel key players and
metabolisms for remediation of PCB-
polluted sites,

GRAPHICAL ABSTRACT

ARTICLE INFO

ABSTRACT

Aricke history:

Received 16 May 2016

Received in revised fonm 28 September 2016
Accepred I8 September 2016

Available online 5 Daober 2016

Editor: D Barcelo

Polychiorinated biphenyls [PCBs |
Plant growth promoting bacteria
Endophytes

Root exudates

* Cormesponding author.
E-muil address: sara bonnd@unimi.it (S Borin),

hetp: ‘e doiong 101016 fscitotery 20 16.00 218

0048569710 2016 Elsevier BV, Al rights reerved,

Pal\tﬂunmmdhphewlstm}mmnc jicals, recalcitrant to ¢ bioaccurmulative
in the environment, effec and human health, For this reason, the remediation of
PCB-contaminated soils is a primary kssue to be ad d. Ph lation a toal for i

situ soill remediation, since the available phynm—chumul wchmlngm have strong enwvironmental and ecanom-

ic impacts. P tand r several P -“mthcsoi but their ability to uptake and
mineralize PCEBs is limited duemﬂle recalcitrance and low b labyil ...ml:hal in turmi o

anefficient diation of PCB-contaminated soils. Besides plant degradation abiliry. rhi ks into
account the capability of K ke, areack and 50 it can be seen as the most suit-

able strategy to clean-up PCB-contaminated soils. Microbes are in fact the key players of PCB degradation, per-
formed under both aerobic and anaerobic conditions. In the rhizosphere, microbes and plants positively
Interact. Microorgandsms can promote plant groswith under stressed conditions typical of poliuted solls. Moreover,
in this specific niche, root exudates play a pivotal role by promoting the biphenyl catabolic pathway, responsible
for microbial oxidative PCB metabolism, and by improving the overall PCB degradation performance, Besides
rhizospheric microbial community, also the endophytic bacteria are involved in pollutant degradation and

Science of the Totl Environment 612 (2018 544-560

Contents lists available at ScienceDirect

Science of the Total Environment

journal homapage: www.elsevier.com/locata/scitoteny

Review
Rhizoremediation half-lives of PCBs: Role of congener composition,

organic carbon forms, bioavailability, microbial activity, plant species and
soil conditions, on the prediction of fate and persistence in soil

W) e

Elisa Terzaghi *, Elisabetta Zanardini , Cristiana Morosini %, Giuseppe Raspa ", Sara Borin ©, Francesca Mapelli <,
Lorenzo Vergani ¢, Antonio Di Guardo **

* Department of Science and High Technology [ DSAT), University of Insubria, Via Valleggio 11, Como, Ity
" Department of Chemical Materials Enviranmeninf Engincering (DICMA), Sapiens University of Rome, Via Eulossiana 18, Rome, Ity
© Department of Food ‘DeFENS), University of Milan, Vi Celaria 2, Milar, Tty

HIGCGHLIGHTS CRAPHICAL ABSTRACT

* PCB bioavailability influences their per-
sistence in soil.

* Plant-microbe beneficial interactions
could decrease PCB persistence in soil,

= PCB half-lrves in so8l reported in the lir-
erature range from - 1 to =20 years.

= PCB rhizoremediation half-lives in sodl
range foom - 50 days to =11 years.

= Comparable rhizoremediation experi-
merts are needed o oblain robust data,

ARTICLE INFO ABSTRACT

Article hisiory: Podychlorinated biphenyls { PCBs} are persistent organic poliutants widely produced and used in many countries
Received 20 Juky 2017 until the increasing concern about their environmental risk lead to their ban in the 1980, Although their emis-
Received "‘7'“““ r"“‘"?“‘*“‘ o7 sions decreased, PCBs days still present in the and can b reemitted from reservodr com-
m:;m;:mwl partments such as contaminated soils. In the last two decades, there has been a growing interest in

bioremediation technologies that use plants and microorganisms (i.e. rhizoremediation ) to degrade organic
chemécals in contaminated sites. Different studies have been conducted to investigate the potential of plant-

Editor: D, Baroelo

microbe interactions in the remediation of organic chemical contaminated soils. They range from short-term
Keywords: and Iaboratory greenhouse experiments to long-term and field trials and, when correctly set up, they could pro-
Polychiorinated biphenyls (PCBs) vide useful data such as PCB rhizoremediation half-lives in soil. Such type of data are important input parameters

Half-lifee For multimedia fate mosdels that aim toestimate the time requested to achieve regulatory thresholds ina POB con-

Rhzaremediation taminated site, allowing to draw up its remediation plan. This review focuses on the main factors influencing PCB
:ﬂm“.hh'b' fate, persistence and bioavailability in soil including PCB mixture congener compasition, soil organic carbon
H:’:‘ g forms, microonganism activity, plant species and soil conditions. Furthermare, it provides an estimate of

rhizoremediation half-lives of the ten PCB families starting from the results of literature rhizoremediation

* Camesponding auther,
E-mail addresses: elisa terzaghi@uninsabria it (E Terzaghi), elisabetta zanardinidhuninsubria i (E Zanardini |, cristiana morosimianinsubriast (C Maresini),
ghseppe.raspaduniromal it [G. Raspa ), saraborm@unimiit {5. Borin . franoescamapedisPunimiit { F. Mapedi ), lorenzo.ver it (L Vergani). i
(A Di Guarda),

bt e deiorg 101016/ scitten 201 7.08 189
CO48-9657/6 2017 Bscvier BV, All ights reserved.
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Criteri per scelta specie

= Effetto sulla degradazione di PCB (PCDD/F)
» Capacita fitoestrattive per metalli

» Caratteristiche botaniche

» Esigenze ambientali

» Numerosita studi per specie

» Rilevanza (IF) della rivista scientifica
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Definizione protocollo

» Specie vegetali

» Trattament

= Controlli

» Repliche

= Tempi

» Condizioni sperimentali

* Tipo e numerosita matrici
* Tipo di analisi
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Disegno sperimentale

s TRATTAMENTI - CONTROLLI — REPLICHE: 10 trattamenti + 7 controlli, tutti in triplicato
% DURATA ESPERIMENTO: Maggio 2015 — Novembre 2016 (circa 18 mesi)

% TEMPI DI CAMPIONAMENTO: TO, T1 (3 mesi), T2 (6 mesi), T3 (12 mesi), T4 (18 mesi)
s MATRICI CAMPIONATE: suolo e biomassa vegetale (radici e foglie)

% CONTAMINANTI RICERCATI: PCB, PCDD/F, DDX, As e Hg

s ANALISI MICROBIOLOGICHE: profilazione batteri e funghi e test attivita microbica

1 3 5 7 9 11 13 15 17 19 21 23
Tempo (ore)

25 x 20 cm (6 kg)

30-Apr-16 =——30-Jul-16 =——30-Oct-16 =——30-Jan-16
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Piante e condizioni suolo: trattamenti

Phalaris arundinacea scagioia palustre)

FeStuca arundinacea (festuca falascona) 1 SOlO pianta

Cucurbita pepo ssp pepo s ciclo redox

: : consociazione
Medicago sativa (ewa medica)

o aggiunta compost
BraSSIca juncea (senape indiana)

a &~ b

_ aggiunta tiosolfato
Sa/IX Capl’ea (salicone)

N O 0 A W Db =~

Athyf jum filix-foemina (felce)
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Piante e condizioni suolo: trattamenti

Specie Trattamento(P)
P1: solo pianta

P2: cicli di irrigazione alternati

P3: solo pianta

P4: consociazione con Cucurbita pepo ssp pepo
P5: cicli di irrigazione alternati

P6: aggiuntadi compost

Phalaris arundinacea

Festuca arundinacea

Medicago sativa P7:aggiuntadi rizobio e funghi micorrizici

Salix caprea P8: consociazionecon Athyrium filix foemina
L P9: solo pianta

Brassicajuncea

P10: aggiuntatiosolfato d’'ammonio
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Concentrazioni iniziali: TO (maggio 2015)

g 3900 2PCBs: ~12000 pg kg ss % 1800 2PCDD/F: ~5000 ng kg'! ss
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Conc. As e Hg in suolo (mg kg' ss)
w
o

As: ~50 mg kg'ss
Hg: ~10 mg kg'ss

N

Mercurio (Hg)

Arsenico (As)
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Concentrazioni finali:
T4 (hovembre 2016)?
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Science of the Total Environment 686 (2019) 484496

Contents lists available at ScienceDirect

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Rhizoremediation of weathered PCBs in a heavily contaminated ‘ "1
agricultural soil: Results of a biostimulation trial in semi field conditions L4

Elisa Terzaghi *', Lorenzo Vergani ™', Francesca Mapelli ®, Sara Borin ®, Giuseppe Raspa , Elisabetta Zanardini *,
Cristiana Morosini %, Simone Anelli ¢, Paolo Nastasio ¢, Vanna Maria Sale ¢,

Stefano Armiraglio ¢, Antonio Di Guardo *#

* DISAT, University of Insubria, Via Valleggio 11, Como, kaly

® DeFENS, University of Milan, Via Celoria 2, Milan, lealy

© DCEME, Sapienza University of Rome, Via Eudossiana 18, Rome, ltaly

4 ERSAF. Via Pola 12, Milan, ltaly
© Municipality of Brescia - Museum of Natural Sciences, Via Ozanam 4, Brescia, loly

HIGHLIGHTS GRAPHICAL ABSTRACT

« Mants stimulated microbial diversity
abundance and activity in root sur-
rounding soil.

* Best degrader treatment was tall fescue
with compost also increasing bacterial

abundance. 4
* Depletion of both low and high chlori-
nated PCB was observed.
* Tallfescue and pumpkin treatments re-
duced about 40 PCB congeners.
* Overall total PCB reduction was about
20% in realistic semi-field conditions. «
ARTICLE INFO ABSTRACT
Article history: This paper describes the results of a rhi iati h i phnnedmsdectmebestrhnt
Received 18 April 2019 species and soil for the bi iation of i (PCBs). We evalu-
t“‘"':;';'o""“go';"' 28 May 2019 ated the ability of different plant species to stimulate activity and diversity of the soil microbial community lead-
M?l:kadihr‘:loﬂummw ing to the ion of PCB ions in a heavily soil (at mg kg-1 dw level), of the national
priority site for remediation (SIN) “Brescia-Caffaro” in Italy. Biostimulation was determined in large size (6 kg)
Editor: Damia Barcelo pots, to reflect semi-field conditions with a soil/root volume ratio larger than in most rhizoremediation experi-
ments present in the literature. In total, 10 treatments were tested in triplicates comparing 7 plant species
Keywords: (grass and trees) and 5 soil /cultivation conditions (i.e., only one plant species, plant consociation, redox cycle,
Plants compost or ammonium thiosulfate addition) with the appropriate unplanted controls. After 18 months of bio-
Natural attenuation stimulation the overall reduction of total PCBs varied between 14 and 20%, Microbial analysis revealed a shift
Biodegradanon in the microbial community structure over time and showed that all the plamtd m'a(mcn(s significantly en-
Greenhouse hanced microbial hydrolytic activity and the d of bacterial ing potential PCB de-
::";::‘:: - graders, in the soil surrounding plant roots. The plant species most effective in reducing the contaminant
were Feshia dinacea cultivated adding compost or in consociation with Cucurbita pepo ssp.
» Corresponding author.
E-mail address: antonio.diguardo@uninsubriait (A. Di Guardo).
! Shared first authors.

hetps://doiong/10.1016 . scitotenv.2019.05.458
0048-9697/0 2019 Elsevier BV. All nghts reserved.
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Risultati PCBs: trattamenti migliori

FESTUCA +

COMPOST
FESTUCA + 1T
ZUCCA

Riduzione
PCB totali
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Risultati PCBs: famiglie di congeneri

MONO, DI: non ridotti in modo statisticamente significativo
TRI-TETRA-PENTA: P4, P6 and P7 — 20%-30%

ESA — EPTA: P4 and P6 — 20-25%

= OCTA: non ridotti in modo statisticamente significativo
NONA-DECA: P6 — ~15%

» Generalmente gli esperimenti in serra della letteratura

riportano delle riduzioni piu ottimistiche in un minor tempo.

Elisa Terzaghi - Universita degli Studi dell’ Insubria - FITOCONTENIMENTO E SPERIMENTAZIONE DI TECNOLOGIE DI BIOREMEDIATION
NEI TERRENI AGRICOLI DEL SIN BRESCIA-CAFFARO - Brescia - 13 giugno 2019



Risultati PCBs: singoli congeneri (1)

n° congeneri ridotti in modo statisticamente significativo

0 5 10 15 20 25 30 35 40

P4 37
P6 29
P3 28
P5 28
P7 23
P2 20
P1 18
P9 8
P10 6
P8

al

i
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Risultati PCDD/Fs: trattamenti migliori

FESTUCA

FESTUCA +
COMPOST

FESTUCA +
ZUCCA

Numero
congeneri

PCDD + PCDF
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Risultati PCDD/Fs: singoli congeneri

a: 0.05

PCDDs a: 0.1

Riduzione % concentrazione PCDD: C-T0O vs P-T4
2378-TCDD | 12378-PCDD | 123478-HxCDD | 123678-HxCDD | 123789-HxCDD | 1234678-HpCDD OCDD
I-TEF 1 0.5 0.1 0.1 0.1 0.01 0.001

WHO98-TEF 1 1 0.1 0.1 0.1 0.01 0.0001

WHOO05-TEF 1 1 0.1 0.1 0.1 0.01 0.0003
P3_FesNORM| s (24%) s (16%) S (21%) s (17%) s (12%) s (15%) ns (18%)
P4 Fes+Cuc s (14%) ns (5%) S (21%) ns (1%) ns (+2%) ns (6%) ns (17%)
P6_FesCOM | ns (-21%) s (13%) s (30%) ns (21%) ns (14%) ns (24%) ns (10%)

PCDFs

Riduzione % concentrazione PCDF: C-TO vs P-T4
2378-TCDF| 12378-PCDF | 23478-PCDF| 123478-HxCDF | 123678-HxCDF | 234678-HxCDF | 123789-HxCDF | 1234678-HpCDF | 1234789-HpCDF | OCDF
I-TEF 0.1 0.05 0.5 0.1 0.1 0.1 0.1 0.01 0.01 0.001

WHO98-TEF 0.1 0.05 0.5 0.1 0.1 0.1 0.1 0.01 0.01 0.0001

WHOO05-TEF 0.1 0.03 0.3 0.1 0.1 0.1 0.1 0.01 0.01 0.0003
P3 FesNORM| ns (11%) s (19%) s (16%) s (15%) s (16%) s (15%) s (14%) s (12%) s (13%) s (23%)
P4 Fes+Cuc | ns (9%) s (12%) ns (12%) s (11%) s (10%) s (10%) s (10%) ns (7%) ns (7%) ns (6%)
P6_FesCOM | ns (5%) s (10%) s (10%) s (14%) s (15%) s (14%) s (14%) s (16%) s (16%) s (12%)
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Risultati As e Hg
P9 — SENAPE INDIANA
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Risultati As e Hg
RCF SCF

1 REDOX 5 As B Hg 04 OAs mHg
12 l \ REDOX \
‘0 0.3 .
% 8 LgO.Z l \ l
“ 6 0.1 % ﬂ 1
4 0.0 -
2 s @ seaa g f; g 2
0 T3 & @
Pl P2 P3 P4 P5 P6 P7 P8 P9 P10
. .. mg
Conc.radici (E) Conc. fusto/foglie ( )
RCF = mg SCF =
Conc.suolo (E) Conc.suolo ( )
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Calcolo emivite di rhizoremediation
CINETICA DEL 1° ORDINE

—In(Pyy — Cyo) 0.693
kp = " HL pizo = K

dove kp € il rate di degradazione (giorni''), In € il logaritmo naturale, P, & la concentrazione finale nel trattamento (ug/kg ss), C+,
é la concentrazione iniziale nel controllo (ug/kg ss), t & il tempo (giorni) che intercorre tra TO e T4 e HL,,,;,, (half-life) & I'emivita di
rhizoremediation della sostanza (giorni).

NATURAL ATTENUATION

volatilizzazione, infiltrazione,

RHIZOREMEDIATION
Accumulo nelle piante,
3000 - biodegradazione stimolata

2500 - }

2000 - }
1500 -
1000 -
500 -

biodegradazione di base

Conc. Suolo (ug/kg ss)

c-To C-T4 P-T4
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Emivite di rhizoremediation

Trattamenti piu efficienti: P4 e P7 Emivite RR < Emivite NA
Emivite NA Emivite RR
PCB 1-23 anni 3-11 anni
PCDD | 18-79 anni 4-8 anni
PCDF | 8-23 anni 4-11 anni

NA: natural attenuation (@b
RR: rhizoremediation

FESTUCA + ZUCCA ERBA MEDICA a) Paasivirta and Sinkkonen, 2009. J. Chem. Eng. Data 54, 1189-1213
b)Sinkkonen and Paasivirta , 2000. Chemosphere 40, 943-949

Quali sono i tempi di risanamento per aree agricole selezionate se
consideriamo emivite NA e se consideriamo RR? '

\¢
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Conclusioni

% Sono stati identificati 4 trattamenti (3 specie) che possono essere utilizzati per la

bioremediation delle aree agricole del SIN Brescia-Caffaro.
% Le emivite di rhizoremediation sono piu basse di quelle di natural attenuation.

% L'esperimento in serra e stato condotto a un singolo livello di concentrazione mentre |
dati di concentrazione di campo mostrano un’ampia variabilita di concentrazioni (fino a

2 ordini di grandezza).

»  Occorre verificare l'efficacia della rhizoremediation in presenza di suoli che presentano

un ampio range di concentrazioni di contaminanti.

| risultati mostrano I'effettiva fattibilita delle azioni di rhizoremediation adottabili nel SIN
Brescia-Caffaro sia per PCB che PCDD e PCDF.

% Occorre invece ottimizzare le condizioni sperimentali per As e Hg.
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