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'KOZTOZ AMOPPYMANZHZ YNEAADOYZ & YNOTEIQN YAATQN

EKTiENoN Tou OAIKOU KOOTOUG YIO ATTOPPUTTAVOT UTTEOAPOUG Kal
UTTOYEiWV UBATWYV o€ puttaopéveg TotroBeoieg Tng EE (Commission of
European Communities, “Thematic Strategy for Soil Protection: Impact
Assessment of the Thematic Strategy on Soil Protection”, Brussels (2006)

Number of sites Costs per site Average total costs
Feasibility study and | 25 to 45% of 1 300 000 to 2
remediation 000 000 sites where main € 19 500 to 73 500 € 28 billion
investigation site investigation took place

(325 000 - 900 000 sites)
Small scale studies 0.86 x (450 000 to 630 000

(86% of the total contaminated sites) € 85 000 to 160 000 € 57 billion
number of sites) (387 000 — 541 800 sites)

Large scale studies 0.14 x (450 000 to 630 000

(14% of the total contaminated sites) € 400 000 to 500 000 € 34 billion
number of sites) (63 000 — 88 200 sites)

TOTAL € 119 billion




MEO ANOPPYTIANZH2

Emitomieg (in-situ)

DuOoIKEG XNMIKEG QuoIKEG XNUIKEG
» Soil vapor extraction » Chemical oxidation * Thermal desorption « Solvent extraction
- Steam injection « Soil flushing (low temperature) - Soil washing
’ * Incineration
v BioAoyikEg
BioAoyikeg « Land-farming
* Bioremediation » Composting/ Biopiling
* Bio-venting

* Phytoremediation

Kooroc Amroppurravong

(1) Ex situ incineration cost ~ 90-2500 €/n,

(2) Ex situ bioremediation cost ~40-85 €/tn,

(3) Ex situ thermal desorption cost ~ 40-85 €/4n,
(4) In situ thermal desorption~ 70-400 €An
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AMNOAOZH ANOMAKPYNS
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Aggelopoulos et al., Chem. Eng. J. 270, 428-436 (2015)
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ANAAY2ZH KO2TOY2

Method Cost/tn-soil

(€/tn)

Ex situ plasma 15-30
Steam injection 35-320

Hot air injection 45-70
Smoldering 220-280

Ex situ thermal desorption 40-85
In situ thermal desorption 35-300
Ex situ incineration 90-2500




IEPAPXIKH MPOZOMOIQZH AEITOYPIIAZ ANTIAP
ey

_ Juvepyoaoia ue tnv ouada Ap. B. Mroupyavou
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OAOTIEZ ENITOMIAZ (IN SITU) ENEZEPTAZIAZ

DNAPLs = Dense non aqueous

nZVI=Zero Valent Iron nanoparticles

®
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Mueller and Nowack, Elements (2010) 6, 363-368




OIKONOMIKA KINHTPA NANO-ANOPPYINAN2zH2

TexvoAoyia amokataocTaong

Kéotog anoppUnavong (S)

Napadoolakeéc LEBodOL ATTOKATACTAONG

XPNOLUOTIOLWVTOC AVTANON Kat eneéepyaoia 5,000, 000
(pump and treat, xwpic xprion vavoiiikwv))

Napadoolakég peBodol amokataoTaong .x.

Sianepata avidbpwvta ppaypata (PRBs) 3,400,000
MéBodol vavo-amokataotaong

XPNoLLomoLwvTag vovooidnpo undevikou 600,000

o00£vouc (nZVI)

Tratnyek and Johnson, Nanotoday 1, 44-48 (2006)
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Gunawardana et al., Env. Eng. Res (2011) 16, 187-203



2YNOE2 =

MoAupepég/Zidnpo=0.003 AitAvua lloAvugpovg
FeS0,7H,0 Aiddvua
NaBH,/Fe =2 NaBH 4 Awddvua

~y
~~

He et al., J. Colloid Interface Sci. 334, 96—102 (2009)

ZFe%:q) + BH;(aq) + H,0q) — ZFe?s) + B(OH)Z(aq) + 4H(:]q) + 2H; )
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IAIOTHTEZ TOY CMC - COATED nZVi

Dynamic Light Scattering - DLS
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Distilled water, Q=0.05 mL/min, t=50 hrs
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, ANTIAPAZEQN nZVI ME PYI'IOYZ

Advection-Dispersion-Dissolution-Reaction equations:

X

ot ot OX :

PCE (aq): a(ngWCp) 8(ude) 8 S D, 8L k C,C+ K ( ety )
ot OX ax OX :
Rate of NAPL dissolution: Deposition interaction sites of nZVI:
8('2'; o Enkys (1+ AS2 )C— prky o5
P
a(pNAaplt‘gSnW) e (CSOI —Cp) —8(/23[52) =&.K, 5 (1"' dLJ C— Ky .28
50

Darcy’s Law:

Clogging
00lloid porous medium interactions ; ST 5 T
oo e Deposited particles influence porous medium properties:
8P lu mloracoons interactions A. porosity reduction

J— permeability
decrease

ax = — k(S(t))krW Ud | B. surface area increase
il liebe

Filtrationd
Wmhg
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avtiépaon nZVI pe dtaAuto pumno

“Flow of
nZVI
suspension

>

©

® Dissolved PCE molecuels
® nZVI nanoparticles

Products of remediation (C,H,,
C.H,)

% Dissolution of PCE from
NAPL to aqueous phase

% Reaction of dissolved PCE
with suspended nZVI

% Advection-Dispersion of
dissolved PCE, reacting /
non-reacting nZVI, PCE
reaction products




AYNAMIKH MPO2APMOIH ME BAzH TON

P —

PCE dissolution tests

MHXANI2ZMO 1

,./

PCE remediation by nZVI injection
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Mnxaviopog 2: tpookoAAnon nZVi oe SLETDAVELEC

“PCE/vepoU kat dpeon avtidpaon pe yayyAwa PCE

7
4 4 ® nZVI nanoparticles
" Flow of S Products of remediation (C,H,
nZVI C,H,)
suspension
% Adsorption of nZVI on
: hydrophilic PCE/water
8 \/ interface
N % Direct reaction of nZVI
\ with PCE ganglia

% Advection-Dispersion
of reacting / non-

reacting nZVI, PCE
reaction products




/ AYNAMIKH NMPO2APMOIH ME BAzH TON
MHXANIZMO 2
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Tsakiroglou et al., Science of the Total Environment 563-564, 866—878 (2016).
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~~ TO MONTEAO £YPIKNOYMENOY NYPHNA

Shrinking-core model Inverse modeling of batch tests

o T G 0.8 :
(b) "‘5{ C50:04046 g/L Exper. Predicted
o 2 | '
/ ' ‘_“\ Liquid A—-
! ' boundary g
l\ layer g
i\ 3 04-
| Reactant SR ﬁ
c
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&
E
o
0.0 ; :
10* 10° 10° 10"
Dimensionless time, T
08
0 ) [ N9 C,,=0.46 g/
. . [ . 02 \‘ Exper. Predicted e —s00
Statistical shrinking-core model R N
‘ 2 ® * * %2 8 5 A C:ﬂ=250 ppm
dC g, =_( SL“MSRCSROI"] E (CLRb = LR;) f "y — < \\ . -=-- €, =10.0 ppm
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d Dup. l (kfk,, )+ =, )(1‘7 J ; &‘*\ - c::;zs:zm
2 Y
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dCes 3L bM:Crry j‘ 1rc It f(’ )""' 2 02 '%_g. - s
- 7 ]
df Dmp: 0 }s E ‘\ : » *
= 0.0 . A 4 L

10

Tsakiroglou et al., Chem. Eng. Sci. 167, 191-203 (2017) ™ e

Dimensionless time, T



o S
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Juvepyaoia ue tnv ouada tnc Kad. 2. Avtnuioiapn

.Hydrophilic head 1o+, * Flow of dispersing
Mno medium /
Stabilized k- R
nanoparticles Released : . (6] v J.
nanoparticles are i' Q. .0 ’j
Aqueous adsorbed on oil/water ‘}@__" 2 e
solution interface A
! : Liposomes
; ; : r.-} membrane
‘Hydrophobic tail disruption
b NpoBAAuata rpog eniluon
TEM

*  Avenapkng EyKAWPBLoOUOC OTLG
AUTOCWULKEG SOUEG

* AlEAevon nZVI kot tayidevon
AUTOCWHATWY

=

Terzi et al., Coll. & Surf. A: Physicochem. & Eng. Aspects 506, 711-722 (2016)



 («MPAZINOE NANOZIAHPOS»)

XpRon GUTIKWV EKYUALOHATWV:

EvaAlaktikn neBodoc ouvBeonc kal otaBepomoinong
TwV vavoowuatdbiwyv oldbrpou
USEPA- VeruTEC (Hoag et al., 2008)

Xpnotwuomotlovuvtal ekYuAiopata mAovola o€ TToAUDOLVOAEC.

» O oidnpoc Fe(lll) avayetal os Fe(0):
nFe?* + 2 R-C,H;(OH),, — nFe® +2n R-C,H,0, + 2nH*

» AnULOUPYELTOL TIPOCTATEVUTLKO
KOAU PO YUPW OO TO
vavoaoidnpo (6nA. ot
noAudavolec Spouv we
otaBepomoLnTEC)
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