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Soil washing procedure

Legal limits
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Chelatingagent: Ethylenediamine-N,N'-disuccinicacid (EDDS)
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Soil sampling: Land of Fires £'Q aoPsPrOSchod

....where illegal dumping of toxic waste has been continuously
perpetrated, for decades, by criminal organizations. This areais known
due to the high incidence of cancer mortality, which exceeds both the
Italian national and European average values

4/39
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After the soil washing process, the effluent containsheavy metals and chelating agents

For example copper and zinc, extracted from soil, are at concentration levels higher
than the Italian regulatory limits for discharge in public sewers and consequently
one or more post-treatment processes are required, before the discharge into the

environment.

Limits for sewage discharge in Italy: Cu (0.4 ppm); Zn (1.0 ppm)

Legislative Decree 152/2006, 2006. Gazzetta Ufficiale n® 88, 5.0. 96



Treatment soil washing effluentsstep g:rsmos

Due to the presence of metal-chelatingagent chemical complexes

Cu(I) LozK Fe(IID LogK
Cu* + EDDS*" = [CuEDDS]~ 186 Fe** + EDDSY- = [FeEDDS)]" 206
[cueDDS)*~ + H' = [CuHEDDS] 36 [Fe(OH)EDDS]*~ + H' = [FeEDDS]" 79
[CuHEDDS]™ + H' = CuH,EDDS 23 [Fe(OH),EDDS)*" = [Fe(OH)EDDS)*” + HO~ 99
[cu(OH)EDDS)* + H* = [CuEDDS)*~ + H,0 111
[CuBDDS)* " + Cu** = Cu,EDDS 24

[cuEDDS)* + [HEDDS]*™ = [CuEDDS(HEDDS))®" 25

[cuEDDS(HEDDS)]*" + H' = [Cu(HEDDS),]*" 71

Zn(ID LogK EDDS pK,

Zn** + EDDS* = [ZnEDDS)*" 136 HEDDS = H.EDDS + H* 24

[znEDDS)~ + H' = [ZnHEDDS] 37 H,EDDS = H,EDDS*” + H' 39

[zZnHEDDS]™ + 2H* = [ZnH,EDDS]* 59 H,EDDS*~ = HEDDS®" +H' 6.8

[Zn(OH)EDDS)~ + H' = [ZnEDDS]*" + H,0 113 HEDDS®" = EDDS' + H' 98
[ZnHEDDS]” + HEDDS®" = [Zn(HEDDS),]*" 55
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....the simple physical process of adsorption on activated carbon or metal precipitation
as hydroxides can not ensure a satisfactory removal of metals from soil washing
wastewaters. N

sodium hydroxide
A A ¥
solution in teat pipettes
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Need to remove the chelating agent (i.e EDDS)

The soil washing effluent containslron too....

....Ironis naturally presentin soils

Other “ingredients” economic and eco-friendly to be used are:

1) Sunlight

2) Air

3) Hydrogen peroxyde (eventually)
4) Titanium oxide

Different ways to proceed for removing of copper and zinc......
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Air/TiO2: Heterogeneous photocatalytic process

1) Production of HO radicalswhich attackand destroy the chelating agent

2) Some metals not longer complexed can precipitate as insoluble hydroxides

Applied Catalysis B: Environmental 170 (2015) 90-123 9/39



EDDS and its intermediate degradation products, form strong chelates with Fe(lll).
These species absorb in the UV-A range

wavelength (nm)

Journal of Photochemistry and Photobiology A: Chemistry 212 (2010) 1-7
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Homogeneous photocatalytic process

- = |Fe(ll-EDDS| HH"‘-HM 0,
e ~
i‘l’/ \x\
!
f Homogeneous
‘ Phaoto-Fenton like ’ T=C0; + H;0
\ process The photolysis of Fellll)-EDDS species through intramolecular LMCT
\ Q«— - Organies iligand to metal charge transfer) transitions occurs with good quantum
AN i { U{ vields

T [Fe(TIM-EDDS] |'~ Onidation

’; by-products

FL‘{II'I
'“~\H2“3
hwv
Chelating agent ’/} Fe(IN-EDDS ——— Fe(ll) + R’ (1))
CTNHO + Fe(lln)
\' 0. /H*
) R R’ + HO3 (2)
€O, + H0
Fe(Il) + HOS + H,0 —— Fe(Ill) + H,0, + HO™ (r3)
Fe(Il) + H0; —— Fe(Ill) + HO* + HO™ (rs)
hw
Fe(Il) + 0, + H —— Fe(lll) + HOS (rs)
. . HOZ/ HO"
NO adding of chemicals! EDDS by-products (x6)

Oxidantspecies, such as HO®, 0,*, HO,® and H,0,, are formed during the
photolysisof the iron(lll)-EDDS complexes under aerated conditions 11/39



Maore expensive but...
more efficient

Homogeneous photocatalytic process

Difference withthe “classic” photo-Fenton process: normally, the
" photo-Fentonreactionwith Fe{lll}is efficientinthe pHrange 2.0 — 4.0 due
10y IFe(ll)-EDDS]™ to the precipitation of iron at higher pH values. Whereas the complexation

with EDDS produces a double effect by increasing the stability of iron in

|Fe{lIXOHUXEDDS|™ 0, - agueous solution at hicher pH and increasing the efficiency of the Fenton

process by formation of hydroperoxyl/superoxide radicals:

W

’ = CO; + 11,0
v 7 Organics
[Fe(111)}-EDDS]
) Oriation
IF(IIXON)EDDS) Fe(ll) by-products
HO™ [ vy diated Photo-Festen ;0
and
Fenton-lhe HO' + Fe(lll)

Osta \

CO; + 11,0

Journal of Photochemistry and Photobiology A: Chemistry 239 (2012) 17— 23

Fe(ll1)-EDDS + hv— Fe(Il) + EDDS*
EDDS* + O; — EDDS’ + 0,*~

0,* +H30" — HO,* + H:0

12439
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For Zinc.....

Fe(III)-EDDS/H202 photocatalysis Fe(III)-EDDS/Air photocatalysis

O ¢
o —

- __—— 4 <=3 TiO2 photocatalysis

Lo remons al degree (%)

OK'!

L L L L L |
0 15 W 45 2l TR 105 120
l'ime (min)

Journal of Environmental Chemical Engineering 2 (2014) 1969-1972
13/39
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But for copper.....
However, the previous photocatalytic processes are not all
effective in removing copper species
) -
30 -
F
g 30
S
10 —
R — — TiO2 photocatal-ysm .
WA LR NE Wl Fe(II)-EDDS/Air photocatalysis
0 1S 3 s o S 9% 108 120
Tine (nin) Fe(II)-EDDS/H202 photocatalysis

Journal of Environmental Chemical Engineering 2 (2014) 1969-1979



...probablydueto the existence of soluble Cu-hydroxo-complexes such as Cu{OH)~ at

the adopted pH
= 0
g
(=] - -
E 3
.E 4. Cu(OH),
g 5
t -6-
3 -8 - Cu(OH),
-9 -
E =10 . ' - r - r : T T T T T r
o 1 2 3 4 5 6 7 8 9 10 11 12 13 14

pH

inside dotted line shows zone where copper hydroxide solid will form

Chem. Senses 31: 689-697, 2006
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CU(OH),  Cu(OH),
H),2
\, CuOH),

Cu®*

log [Cu?*] species (mole/l)

2 3 L) Ll Ll

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14

Theoretical copper speciation for hydroxy-complexesin pure water for
a total copper concentration of 1 mg/I

How to remove Copper?

2" AoPs PO school
¥
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Sacrificial photocatalysis
(de-aerated conditions) Heterogenousphotocatalytic process

2Cu(ll) +2e- —— Cuv

(-EDDS)*¥>

Chemical Engineering Journal 251 (2014) 257-268
1 7/’39
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For Copper.....
m.—
‘0 <: Sacrificial photocatalysis OK |
]
t
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Journal of Envirenmental Chemical Engineering 2 (2014) 1969-1972 18/39
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In the case of Zinc.....

Fe(III)-EDDS/H202 photocatalysis Fe(III)-EDDS/Air photocatalysis

U ¢
//I

,..: 1 <: TiO2 photocatalysis

100 —
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Journal of Environmental Chemical Engineering 2 (2014) 1969-1979 19/39
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To achieve aredoxreaction, the conduction band must be located at a more negative potential than the
reduction potential of the chemical species that will be reduced, while the valence band must be positioned
more positively than the oxidation potential of the chemical species that will be oxidized

hv—-:

Ti0,

Applied Catalysis B: Environmental 23 (1999) 89-114

®
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reduction forbidden
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==========Z-HCOOH/HCHO (+0,056 eV)

N
HCHO/CH,OH (+0,232 eV)

reduction



One choice could be fustly the removal of won, zinc and EDDS through a TiO,-
photocatalysis with oxygen, followed by a photocatalytic step (sacrificial TiO,-
photocatalysig) under mert atmosphere for the abatement of the residual metals,

particularly copper, and residual organics.

Soil washing effluent

Fe.Cu.Zn andEDDS

Step 1
Fe,Zn and EDD S removwal

l

Photocatalysis

Step 2
Cuand EDD S removal

Sacrificial photocatalysis
'HDE Ng

v

Filtration

Ecotoxicity test

df’\UPS PhD School



Mechanism ane Kinetics
ror sacrivicial photocatalysis

Different mechanisms may be proposed
to account for the photocatalytic
conversion of an organic substrate (S)
depending on degree of adsorption of
the latter on the TiO, photocatalyst
surface

Langmuir 2000, 16, 8964-8972

Enviren. Sei. Technel. 2005, 39, 1880-1886
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For strongly adsorbed organics, the reaction proceeds directly
between adsorbed substrate molecules and photogenerated

surface holes

TiO, + hv s ht + e

) . .
ht + e — recombination

"
ht + S —>2 3 products (selective oxidation)
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For not adsorbed substrates, the photo-oxidation reaction involves
the dissolved organic species and free OH radicals (reaction r,)

TiO, + hv — h* + e

ry : .
ht + e —> recombination

h* + H,0O —><:_3 OH, + H*
-3
'

ok products
OH——> (unselective.oxidation)

Chemical Engineering Journal 270 (2015) 519-527 24/3%
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For weakly adsorbed substrates, the photo-oxidation reaction
involves the dissolved organic species and surface-bound hydroxyl

radicals (reaction rg) or free OH radicals (reaction r,)

TiO, + hv s h* + e

r . -
h* + e —> recombination

k!
ht+H,0 == ‘OH, + H*
I3 E products
;] +S > (unselective/selective oxidation)
\ 4 MoK products

O H—> (unselective.oxidation) ..



&) A0Ps PrD School

In particular, positive holes can migrate to the TiO,
surface, where they are trapped by surface titanol
groups that generate superficial HO® radicals

h* + {=Ti"YOH} - {=Ti"YOH"}"

or they can react with adsorbed water molecules
or HO™ anions, and thus generate free HO® radicals

h™ + H,0 - HO"+ H~

h™ + HO- — HO°®

Environ. Sci. Technol. 1995, 29, 2065-2072
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For example, the TiO, photo-oxidation of methanol
(adsorbed species) can be promoted either by direct
hole transfer:

h™ + CH,0H,;., & "CH,OH_;  + H”

or by a reaction with surface radicals:

(= TiVOH'}" + CH,0H - {=Ti"YOH} + "CH,0H + H*

Electrochimica Acta 51 (2006) 2230-2236

unselective oxidation
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For EDDS, as chelating agent, three different chemical models can be supposed

Model 1- continousline )
Which is the correct mechanism? Model 1.1- dashed line (m= )
2%x Model 1.2.1- dotted line (seesnannas )

194
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Verification of the Proposed Mechanism using Scavengers Gﬁmﬁ%

Effect of lodide Ion. lodide ion is a scavenger and reacts
with hy" and "OHugs . reducing the number of lodide can react with both free positive
oxidizing species available at the surface of the catalyst.

The valence band hole is easily captured holes and surface-bound hydroxyl

by I~ (the redox potential of the couple I'/I~ is 1.3 V) and radicals
pathways due to oxidation by surface hydroxyl radicals are

also possible because the rate constant of reaction with -
OHad; iS ]..2 * ]ﬂlﬂ M_l 5_1

VOL. 41, NO. 16, 2007 / ENVIRONMENTAL SCIENCE & TECHNOLOGY

Effect of Tert-Butyl Alcohol. t-BuOH can react quickly

with "OH with a rate constant of 6.0 x 10° M~! s~! Ter-butanolis a hydroxyl radical

scavenger
Environ. Sci. Technol. 2004, 38 (24), 6875—6880.



Experimentalresults...

2" AoPs PO school
¥

In presence of Tert-butyl alcohol, only negligible effects have been observed on the
consumptionrates of EDDS and Cu(ll), on the other hand, in case of lodide addition,

there is a marked reduction of the system reactivity

o0 -

EDDS ramoval (%)
2
|

no scavenger

t-BuOH

Potassium lodide
K1

7

ALMMBDBIN

X

Scavenger type

Cu(ll) removal (%)

no scavenger

t-BuOH

N

Potassium lodide
Kl

i:&

Scavenger type

EDDS (left) and cupric species (right) photocatalytic removals at 60 min of treatment. no scavenger; 777 K1 (3.0 mM); B555] t-BuOH (3.0 mM);

[EDDS], 0.2 mM; [CuSO4), 1.0 mM; [TiO,] 50 mg L ™", pH 2.0, purging gas: Na. T: 25 °C.

Chemical Engineering Journal 251 (2014) 257-268
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Nt + HZOa{_i} OH, + H*
|r3__ I: ——————— -
r | | T
# S B

-Modeti-tontimoastine=-  (=—)

Model 1.1- dashed line (m =)
Model 1.2.1- dotted line (seanannans )
"i!:_.'?'; -

Positilve holes or surface-bound HO radicals? Q:f 31/39



Models proposed and tested.

2" AoPs PO school
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Model

Reactions
considered for the
organic species
consumption

Equations adopted for the mass balances ; r % s
HGs < hw o B # e

r - -
h* + e —> recombination

1.1

1.2.1

122

Reaction between
substrate adsorbed
on the surface and
positive holes-rq,,
oo M1

Reaction between
the dissolved
substrate and the
surface-bound
hydroxyl radicals-
Teo T70e T's

Reaction between
the dissolved
substrate and the
surface-bound
hydroxyl radicals
considering fast
equilibration of
surface-bound
hydroxyl radicals
with the positive
holes-rg;, Iy, I's

+
diHO; | h
dih*)
=T -n—=2-(fae+Toe+Tn) =Tz ="z r

+S

diHO, |
=N —T3—-2-(Tet +Tne+73)=0

fOH T — Jes [h*1-{H O | + r h* + .
{ OH‘” & k-a*z'("alin}*"’?rﬁpl*h!m TI02 hv T’ €
. ) 2 : 3
S =n-n-r+ra-ra-rs h* + e —> recombination
r
B 35 . -
o h* + H0. = -0OH_+ H
E.OHa} =2 ch.h :~M20¢?

= — r'3
[HT) I
dih®] _ In=r3=2h"-(Ke[Ses] +ky: S¢ | +kg [P )~T12—T13 ]
N

I+Kc¢%?-_-‘- T S

slow

H r -

TiO, + hv = h
r - -

h* + e —> recombination

h* + Hzoa:<—>_’_ ‘OH, + H*
-3

+ €

fast

[,

+S
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Due to the complexity of the reacting system, some simplificationshave been made:

asingle kinetic constant (k4) for reactions of different CUEDDS species with electrons

CuH,EDDS, + e5, ““ Cu* + H,EDDS?"
CuH,EDDS, + e, ““ Cu” + H,EDDS?"
CuEDDS?™ + e, “* Cu® + EDDS}

a single kinetic constant (k6) for reactions of different CUEDDS species with holes

CuH,EDDS + HO, % ... Cu** + P + H,0,
CuHEDDS™ + HO, % ... "% cu™ 4 P+ H,0,
CuEDDS?~ + HO:, % .. ."% Cu™ + P + H,0,

a single kinetic constant (k7) for reactions of different EDDS species with holes

H4EDDS + HO, .. "% p 4 H,0,
HsEDDS™ + HO;, ... "% p 4 H,0,
H,EDDS?™ + HO;, % ---"% P+ H,0,
HEDDS®" + HO; ... "% P 4 H,0,

EDDS*~ + HO;, =.... "% P 4+ H,0,

33/39



a single value for equilibrium adsorption constant for different CUEDDS species (Kad) :~i:‘Q5msdem

Equilibrium equations for substrate adsorption on the catalyst surface.

n° Equilibrium adsorption

Eq.1 ICuH2EDDS,] = K o - [CuH2EDDS] - [Cf]
Eq.2 ICUHEDDS; | = K 4 - [CUHEDDS "] - [Cy]
Eq.3 [CUEDDS?"] = K4 - [CUEDDS?*7] - [Cf]
Eq.4 H4EDDS,] = Kyq4 - [H4EDDS] - [Cf]

Eq.5 [H3EDDS; | = Kuq - [H3EDDS™ ] - [(]
Eq.6 [HEDDS? "] = Kqoq - [H,EDDS*] - /]
Eq.7 [HEDDS}"] = Kot - [HEDDS?*"] - [C]
Eq8 [EDDS;"] = K,q - [EDDS*] - )]

(Cy] is the concentration of free active sites on the photocatalyst surface.

Due to the absence of experimental evidence of EDDS adsorption on the TiO2 surface, is
assumed

(Cror] = [Cy] + [Ca]

34/39
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all by-products are considered as a single component

CuHEDDS + HO, % ... "% cu™ 4+ P + H,0,
CuHEDDS™ + HO, % ... "% cu™ + P+ H,0,
CuEDDS?™ + HO;, %... "% Cu™ + P + H,0,
H4EDDS + HO, ... "% p 4 H,0,

H;EDDS™ + HO;, %..."%p 4+ H,0,
H,EDDS> + HO;, % .. ."% P4 H,0,
HEDDS®" + HO; “... "% P 4 H,0,

EDDS*" + HO;, =..."%P + H,0,
p+HO.R... Dk

steady-state hypothesis for all radical species

d-o
Al =1y —r_3-r5=0

35/39



Table 1

Rexcton network proposed for the investigted chemical syseem. (1) HSOG s in equi bibrium with SOJ (see below the equilbrium of deprotonation of hydrogensulfase ion). The a“é
presence of these species is dueto the G that the cupric jons have been xided to the solution 35 CuSOy and the reacting sokgtion pH has been adjusted at the desired value by ° QCPSPTDde
using concentated H SO, aa

w Reaction Rate equation

” 10, +ho'ie, < b3y 7y =k [100,) - 22

f G+ H0. N HO, < H” n=k hL )

ra m—,m":n;-wq. ra=ky HOY

Reactions with phatogensrated clectrons

Ta
Te
T

s

CuHEDDS, « & * Cu” « HEDDS]-
CuM:EDDS, + & 4 Qu” + HEDDS)”
QEDDS}™ + e, " Qu™ + EDOSY
[CRR A Tey

T

T
Te
e
™
£
e
L
]

Reactions with phatogensrated holes
Tia
T
Ta
Tioe
Tue
e
Tooa
Tiow
™
L]

™

CuH:EDDS + HO, % " ™ 4 P W0,
QHEDDS™ < HO, % " u L P L0,
Qmos™ - oy ew Lpi e,
WEDDS < HO ™. "% p L Hs0,
HEDDS + HO R . "Zp L w0,
HEDDS™ & HOL ™ . "% pi 120,
HEDOS™ HO, % P ny0,
0os* . Ho " . " p . o,

P T e B 1

CuHsEDDS, « AR % 2P LW L cu™
QHEDDS] <A™ 2P W Lcu™
QEDDSY + A . PNt Lot
HEDDS, < A% % 2p.n-
HWEDDS; < AL Pt
HEDDSE 5 Ag ' Mepone
HEDODS)- <AL p.w
oSt <ag . Rpone
Pabzts. s

@ hn e

HSO + A}, 2 Hs0,

Yo = ke 3] KCub:ED0S, )
re = ki e - CUHEDDS,)
T =k () CUEDDS)
s =ks Cu") fea)

ea = ks - HO, |- (CubzEDOS)
Tea = ks - HO, |- CUHEDDS ]
o = ke - [HO) - KuEDDS™]
e = ky - [HO, |- HEDDS)
T = ks HO, ] H,EDDS")
e = ky - [HO) - o EDDS™)
e =ky . HO,] HEDDS™)
e = ky - HO - [EDDS*)
rs =k [P} HOY

Toa = kg - Piy] - [CuH; EDDSY
Yoo = ka AL [CuHEDDS]
Tae = kg ) - [CuEDOST)
niae = kio - L] - HUEDDSY
Tios = kig - 0ol - W EDDS]]
fioe = kio - Ay} - M2 EDDS] )
Tiae =kio ) HEDDS]")
o = ko - (AL - MUEDDS,] [EDDST]
LTl TIRLAR N
na = ke [Qu*] AL
nis = ks [HSO7] (RG]

36/39



For example...
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Mass balance equations for the species included in the reaction network reported in

the Model 1. rpe=(rna +rap +...) with n=6, 7, 9, 10.

n. Balance Species
Bal.1 21‘;';1:,-1 P e Wi~ W —T Electrons
Bal.2 =N —Ta—T3+T_3-2- (T +Tioe +Ty) —Ti2 — T3 Hotes
Bal.3 H204] _ constant Water
Bal4 PO _ry 1 32 (re 4T +T73) HO;
Bal.5 4[2°] —rs Cu®
Bal6 Ao vy traptra—Ts -T2 Cu*
Bal.7 4= rg + 1 —Tg + o +Tioc — My .
Bal.8 B _ i1y S
Bal.9 5037, = [S037] + [HSO;] + [HSOZ,] HSO;
Bal.10 [Cu?t) = ﬁ&%ﬁ%‘?ﬁgg@ Cu?*
EDDSo] P}
Bal 11 [H,EDDS] = oy SOSEe Habdds
where:

[Cuj] = [CUEDDS?"] + [CUuHEDDS ] + [CuH,EDDS].

(Cug] = Kgq - [Cy] - [Cuy].

(EDDS;] = [EDDS* ] + [HEDDS®"] + [H2EDDS®"] + [H3EDDS™] + [Cuy].
[EDDS,] = Kqq - [Cf] - [EDDS;] + [HsEDDS,].
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Optimization mode... Dl

Table 7
Objective function values (¢) obtained by the different models
proposed.
Model ¢ value
1.1 1.23
1.2.1 Does not converge
1.2.2 (123H

SN

L] r + .
TiO, + hv. = h* + e
r - -
ht + e —= recombination

h + Hzoa:ﬁ OH, + H*

Q= Zir::l):f:lZf:l[yu-! ~ Cij1)”

-3
where y;;; and ¢;;; indicate the concentrations of the species mea- | re
sured and calculated by the model respectively, n is the number +S

of experimental time at which samples have been taken from the
reactor, k is the number of the component (2 in the present case,
Cu(ll) and EDDS) and f indicates the number of the run used in
the optimization procedure. The results of the nine experimental
runs have been simultaneously used in a single optimization
procedure. The values of ¢ as derived at the end of the optimization
procedure are shown in Table 7 for each model tested.



Best values estimated for the unknown Kinetic parameters.

Kinetic parameters M-Ts]

ks (4.27 +0.45)10°
ke (1.42£0.15)107
ky (5.88 £0.28)10°
ks (6.26 + 0.85).10°
Equilibrium constant [expression dependent]

Kaa (1.36£0.12)10' [M ]

Keq - [H204] YKo - [H20,] € 1074 10%) M)

C Immol/L)

©
30

t [min]

g 3. Compunwon brtween expeniments (symbal) and evaluged (contimious
lies) daty: [EDOS=Q19mM, [CuSOjs =002 mM, TIO; (pufe snstise)e
500 mg L', purging gas = Ny, Hg vapor lamg, pH « 20, T« 25 C
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Fg 6. Compenizon between expersmentd (symbol) od smulstal (omtmuous
fmex)  data: [0Sk =027 mM, KO Jom 002 mM, 0, (pere
anatane)e S0 mg L, pupmg 5 N, Hi vapor b, pHe 2.0, Te 25X
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Fg 6. Companison between expermmentd (symbol) and smmulited (@atinoous
nes) data [FDOSh =027 mM, S0 Jo= 032 M, o, (pere
anatase)= 50 mg L', purgping g « Mo, HE vapor Gmp pHe 2.0, Te 25°C
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Fig. 5. Commarison between experimental (symbal) and evaluaed (continuous
lines) data: [EDIS], =021 mM, [CuSO4, =051 mM, T0, (pure amatase)s=
50mg L', purging g = Na. Hg vapor amp, pHe= 20, 7= 25C.
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