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Prefijo de etimologia griega que ifdica una
medida (significa diminuto, enano, pequeno)

1nm=102m=0’001um




Escala nanométrica
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NANOSCALE ADVANTAGES

Relative Surface Increase Quantic Efects

Increase in Change in properties
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ZERO-VALENT IRON

Enhanced Degradation of Halogenated
Aliphatics by Zero-Valent Iron

Vol 32, No. 6 —GROUND WATER-—MNovember-December 1994

by Robert W. Gillham and Stephanie F. O'Hannesin"
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ZERO VALENT IRON

Las técnicas actuales de tratamiento de suelos contaminados y de aguas
subterraneas no son eficaces en muchas situaciones, lo que ha conducido a
un aumento de la mvestlgacmn para el desarrollo de una alternatlva, tanto
para remediacion in situ como para el desarrollo de tecnologias de
tratamiento ex-situ para la recuperacion de suelos y aguas contaminadas.

Las técnicas de remediacion alternativas utilizan las propiedades
reductoras del hierro para eliminar o estabilizar contaminantes

inorganicos, organicos y radiactivos.

La capacidad reductora del hierro cero-valente (ZVI) comenzo a ser
evaluada por su capacidad de tratar una amplia gama de contaminantes
peligrosos a principios de los ainos 90.

El empleo mas comun de ZVI ha sido en barreras permeables reactlvas
(PRBs) dlsenadas para interceptar plumas de contaminacion en la
subsuperficie y asi remediarla. Este sistema de tratamiento pasivo ha sido
usado para tratar agentes contaminantes, como hidrocarburos tratados
con cloro, nitroaromaticos, policlorobifenilos(PCBS), pesticidas e incluso
cromatos.
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Figure 4-1. Examples of ZVI and ZVI emplacement: (a) fine-grained ZVI, (b) coarse-grained

ZVT1 being placed in a trenched PRB, (c¢) microscale ZVI in an injectable EHC® slurry, and
(d) installation of ZVI PRB at a U.S, Coast Guard facility using a one-pass trencher.
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PERMEABLE REACTIVE BARRIER (PRBS)

Fe (10-100 pm)
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desadvantages:
* lIts installation require intrusive methods.

* It requires flow paths that can only direct the contaminants that flow through the
barrier.

* Loss of reativity and increasement in the precipitacion.
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~ Why go nano?
Micro ZVI

Nano ZVI

Particle size

10 — 100 pm

50 — 75 nm

Surface area

10 m3/Kg

30.000 m2/Kg

~ 1 €/Kg

- 50 £/Kg

600 m/E




NANOIRON TECHNOLOGY (nZVI):

Fast (and furious) reaction:
+ Reduction in the treatment time
+ Low cost
+ Decreases the exposure time of workers, and of flora and fauna

It reduces itself totally without toxic products

In situ treatment
+ Less devices and equipments

Growundwater Flow —#

o !

Bpctive Treabmant Zane




NANOHIERRO (NZVI) REACTIVIDAD:

Fe® posee una fuerte tendencia a donar electrones a un electron-aceptor.

Fe? + 2e —>Fe° (E°c=-0.440V)

* Lareaccion del ZVI con los hidrocarburos clorados (RCl) es termodinamicamente
favorable:

RCl+ H++ Fe° RH + Fe2+ + Cl-

H~ L "_,.rrf.;'| 5
cl xc_cx‘m ——wcoupling products

VAR N

CH=CH 3 CH~=CH, 35 CH:—CH;

acetvlene ethene ethane




Applications of stabilized nzZVI for
transformation of organic contaminants

Applications of stabilized nzZVI for
removal/immobilization of inorganic contaminants




NANOIRON

nZVI have demonstrated a broader range of treatment capability for
contaminants :

Bromoformo,

(DDT, Lindano)

dibromoclorometano,..

LEELE LS L " (hexaclorobenceno,
(Crvi, Hg 21§:d PRI A, \ pentaclorobenceno

1]

(Cloroformo, PCE,

_ Diclorometano,
(perclorato, nitrato) Tetracloruro de

carbono...)




Iron (Hydr)oxide
shell (FeOOH)

F-teduct
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Core—shell structure of nZVI depicting various mechanisms for the removal of
metals and chlorinated compounds (O’Carroll et al. 2013, adapted from Li et al.
2006).
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Soil mohllltv

Inorganics: metals, radionuclides, NO, and CIO Fate and transport of
Organics: chlorinated hydrocarbons stabilized nZVI
/LTOXICHV

Applwauon of stabilized nZV,

electrostatic/steric repusion
for environmental remediatio
Usage of different stabilizers% e x‘ Field test (\ }1I1t;~;'tailllu?i2)‘]]17‘)):
Synthesis and characterizatio o
Organic/inorganic of stabilized nZVI Laboratory evaluation

pollutants reduction

Stablization mechanisms:

In situ remediation

Post-agglomeration stabilization (Saleh et al., 2005)

Pre-agglomeration stabilization (Schrick et al., 2004:

QYBEns SR LeSingiol He and Zhao, 2005, 2007)

non-stabilized ZVI /

(Schlesinger et al., 1953; Corrias et al., 1990;
Matheson and Tratnyek, 1994;

ZV1 synthesis by BH, reduction —-|
Bottom-up, gas-reduction, and top-down methods J Glavee et al., 1995; Wang and Zhang, 1997)

: - &—| t { t } >
1995 2000 2005 2010 2015
Year

Development and technical evolution of stabilized nZVI technologies
Water Research 100 (2016) 245-266



ESTIMATED COSTS*

Remedial Approach * Estimated Cost

Pump and Treat ~ $4,160,000

Reactive Barrier > $2,200,000
NanoFe ™ > $ 450,000

*H.S. Gill, PARS Environmental Inc. (USA)




2Fe’" + 3H,0-yFe,03 (maghemite)

6Fe?* + 0, + 6H,0—2Fe;0,4(magnetite)
4Fe** + 0y + 6H,0—4y—FeOOH (lepidocrocite)
4Fe;04(magnetite) + O + 6H,0—12y-FeOOH(lepidocrocite)

v-FeOOH(lepidocrocite)—aFeOOH(goethite)




ENVIRONMENTAL APPLICATIONS OF
ZERO VALENT IRON NANOPARTICLES:
THE LINDANE CASE

o Data obtained in previous

o work

 nzwi Kaps (h1) —
Lindane degradation upto1h . F* e e‘ Degraded
' Lindane

. Fe'-PAA 0.045
. e Commercial nZ Vvl

. N Fe'-PAP
, &% Kobs: 1.6 Lmg" b o FeCMC

/ o g i) seniee FeD-PEG 400
3 Ei 3 -

;Koﬁr_:: 139.7 Lmg" h"
2 |58y, % _ Kobs: 0.0086 L mg* h Fe0-PEG 1050

cone (mg L-1)
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5 FeQ-PTHF

0

t=0h t=72h

Science of the Total Environment 565 (2016) 795-803




Optimize the synthesis by getting an active material against the
greatest amount of pollutants

Ensure that the material is stable for the necessary time, in order
to use it for in-situ treatments

Synthesize a material with a high dispersion capacity through
the soil in order to increase the effectiveness of the treatment




SYNTHESIS OF IRON DE NANOPARTICULES (nZVI)

Synthesis of nZVI by reduction of iron ions in
aqueous solutions using sodium borohydride :

Fe(H,0)2" + 3BH; + 3H,0—Fe%(s) + 3B(OH); + 10.5H,(g)

2Fe®" + BHy + 4H,0—2Fe’(s) + B(OH)4 +4H" + 2H,(g)

He, F., Zhao, D., 2005. Environ. Sci. Technol. 39 (9), 3314-3320.
He, F., Zhao, D., 2007. Environ. Sci. Technol. 41 (17), 6216-6221.

* Inert atmosphere
* constant agitation 400 rpm
* Reaction time= 30min




(a) Surface modification stabilization
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Scenario 1: additional stabilizer Scenario 2: no stabilizer is
is adsorbed onto nZVI adsorbed onto nZV|

Schematic representation of (a) surface modification stabilization (where surface
coating facilitates particle repulsion), and (b) network stabilization (where a
medium network is formed due to hydrogen bonding and polymer entanglements).




SYNTHESIS OF nZVI

REACTANTS

Nombre

Formula
molecular

Peso
molecular

(g/mol)

Pureza %

Casa
comercial

Cloruro de hierro

(I1)

tetrahidratado

FeCl,.4H,0

198,81

Sigma
Aldrich

Borohidruro
sodico

NaBH,

37,83

Sigma
Aldrich




SYNTHESIS OF nZVI

¢ Evaluated parameters:

Reaction time and stirring

Order of addition and stequiometry of reagents
Atmosphere: N, or Air

Number of washes

Handling nZVI: drying in the oven, vacuum drying, ultrasonic




SYNTHESIS OF nZVI

Techniques of characterization

“*X Ray Difraction
“ SEM

“* Magnetometry
* TEM




SYNTHESIS OF nZVI

Tamano
medio (nm)

Agit accion
(rpm)

Tpo inyecc.

(min)

[NaBH,] (M)

0,543
0,528
0,592
0,538
0,611
0,538
0,549
0,539
0,560

Ms (emu/g)

162,73
146,82
110,39
96,85
53,33
62,97
130,29
69,86
99,67




SYNTHESIS OF nZV1

360 rpm

3- : 1(_ g .,,; "
[ 3
20.00 kv SE1 File Name = Fe NP A_03.tif [
WD = 4.5 mm Mag= 97.27 KX - @ sl UPV{'EHU 7 SEI 10.0kVY x50, OOU 100nm WD 6.0mm
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SYNTHESIS OF nZVI

[FeCl,, (mol*1?)
(1)

[NaBH,] (mol*1?)
(2)

Relacion
1:2




Imanacion (en

UPV/EHU

——

UPV/EHU SEl  10.0k¥ X50000 100nm WD 6.0mm

Ms=136,24 emu*g""

Relacién FeCl,: NaBH,= 1:3




Imanacion (emu/g)

SEI 100k X200,000 100nm WD 6.0mm

K b L & X
e = {

: afia™ ==
UPV/EHU SEI 100k X50,000 100nm WD 6.0mm

Relacion FeC|22 NaBH4= 1:4 SEI 100KV 50,000 1UOr|r—l;qlWD5.Umlu
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p i UPV/EHU SEI 10.0kV 200,000 100nm WD 6.0mm
[ i

Imanacién (emu/g)

¢ Yy

UPV/EHU SEI 100KV  X50,000 100nhm WD 6.0mm

Relacion FeCl2: NaBH4= 1:5
MS=127,55 emu*g-







Intensidad
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Stability




Se han establecido los
parametros criticos de la
sintesis y se han ajustado

Se ha logrado eliminar la
agregacion en forma de
collares.

Se han sintetizado
particulas de unas
caracteristicas
determinadas, de manera
reproducible

Se ha conseguido una
mayor dispersion. Las
particulas ya no se
agregan durante la
sintesis sino que estan
unidas
electrostaticamente.




TYPE AND CONCENTRATION OF STABILIZERS

Para evitar la agregacion y la oxidacion:

PAA (poliacido acrilico): polielectrolito aniénico (Mw= 50000)
PEG (polietilen glicol): (MNn=1000)
CMC (Carboximetil celulosa)

PVA (polialcohol vinilico)

Biodegradables, biocompatibles, solubles en agua




Methods of synthesis

1.- Stabilization in-situ:

There is only one step

The nanoparticles are synthesized with the polymer:

FeCl, + NaBH, + Polymer Fe(0) modified with polymer

2.- Post-stabilization:

There are two steps

i & step: FeCI2 + NaBH4 Fe(O)
22 step: Fe(0) + Polymer Fe(0) modified with polymer
(0) y 5 (0) y




SYNTHESIS OF STABILIZED nZVI : PAA, PEG

(Pre) A 40 PAA(0,5%)
(Pre)A41 PAA(0,5%)
(Pre) A42 PAA (1%)

(Pre)A43 PAA(0,5%)
(Sim) A 44 PAA(0,5%)

(Post) A45 PAA(0,5%)
PEG

(Pre) A 46 (0,5%)
PEG

(Post) A 47 (0,5%)




A45 Post ( PAA)

Imanacion (emu/g)

UPV/EHU SEI 100KV X50000 100nm WD 10.0mm

A47 Post (PEG)

Imanacion (emu/g)

-1,

¥
-

UPV/EHU SEI 10.0kV  X50,000 'Illllrr WD 10.0mm




CARBOXIMETIL CELULOSA (CMC)

UPV/EHU 10.0kY XSO_;OOD 100nm WD 10.0mm




REACTIVITY

* Procedimiento PE.CM:LQ-05-E: Procedimiento de
ensayo para la determinacion de cromo total y cromo
hexavalente disueltos en agua por el metodo
colorimétrico de la difenilcarbazida.

[Cr(vn)], = [cr(vi)] 100

%reactividad= -
e,

[Cr(V[Cr(VI])],: concentracion de Cromo (VI) inicial,
[Cr(VI)] : concentracidon de Cr(VI) después de la reaccion con las nZVI)]
La [Cr(VI)], empleada es de 500mg/




REACTIVITY

Reactividad
Muestra . Lav.(H20) . Agit. (rpm) %
Cr (Vi)

500 44

500 46

500 71

500 41

500 69

500 43




REACTIVITY

Tiempo reaccion

Muestra |[Fe(0)] (M) (min)

Lavados Reactividad (%) Cr(VI)

94
80
56

19.01.11

24.01.11

8.03.11

8.03.11 65

8.02.11 53

8.02.11 50

9.02.11 58

53
63

14.02.11

17.02.11

8.02.11 73

oo (o1 o1 |01 |01 01 O1 01 O] O
PR O W W H W H W H wH w| w|w|w

9.02.11 72




REACTIVITY nFE(O)+PAA

MUESTRA . REACT. % Cr(VI)

AG65 ., 42

40
50
51
49
56
69
82

A 66 POST

A 67 PRE

A 68 POST

A 69 PRE

AT0 POST

AT1

PRE

N

A72

POST




REACTIVITY nFE(O) + CMC

MUESTRA

Método

[Fe (0)] (M)

Ultrasonicada
s

REACT. % Cr(VI)

26/04/11

Pre-
aglomeracion

No

65

28/04/11

Pre-
aglomeracion

Si

65

02/05/11

Pre-
aglomeracion

Si

12

25/05/11

Pre-
aglomeracion

Si

60

25/05/11

Pre-
aglomeracion

Si

59

24/05/11

Pre-
aglomeracion

Si

88




nZVl stabilized with CMC




“~5 Cl

Dichlorobenzenas

WL O
J\{,J\ boreane

Trichlorobanzenas

Possible pathways of lindane degradation in the presence of NZVI
Chemosphere 93 (2013) 1324—1332




® benzene

chlorobenzens

1. 4-dichlorobenzene

m 1,2-dichlorobenzens

i benzeone

= folusne

chlorobenzane

Ebanzens
mtoluans
methylbeanzena
am-xylena
mp-xylans
mo-xylens
chlorobenzena

Ebanzens

methylbanzens

, ®p-xylena

- mo-xylens

chiorobenzensa
1,4-dichlorobenzens

81, 2-dichlorobenzens

Identified volatile compounds in four lindane water samples treated with different nanoiron
particles once the degradation reaction have been completed: (A) uncoated iron nanoparticles;
(B) nanoiron particles coated with PAA; (C) nanoiron particles coated with PAP; and (D) nanoiron
particles coated with CMC. The percentages were calculated taken into account the relative peak
area respect to the total peak area for each sample.
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Identified volatile compounds and their evolution in the headspace with time of four lindane water samples
treated with different types of iron nanoparticles: (A) uncoated iron nanoparticles; (B) nanoiron particles
coated with PAA; (C) nanoiron particles coated with PAP; and (D) nanoiron particles coated with CMC. The
relative peak areas were calculated taken into account the relative peak area respect to the total peak area
of each analyte.




SOIL REMEDIATION: OBJETIVES

La formulacion del producto a desarrollar debe alcanzar un equilibrio entre el

potencial de descontaminacion de la nanoparticula sobre el/los contaminante(s) y
su

Movilidad en el medio poroso (suei).

ESTABILIDAD \

POTENCIAL DE
DESCONTAMINACION

\ A Movoad
MEDIO

Puntos de avance claves:

“* Optimizar el proceso de estabilizacion

% Optimizar la reactividad de la nanoparticula

“ Optimizar la movilidad de las nanoparticulas en el medio poroso




Acabando...

El control de diferentes parametros permite la sintesis de nanoparticulas que son, aproximadamente,
esféricas y que, como se ha indicado, presentan una amplia distribucién de tamanos.




Although the particle stabilization technique (especially the use of CMC)
has greatly improved the soil deliverability of nZVI, the transport distance
remains a bottle neck for effective application of the technology, especially
for soil of low permeability

It has been challenging to extend the reactive lifetime of nZVI.

Further studies are needed to investigate how delivered nZVI affects the
biogeochemical conditions and mobility of other chemicals in the
subsurface

There is a need to further study the synergistic or antagonistic effects of
nZVI| and microbial activities
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