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Abstract

In the last decade, zero-valent iron nanoparticles (nZVI) have been applied for groundwater
remediation and they proved to be effective towards a wide range of organic and inorganic
contaminants. One of the critical aspects related to the synthesis of this material concerns the use of
borohydride, which increases the cost of the final product and generates toxic borates. This study
presents a new benign synthesis method to produce bimetallic nanoscale zero-valent silver/iron
(nzVSl). The properties and the reactivity towards a model compound of the resulting material are
thus discussed. The novel synthesis protocol employs hydrosulfite as reducing agent and it is of easy
implementation and scalability. The bimetallic nanoparticles have narrow size distribution and show
appropriate colloidal stability. They consist of a core of zerovalent iron and a thin shell of iron oxide,
while silver is homogeneously distributed within the material. The nanoparticles degraded
bromophenol blue with suitable kinetics and using a low amount of material. Additionally, the bimetallic
nanomaterial significantly outperformed nanometric zero-valent silver (nZVS) and nZVI obtained with
the same protocol. The proposed synthesis would allow to significantly reduce the environmental and
health impact of the stage prior to product injection into the subsoil. Also, the simplicity and the safety
of the proposed synthesis procedure would allow the production of the bimetallic reactant directly on-

site, thus streamlining the remediation process and maximizing its efficiency.
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1. INTRODUCTION

Over the last years, remediation technologies based on reactive or sorptive nanomaterials have
proven highly efficient against a wide spectrum of pollutants (Bates et al., 2016; Maretto et al., 2015;
Minella et al., 2016; Sadik et al., 2014; Yin et al., 2018). In the field of groundwater remediation, zero-
valent iron (ZVI) has been applied as a strong reducing agent towards many organic contaminants
(Tosco et al., 2014; Zhang, 2003) and heavy metals (Cox and Durant, 2005; Hashim et al., 2011;
Sadik et al., 2014). Initially applied as millimetric particles in permeable reactive barriers (PRBs) (Di
Molfetta and Sethi, 2006), ZVI is currently used in nanometric form, namely nZVI. Such reduction in
size results in i) better removal performance due to the corresponding increase in surface area, and ii)
easier deployment by means of injection of stable suspensions (Saleh et al., 2007; Tosco et al., 2014).
Such technology has now been thoroughly tested and is already applied for large scale contaminated
sites. One of the most significant aspects (Tosco et al., 2014) limiting a faster and wider diffusion of
this technology, especially in Europe (Mueller et al., 2012), is the cost associated to the synthesis of
nZVI (Crane and Scott, 2012; Kozma et al., 2016).

The initial top-down methods to synthesize nanoscale zero-valent iron required the production of bulk
ZV1 and its milling to proper size (1-100 nm according to 1SO definition of “nano”) (Cary and Hybinette,
1947, Stefaniuk et al., 2016). This approach was associated with high costs and required adequate
facilities. At present time, most procedures employ chemical reduction of ferrous/ferric salt solutions,
directly leading to the formation of nanosized particles (Harutyunyan et al., 2005; Zhao et al., 2016).
The choice of the reducing agent is dictated by the reduction potential of the salts chosen as
precursors of Fe(0). The approach currently applied for the industrial production of nZVI uses a strong
but highly toxic reducing agent, namely, sodium borohydride (Kozma et al., 2016; Stefaniuk et al.,
2016; Tosco et al., 2014). This reaction is carried out in an alkaline medium to maximize the standard
reducing potential Eo (Schaeffer et al., 1961) and to minimize borohydride decomposition (Schlesinger
et al., 1953), hence the resulting nZVI presents an excellent reactivity (Hwang et al., 2011; Ma et al.,
2016). However, sodium borohydride is an expensive chemical, and its use requires cumbersome
safety measures dictated by the related production of borates and hydrogen (Fu et al., 2014; Stefaniuk
et al.,, 2016). The presence of hydrogen requires an efficient air recirculation to avoid reaching the
critical explosive mixing ratio with air (4-74%). Of greater concern is the production of borates, which
are classified as toxic for organism reproduction (or reprotoxic) (Duydu et al., 2016; Heindel et al.,
1994). The production of toxic compounds strongly interferes with the beneficial aspects of nzZVI
application in nanoremediation, imposing the need of a post-treatment to remove such contaminants

before the product is delivered into the environment. In addition, boron and boron compounds removal
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from water cannot be achieved by biological treatment or by coagulation with metal salts (Remy et al.,
2005). Other methods are available, such as ion exchange resins, precipitation of insoluble salts, or
reverse osmosis (Di Vincenzo et al., 2017), but these separation methods require specific conditions
(e.g., pH, boron concentration) to be cost effective (Xu and Jiang, 2008). Such processes lead
therefore to higher costs and might affect the performance of the material, as they often promote nZVI

oxidation (Hwang et al., 2011).

To find less toxic alternatives to borohydride, some authors (Fazlzadeh et al., 2017; Kumar et al.,
2015; Mystrioti et al., 2016) identified plant extracts containing high quantities of natural antioxidants
(e.g., polyphenols, aldehydes and ketones, reducing sugars) as alternative eco-compatible reducing
agents. Such compounds are separated from the raw material by means of thermal extraction in water
at abt. 80 °C. However, since their Eo is much lower than borohydride (Novak Jovanovi¢ and MiliCevic,
2017; Schaeffer et al., 1961), high quantities of raw plant material, up to 300 g/L, are needed to
process relatively small quantities of iron salts (Kozma et al., 2016; Sunardi et al., 2017). Another
approach in finding alternatives to borohydride is using other inorganic reducing agents with lower, or
negligible, environmental impact. In this perspective, sodium hydrosulfite (also known as sodium
dithionite or hypodisulfite) is already applied to promote in-situ chemical reduction (Hashim et al.,
2011; Li et al., 2018). Following the same principle, it can also be applied to obtain zero-valent metals
from their salts without leading to harmful byproducts, but only water and sodium sulfate (Ma et al.,
2016).

The purpose of this study is to devise a cheap and eco-compatible protocol, of easy implementation
even on-site, to produce a zero-valent iron based reactive material. Such protocol is simple and
scalable, as it uses hydrosulfite in open vessel reactors and unmodified medium (i.e., non-degassed
water and non-inert atmosphere). The goal is to obtain a material with suitable pollutant removal
performance in terms of kinetics and efficiency, which is expected to be achieved by synthetizing a
ZV|-based material doped with a noble metal. While the use of palladium or platinum is known to
significantly improve the efficiency of nZVI, the suggested approach aims to reduce synthesis costs by
employing silver, a cheaper noble metal that may also provide antibacterial properties to the final
product. Also, to reduce the technical complexity of the process, the doping is implemented during and
not after the synthesis of nZVI, using ZVI itself as a reductant. Based on the standard potentials,
operating a concomitant reduction is expected to generate a redox potential of the reaction medium
more favourable for nZVI stability. Although this method is only partly green, it leads to the significant
reduction of the environmental impacts of the final product, as it prevents the formation of toxic

byproducts at the last stage of the production process. To assess the validity of our assumption on the
3
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synthesis efficacy, the performance of the bimetallic material to degrade bromophenol blue is
discussed and compared with the respective mono-metallic particles (i.e., zero-valent iron, ZVI and

zero-valent silver, ZVS) obtained with the same protocol.

2. MATERIALS AND METHODS

For the nZVSI synthesis, iron sulfate heptahydrate (CAS 7782-63-0, purity 299%), silver nitrate (CAS
7761-88-8, purity 299.99%), sodium hydroxide pellets (CAS 1310-73-2, analytical grade), sodium
hydrosulfite (CAS 7775-14-6, purity 282%) were used. The reactivity tests were carried out on
bromophenol blue (BPB, CAS 115-39-9, ACS grade). All reagents were purchased from Sigma-
Aldrich, and all the solutions were prepared just prior to the synthesis and reactivity tests in ultrapure

deionized water (DIW) using clean and dry glassware.

2.1. Synthesis procedure

The syntheses of the materials were conducted in open vessel reactors under mechanical stirring
at 600 rpm, constant for the whole test duration. The addition of reagents was operated manually
using syringes, timing the addition rate with a timer. For the synthesis of nanoscale zero-valent
silver/iron (nZVSI), AgNOs; (10 mM), FeSO47H,O (37 mM) stock solutions were prepared in
ultrapure DIW, while a Na»S,04 (58 mM) stock solution was prepared in a NaOH solution at pH 13.
As for borohydride, alkaline pH prevents hydrosulfite decomposition (Minchow and Steudel, 1994)
and improves the standard reduction potential.(Chao, 1986) The synthesis was carried out with a
ratio Fe:Ag=5.5, while hydrosulfite was added with a 50% excess with respect to the stoichiometric
guantity to completely reduce all the metal salts. The reagents were added sequentially as follows:
i) addition of a first aliquot of hydrosulfite, ii) addition of silver nitrate, iii) addition of iron sulfate, iv)
addition of a second aliquot of hydrosulfite. Events were spaced by two minutes. After the last
addition of hydrosulfite, the solution was stirred for five minutes to complete the reduction process.
To obtain zero-valent iron nanoparticles (nZVI), step ii was omitted from the protocol for nZVSl,
while the amount of hydrosulfite was left unchanged. At the end of the synthesis, an aliquot of DIW
was added to obtain the same final volume as for the nZVSI suspension. Similarly, to obtain zero-
valent silver (ZVS), step iii was omitted from the protocol, and the amount of hydrosulfite was left
unchanged. At the end of the synthesis, an aliquot of DIW was added to obtain the same final

volume as for the nZVSI suspension.
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2.2. Material characterization

Dimensional analysis of all particles was performed with a Malvern Zetasizer Nano-Z DLS on a
sonicated suspension. Before the analysis, the product was rinsed five times with DIW, re-
suspending the particles in each step to remove most reagent residues. Further characterization
was carried out using transmission electron microscopy (JEM 3010 — JEOL) on a sample of
washed nZVSI dried on a copper mesh-grid. The micrographs were analysed with ImageJ
software (Schneider et al., 2012).

The chemical characterization of nzZVSI was conducted by means of X-ray photoelectron
spectroscopy (XPS, PHI Scanning X-ray Microprobe Al Ka radiation). The sample was deposited
wet in the analysis chamber and dried in vacuum to minimize oxidation, calibration was obtained
on adventitious carbon at 284.6 eV. The oxide layer thickness was calculated using the model
proposed by Martin et al. (2008). To explore the bulk composition of the material, a one-minute
cleaning etch with Ar* was performed, thus repeating the analysis. The cleaning step was repeated

twice to obtain a more detailed concentration depth-profile.

2.3. Evaluation of reactivity

Before testing their reactivity, all the materials were washed thoroughly to remove reductant
residues, which may otherwise contribute to the substrate degradation, hence leading to
overestimation of the decolorization efficiency. To assess the success of this step, a control test
was carried out adding 0.5 mL supernatant to a BPB solution and monitoring its change in
absorbance over time. The reactivity assessment was carried out in batch reactors, using a 25
mg/L (0.037 mM) BPB solution. Each explored reaction time was obtained from a separate batch
experiment to prevent the possible alteration of the conditions during the degradation process due
to sampling. Multiple tests were carried out increasing the amount of reactive particles in the BPB
solution (0.2; 0.4; 0.8; 2; 4 g/L) to determine the effect of nanoparticle concentration on
decolorization. With this protocol, both the kinetics constant and the removal capacity per mass
unit of material were determined. The same protocol was also applied to nZVI and ZVS using 0.8
g/L as nanoparticle concentration, to compare their performance with that of nZVSI. All the
samples were analysed with an Analytik-Jena SpecordS600 spectrophotometer in Suprasil quartz

cuvettes (Hellma Analytics).



2 3. RESULTS AND DISCUSSION
3 3.1. Material synthesis
4 During the nZVSI synthesis the formation of silver nanoparticles in step ii was marked by a change
5 in the solution from colourless to yellow, progressing then from dark brown to grey at the end of
6 the reaction. As soon as the iron solution was added, the colour turned olive green and then
7 rapidly to dark grey due to the formation of zero-valent iron. The reaction yield (with respect to the
8 total metal reduction) resulted to be abt. 85-90%. Similar yields were observed for the synthesis of
9 nZVI and ZVS, the latter showing rapid agglomeration that led to a micrometric material rather than
10 nanoparticles. Variations to the protocol (stirring and reactant addition velocity) did not significantly
11 improve the synthesis in terms of particle size.
12
13 3.2. Dimensional and morphological properties
14 The DLS analysis of freshly synthetized nZVSI allowed the determination of the hydrodynamic
15 diameter. The size distribution was bimodal in both intensity (Figure 1a) and number (Figure 1b)
16 distribution, with two peaks centred at 33x3 nm and 122+3 nm. The relative abundance of the
17 peak in the nanometric range (33 nm), which was obtained with peak integration, was 3.2% in
18 intensity and 98% in number distribution.
25 40
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20 Figure 1) nZVSI DLS size distribution in intensity (a) and number (b), relative abundance was obtained with peak integration
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Figure 2) TEM images of washed nZVSI at 50000x (a) and 40000x (b) magnification, sample dried in air on copper mesh grid

From the TEM images collected at magnification 50000x (Figure 2a) and 40000x (Figure 2b)
processed using ImageJ (Schneider et al.,, 2012), two main morphologies can be observed: i)
pseudo-spherical (=62% in number): average diameter 38+2 nm, ii) acicular (=38% in number):
average length 32+1.4 nm, average width 4+0.2 nm. From these observations, the main geometry
appears to be platelet-like, as the acicular particles length was similar to the diameter of the
pseudo-spherical particles, and their colour darker. It is worth noticing that both DLS and TEM
analyses support the nanometric size of the materials, which is an important requirement for fast
degradation activities during site remediation, as the reaction rate is higher at larger values of the
specific surface area. The agglomerate size (122 nm) was also very close to the nanometric range.
The platelets morphology is generally attributed to iron oxides formed after nZVI aging (Torrey et
al., 2015), but it must be pointed out that the samples were sonicated and dried in air prior to TEM
analyses. This protocol may contribute to the partial oxidation of the material, hence to a change in
structure.

The other two monometallic materials were also analysed in terms of size, although with a reduced
level of detail. nZVI (see Data in Brief, Figure 1) showed a slightly larger hydrodynamic size
compared to the bimetallic product, with a bimodal distribution at 44+2nm (93.3%) and 136+6 nm
(6.7%). The TEM analysis showed again a platelet-like structure, but with a side thinner than that
observed for nZVSI. Also, an amorphous phase was identified, which covered the particles and
sometimes incorporated agglomerates, also preventing the use of TEM imaging for proper
dimensional analysis. On ZVS (see Data in Brief, Figure 2), DLS analysis was performed on a
sample heavily sonicated to promote the deagglomeration of the particles. Although a primary
particle diameter of abt. 43 nm was identified, a significant agglomerate fraction was present

(19.3%) with an average size of 230 nm. Due to fast aggregation, the measurement was only

7
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partially reliable. Therefore, the ZVS particles were also analysed using TEM, obtaining an
average diameter for primary particles of 48+2 nm. Aggregates were analysed on an air-dried
sample using optical microscopy (Optika S-102L, magnification 10x) (see Data in Brief, Figure 3)

and had diameters in the range 250-500 pm.

3.3. Chemical properties

As the material was subject to fast oxidation in air (the particles turned from black to brown-red in
few minutes of air exposure), an accurate chemical characterization was needed on samples
prepared with minimal handling. However, a preliminary discussion is presented based on the EDX
spectra retrieved during the TEM analysis, where the element ratio is derived from the peak ratio
for the same energy line (K or L). Figure 3 displays the EDX spectra obtained as survey on the

whole area of Figure 2b (for more details, please see Data in Brief, Figure 5).
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Figure 3) EDX spectra obtained during the TEM analysis, the signal is obtained from the whole area framed in Figure 2b. The

peaks without labels are, left to right, carbon, copper and silica.

As no L-lines for oxygen and no K-lines for Ag are available, only Ag:Fe (using L-lines) and Fe:O
(using K-lines) ratios can be derived. The non-labelled peaks are generated from the mesh grid
(carbon and copper) and the detector (silica). The ratio Ag-:Fet=1:5 is in good accordance with the
reactant ratio used during the synthesis (1:5.5). This result also suggests that silver was
homogeneously distributed in the material and did not form a significant amount of clusters
isolated from the iron phase. In the analysis of two different samples with TEM, only two clusters
were found, consisting of less than five silver nanoparticles (see Data in Brief, Figure 6). The ratio
FeX:0OX=1:0.46 can be compared with the different iron oxides stoichiometries. The lowest

iron:oxygen stoichiometric ratio for oxides is 1:1 (related to FeO), while all other iron oxides
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present a higher oxygen content. Hence, the oxygen defect registered by the EDX peak ratio
supports our claim of having indeed obtained zero-valent iron.

The XPS analysis allowed the obtainment of a more detailed chemical characterization of the
product, also including the speciation for both Fe and Ag. Four different samples (1a, 1b, 2a, 2b)
were analysed, where the sample number refers to the production batch and the letter to the
sample loading procedure (please see Data in Brief, Table 1 for details). For all the samples, the
signals from Fe(2p) and Ag(3d) were retrieved; Figure 4 reports the data from sample ‘2a’ (please,
see Data in Brief, Figure 7 for O(1s) and S(2p) orbitals and S.I. Table 1 for detailed data on all
samples). The sample as received presented a signal for Fe(2p) typical of a mix Fe(ll)/Fe(0) with a
majority of iron oxide. After the Ar* sputtering and the removal of the outer shell, the signal for

zero-valent iron (706 eV, green arrow in Figure 4) increased.

High resolution Fe(2p) comparison High resolution Ag(3d) comparison
w— a5 deposited
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Figure 4) XPS analysis of sample 2a for orbitals Fe(2p) and Ag(3d) of the sample as received (black), after 1 minute (red)
and 2 minutes (blue) of Ar* sputtering. For Fe(2p) main peaks are ps2 709.3 eV and piz 722.4 eV while satellites peaks are
psesat 715.1 eV and pizsat 728.4 eV. For Ag(3d) peaks are dsz 367.3 eV and dsz 373.5 eV. Blue shift in Ag(3d) after
sputtering leads to ds2 368.1 eV and ds2 374.2 eV

The relative abundance of ZVI was 1-5% in the different samples. Using the model proposed by
Martin et al. (2008) the thickness of the corresponding oxide layer can be computed. The average
thickness on the four samples was 3.52+0.34 nm. Such value is in good agreement with the
thickness usually observed upon natural oxidation (3.4+0.7 nm) (Mathieu et al., 1985). The Ag(3d)
orbital suggested that the outer shell was composed by a mix of Ag.O and metallic silver, while
after sputtering only Ag(0) was observed, resulting in a blue-shift of the peaks. As no variation in
the intensity of the peaks was observed, it can be concluded that Ag was uniformly distributed in
the material, a result that corroborates the EDX analyses discussed above and that represents an
advantage in terms of silver availability during material deployment, compared to the presence of

clusters.
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3.4. Reactivity of the bimetallic nZVSI material

Bromophenol blue (BPB) degradation was tested using all the synthesized particles to assess
whether the new synthesis protocol grants better performances to the final material. The control
sample (BPB with addition of 0.5 mL surnatant) did not show any non-negligible decrease in
absorbance over four hours, hence no hydrosulfite residue was present or active. Therefore, the
observed degradations can be attributed solely to the reactive material. The degradation kinetics
of nZVSI presented in Figure 5a suggest that i) nZVSI can completely decolorize BPB and ii)
decolorization efficiency depended on the mass of added nanoparticles in the BPB solution. From
the data in Figure 5b, two ranges can be identified: below 0.8 g/L, nZVSI was not able to

completely remove BPB, while above this threshold of mass value the removal was nearly

complete.
m 02gL ® 2giL
® 04gL *x 4glL
A 038g/lL
1.2
[b]
1.01
0.81
o 06
“8 —
0.4;
0.2;
e 0.0 - . ! !
0 20 40 60 80 0 1 2 3 4
Reaction time (min) NPs concentration (g/L)

Figure 5) Degradation kinetics of Bromophenol Blue with different mass of nZVSi fitted with the devised model (a); efficiency

n fitted by a dose-response model dependency on nanoparticle initial concentration (b)

Using the second-order kinetics equations for both the consumptions of dye and nanoparticles, all
possible cases are taken into account, namely stoichiometric ratio of reagents, excess of dye and
excess of NPs. Instead of using the second order integrated law, a system with the following two

equations was defined:

dc(t)

Frak —k-s-c
ds(t)

Tl —h-c-s

10
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where “c” is the dye concentration (mol/L), “k” the observed kinetics constant for the dye (L/mols),
“s” the nanopatrticle concentration (g/L) and “h” the observed kinetics constant for the reactive
material (L/g s). The solution to such system was obtained using Mathematica (Wolfram, 2017).

(kso — hcp) (ksy — hcy)ekso—heolt

; S= S8y
ksqekso=hco)t — pe, ksqekso=hco)t — he,

C=C0

To present the data for an immediate understanding, the two equations were then normalized by
the initial concentration of dye (co) and nanoparticles (So), respectively. The same model was also
deployed to perform a comparison between the performance of bimetallic nZVSI and the other
reactive materials (i.e., nZVI, ZVS).

The model accurately described the data displayed in Figure 5a, setting “co” equal to 0.037 mM for
all tests (within experimental error) and “so” according to the initial concentration of nanoparticles.
From the fitting of the model, the value “k-s¢” (1/s) was obtained, which represents the kinetics
constant at the initial time of the reaction. From the experimental value of the residual
concentration at steady state (crn), the decolorization efficiency n (as 1-cin/Co) and the removal
capacity @“A*=(co-Ciin)/So, i.€., the amount of BPB degraded by a unit mass of reactive nanoparticle
were determined. All these data are reported in Table 1 and were used to quantify the

performance of nZVSI, and to compare it to that of of ZVS and nZVI.

Table 1) Values for global kinetic constant “k-s0”, decolorization efficiency (n%) and removal capacity at steady state (pMAX)

for the different masses for nZVS tested

nZVSI k-so 0% (pMAX [b]
(s/L) (1/s) (mgove/gne)
0.2 0.01 30% 32.1
0.4 0.034 43% 29.8
0.8 0.145 >99% >31.8
2 0.250 >99% (12.7)
4 0.336 >99% (6.4)

[al n% obtained as (1-cin/Co), Where ciin refers to the steady-state and co to the initial concentration of dye; ! pMAX obtained
as (co-cfin)/so, where cin refers to the steady-state and co, So to the initial concentration of dye and nanomaterial
respectively; [¢l Data in brackets as the excess of reactive material does not allow a correct computation of effective

removal capacity

11
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The kinetics constant “k-so” monotonously increased with the increase in nZVSI concentration. As
for the removal capacity at steady state (eM*X, mgove/gnes), an average value equal to 31.2+0.7
Mgove/gnes Was obtained for a nanoparticle (nZVSI) concentration up to 0.8 g/L. Above such
concentration, the removal capacity decreased reaching a value of 6.4 mgove/gnes at 4 g/L (20% of
eMX). When efficiency is considered, reaching a value of n~1 corresponded to a nearly complete
decrease in "X, This result is ascribed to a stoichiometric excess of nanoparticles with respect to
the dye concentration. Hence, the lower calculated ¢ does not indicate poorer performance, rather
that part of the material was still unreacted and available at the end of the test, thus still capable of
decolorizing additional BPB. This claim is supported by the decrease in M** for the last two tests:
as the nZVSI concentration doubled, a halving in Y** occurred. Therefore, the value of removal
capacity would likely approach that observed in the presence of excess dye, i.e., 31.2 mgopve/gnes,
under such conditions. An additional test aimed at understanding the possible contributions of BPB
sorption during the tests. To this purpose, a solvent (50% ethanol/water) extraction was performed
under sonication of the reactive material at the end of the degradation test. As no dye was
retrieved, it can be safely concluded that the decolorization process consisted of degradation

rather than mere sorption.

3.5. Reactivity comparison with monometallic materials

The degradation data relative to monometallic particles are reported in Figure 6 for the tests
carried out with a particle concentration of 0.8 g/L. It is evident that nZVSI significantly
outperformed the monometallic materials. The performances of nZVI and ZVS were also quantified
using the value of the observed kinetics constant “k-so”, the efficiency (n), and the mass of dye
removed per mass unit of nanoparticles (removal capacity, ¥**). Such data are summarized in
Table 2.
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Figure 6) Comparison of degradation BPB decoloured with 0.8 g/L of nZVSI, nZVI and ZVS

Table 2) Values for global kinetic constant “k-so”, decolorization efficiency (n%) and removal capacity at steady state (M)
for the different materials at 0.8 g/L concentration

Material K+So0 @<l
n% [a]
(type) (1/s) (mgove/gne)
0.8 g/L nZVSiI 0.145 >99% >31.8
0.8 g/L nZVI 0.065 60% 19.3
0.8 g/L ZVS 0.007 16% 51

[al n% obtained as (1-cin/Co), Where ciin refers to the steady-state and co to the initial concentration of dye; ! pMAX obtained
as (co-cfin)/so, where cin refers to the steady-state and co, so to the initial concentration of dye and nanomaterial

respectively

The results suggest that the efficiency of nZVSI was significantly larger than that of nZVI or ZVS,
with a steady state n% value greater than 99% achieved in less than 1 hour, versus 60% and 16%,
respectively. The removal capacity, "%, which was 1.7 to 6 times greater for nZVSI compared to
the other materials, also highlighted the better performance of the bimetallic nanoparticles.
Moreover, as the same amount of metal salts was used in the synthesis of nZVSI and that of the
monometallic materials, the fact that the performance for nZVSI was better than the sum of the
performance of ZVI and ZVS, suggests that synergistic effects were established between iron and
silver. Two main phenomena are proposed that may explain this behaviour i) the pre-reduction of
silver leading to a lowering of the solution ORP, which thus falls in a pE/pH region where Fe(0) is

stable and leads to higher yield in ZVI and lower iron oxide production and ii) the doping effect of
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silver on iron, with a consequent band-gap shift and possible H, production, previously observed
also for palladium doping (Yan et al., 2010), with hydrogen acting as a further reductant. This
mechanism is interesting and points toward the possibility to further reduce the amount of silver
needed in the reactive material, which would translate in an overall cost reduction and less
concern for the material toxicity. Therefore, the co-reduction process adopted for the synthesis
seems to provide the final product with unique features which are desired for its application in

environmental remediation.

CONCLUSIONS

The results obtained in our study points toward the possibility to employ hydrosulfite for nzZVI
production, overcoming the low Fe(0) yield and poor reactivity achieved by other protocols so far.
The final material obtained via co-reduction with silver shows nanometric size and suitable
reactivity, which was significantly higher than that shown by the monometallic materials on a model
pollutant. Although the synthesis proposed here is semi-green, its advantages are evident when
we consider that it prevents the production of toxic borates in the final synthesis stage prior to the
delivery of nZVI into environment matrices. This achievement significantly reduces the concerns
over the product (indirect) toxicity and eliminates the need of cumbersome downstream purification
and the disposal of the toxic wastes. Given the fact that a single nanoremediation application
requires hundreds of thousands of kilograms of material, this effect is of significant benefit.

Additional benefits are related to the proposed protocol, other than those related to site
remediation activities. Since explosive risk is also eliminated during synthesis, the protocol does
not require specialized facilities, and the nanoparticles may be injected into a contaminated aquifer
following synthesis performed directly on-site. In this implementation, the nanoremediation would
take advantage also of the hydrosulfite residues, which would act as reducing agents i) directly on
the pollutant, thus increasing the removal efficiency and ii) on the reactive nanoparticles, slowing
down ageing and thus prolonging the lifetime of the reactive particles. Such possibility is
particularly interesting, promoting a near zero-waste synthesis, as all the water and the reagents
used in the synthesis would be employed in the remediation and not discharged as waste.

A preliminary cost analysis based solely on the cost of reagents for bulk purchases (>10 tons),
evidenced how the use of silver should not affect excessively the final price of nZVSI. The average
price would be equal to 17 €/kg. When different Ag:Fe ratios are considered, the price of nZVSI
would vary from 15 to 25 €/Kg, a range comparable with the cost of commercial zero-valent iron

nanoparticles. In the perspective of upscaling this new method, the potential toxic effects of silver
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towards aquatic organisms and humans should also be considered. In particular, a comparative
study between nZVSI and commercial nanoparticles synthesized using borohydride may provide
additional information on the benefits and shortcomings of the proposed method (Corsi et al.,
2018). Further studies are also needed to assess whether nZVSI is actually able to remove other

and more significant pollutants, and to evaluate the by-product toxicity.
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