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Abstract

Nanoscale zerovalent iron (nZVI) particles were successfully employed for Cr(VI)
removal from aqueous solutions.at pH 3. It was found that the capacity of the system
increases with increasing nZVI dosage. Starting at 300 uM, a complete Cr(VI) conversion
was achieved in 30 min with a Fe:Cr(VI) molar ratio (MR) of 3, and 45% conversion with MR
= 1 over the same period of time. The material exhibited an enhanced reactivity in comparison
with other previously tested similar materials.

The proposed mechanism involves an initial reduction of Cr(VI) to Cr(IlI) by reaction
with Fe’ or Fe(II) on the particle surface or in solution (secondary pathway), followed by an
arrest on Cr(VI) removal attributed to the passivation of the surface of the nanoparticles.
Passivation was confirmed by Raman and X-ray photoelectron spectroscopic (XPS).
Furthermore, XPS analysis demonstrated that Cr(IIl) is the only Cr species present in the

external layer of the nanoparticles after the reaction. Raman analysis and XPS measurements



performed after mild sputtering showed that nZVI exposed to Cr(VI) presented a structure,

from outside to inside, of hydroxychromites — magnetite — Fe'.

Keywords: Hexavalent chromium, nanoscale zerovalent iron, XPS analysis, Raman

spectroscopy
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1. Introduction

Hexavalent chromium is the Cr species that presents the highest environmental threat
in aqueous systems, due to its toxicity to biological organisms, high solubility and mobility.
The toxicological effects of Cr(VI) originate on its oxidative nature in water, as well as on the
formation of free radicals during the reduction of Cr(VI) to Cr(IIl) occurring inside the cell
[1]. Consequently, the World Health Organization [2] recommends a 0.05 mg L maximum
contaminant level of Cr(VI) in drinking water, while total chromium should be discharged
below 2 mg L' according to US EPA regulations [3].

In the last two decades, it has been demostrated that zerovalent iron (ZVI) materials
are a good alternative for the removal of a wide range of pollutants including metals and
metalloids in water, showing a high efficiency and low economic and environmental costs [4-
9]. More recently, the use of ZVI nanoparticles (nZVI), proved to be a promising and more
efficient version of this technology [10-17]. In addition to showing an enhanced reactivity,
their larger surface area and higher penetrability in soil make these particles also a very
powerful tool for on-site treatment. In particular, Cr(VI) sequestration with ZVI [18-22] and
nZVI [23-29] has been extensively studied. The general process can be described as the
reduction of Cr(VI) to Cr(II) coupled with the oxidation of Fe” to Fe(II) and Fe(IlI), and the
subsequent precipitation of sparingly soluble iron hydroxychromites [4].

Due to its reductive nature and to the fact that the corrosion of the material is
thermodynamically favoured in the presence of oxygen, ZVI particles unavoidably develop a

thin film of oxides on the surface, being extensively accepted that this external film has a
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fundamental role on Cr(VI) sequestration. The protective layer of iron oxides continuously
grows at the Fe’/oxide layer interface while being simultaneously destroyed by dissolution or
restructuring at the oxide layer/H,O interface. A porous structure, which can be considered
multi-layered, with increasing density from the external oxide layer to the metallic core, is
created [30]. The passive film is generally described by a two-layer model constituted by
magnetite (Fe;O4) and maghemite (y-Fe,O3) [31, 32]. The variable arrangement of the oxides
forming the shell has been described by several models, e/g:: a) an inner layer of Fe;O4 and a
v-Fe,Os3 outer layer at the oxide-solution interface, b) less discrete layers constituted by
amorphous oxides, or ¢) a layer of mixed oxides with a Fe(Il) concentration gradient
decreasing from Fe3Os to y-Fe,O3 towards the surface [31, 32]. The electron transfer from the
Fe’ core to the contaminants depends strongly on the composition of this layer, which can act
as a semiconductor or coordinating surface [32] and affects the mass transport [30]. Fe’ can
be regarded as a long-term source of highly reactive hydroxides or oxides [33].

In this work, Cr(VI) removal in aqueous solution was analyzed by using very reactive
commercial nZVI particles at different Fe:Cr(VI) molar ratios (MR). The effect of the MR

used.in the Cr(VI) removal was evaluated and a possible mechanism was postulated.
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2. Materials and methods

2.1. Chemicals

Cr(VID) solutions were prepared using K,Cr,O; provided by Mallinkrodt. nZVI
(NANOFER 25, hereafter N25) was provided by NANO IRON, s.r.o. (Czech Republic) as a
suspension in water and kept at low temperature (~ 4 °C) until used. o-phenantroline
(Mallinckrodt), H,SO4 (Biopack), ascorbic acid (Carlo Erba), 1,5-diphenylcarbazide (UCB),
phosphoric acid (Biopack) were of analytical reagent grade and used without further

purification. In all experiments, Milli-Q water was used (resistivity = 18 MQ cm).

2.2.  Experimental setup

Batch experiments were carried out in a 400 mL cylindrical jacketted Pyrex glass
reactor. Temperature was controlled by recirculating water through the jacket using a
Polyscience 9106 Circulator, and the content was stirred by a vertical paddle agitator
(Decalab). The experimental setup is shown in Fig. S1 of the Supplementary Data (SD).

Preliminary experiments were performed at pH 3, 5 and 7 and, from them, pH 3 was
chosen as the working pH for most experiments. All experiments were carried out with 200
mL of 300 uM Cr(VI) solution, previously adjusted at pH 3 with 0.2 M H,SO4 and open to
the atmosphere. Cr(VI) solutions were stirred for 15 min to achieve oxygen saturation before

each experiment (7.2 - 7.6 mg L"), and no change in [O2] took place during Cr(VI) removal
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with N25. Finally, nZVI particles were added to the system in the 150 - 900 pM range
(expressed as total Fe), corresponding to a Fe:Cr(VI) MR range of 0.5 - 3. A few additional
experiments were carried out at pH 5, keeping all other conditions equal, with nZVI in the

300 - 3000 uM range.

2.3.  Analytical methods

In all experiments, 4 mL samples were periodically withdrawn and separated in four 1
mL aliquots, which were centrifuged in Eppendorf tubes during 2 min using an Eppendorf
MiniSpin® centrifuge at 13000 rpm. The supernatant of each sample was used separately for
Cr(VI), Fe(I), Fetora1 and Crigy analysis. [Cr(VI)] was measured spectrophotometrically using
the diphenylcarbazide method at 540 nm [34]. [Fe(Il)] and [Feiy.] were measured
spectrophotometrically using the o-phenanthroline method at 508 nm [35]. UV-vis absorption
measurements were performed employing a UV-visT80+ spectrophotometer (PG instrument
Ltd). [Criota]  was measured employing Total Reflection X-ray Fluorescence (TXRF) [36]
using a solution of [Co(II)] = 10 uM as internal standard. A total reflection system comprising
an X-ray spectrometer, an X-ray tube excitation system, a total reflection module and
spectrum acquisition and quantitation software was used. The X-ray spectrometer consisted of
an 80 mm Si(Li) detector with 166 eV of full width half maximum (FWHM) for 5.9 keV, a
0.008 mm thick Be window, an Ortec 672 fast spectroscopy amplifier and an analog-to-digital
converter (ADC) Nucleus PCA2. Excitation conditions were 50 kV and 30 mA in all cases

and the spectrum acquisition time was 300 s in every case. Initial and final pH determinations
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were carried out using a pH-meter (Meterlab PH M210), and dissolved O, was measured with
an oxygen sensor (Hach Sens Ion 156 Multiparameter Meter) equipped with a Hach DO meter
electrode. As shown in reference [29] temperature is a determinant parameter in Cr(VI)
removal by nZ VI, therefore all experiments were performed at 24 + 1 °C atleast by duplicate,
and the results averaged. The experimental error was calculated as the standard deviation of

replicate experiments and was never higher than 10%.

2.4.  nZVI characterization

X-ray diffraction (XRD), Raman spectroscopy and XPS analysis were carried out to
characterize nZVI particles before and after exposure to Cr(VI). After the treatment, the solid
particles were filtered using 0.22 pm cellulose acetate membranes (Osmoionics), washed
three times with 2 mL Milli-Q water and preserved under vacuum for 24 h before the analysis.
XRD patterns were obtained with a Philips PW-3710 X-ray diffractometer, using Cu Ko
radiation. Data for Raman spectroscopic measurements were acquired in a LabRAM HR
Raman _system (Horiba JobinYvon), equipped with a confocal microscope, two
monochromator gratings and a charge coupled device detector (CCD). An 1800 g/mm grating
and 100 pm hole results in a 2 cm™ spectral resolution. The 514.5 nm line of an Ar* laser was
used as the excitation source. Measurements were carried out in a backscattering geometry,
with an objective magnification of 50x. Acquisition time was 180 s and 4 accumulations. XPS
spectra were taken with a hemispherical electrostatic energy analyzer (r = 10 cm) using Al

Ka radiation (hv = 1486.6 eV). Mild sputtering experiments were performed with an Ar beam
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of 2 keV ion energy and a current density of around 10 pA cm™; in these conditions, a
sputtering rate of a few A min” is expected. Scanning electron microscopy (SEM) analysis
was performed with a Q200 FEI Company equipment only for N25 samples. In this case,
suspended nanoparticles were seeded in a copper-aluminium support and dried under vacuum
24 h before the analysis. The supported sample was coated with a thin gold film to improve its

conductivity and, therefore, the resolution of SEM images.

3. Results and discussion

3.1.  N25 characterization

The nanoparticles present a core-shell like structure with a Fe’-rich core surrounded by
a magnetite-rich shell. The most important characteristics of the N25 particles, are presented
in Table S1 (SD). Fig. S2(a) (SD) shows the X-ray diffraction pattern of the commercial
nanoparticles, where two distinct phases can be distinguished: one corresponding to o-Fe, and
the second one assigned either to magnetite and/or to maghemite. Those two phases cannot be
differentiated by the technique under our experimental conditions. However, this ambiguity
was resolved by Raman spectroscopy, displayed in Fig. S2(b), which indicates that the only
iron oxide phase present in the initial nZVI sample is magnetite. The mean crystallite size was
estimated from the FWHM of the o-Fe peak located at 45°, using the Scherrer equation. The
obtained value was approximately 70 nm, in close agreement with the results provided by the

manufacturer. The SEM image of fresh N25 particles is shown in Fig. S3 (SD). It can be



10

11

12

13

14

15

16

17

18

19

20

21

observed that the freshly seeded material is disposed as irregular agglomerates with a fine
structure composed of spherical nanoparticles with an estimated diameter of 65 nm.

The characterization analysis confirmed all data provided by the supplier.

3.2. Experiments of Cr(VI) removal

Results of the experiments aimed at evaluating the performance of N25 particles on
Cr(VI) removal at pH 3 are displayed in Fig. 1. This working pH was selected after a series of
preliminary experiments at pH 3, 5 and 7, because this condition showed the highest reactivity
and allowed a good inspection of the temporal concentration profiles. At higher pH values,
removal efficiency was much lower.

As it can be observed in Fig. 1(a), removal of dissolved Cr(VI) increased with the
initial nZVI mass, with.complete removal with [nZVI] = 900 uM (MR 3) after 30 min. A very
rapid initial Cr(VI) conversion during the first 10 minutes was followed by a plateau in all
cases. Therefore, the maximum Cr(VI) removal was reached in only 10 min. As the best
(complete) conversion was found for MR 3 at 30 min, the percentage of Cr(VI) removed after
that time for all MR was plotted against the amount of nZVI. Fig. 1(b) indicates a linear
behaviour, with the exception of MR 3, where the nZ VI particles seem to still preserve Cr(VI)

removal power.

10
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Fig. 1. (a) [Cr(VI)] vs. time for removal experiments with different MR; (b) percentage of
Cr(VI) removal after 30 min of treatment vs. [nZVI]. Conditions: [Cr(VI)] = 300 uM, pH 3, T

=24 + 1 °C. Dashed curves are only for better visualization of points and do not correspond

to a fitting model.
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The performance obtained in this work is the highest registered for Cr(VI) removal
with nZVI to our knowledge, in comparison with previous works. Table 1 lists the Cr(VI)
removal efficiency of different nanoparticulated materials in terms of mg of Cr(VI) removed

per gram of nZ VI, taken from the literature [24, 25, 27].

Table 1

Mass of Cr(VI) removed per gram of nZVI for different nZVI materials.

mg Cr(V)/gnZVI  pH Reference

10.06 6.36 Ai et al. 2008 [25]

50- 180 4-8 Li et al. 2008 [24]

34.1 6 Kim et al. 2012 [28]
62.4 6 Wang et al.2011 [26]
20.16 5 Alidokht et al. 2011 [27]
180 4.82 Fang et al. 2011 [37]
100 3 Lv et al. 2012 [38]

472 +0.1 5 This work

411 £24 3 This work

In order to achieve a better understanding of the system, concentrations of Fe(Il),
Fe(Ill) and Crots were measured during the time span of the reaction. MR 1 was chosen to

allow a proper inspection of the experimental data; results are displayed in Fig. 2.

12
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Fig. 2. Time profiles of [Cr(VD)], [Cr(IID)], [Fe(ID], [Fe(III)] and [Criota1] for Cr(VI) treatment
with nZVI. Conditions: [Cr(VD)] =300 uM, [nZVI] = 300 uM (MR 1), pH 3, T=24 =1 °C.
[Fe(D)] from [nZVI] = 300 uM in water after 120 min at pH 3 and 7 =24 + 1 °C is also
plotted as an open circle. Dashed curves are only for better visualization of points and do not

correspond to<a fitting model.

Fig. 2 shows that around 50% of Cr(VI) is removed after 120 min, leaving Cr(IIl) in
solution and 94% of total chromium still dissolved, indicating that direct Cr(VI) adsorption
does not take place under our experimental conditions or at least it could not be perceived due
to fast reduction on the surface. Additionally, it can be observed that Cr(VI) removal is
coupled with a partial dissolution of the nanoparticles introducing iron in the aqueous phase;

both processes, removal and dissolution stop simultaneously after 10 minutes.

13
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The main proposed pathway for Cr(VI) removal by ZVI materials [22] comprises the
heterogeneous Cr(VI) reduction involving direct electron transfer from Fe’ (E0F32+/F30 =-044

V) to Cr(VI) (E°ncro e+ = 1.36 V):

2 HCrO4 + 14 H' + 3 Fe’(s) > 2 Cr'* + 8 H,O + 3 Fe** (1)

As postulated in ref. [39], Cr(VI) can be reduced by Fe(Il) at the surface (indicated as
=Fe(Il), equation (2)), as Fe(Il) in the solid is a more reducing species than Fe(Il) in solution
(indicated as Fe2+) [40]. Further regeneration of =Fe(Il) can occur after the surface reaction

between Fe’ with =Fe(III) (equation (3)):

HCrO, + 7 H' + 3 =Fe(Il) = Cr** + 3 =Fe(Ill) + 4 H,0 2)

Fe” + 2 =Fe(III) — 3 =Fe(1l) (3)
On the other hand, a minor pathway that cannot be fully ruled out at pH 3 [38]

involves the homogenous Cr(VI) reduction by dissolved Fe’* ions (equation Error!

Reference source not found. (4)), having the same stoichiometry than equation (2) but

with less reducing power [40].

HCrO4 + 7 H' + 3 Fe** — Cr’* + 3 Fe(Ill) + 4 H,0 4)

14
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Only 11% of the initial Cr(VI) could be removed through this minor pathway
(equation (4)), as it can be calculated by mass balance and using the concentrations of
iron species from Fig. 2. Fang et al. [37] measured the extent of this pathway by capturing
dissolved Fe2+, and found a reduction in Cr(VI) removal efficiency of 7.4%, in good
agreement with the 11% estimated in this work. Thus, the overall reaction for Cr(VI)

reduction by nZVI is represented by equation (5):

HCrO, + 7 H' + Fe’(s) = Cr’* + 4 H,0 + Fe** (or =Fe(I11)) (35)

Consistently with equation (5), in all experiments, a slight increase in pH (= ApH = 0.4) was
observed.

Even though it is not possible to determine the exact extent of Cr(VI) reduction by
Fe?* compared with the reduction at the surface of the nanoparticles (equations (1) and (2)),
the fact that iron dissolution and Cr(VI) removal stopped simultaneously at 30 min (Fig. 2)
evidences a connection between these two processes. The arrest in Cr(VI) removal together
with the interrupted iron dissolution would indicate the poisoning of the nZVI surface. This is
in accordance with the precipitation of Cr(IIl) at the surface as amorphous Cr(OH); [18, 41]
or Fe(II)-Cr(IIT) hydr(oxydes) that has been previously associated with the passivation of the
surface of iron nanoparticles [24]. The formation of the solid compounds is represented by

equations (6)-(8):

Cr’* + 3 H,0 — Cr(OH)s(s) + 3 H' (6)

15
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x Cr'* + (1-x) Fe’* + 3 H,0 — (CryFe1)(OH)s(s) + 3 H (7)

x Cr'* + (1-x) Fe’* + 2 H,0 — Cr,Fe;«OOH(s) + 3 H' (8)

The surface passivation hypothesis was supported by the fact that the amount of Fe(II)

found in solution after 120 min of stirring nZVI (300 uM) in water in the absence of Cr(VI)

(Fig. 2) [Fe**] was higher than in the same experiment with Cr(VI) (219 against 16 uM,
respectively).

It is worth mentioning that direct corrosion of the nZVI particles by O, is not likely to

be extensively developed under the present experimental conditions since their oxidation by
Cr(VI) is thermodynamically and kinetically favoured (EOHCro I is 1.36 V, ie., more

positive than that of O,/H,O (1.23 V)). In‘agreement, as said in the Experimental Section,
preliminary experiments showed that no changes in the concentration of oxygen took place
during Cr(VI) removal with N25.

As a final refinement of the process, the product of the reaction, Cr(IIl), could be
removed in a subsequent step by alkalinization. As known, Cr(IIl) toxicity and mobility is
lower than that of Cr(VI) and, hence, the removal process is able to reduce the toxicity of the
initial solution. Fe(II) and Fe(IIl), which are non-toxic, remain in solution as 0.94 and 5.04

mg L™, respectively (Fig. 2) and would be precipitated also by the alkalinization step.

3.3.  XRD and Raman analysis of the solids

Fig. 3(a) compares the XRD pattern of the initial N25 particles sample with that of the

solid obtained after 120 min of contact with Cr(VI) (MR 1). It can be seen that, after Cr(VI)

16
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treatment, no evidence of new iron phases is observed. Fig. 3(b) shows the Raman spectra of
fresh N25 particles, the solid after 120 min of Cr(VI) treatment at MR 1 (N25 MR 1),-and the
solid obtained after 120 min when N25 was in contact with water in the absence of Cr(VI)
(N25 W). Spectra of pure lepidocrocite and magnetite samples are also shown. When nZVI
was in contact with Cr(VI), the only iron oxide phase present after 120 min was magnetite, as
in the original material. However, in the absence of Cr(VI), lepidocrocite was detected in
addition to the magnetite phase. Lepidocrocite is an Fe(Ill) oxyhydroxide commonly formed
as an electrochemical corrosion product of iron in acid media in excess of dissolved O, (> 3
mg L") [42], conditions existing actually in our system, as indicated in the experimental
section. The fact that lepidocrocite is not formed in the presence of Cr(VI) strongly suggests
that Cr(VI) reduction at the surface of nZVI particles prevents further changes in the outer

layer. In this way, neither Cr(VI) reduction nor corrosion can further occur.

17
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Fig. 3. (a) X-ray diffraction patterns of nZVI particles before (N25 Fresh) and after 120

minutes of Cr(VI) treatment with MR 1 (N25 MR 1). Magnetite (M), maghemite (m) and o-
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Fe reference peaks are indicated; (b) Raman spectra of fresh N25 particles (N25 Fresh), nZVI
after 120 min in contact with Cr(VI) at MR 1 (N25 MR 1), and after 120 min in water in the
absence of Cr(VI) (N25 W). Conditions: pH 3, T = 24 + 1 °C. Raman spectra of pure

lepidocrocite and magnetite samples are also displayed.

3.4.  XPS analysis of nZVI before and after Cr(VI) removal experiments

Fig. 4 shows the XPS spectra taken for samples of N25 before treatment (N25 Fresh)
and after treatment of a Cr(VI) solution with MR 1. Both samples present the spin-orbit split
Fe 2p peaks at around 711 and 724 eV with signals composed of photoelectrons from Fe’,
Fe(Il) and Fe(IIl) (Fig. 4(a)) and a broad O 1s peak at 531 eV with contributions of =0°, =OH
and =OH, components (Fig. 4(b)). The peak fitting methodology description is provided in
the SD, especially indicated for the case of the Fe 2p spectra in Fig. S4. After 120 min
treatment with 300 pM Cr(VI), two new peaks appeared at 577 and 586 eV, corresponding to
the Cr 2ps;-2p1» photoelectrons (Fig. 4(c)). The binding energies (BE) and the spin-orbit
splitting of the Cr 2p peaks are in good agreement with those reported for Cr,O3 or Cr(OH)s
[43]. This indicates that Cr(IIl) is the only species present at the surface, in agreement with
the fact that Cr(VI) adsorption does not take place or, if it takes place, Cr(VI) is
instantaneously reduced on the surface. A detailed analysis shows that the maximum of the Fe
2ps3p peak shifts from 710.8 eV in the fresh material to 711.5 eV after the Cr(VI) treatment
(Fig. 4(a)), consistent with oxide and hydroxide environments, respectively. The analysis of

the O 1s peaks (Fig. 4(b)) supports this concept by showing an increase in the proportion of

19
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=0OH and =OH, over =O" components after the treatment. Being the mean free path for iron
equivalent to 6 atomic layers, in the case of a monolayer of Cr(IIl) adsorbed on the surface of
the nZ VI particles, an approximate ratio of Cr:Fe intensities = 1:5 would have been expected
as the mean free path and the photoemission cross section of Fe 2p and Cr 2p are similar [43].
However in the MR 1 sample, the analysis of the Cr:Fe intensity ratio indicates a 1:1 value

which denotes that Cr(III) is incorporated into the solid structure.

Fe(ll)
Fe(ll)

O After treatment
O Before treatment

Intensity (a.u.)
Intensity (a.u.)
Intensity (a.u.)

T P TP
% g
(c)
740 735 730 725 720 715 710 705 700 540 538 536 534 532 530 528 526 524 522 o0 505 500 585 580 575 570 565
BE (eV) BE (eV) BE (eV)

Fig. 4. XPS spectra of fresh N25particles and after 120 minutes of Cr(VI) treatment with MR
1. (a) Fe 2p (b) O 1s peaks (c) Cr 2p and for the solids obtained before (lower curve) and after
120 min in contact with Cr(VI) (upper curve). Conditions: [Cr(VI)] =300 uM, pH 3, T=24 +

1.°C. The intensity scale (a.u.) is the same for Fe 2p, O 1s and Cr 2p peaks.

Formation of alloy-like passivating Cr-Fe hydroxides on the surface of nZVI has been

reported previously [6, 23, 24]. Manning et al. [23] studied the solid product obtained after

Cr(VD) treatment with nZVI by EXAFS, XANES and XPS, finding that only Cr(Ill) is
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retained in the surface as a poorly ordered Cr(OH); and/or a mixed phase of CryFe| x(OH)s. Li
et al. [24] analyzed the chromium deposition on the nZVI surface using high-resolution X-ray
photoelectron spectroscopy (HR-XPS), finding the stoichiometry of the chromites to be
approximately Cr/Fe 2:1, i.e. (Croe¢-Feos3)(OH); or CrggFep3300H. ‘According to the
authors, after reaching the oxide surface of the nanoparticles, Cr(VI) would be initially
reduced to Cr(OH); and then incorporated to the FeOOH structure in the form of chromites.

In order to analyze the nZVI particles composition-as a function of depth from the
surface before and after Cr(VI]) treatment, mild sputtering experiments were performed; XPS
spectra of N25 Fresh and MR 1 samples were taken over time. Fig. 5 shows the relative
concentration of Fe’, Fe(Il), Fe(Ill) and Cr(IIl) in the exposed surface over sputtering time for
the MR 1 sample. The relative concentration of the iron phases was calculated as [Fe 2p]; / [Fe
2p]r, where [Fe 2p]; is the total area of the peak of the ith iron component and [Fe 2p]r the
total Fe 2p signal for each sample. For Cr(Ill), the relative concentration was calculated as [Cr
2pli/ [Cr 2pJo, where [Cr 2p]; is the area of the Cr 2p peak at time “t” and [Cr 2p]o the area of
the Cr 2p peak at time “0”. A clear increase in the Fe° signal is observed, and it proves that
the sputtering is removing the external iron oxide shell from the nanoparticles. As said before
[27, 28] several models have been used to describe the iron oxide film from a two-layer
discrete model to a gradient of mixed oxides. In our case, a more complete description of the
layer can be obtained after the XPS results because an increase in the Fe(Il):Fe(Ill) ratio
indicates that the structure of the oxide film is a Fe(II)-Fe(IIl) iron oxide with a continuous
Fe(Il) gradient towards the interior of the nanoparticles, consistent with the detection of a

magnetite phase by Raman spectroscopy.
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Fig. 5. Time evolution of relative concentrations of Feo, Fe(II), Fe(III) and Cr(III) in N25 MR
1.

On the other hand, a clear decrease in Cr(III) concentration is observed as long as the
oxide film is removed by sputtering, revealing that Cr is trapped only in the surface of the
nZVI, leaving a still reactive Fe’ enriched core that cannot be exploited for Cr(VI) removal,
due to the formation of a Cr(III)-Fe(III) passive film.

As revealed by Fig. 6(a) and 6(b), as long as the sputtering removes layers from the
nZVI after treatment, a clear decrease in the BE of Cr(Ill) and Fe(IIl) is observed. This
behaviour corresponds to the transition from a more hydroxy/oxyhydroxy environment to a
pure oxide phase and is consistent with the composition of oxygenated species displayed in
Fig. 6(c). The intensity of oxygen forming =OH and =0OH, increases after the treatment and
decreases after 30 minutes of sputtering, where the =O" component is dominant. This is not
the case of N25 Fresh, where, as shown in Fig. 6, the BE hardly changes with sputtering time

and the environment is constituted only by =O".
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Fig. 6. BE shifts over sputtering time for (a) Cr(IIl) and (b) Fe(Ill) peaks, centred around
577.5 and 710.5 eV, before and after treatment of a Cr(VI) solution in a MR 1; and (c) O 1s

XPS spectra before and after treatment and after 30 min of sputtering. Conditions as in Fig. 5.

As indicated before, Li et al. [21] calculated the stoichiometry of Cr(IIl) incorporated
to the FeOOH structure as (Crge-Feo33)(OH); or Crge7Fep33O0H. However, this

stoichiometry relay on the assumption of a constant Cr:Fe ratio for the nanoparticles after

23



10

11

12

13

14

15

16

17

18

19

20

21

22

treatment. In contrast, our XPS and Raman analyses of the nZVI exposed to Cr(VI) suggest a
structure, from outside to inside, of hydroxychromites — magnetite — Fe’ and, thus, a

decreasing Fe(III) and Cr(IIl) concentration gradient seems to be a more accurate model.

4. Conclusions

nZVI has been proven to be an efficient Cr(VI) removal agent that, combined with an
alkaline precipitation step, should adjust chromium = levels to current environmental
regulations. Despite the remarkable Cr(VI) removal efficiency achieved by N25 particles,
passivation of the nZVI surface showed to limit the removal capacity of the material. This
effect is produced by an outer layer containing Fe(Ill) - Cr(III) mixed oxides/oxyhydroxides
that prevents penetration of the pollutant and stops the electron transfer from inner Fe to
Cr(VD) in the aqueous phase. Raman and XPS analysis, combined with sputtering experiments
shed light over the composition of the external layer, which, before treatment is exclusively
composed of mixed iron oxides (mainly magnetite); after the treatment, a structure of
hydroxychromites — magnetite — Fe’ is developed towards the core of the nZVI, together

with a decreasing Fe(Il) gradient.
Supplementary Data

Experimental setup, characterization of N25 Fresh by XRD, Raman and SEM, XPS

and additional fitting methodology are provided in the SD.
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1 Table 1

2 Mass of Cr(VI) removed per gram of nZVI for different nZVI materials.
mg Cr(V)/gnZVI  pH Reference
10.06 6.36 Ai et al. 2008 [25]
50-180 4-8 Li et al. 2008 [24]
34.1 6 Kim et al. 2012 [28]
62.4 6 Wang et al.2011 [26]
20.16 5 Alidokht et al. 2011 [27]
180 4.82 Fang et al. 2011 [37]
100 3 Lv et al. 2012 [38]
472 +0.1 5 This work
411 £24 3 This work

3

4

5
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Highlights
1. An outstanding Cr(VI) removal was achieved with these nZVI in only 30-minutes.
2. The passive outer layer formed after treatment prevents further Cr(VI) removal.
3. Cr(III) is the only chromium species at the external layer after reaction.
4. A structure of hydroxychromites — magnetite — Fe’ developed towards the core of

the nZVIL.
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