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Abstract

To assess the aquatic reactivity, toxicity, fate and transport of
nanomaterials, it is essential to determine their transformation in composition,
morphology and surface characteristics in water. In this work, oxidation
products of nanoscale zero-valent iron (nZVI) are characterized with spherical
aberration corrected scanning transmission electron microscopy (Cs-STEM)
integrated with selected area electron diffraction (SAED) and
energy-dispersive X-ray spectroscopy (EDS). Crystalline structures from nZVI
oxidation in oxygenated water were identified. Methods of Cs-STEM, EDS,
X-ray diffraction (XRD), Raman spectroscopy, and X-ray photoelectron
spectroscopy (XPS) all prove that the main product is oxyhydroxides (FeOOH),

notably lepidococite (y-FeOOH).
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Nanoscale zero-valent iron (nZVI) is one of the most widely applied
nanomaterials applied in groundwater remediation and hazardous waste

t."2 With the number of field applications growing rapidly, aspects

treatmen
related to its environmental stability, mobility, long-term fate and toxicological
impact have received increasing attentions.®® Particularly, concerns over the
potential negative impact of nZVI applications have spurred a number of
studies examining the chemical and biological characteristics of nZVI.>° For
example, research showed that bacterial exposure to nZVI can cause
disruptions to the cell membranes and leakage of intracellular contents.®
Studies on the effects of nZVI on Medaka fish indicated that oxidative damage
can be induced in the embryos.7 Research further suggested that the toxic
effect is significantly lower when nzVI is oxidized® or in the presence of an
environmental matrix, such as natural organic matter (NOM).®

nZVI has a textbook core-shell structure, which is formed spontaneously
in water.! The Fe(0) core can be oxidized to form iron [Fe(Il) and Fe(l11)] oxides
upon reactions with water, dissolved oxygen and other oxidants including a
large number of environmental contaminants.'®" Furthermore, iron oxides can
exist in a bewildering variety of polymorphs, as many as 16 distinct species in
the form of oxides, hydroxides, and oxyhydroxides have been identified.'®'’
Most forms of iron oxides are widely distributed in the natural environment and
can participate in a variety of biogeochemical processes in the lithosphere,
atmosphere, hydrosphere and biosphere. Researches on the ZVI oxidation or
aging have so far identified several products, including goethite (a-FeOOH),
akaganeite (B-FeOOH), lepidocrocite (y-FeOOH), magnetite (Fe30.),

maghemite (y-Fe;Os3), green rusts I/ll (a group of bluish-green Fe(ll)-Fe(lll)
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hydroxyl salts), siderite (FeCOs), and iron sulfide, etc.'®"°

Objective of this work is to conduct atomic scale characterizations on the
transformation of nZVI in oxygenated water, especially on the nanostructures
of fully oxidized nZVI. To understand surface chemistry of nZVI, assess its
activity, aggregation, fate and transport, eco- and human toxicity, it is essential
to determine precisely the eventual product(s), that is, the exact type or form of
iron oxides. In this work, a state-of-the-art spherical aberration corrected
scanning transmission electron microscopy (Cs-STEM) was applied to
generate near atomic resolution physical imaging and chemical identification of
nZVI. The spherical aberration corrector allows a larger probe current to be
focused in a very fine probe, making atomic resolution spectroscopy

possible.'822

To examine the transformation of nZVI in water, images of the fresh nZVI
particles are needed (Fig.1). Nanoparticles synthesized from the borohydride
reduction of ferric ions have a core-shell structure with a metallic core
surrounded by a thin shell. As shown in the figure, the particle diameter was ~
60 nm while the shell thickness was about 3-5 nm.?"?* Average BET surface
area was in the range of 25-35 m2.g'1. Total iron content was approximately
90.3%. Metallic iron [Fe(0)] content was measured at 75.9%.%2 The
nanoparticles can form chain-like clusters because of the magnetic forces and

electrostatic interactions.
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Fig. 1 STEM images of fresh nZVI acquired with a Hitachi HD2700 STEM: (a, d, g) are

secondary electron (SE) images, (b, e, h) high-angle annular dark field (HAADF) images,

and (c, f, i) bright field (BF) images. (j) is the XRD spectrum, and (k) is the XPS response

of Fe 2p core levels of fresh nZVI.
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The SE images (Figs.1 a, d, g) offer near three-dimensional, sphereical
perspectives of the nZVI particles. Images constructed from the secondary
electron diffraction clearly present rich depth information about the particle
surface. Figs.1b, e, h show a series of STEM-HAADF images of nZVI. HAADF
images are often described as the Z-contrast (atomic number) imaging since
the measured intensity is approximately proportional to the square of the
atomic number, is a high-resolution technique that generates readily
interpretable images of nanoscale structures,'®? that is, regions of the
specimen with greater atomic number appear brighter in the image. For
example, the particles in Figs 1b, e, h consist of a bright core, corresponding to
the metallic iron while the outer layer containing oxygen and iron is darker than
the core area.

In the XRD spectrum of fresh nZVI (Fig 1j), peaks at the 20 of about 45°
and 35.5, 63° signal the presence of both iron [a-Fe(0)] and iron oxide
crystalline phases. The broad peak at about 45° suggests the existence of
small grains in the metallic core of nanoparticles.21

The two nano components of fresh nZVI are further confirmed by the XPS
characterization shown in Fig. 1k. The photoelectron peaks at ~711 eV, ~720
eV and ~724 eV represent the binding energies of Fe 2ps/,, shake-up satellite
2p3j2 and 2p12, respectively.?* Those feature peaks confirm that the surface of
iron nanoparticles is mainly composed of a layer of iron oxides while the

smaller peak at 706.5 eV is assigned to zero-valent iron (2ps2).
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Figure 2 presents SE, HAADF and BF images of the oxidized nZVI. After
reactions with oxygen and water for 72 hours under completely mixed
conditions, the core-shell structure totally collapsed. The nZVI particles
underwent complete transformation from metal iron (Fe’) to iron
oxide/hydroxides, resulting complete variations in structure and
composition.’®" Products from the nZVI oxidation are mostly thin layers of
sheets or bundles of needles-shaped crystals, characteristic of iron oxides. As
a result of the iron oxidation, Fe(ll) diffuses outward from the core area and
forms an oxide phase on the surface. Given sufficiently time and oxygen,
complete loss of the Fe(0) core and emergence of hollowed-out oxide shells
was observed.! Previous research on the nZVI oxidation under flowing
conditions also indicated that a multiphase oxidation process may be possible
including iron oxidation, dissolution, ion migration among particles, and
migration and reagglomeration of unoxidized or partially oxidized particles.?*
Additional STEM images on the oxidized nZVI can be found in the Supporting
Information (Fig. S1). The little dotlike structures in the Figure S1 (a-c)
illustrate the possible dissolution—reprecipitation mechanism responsible for

the products formation.

Page 6 of 16



Page 7 of 16 RSC Advances

20 nm

Fig. 2 STEM images of oxidized nZVI: SE (a, d, g, j), HAADF (b, e, h, k) and BF (c, f, i, I)

images after 72 h in oxygenated water.
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The oxidized nZVI nanoparticles are further analyzed with three
independent techniques to determine its structural and compositional changes.
Figure 3 (a) shows four typical peaks of lepidocrocite at: 14.2 (020), 27.1(120),
36.5(031), 47.0 (220) (PDF#01-0136) in the X-ray diffractiongram of the
oxidized nZVI %6, At the same time, the XRD patterns of the 72-h oxidized nZVI
are almostly similar to that of the standard y-FeOOH sample from Aldrich.
Thus, y-FeOOH is likely the main mineral for nZVI aged in water. In a previous
study on the aqueous-phase carbon-steel corrosion, goethite (a-FeOOH) was
identified as the predominant product under simulated feedwater conditions.?®

In this study, products of the nZVI aged in water for 2 h, 12 h, 48 h, 72 h
were analyzed with XRD (Fig. S2). The XRD patterns of 72h nZVI are similar
to that of 48-h- oxidized nZVI, suggesting that nZVI is fully oxidized after 48
hours in water. The typical XRD peaks for iron oxides, (oxy) hydroxides

mineral phase of nZVI aging products are listed in Table 1.

Table 1 XRD peaks for iron oxides, (oxy) hydroxides mineral phase of nZVI aging products

Iron Oxides
20 (°) Reference
(oxy)hydroxides
y-Fe;05/ Fe304 30.3 (220), 35.6 (311), 43.5 (400), 57.2 (511),62.7 ( 440) (10,11)
y-FeO(OH) 14.2(020), 27.1(120), 36.5 (031), 47.0 (020), 38.1(111), (26)

43.5(131), 52.9(151), 58.8(080), 60.9 (231), 68.4 (251)

Bold numbers represent very strong, typical for the y-FeO(OH) 2.
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The presence of y-FeOOH as an oxidization product is favored by the
continuous stirring, which supplies the solution with sufficient oxygen to
maintain fully oxygenated conditions. The results observed on the oxide
formation suggest that corrosions of nZVI favor formation iron oxyhydroxide

(FeOOH) over iron oxides, which can be described by the following reactions:

4 Fe® + 30, + 2H,0 —» 4y-FeOOH (1)
4Fe;04 + 0, + 6H,0 — 2y-FeOOH (2)
y — Fe,03 + H,0 — 2y-FeOOH (3)

Fig. 3b presents Raman spectra of fresh- and 72-h oxidized nZVI. The
spectrum of y-FeOOH has characteristic peaks at 219, 250, 311, 349, 379,
528, and 648 cm™.?” The high intensity peaks are 250 and 379 wavenumbers
for the 72-h-oxidized nZVI, which are in good agreement with the Raman
spectroscopy characteristics of y-FeOOH reported in the literature.?’

A detailed characterization of fresh- and 72-h-oxidized nZV| was also
performed with XPS. Fig. 3c shows the survey of Fe 2p core levels, peaks at
710.56 eV, 719.26 eV and 723.91 eV represent the binding energies of Fe
(2pa2), shake-up satellite 2ps» and 2p4y., respectively.” The three feature
peaks suggest that the 72-h nZVI surface consists of mostly iron oxides and
hydroxides. The peak at ~711 eV suggests the potential presence of Fe,0Os3,

Fes;04, Fe(OH)s, or FeOOH, while the one at ~725 eV indicates the presence

10
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of ferric oxides [Fe(Il)].?* Since both Fe,O3 and FeOOH have similar XPS
features and peak positions in this region, O1s survey scans are thus analyzed
to delineate the surface oxygen states (Fig. 3d). The O 1s region can be
decomposed into three peaks at 529.9, 531.0 and 532.5 eV, corresponding to
0%, OH, and chemically or physically adsorbed water, respectively.?* The
existence of surface -OH group suggests that the oxidized iron is likely in the
state of FeOOH. If the surface structure is Fe,O3, a single peak at ~530 eV
would have been observed. The ratio of OH to O% is approximately 1.09, in
agreement with the bulk FeOOH stoichiometry and comparable with reported
values of 0.9-1.1, 1.03, and 0.9.2* In short, the XPS results fully support that
FeOOH is the major component of oxidized nZVI.

To further verify the crystal phase of the surface oxyhydroxides, fine
structure of a single nanosized needle was studied with high resolution (HR)
STEM (Fig 4). As can be seen from the BF images (Fig. 4a), the needle-like
nanostructure is present alone with diameter at ca.10 nm. The high resolution
images reveal the crystalline nature with an interplanar spacing of 3.29 and
2.46 A (Fig. 4c), which match well with the (120) and (031) planes of
orthorhombic structured lepidocrocite.?® The selected area electron diffraction
(SAED) patterns (Fig. 4b inset) and HR-STEM (Fig. 4c) both indicate that
those lepidocrocite nanorods are clearly of single crystal. The EDS spectrum
(Fig. 4d) confirms the existence of Fe and O elements in the products, offers
complementary evidence on the formation of iron oxyhydroxides. All

11
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information obtained from the independent techniques support that the

needle-like product is indeed lepidocrocite.

It should be noted here that the needle-shape morphology is also
characteristic of goethite, but our XRD analysis clearly confirms that the crystal
phase belongs to lepidocrocite, not goethite. Oxidation of nZVI by water and
oxygen produces both ferrous and ferric iron. The behavior of Fe (Il) was
confirmed in two aspects, catalytic dissolution-reprecipitation and catalytic
solid-state transformation.?® The continuous oxygen supply as well as the
existing of Fe (Il), provide favorable conditions to form (oxy)hydroxides
polymorphs.28 The formation of lepidocrocite starts with nZVI dissolution and is
followed by the reprecipitation of solid products. On the other hand, the
needle-like shape could also be an intermediate morphology. Thus aging of
nZVI in oxygenated water yields well-formed lepidocrocite crystals, and may

further evolve to more stable sheet-shaped products.

12
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Fig. 4 High resolution images of oxidized nZVI: (a) BF image, (b) DF image, (c) HR-STEM
image and (d) EDS spectrum of 72-h oxidized nZVI. Insert of (a) is an enlarged image for
the selected area (red box) of the left image. Inset of (b) is the SAED of elected area (red

box) of the needle-shaped image.

Conclusions

In this work, the final corrosion products of nZVI in the stirring water are
studied using a combination of STEM, SAED, EDX, XRD, XPS, and Raman
specta. Images acquired by a Hitachi HD-2700 STEM provide that after fully
oxidized in stirred aquatic water for 72h, the core-shell structured nZVI

collapse and generate lath-like and bundles of thin needles-shaped crystals.
13
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XRD, XPS and Raman spectra analysis prove the formation of lepidococite.
Patterns of SAED suggest single crystalline structures for the lepidococite. The
evidence of y-FeOOH formation is significant for the understanding on nZVI
surface chemistry, and to assess its surface charge, colloidal stability and
aggregation in water, also sorption of natural organic substances and heavy

metal ions in aquatic systems.
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