The Reaction Specificity of Nano Particles in Solution

Effects of Aging on Structure, Composition, and Reactivity of Nano-Sized Zero-Valent Iron

Donald R. Baer?, Vaishnavi Sarathy', James T. Nurmi', Paul G. Tratnyek', James Amonette?

Department of Environmental and Biomolecular Systems

Oregon Health & Science University
Beaverton, OR 97006-8921 USA

http://cgr.ebs.ogi.edu/iron/

Background

2 Environmental Molecular Sciences Laboratory

Pacific Northwest National Laboratory

Richland, WA 99352 USA

http:/www.emsl.pnl.gov/

Pacific Northwest

National Laboratory

Operated by Battelle for the
LL 5. Department of Energy

Sponsor Acknowledgements: U.S. Department of Energy, Chemical Sciences Program and Environmental Remediation Science Program; DOE Environmental Management Science Program; OHSU Nanobiosensors for Human and Environmental Health Program.

Iron oxides form a film on iron metal under aquatic conditions, and the role of this film in mediating the reactivity of iron in the environment has been studied extensively [e.g., 1]. Despite this, much remains to be learned about the overall dynamics of these
oxide films because the processes involved are many and coupled.

Two other major areas of research interest are the environmental fate and effects of nanoparticles, and the factors that control branching among contaminant degradation pathways that yield wanted and unwanted products. The foremost example of the
former, is the remediation of groundwater contaminants with nano Fe®, and a prototypical example of the latter is the formation of harmless products (e.g., CO, CH,) rather than chloroform from reduction of carbon tetrachloride (CCl,).

We are participating in a multi-investigator project that encompasses these three areas of research and ranges in approach from batch experimentation to theoretical computation. Previously [2], we have reported a detailed comparison of the structure and
reactivity of the two leading types of nano Fe®. Throughout our work, we have repeatedly found evidence that aging (controlled and uncontrolled) has profound effects on the structure and reactivity of Fe” nanoparticles [2,3]. Recently, we have begun to focus
on the aging process, and some of our recent results are summarized here.

Structure vs. Reactivity

In general, the reduction of solutes by Fe® occurs via
either defects in—aor charge transfer through—the
ouide filrn [1].

The latter is more favorable for nanoparticles of Fe®
because charger transfer (e.g., by tunneling) across a
film that is only a few nanometers thick will be much
rmore facile than charge transfer through the thicker
axide films that form cn larger grains of Fe”.

Figure 1. Nancparricke with Fe’ cove and iron axvde shell, showing
the coupding between provesses imvobeed in ageing of the shel
(eunoauidation, efc.) and processes heading fo reduction of sokates
(omygen, water, and contaminanls). Background knoge s o
Irarsmission sectron mécrograph (TEM) of an iron nonoparticie
produced by spultering gas cogregation 4],

Short Term Aging Effects

To determine how reactivity with solutes is affected
by changes in the composition and reactivity of the
oxide shell due to aging, batch reactions were carried
out with Fe™ that was exposed to DI water for
various times prior to addition of the probe
reactant/solute (e.g., CT).
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Flgura 7. Pseudo-first order disappearance rate consiands for CT
(k.| plodted againgt pre-eupasune time for aging) in days. Data are
TFor “feresh™ Fe™, Note the kog time scale fo show the shoef ferm effiects.

For 1 day or less of pre-exposure time, k_ increases
dramatically, This is consistent with the initial
dissolution/depassivation of oxide with solution seen
with XP5 and chronopotentiometry,
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EPR Analysis of Aging Effects

Recently, we have begun to explare in fitu
spectroscopic methods for studying the effects of
aging on passive film structure and branching
among reduction pathways fior CT.

EPR was usied by reacting Fe™ with a spin trap agent
(DMPO), which is EPR visible only after it is reduced.
When DMPO is reduced by electron transfer, 3 peaks
are seen by EPR, whereas additional peaks are
observed when DMPO i reduced by hydrogen transfer,
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Flgure 8. EPR signal intensily for eleciron trarifer, hydeogen trandfer
and the surm of barh ploned verus pre-sposure ime in hows.

Electron transfer is the dominant mechanism of
DMPO reduction observed during the first 20 hours,
From 24 to 60 houwrs, the contribution of hydrogen
transfer increases to equal and then surpasses
electron transfer,

Surface Characterization

Freesh nano Fe® from Toda Kogye Corp, (Fe') has
been thorowghly characterized by us [2,3] and
others, The primary particles have a well-defined
core-shell structure, with the core being Fe® and the
shell being oxide,

XRD for fresh Fe™ [not shown) also indicates the
partiches are ca70% Fe” and 30% magnetite,

Baoth Fe® and iron oxides are observed in the fresh
Fet (red). Upon flash drying, exposure to air, or
aging, much of the near-surface Fe’ is oxidized (black,
grisen and blug curves),
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Figure ¥, XS shatoenmiidion Figure 2. TEAM showing the cone
spectro of the Fe 2o and 2p™?  [Fe) and shell [magnetite)
regions of Fe, struciure of Fe'.

Long Term Aging Effects on k-

Batch experimaents with CT wene carried out using
Fe™® that was shipped dry (“fresh”) and Fe™ that was
shipped in an aqueows slurry and then flash-dried,
The latter sample was ca. 1 year old, so it was used to
represent long term aging of the dry iron.
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Figure 9. Perudo first order disoppearance constand for CT (k)
Plolted against pre-expasure ime of Fe™ to decoygencied woter
far [A) fresh Fe™ and (B) Bash-dried Fe™.

Fig. 94 shows that k_ for dry Fe™ increases sharply
for ca. 24 hr, then declines gradually over 30 days of
pre-expasure 1o water, Fig 98 shows that k_, for
flash-dried Fe™ starts off just below where dry Fe'™
left off and then decreases gradually with further
pre-exposure towater,

Thee results in Fig. 9 are reminiscent of those obtained
by XP5 (Fig. 4), CP (Fig. 6, and EPR (Fig. 8) and are
generally consistent with growth of the particles’
oxide shell.

Surface Characterization - Aging

Aging, among other factors like pH, jonic strength
and redox conditions can affect the composition of
the cuide shell, Since even de-oygenated water is an
oxidant with respect to Fe”, the oxide thickness
Increases with expasure 1o solution.
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Figure 4. Metel/oxigde ratio af the porticle sunfaces (abtained from

HPS ) wersus oqueous exposune tme o pH 6.5, The data sugges! initial
diszalution of i axide lnyer over 1 day followed by passivation.

Figure 5 (A-D). TEM images of
manka Fe ar different exposure
1 . Ehrmies o weEiey £how increase in
= agaregaiion and decreme in
Y particle defindtion with aging.
[
v 1

Afer 145 frr off expogore (Fig. SO0,
cutfrigenis inon auides thar
emarlope the primary particles
become apparent.

Long Term Aging Effects on Y

Thee samwe series of experiments shown above (Fig, 9)
also provided data on how Y is effected by
lang-term aging.
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Figure 10u Vield of chioraform feom CTY_ ) plotred ogainsr
pre-expasure ime of Fe™ 1o decxygendated veater for (A) fresh Fe'™
and (8] fash-dred e,

Fig. 104 shows too much scatter between 0 and 10
days presxoposure to conclude that there is any effect
on Y, but the average value of ¥, is well over 0.5, After
10 days, the data for ¥, converges and decreases to ca.
0.2. Fig. 108 shows similar behavior for flash-dried Fe™
except the data for short preexposures show less
scatter and lower average Fe™ (ca. 04).

Again the fresh and flash-dried Fe™ appear to give a
logical progression suggestive of long-term aging,
and the aging effect is consistent with growth of the
(magnetite) oxide shell, which seems to comelate
with low .

Batch Reactions

Carbon tetrachloside (CT) s & comenient and
relevant molecular probe for aging effects on
reactivity, CT reduction is believed to branch at a
radical intermediate into two pathways as shown in
the following scheme.

CCl #CTy =000y

- ‘n< HCCl, (CF) — CHIC, (DOM)
kL HOOOM, CO,CH, etc.

The top pathway forms the undesirable products CF
and DCM, while the bottom pathway produces
completely dechlorinated products that are harmless
(formate, etc.)

A wie did in [2), the rate of CT reduction is described
by pseudo first-order disappearance rate constants
(k) and the branching between the two product
formation pathways is described by the yield of
chilorofarm (¥,).

Branching between these two pathways (as
represented by ¥, ) may be influenced by a number
of factors. OF particular interest is the availability of H
donors, which presumably will favor CF production
by H-addition to the «CC1 intermediate. Another
factor that might effect ¥, is the reduction patential
of the electron-donor. Both of these may be
Influenced by aging of the axide film,

Why Aging is a Concern

Thie aging of mon nanoparticles under conditions of
groundwater remediation (Le., thelr “diagenesis”) s one
of the most fundamental issues in understanding (and
predicting) remediation results in the field.

Aging occurs throughout the ifetime of nanopanicles,
from their original production to ultimate dissipation.
Throughout this tirmeline, the conditions will vary and this
will greatly affect the rates and processes of panticle aging.

Some practical implications of this are illustrated in Fig.
1. In the twa modes of applcation shown, particle aging
will occur under very different dirosmstances. In A, the
conditions will be like that of a conventional PRE, but in
B, the conditions will be like that of chemnical fleoding.
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Figure 11. Twe apgrocches ro aaphicarian of mand inon partickes
far groundwaler remaoialion: (A a Tedcrive reanment Jone”
farmed by sequential injection of nano-sized iron to form
cveriapping Tones of particles adsorbed to the gaains of native
aquifer matenial: and (8] treatment of non-oquecus phase lguid
(DINAPL contamination By injection of mobile nancparticles. (5]

Electrochemistry - Aging Results

We have measured the open-circuit o corresion
potential (Ecgee) vs. time using powder disk
electrodes of Fe' and, for comparison, (micron-sized)
Fisher electrolytic Fe” [Fe™). Representative
chronopotentiometric data are shown in Fig, 64, with
the corresponding anodic polarization curves in Fig.
68. The y-axes are aligned for comparison.
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Figure 6A. Ch patentiograms obdeined with micron slned
iran fred, Fe') and nano sired fron (Blue, Fe™) B. Anodic
polarization curves for Fe® and Fe™ under the some conditions.

Fig. 64 shows that Egger of the Fef drops rapidly to
potentials consistent with the active region in Fig. 6B.
Eirr of the Fe™ drops to similar potentials, then after
17 howrs, drops again to a more cathodic potential
consistent with the active region for Fe™ (Fig. 6B).
The second drop in E__ for Fe™ is consistent with the
aging kinetics suggested by the XPS (Panel 5) and
EPR data (Panel 9.
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Chronopotentiometry shows that corrosion potentials converge to values consistent with highly activated Fe”.

EPR experiments suggest that reaction of the spin trap is predominantly due to electron transfer in the first 20 hours, after
which hydrogen transfer gains importance.

Rates of CT reduction increased from 0 to 24 hours of pre-exposure to water, and then decreased gradually, suggesting the
same effects seen by XPS and EPR.

Yield of CF decreases with increasing pre-exposure time possibly due to increasing thickness of the magnetite shell.

Under environmental conditions, nanoparticles of Fe® are protected by a shell of oxide.

The structure and composition of the iron oxide shell strongly influences the particles’ reactivity, including rates and
pathways of reaction with solutes.

Aging effects on the properties of these particles tend to show relatively rapid changes in the first 24 hours after exposure
to water, followed by gradual reversal (over 10's of days)of the changes in some properties.

XPS shows that the proportion of Fe° near the particle surfaces increases for 24 hr after exposure, suggesting breakdown of
the oxide shell, followed by repassivation.
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