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Abstract

Macroscopic sorption edges for Cu>t were measured on hematite nanoparticles with average diameters of 7 nm, 25 nm, and 88 nm in
0.1 M NaNOs;. The pH edges for the 7 nm hematite were shifted approximately 0.6 pH units lower than that for the 25 nm and 88 nm
samples, demonstrating an affinity sequence of 7 nm > 25 nm = 88 nm. Although, zeta potential data suggest increased proton accumu-
lation at the 7 nm hematite surfaces, changes in surface structure are most likely responsible for the preference of Cu®" for the smallest
particles. As Cu®" preferentially binds to sites which accommodate the Jahn-Teller distortion of its coordination to oxygen, this indicates
the relative importance of distorted binding environments on the 7 nm hematite relative to the 25 nm and 88 nm particles. This work
highlights the uniqueness of surface reactivity for crystalline iron oxide particles with decreasing nanoparticle diameter.

© 2006 Elsevier Inc. All rights reserved.

1. Introduction

Nanoscale (hydr)oxide minerals, those having physical
dimensions of approximately 1-50 nm, are common con-
stituents of the natural world (Bigham et al., 2002). Over
this length scale, materials have properties that are depen-
dent on the particle size (Hochella, 2002; Gilbert and Ban-
field, 2005). In particular, the relationships between iron
oxide mineral sizes and their properties as related to geo-
chemical reactivity are just beginning to be explored. Iron
oxides are involved in a wide variety of geochemical pro-
cesses, including sorption of metals, acceptance of electrons
from microbial respiration, photochemical reduction, and
heterogeneous catalysis. Nanoscale iron oxide particles
with surface-bound metals are found many kilometers
downstream from mining sites, suggesting their importance
to colloid-mediated transport of sorbed contaminants
(Hochella et al., 2005a,b). Any and all of these processes
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are likely to show size-dependent reactivity on crystalline
iron oxide nanoparticles, such that each process will occur
with different thermochemical and kinetic relationships as a
function of size. For example, Mn>" oxidation rates on
7 nm average diameter hematite particles were shown to
be up to two orders of magnitude faster than on those with
average diameter 37 nm, even when normalized to surface
area (Madden and Hochella, 2005). Based on arguments
from electron transfer theory, it was hypothesized that
the rate differences may be related to changes in the coor-
dination environment for Mn>* adsorbed on the different
sizes of hematite, specifically a decrease in symmetry of
the coordination complex. The decrease in symmetry was
hypothesized to stabilize Mn>" (3d* electron configuration)
relative to Mn?" (3d° electron configuration).

Other concurrent work on iron oxide nanoparticles has
demonstrated a change in the distribution of binding envi-
ronments as a function of size. Waychunas et al. (2005)
studied the sorption of trace and heavy metals on goe-
thite-like iron oxide nanoparticles with X-ray absorption
fine structure (EXAFS). The simplest explanation to de-
scribe the changes in metal-Fe distances observed in the
EXAFS spectra is that there is a decrease in the symmetry
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of bonding environments on the smallest particles relative
to the larger particles. In addition, molecular dynamics
simulations performed by Rustad and Felmy (2005) found
that certain edges of 2-8 nm goethite nanoparticles give
rise to potential binding sites with longer Fe—Oy,,.; bond
lengths and thus increased Lewis base character. These
specific edge sites would be most susceptible to electron
transfer reactions.

Mineral surface defects, topographic features, and
step/particle edges are known to control many aspects
of reactivity at the mineral-water interface, yet it remains
challenging to directly probe their atomic and electronic
structure in solution (Hochella, 1990; Brown and Parks,
2001). Some progress has been made with the evolution
of aqueous phase tunneling microscopy (e.g., Eggleston
et al.,, 2003) and theoretical modeling (e.g., Becker
et al., 1996). Undercoordinated surface metal atoms and
related oxygen vacancies are clearly key to many aspects
of industrial catalysis of gas-phase molecules on transi-
tion metal oxides (Kim et al., 1979; Henrich and Cox,
1996; Sadykov et al., 2000). Undercoordinated surface
atoms are known to exist in greater proportion on oxide
nanoparticles in vacuum as the particle size decreases
(Clementz et al., 1973; Chen et al., 1997, 2002; Rajh
et al., 2002; Zhang et al., 2003; Fernandez-Garcia et al.,
2004).

Studies on model materials such as MgO (Stirnman
et al., 1996; Liu et al., 1998a; Chiesa et al., 2005) and more
geochemically relevant materials such as iron sulfides and
oxides (Becker et al., 1996; Henderson et al., 1998; Rosso
et al., 2000; Becker and Rosso, 2001; Rosso, 2001; Borda
et al., 2003; Elsetinow et al., 2003) have begun to provide
fundamental information on the role that defects and
undercoordinated surface metal atoms play in the chemical
reactivity of surfaces. Certainly hematite surfaces are
known to have heterogeneous surfaces, including topo-
graphic features and defects, such that only certain por-
tions of the surface will be reactive to any given
geochemical process (Junta-Rosso and Hochella, 1996;
Junta-Rosso et al., 1997; Liu et al., 1998b; Samson and
Eggleston, 1998; Wang et al., 1998; Samson and Eggleston,
2000; Eggleston et al., 2003, 2004; Trainor et al., 2004).
When the dimensions of the particles are less than approx-
imately 10 nm, an increasingly large proportion of the sur-
face would be expected to deviate from a flat terrace. Metal
binding at edges, steps, and other surface features will be
influenced by the local atomic and electronic structure
associated with the unique arrangement of surface atoms
present.

In this study, Cu®" ions are used to probe the nature of
binding sites on hematite nanoparticles. Cu>" serves as an
excellent probe for distorted binding environments. With a
3d? electron configuration, it experiences Jahn-Teller dis-
tortion in octahedral coordination, similar to Mn>™, as evi-
denced in solution (Baes and Mesmer, 1986), complexed
with humic acid (e.g., Xia et al., 1997; Alcacio et al.,
2001), and on mineral surfaces (e.g., McBride, 1989; Park-

man et al., 1999; Cheah et al., 2000; Scheinost et al., 2001;
Peacock and Sherman, 2004). Although Cu®" binds strong-
ly to oxide surfaces, it also fractionates strongly to distort-
ed binding sites that are common in natural organic matter
(McBride, 1981; Buerge-Weirich et al., 2002). If the small-
est hematite nanoparticles have more distorted binding
sites for Cu?*/m? of mineral surface area, we would expect
to measure a shift in the pH-dependent sorption behavior
of Cu?* which is dependent on particle size.

In addition to its use as a surface probe species, it is
also important to keep in mind that the sorption of Cu
on oxide surfaces is an important control of Cu distribu-
tion in the environment along with complexation to
organic matter (James and Barrow, 1981; McBride,
1981; Kabata-Pendias and Pendias, 1992). Although Cu
is an essential micronutrient, it is toxic at relatively low
concentrations. For heavy metals, the copper toxicity
threshold for algae, flowering plants, fungi, and phyto-
plankton is only surpassed by Hg and sometimes Ag
(Sposito, 1989). Cu has been documented to be associated
with nanoscale iron oxide surfaces in relation to mining
activities (Hochella et al., 1999, 2005b).

2. Materials and methods
2.1. Particle synthesis and characterization

2.1.1. Hematite synthesis

Two synthetic hematite samples were prepared in our
laboratory, loosely following the instructions from method
1 and method 4 of Schwertmann and Cornell (2000). Larg-
er hematite particles were synthesized by bringing an Erlen-
meyer flask containing 500 mL of 0.002 M HClI to a boil on
a hot plate. After bringing the solution to a boil, 4.04 g of
Fe(NO3);-9H,O was added and the flask was vigorously
shaken. Immediately, the flask was returned to the heat
and held at a very mild boil for 7 days, periodically replac-
ing evaporated water.

The smaller hematite nanoparticles were synthesized
(method 4, (Schwertmann and Cornell, 2000)) by slowly
dripping 60 mL of 1 M ferric nitrate solution from a bur-
ette into 750 mL water boiling on a hot plate. After the drip
solution was consumed, the nanoparticle suspension was
removed from heat.

Dialysis tubing was rinsed several times in MilliQ water
baths at least one day prior to adding sample. Cooled sus-
pensions were dialyzed against MilliQ water until the con-
ductivity of the dialysis water nearly reached that of pure
MilliQ. For the smallest particles (method 4), a final dialy-
sis was performed against pH 4 MillQ water, adjusted with
HNO:;.

An additional synthetic commercial sample was also
used. Anhydrous ferric oxide (Fisher Scientific) was used
without further treatment. Impurities were listed as
0.002%, nitrate 0.01%, phosphate 0.005%, sulfate 0.07%,
Mn 0.02%, Cu 0.002%, Zn 0.008%, substances not precip-
itated by NH4OH 0.08%.
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2.1.2. Characterization

Transmission electron microscopy (TEM) was used to
determine the shape and diameter of the particles. Mineral
suspensions were dropped onto formvar/carbon coated Cu
grids and allowed to dry. Dried grids were imaged in a Phil-
lips EM 420T TEM. Negatives of images and diffraction
patterns were scanned for subsequent image analysis.

The height dimension of the particles was measured with
atomic force microscopy (AFM). Dilute mineral suspen-
sions were dropped onto Si wafer chips and heated briefly
at 60 °C in an oven. The remaining suspension was blotted
with a kimwipe. Images were collected in contact mode
with oxide-sharpened SiN tips. Images were flattened (with
exclusion of particle areas) before height analysis.

The surface arca for the smallest particles was deter-
mined geometrically using 2D measurements from TEM
negatives and height measurements by AFM (Madden
and Hochella, 2005). Briefly, a size distribution was gener-
ated in 1 nm histogram bins. The particles were assumed to
be irregular hexagonal plates (both length and width mea-
sured in TEM negatives), and the surface area was calculat-
ed for a particle in each histogram bin. The total surface
area is obtained by multiplying the surface area of an
average particle from each bin by the fraction of the total
particles represented by that bin. Surface area of the
commercial sample was measured with a 6-point BET N,
isotherm after degassing for 24 h at 80 °C.

Powder X-ray Diffraction (XRD) was performed using a
Scintag powder X-ray diffractometer using Cu radiation
and a step size of 0.02 degrees 20.

For determination of the particle surface potential, min-
eral suspensions (0.5 g/L) were prepared with 0.01 M NaCl
in tubes individually adjusted to various pH values. Zeta
potential measurements were conducted from microeletro-
phoresis measurements collected using a Malvern Zetasizer
3000 HSa. Based on preliminary data and particle size, the
voltage applied to the capillary cell was set at 200 mV and a
Henry function (f(K,)) of 1.5 was used to calculate the zeta
potential.

2.2. Batch sorption experiments

Batch sorption experiments were performed in a Teflon
beaker contained within a custom-designed glass reaction

vessel. N, gas was passed through an O, trap and
hydrating CO, trap before bubbling into the reactor. A
floating Teflon magnetic stir bar provided agitation.
Positive pressure, necessary for CO, exclusion, was
observed using a gas outlet port leading to a water-filled
beaker. A Radiometer pHC3006 Ag/AgCl combination
electrode provided pH measurement. Cu was added as
solid CuCl,-2H,0. Solutions used to adjust pH were
0.1 M HNO3, 0.1 M NaOH, and 0.001 M NaOH. Reac-
tions occurred at room temperature, measured to be
20.5-21.5 °C. Equilibration time for each sample in these
experiments was 50 + 5 min. Samples were extracted and
centrifuged at forces up to 140,000 rcf for 15 min at 4 °C
before preservation in HCIl. Metal concentrations were
measured by ICP-AES. NaNO; (0.1 M) was chosen as
the electrolyte. Copper sorption has been shown to have
ionic strength dependencies (Rose and Bianchi-Mosquera,
1993) for Cu sorption onto quartz (Criscenti and
Sverjensky, 1999); however, no ionic strength dependence
has been observed for Cu sorption on iron oxides in nitrate
electrolytes (Swallow et al., 1980; Jung et al.,, 1998).
Additional experimental details are listed in Table 1.

3. Results and discussion
3.1. Particle characteristics

Average diameters for the particles are 7 nm, 25 nm
(synthetic samples from our laboratory), and 88 nm (Fish-
erbrand sample). Average heights of the 7 nm and 25 nm
samples were measured to be 1.4nm and 4.8 nm. The
shapes of the two smaller samples are pseudo-hexagonal,
as observed by TEM (Fig. 1a and b), while the commercial
sample is more irregular (Fig. 1c). Diffraction patterns of
7 nm and 25 nm samples have only d-spacings characteris-
tic of hematite (Fig. 2, top), while the Fisher sample pattern
is characteristic of hematite with maghemite (y-Fe,O3)
present as a minor impurity (Fig. 2, bottom). The XRD
patterns for the 7nm and 25 nm samples exhibit peak
broadening, an expected phenomenon (Waychunas,
2001). Surface areas were calculated for the in-house syn-
thetic samples as 188 m?/g and 62 m?/g for the 7 nm and
25 nm hematite, respectively. Surface area for the 88 nm
particles was measured to be 9.1 m?/g.

Table 1
Details for batch copper sorption experiments

7nm (1) 7 nm (2) 25 nm 25 nm 88 nm
Volume (L) 0.4 0.4 0.5 0.4 0.5
g NaNO; 3.52 3.52 44 3.99 4.788
mol/L NaNOj; 1.0E—01 1.0E-01 1.0E-01 1.2E—01 1.1E-01
mol/L Cu*" 4.5E—05 4.1E-05 2.933E-05 7.7712E-05 2.933E-05
Susp. density (g/L) 0.25 0.25 0.85 0.6 0.85
Surface area (m%/g) 188 188 62 62 9.1
Total mol Cu** 1.8E—05 1.6E—05 1.5E-05 3.1E-05 1.5E—05
mol Cu®*/m? 9.7E-07 8.7E—07 5.6E—07 2.1E-06 3.8E—06
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Fig. 1. TEM images of the (a) 7 nm average diameter, (b) 25 nm average diameter hematite, and (c) Fisherbrand 88 nm average diameter samples.
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Fig. 2. Top: XRD patterns of 7 nm (higher background), 25 nm (middle), and Fisherbrand (88 nm, bottom) hematite. Bottom: comparison of XRD
pattern from Fisherbrand sample with an idealized maghemite pattern using data from Pecharroman et al. (1995).

3.2. Cu sorption

Macroscopic sorption edges of Cu®" on hematite nano-
particles are shown as percent Cu sorbed/m?, normalized
to the highest sorption value in each experiment (Fig. 3).
The data in Fig. 3 represent initial Cu to surface ratios of
0.97, 0.87, and 0.56 pmol Cu/m? for the two 7 nm and
the 25 nm hematite experiments. Additionally, pH edges
are presented corresponding to higher Cu*" Cu:surface
ratios of 2.1 pmol Cu/m> on the 25nm particles and
3.8 umol Cu/m? on the 88 nm particles (data summarized

in electronic annex EA-1). Data for the 7 nm average diam-
eter particles represent the combination of two separate
experimental runs, while the other data sets correspond
to separate experiments.

All samples analyzed for Cu were also analyzed for Fe.
The presence of Fe is evidence that some particles were re-
tained in the supernatant after centrifugation or resuspend-
ed during supernatant removal. As the pH increases
through the edge, these extra particles will have bound
Cu that will influence the data in Fig. 3. However, the total
amount of Cu that is calculated to be associated with the
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Fig. 3. Batch Cu®*" sorption results, normalized for the maximum
sorption measured in each experiment.

remaining Fe in solution is extremely small relative to the
total amount of sorbed copper (Table EA1). Corrected
data are plotted in Fig. 4. Sorption data was corrected
for the amount of Fe-bound Cu by converting the mass
of Fe (mg/L) into a surface area (m?/L) using specific sur-
face areas (m?/g) of each sample. This calculated Fe
(hydroxide) surface area was multiplied by the total Cu/to-
tal surface area for each experiment (moles/m?) and a fac-
tor accounting for surface—solution distribution at each
pH. This factor was calculated using a linear function to
describe the sorption edge derived from those samples with
Fe below the detection limit (see example for the 7 nm sam-
ple as Fig. EAl in electronic annex EA-1).

Irrespective of the Fe correction, the data clearly indi-
cate a preference in Cu®" binding in the order
7 nm > 25 nm = Fisherbrand (88 nm average diameter).
The positions of the edges, as measured at 50% of maxi-
mum sorption, shift by approximately 0.6 pH units be-
tween experiments with the 7nm average diameter
hematite and all other experiments. The edge positions
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Fig. 4. Normalized batch Cu®" sorption results corrected for iron in
analyte solution.

are qualitatively consistent with other studies of Cu®" sorp-
tion on hematite, although the experimental conditions in
each design are reflected in the observed edge positions
(Christl and Kretzschmar, 1999; Peacock and Sherman,
2004).

Despite tendencies to hydrolyze, dimerize, and form sur-
face precipitates (e.g., Baes and Mesmer, 1986; Palmqvist
et al., 1997; Karthikeyan et al., 1999; Strawn et al.,
2004), sorption behavior on iron oxides at low to neutral
pH, low surface loadings, and low total copper is thought
to be adequately described by adsorption alone (Karthike-
yan and Elliot, 1999). Adsorption of Cu®* on iron and alu-
minum oxides occurs instantaneously relative to the
timescale of a sorption experiment; however, diffusion
along surfaces and into particle aggregates extends the time
required to achieve equilibrium (Swallow et al., 1980; Pad-
manabham, 1983; Grossl et al., 1994; Scheinost et al., 2001;
Subramaniam and Yiacoumi, 2001). If diffusion limitation
was responsible for causing the differences observed in Cu
sorption between the particle sizes, the trend should be
opposite—not as much Cu would be sorbed on the smaller
particles. Other possible rationalizations such as differences
in ionic strength, temperature, surface loading, and total
metal added also do not account for the observed trends.

3.3. Zeta potential

Zeta potential results for the hematite samples (0.5 g/L
in 0.1 M NaCl) are shown in Fig. 5. The point of zero char-
ge (pzc) is the same within error of the measurements,
approximately 8.8. Although there has historically been a
very large range in measured values for hematite, for the
last 20 years they typically fall in the range of 8.5-9.5, com-
pared with 7.8-7.9 for ferrihydrite (Cornell and Schwert-
mann, 1996). The 7 nm particles have a higher absolute
value of surface potential at any given pH than the
25 nm particles. One possible explanation is the presence
of lower-coordinated surface Fe ions. The surface charge
of maghemite, the oxidized form of magnetite, is higher

60
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Fig. 5. Zeta potential data for 7 nm and 25 nm hematite.
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than that of hematite (Watanabe, 1986). It follows that one
possible explanation for the increased surface potential of
the 7 nm particles is the presence of undercoordinated iron
ions, such as those found in maghemite. The hexagonally
close-packed oxygen sublattice of hematite can serve as a
template for cubic-close packed magnetite/maghemite do-
mains (Condon, 1998). Multiple surface terminations in
domain-like patches have been commonly observed with
tunneling microscopy (Wang et al., 1998; Eggleston,
1999; Shaikhutdinov and Weiss, 1999; Eggleston et al.,
2003). The pzc of maghemite has been measured to be
6.6 (Garcell et al., 1998) and 6.2 (Jarlbring et al., 2005)
due to the higher acidity of certain surface hydroxyl groups
relative to those on hematite (Watanabe and Seto, 1993). If
maghemite-like domains were present in large amounts on
the hematite nanoparticle surfaces, it might be expected
that the pzc would shift to a lower value.

The lack of a pzc shift between 7 nm and 25 nm hema-
tites suggests another mechanism may be responsible for
differential surface charging. One such hypothesis is that
some acute intersections of faces can lead to a higher pro-
ton accumulation possibly due to differential solvation near
particle edges. Based on molecular modeling of 2-8 nm
goethite particles, protons tend to accumulate in these re-
gions. It was suggested that experimentally this effect
would be observed as an increase in proton uptake without
a large effect on the pzc, which is consistent with the ob-
served zeta potential data (Rustad and Felmy, 2005). Other
explanations for the observed zeta potentials include subtle
differences in the solution ionic strength or the presence of
surface contaminants. Survey scans done with X-ray pho-
toelectron spectroscopy did not reveal the presence of
any contaminants other than adventitious carbon.

3.4. Changes in pH-dependent Ci’* binding as a function of

size

The pH-dependent adsorption of metal ions on mineral
surfaces is controlled by the properties of the ion, the solu-
tion, and the surface. The energetics of adsorption can be
described as

AGy, = AG::)hem + AG::)oul (1)

tot

in order to separate out the effects of chemical bonding at the
surface versus the work done to bring the ion through the
potential gradient at the surface (Schindler and Stumm,
1987; Stumm and Morgan, 1996; Sparks, 2003). Observed
changes in metal binding as a function of hematite nanopar-
ticle size are likely a result of changes to both components.

The results of the Cu sorption experiments do not sup-
port the dominance of electrostatic/coulombic interactions.
Although the 7 nm particles have a higher positive surface
charge below the pzc, they have a greater affinity for Cu®"
ions. However, another consideration is the behavior of
water near mineral surfaces. It has been suggested that
ion binding on mineral surfaces is related to solvation
and hydrolysis (James and Leckie, 1972). When the ion

approaches the surface, these terms can be related to the
dielectric constant of the mineral (Sverjensky and Sahai,
1996; Sahai and Sverjensky, 1997). Molecular dynamics
simulations indicate that the dielectric field near the edges
of goethite nanoparticles may be heterogeneous, leading
to regions where ions are preferentially solvated (Rustad
and Felmy, 2005).

The “intrinsic” free energy of adsorption, AGY,.,, de-
pends on the distribution of electron density between the
metal, surface, and nearby solution. On a heterogeneous
surface, sites which are more energetically favorable will
have lower AG,.., for example, AGy,.. (step) <AGy..,
(terrace). In relation to the current study, it is hypothesized
that the 7 nm hematite particles have a greater number of
surface heterogeneities that are energetically favorable for
Cu?" sorption. The effects of “surface roughness” have of-
ten been suggested as a reason why electrostatic surface
complexation models are not able to appropriately fit data
(Venema et al., 1998). These surface features likely provide
binding environments which stabilize the coordination of
Cu?". The onset of Cu?" sorption at lower pH for 7 nm
hematite particles than 25 nm suggests that binding envi-
ronments which are not present in significant amounts on
the larger particles are controlling the sorption behavior
onto the 7 nm particles.

3.5. Nature of high-affinity Cu binding sites

Several studies highlight the complex and dynamic nat-
ure of hematite surfaces (see Section 1). What is the nature
of the binding sites on the 7 nm particles that have higher
affinity for Cu®*? Many clues emerge from this work and
previous investigations. It is now established that features
such as edges, steps and adatoms give rise to most reactiv-
ity of surfaces in gas-phase reactions or in vacuum. At
these sites, metal ions tend to exist in coordinatively under-
saturated environments, where the coordination number of
the metal is often lower than in the bulk (Knozinger, 2000).
Several studies have documented increases in coordinative-
ly undersaturated metal cations on the surfaces on nano-
scale metal oxides, and a general principle seems to be
that particles less than 10 nm begin to exhibit significant
amounts of coordinatively understaurated surface cations.
For example, Zhang et al. (2004) found that single crystal
TiO, surfaces contained only sixfold coordinated Ti,
6 nm particles had 33% sixfold and 67% fivefold coordinat-
ed Ti, and 2 nm particles had 100% fivefold coordinated
surface Ti cations. Similar results have been suggested for
Fe,O3 materials (Chen et al., 2002; Rajh et al., 2002).
The ab initio study of Bergermayer et al. (2004) suggests
the presence of tetrahedrally coordinated iron atoms at
the hematite surface that can be stable under various pO,
regimes. They relate the prediction of these undercoordi-
nated iron atoms to the STM images of Wang et al.
(1998), and assign them a formal oxidation state of +35.

Different principles apply in solution, where oxygen
vacancies are filled by reaction with water. However,
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Fig. 6. Percentage of oxygen ions in the crystal calculated to be on the
edges, assuming close-packing of 0.13 nm O?~ along the extent of the
calculated perimeter, as a function of hypothetical hexagonal platelet
diameter.

surface ions are still affected by their bonding relationships
to the mineral. Sites with crystal chemical variability are
still generated near particle edges (Rustad and Felmy,
2005). Assuming that edges can be considered close-packed
chains of O®~ ions with ionic radius of 0.13 nm, the per-
centage of edge O°~ ions relative to the total number of
O’ ions in the crystal is presented in Fig. 6. As the particle
diameter becomes smaller than approximately 10 nm
(assuming equal width: height ratios to those measured
by AFM), edges begin to contribute substantially to the
particle surfaces. Considering that the 7 nm average
diameter hematite sample used in this study actually con-
tains a large percentage of the size distribution in this
range, it is very likely that edge sites with variable Fe—O
coordination exist in significantly greater proportion than
would on 25 nm or 88 nm hematite particles. It has been
previously suggested that Cu®" binding is initiated at step
edges on gibbsite (McBride et al., 1984) and at steps and
kinks on mica (0001) surfaces (Farquhar et al., 1996).

3.6. Implications for reactivity of metal ions on hematite
nanoparticle surfaces

The presence of these sites was hypothesized by Madden
and Hochella (2005), who noted that faster oxidation of
Mn>" to Mn*" on 7 nm hematite was consistent with the
presence of binding environments which stabilize Mn>"
(distorted octahedron) relative to Mn>" (perfect octahe-
dron). Changes in metal binding environments clearly have
implications for heterogeneous redox reactions, such as
Mn*" oxidation. In these cases, adsorption on the mineral
surface breaks the metal coordination symmetry, donates
electron density, and/or acts as an electron accepting elec-
trode to promote the redox reaction (for example, the reac-
tion between Mn>" and O,). Using in situ atomic force
microscopy, it was observed that on hematite basal planes
the MnOOH precipitates that form as a result of heteroge-
neous Mn”" oxidation in the presence of O, always initiat-

ed at the base of steps (Junta and Hochella, 1994), and that
the most accurate form of a rate law would explicitly in-
clude the distribution of topographic features (i.e., binding
environments) (Junta-Rosso et al., 1997). Unfortunately, it
is not always possible to have direct observations of all the
crystal faces involved in a powdered sample, and even more
difficult to make these observations on extremely small
particles.

Other lines of evidence support the idea that changes in
metal coordination have dramatic affects on metal reactiv-
ity. Previous studies of the effect of various ligands and
aqueous complexes on metal oxidation rates illustrate an
equivalent concept (e.g., Wehrli, 1990). For example, there
is a direct correlation between the difference in stability
constants of ligands for ferric and ferrous iron and the fer-
ric/ferrous redox potential (Table 2). Fig. 7 shows the
change in redox potential of iron complexes as a function
of the quantity

which simply represents the stability of the complex for fer-
ric vs. ferrous iron. Clearly, those complexes which stabi-
lize ferric iron are poor oxidants; they resist the
acceptance of an electron. In other words, those ligands

Table 2
Data for Fig. 6 (Stumm and Morgan, 1996; Dhungana and Crumbliss,
2005)

Complexant logK, logk, Difference  Eh at Source
ferric  ferrous pH 7 (V)
Desferrioxamine B 30.6 10.3 20.3 —0.468 a
Exochelin MS 28.86  10.1 18.76 —0.410 a
NTA2 12.7 0.100 b
EDTA 27.7 16.1 11.6 0.120 b
Salicylic acid 17.6 7.4 10.2 0.230 b
CN6 43.6 354 8.2 0.430 b
Citric acid 13.5 5.7 7.8 0.600 b

a, Dhungana and Crumbliss (2005); b, Stumm and Morgan (1996).

0.8

061 ¢
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0.2

0.0

-0.2 7

redox potential (V) at pH 7
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log K Fe3+L - log K Fe2+L

Fig. 7. Relationship between the preference of a ligand for ferric vs.
ferrous iron and its redox potential.
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encourage the transfer of an electron away from Fe*". Be-
cause the coordination geometry and electronic structure of
the iron-ligand complexes to the right of Fig. 7 are more
suitable for stabilizing Fe3+, the Fe?"/Fe" half cell reac-
tion occurs at much lower Ey than with ligands that stabi-
lize Fe** (left side of Fig. 7).

These relationships between redox potential and coordi-
nation environment are directly analogous to the present
study. Cu®" ions are most stable in distorted octahedral
coordination due to their d-electron configuration, as is
also the case for Mn**. On the other hand, Mn>" is most
stable in a symmetric octahedral crystal field. Thus, bind-
ing of Mn*" in distorted coordination environments on
mineral surfaces stabilizes Mn>" relative to Mn>", increas-
ing the thermodynamic driving force for the manganese
oxidation reaction. Future investigations should explore
metal sorption on iron oxide nanoparticles as a function
of size using ions without Jahn-Teller distortion such as
Co(II) and Ni(II).

4. Summary

The use of Cu®" as a probe metal for hematite nanopar-
ticle surfaces has demonstrated the unique reactivity of
nanoscale particles with diameters less than 10 nm. Specif-
ically, the affinity of Cu®" for hematite follows the order
7 nm > 25 nm = 88 nm. In agreement with recent spectro-
scopic evidence for metal binding on goethite-like nanom-
aterials (Waychunas et al., 2005), it is suggested that
distorted binding environments with reduced symmetry ex-
ist in increasing proportion on the surfaces of particles
smaller than approximately 10 nm. These sites may be
associated with particle edges or other topographic fea-
tures. Size-dependent changes in the surface structure of
nanominerals have implications for the unique reactivity
that likely occurs with these materials in the environment,
such as interfacial and redox processes.
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