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INTRODUCTION

Research into the material properties of nanoparticles (<100 
nm) has seen growing interest in recent years. Particles in the 
nanometer size range are ubiquitous in nature, and their occur-
rence ranges from ultra-Þ ne mineral dust in the atmosphere 
to nanocrystalline initial precipitates in the hydrosphere (e.g., 
Hochella 2002). Although it is increasingly recognized that the 
physical and thermodynamic properties of small particles may 
differ from those of larger particles (e.g., Ganguly et al. 1994), 
the extent of these variations in the nanodomain is known for 
relatively few materials. For example, various properties in the 
mineral hawleyite (β-CdS) have been observed empirically to 
change dramatically between the nanoscale and larger particle 
sizes. The properties of nanoscale β-CdS, relative to microm-
eter-sized and larger particles, include a fourfold decrease in 
melting temperature (Goldstein et al. 1992) and a factor of 4 
increase in the pressure at which the tetrahedral to octahedral 
coordination transition occurs (Tolbert and Alivisatos 1995). 
These dramatic contrasts reß ect the differences in particles at 
the nanoscale relative to those at the micrometer or larger scale. 
Additionally, because of the substantial increases in surface area 
that occur with decreasing size, a signiÞ cant proportion of atoms 
in nanoparticles occur near the surface, markedly changing the 
reactivity of nanoparticles (Trudeau and Ying 1996). 

QuantiÞ cation of surface reactivity in nanoparticles has re-
mained relatively unexplored. Most work has focused on changes 
in material properties at the nanoscale that have direct industrial 
and environmental applications, including the electronic prop-
erties of semiconductor nanomaterials (e.g., Waychunas 2001; 
Hochella 2002) and the mechanical and magnetic properties 
of nanoparticulate industrial catalysts (e.g., Trudeau and Ying 
1996). Research into the surfaces of nanomaterials has been 
aimed primarily at understanding the bonding characteristics of 
atoms in surface sites (e.g., Zhao et al. 1994; Manceau and Gates 

1997), but such studies do not directly assess surface reactivity. 
The nanoparticulate ferrihydrite (3 nm) selected for the present 
experimental work is ideal for investigating surface reactivity, 
given its increased surface area to volume ratio as a function of 
its reduced particle size.

Ferrihydrite is a naturally occurring nanoparticulate Fe3+ 
hydroxide that is commonly produced by oxidation of aqueous 
Fe(II) solutions at neutral pH. With time, nanoparticulate fer-
rihydrite grains tend to aggregate and coarsen to >100 nm-sized 
particles (Cornell and Schwertmann 1996). Long-term aging of 
ferrihydrite produces different Fe oxides, including goethite, lepi-
docrocite, hematite, or magnetite, depending on environmental 
conditions such as pH, temperature, and the chemical composi-
tion of ambient ß uids. Understanding the surface reactivity of 
ferrihydrite is therefore important to studies of Fe oxide mineral-
ogy of sediments, and surface reactivity also plays a critical role 
in sorption of numerous environmental contaminants (e.g., Stipp 
et al. 2002). Attenuation or release of toxic metals in groundwater 
systems is also controlled by the reactivity of ferrihydrite. Un-
derstanding the rates, magnitude, and mechanisms of exchange 
of nanoparticulate ferrihydrite is important for studies of Fe3+ 
oxy/hydroxides in natural environments. 

We anticipate that isotopic exchange at room temperatures 
will be largely limited to surface atoms because of the very 
slow solid-state diffusion of Fe in minerals at low temperatures. 
Although solid-state diffusion is relatively rapid at high tem-
peratures, where, for example, at 800 °C complete Fe exchange 
in 1 μm magnetite would be expected to occur in 10�3 to 1 year 
(Freer and Hauptman 1978), extrapolation of this diffusion rate 
to low temperatures suggests very long isotopic equilibration 
times even for nanometer-sized crystals, >1015 years. Although 
there is uncertainty in extrapolation of a single diffusion coef-
Þ cient to low temperatures, it serves to illustrate that solid-state 
diffusion at low temperatures will occur at very slow rates (if at 
all), presumably longer than the geologic timescales over which 
diagenetic alterations in ferrihydrite would occur. * E-mail: clarkj@geology.wisc.edu
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ABSTRACT

The extent and rate of Fe-isotope exchange between aqueous Fe(III) atoms and those at the nanopar-
ticulate ferrihydrite surface have been constrained using a 57Fe-isotope tracer approach. Isotopic ex-
change was determined between hexaquo Fe(III) and 3 nm ferrihydrite under conditions analogous to 
natural environments at the equilibrium solubility of nanoparticulate ferrihydrite. Within approximately 
11 days, the percent Fe-isotope (atom) exchange increased to a maximum of 26 ± 5%, and remained 
constant within error over the remaining 12-week time of the experiment, suggesting that Fe-isotope 
exchange is limited to Fe atoms in available surface sites. These results conÞ rm earlier work that 
used NTA- and EDTA-bearing solutions, which concluded isotopic exchange is largely limited to Fe 
at surface sites. Our results, however, which were obtained in dilute aqueous solutions at the natural 
solubility of 0.12 ppm aqueous Fe(III) (pH = 4.7), demonstrate that isotopic exchange rates are one to 
two orders of magnitude slower in the absence of Fe(III)aq-complexing ligands. 


