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INTRODUCTION

Ferrihydrite is a poorly ordered Fe oxyhydroxide mineral 
commonly found in soils, groundwater aquifers, lake sediments, 
and hot- and cold-spring deposits. Due to its poorly ordered and 
nanoparticulate (<10 nm) nature, ferrihydrite is thermodynami-
cally unstable with respect to the crystalline Fe-oxyhydroxide 
phase goethite (Schwertmann 1999). In many soil and sedimen-
tary systems, ferrihydrite conversion to goethite controls goethite 
occurrence and distribution (Cornell and Schwertmann 2003). 
The rate and mechanism of this transformation is dependent upon 
several physical and chemical factors, including temperature, pH, 
Eh, and Fe(II)(aq) concentration. Because ferrihydrite and goethite 
exhibit different crystal structures and particle sizes, this phase 
conversion can signiÞ cantly modify mineral surface reactivity, 
e.g., sorption and redox properties. Identifying the reaction 
pathways and quantiÞ cation of the rate of this transformation 
are essential to understanding the evolution of ferrihydrite, the 
formation of goethite, and their subsequent impact in low-tem-
perature, near-surface environments.

The conversion of ferrihydrite to goethite occurs sponta-
neously in acidic and basic solutions through reconstructive 
transformation involving the dissolution of ferrihydrite and 
reprecipitation of goethite (Schwertmann and Murad 1983; 
Nagano et al. 1994). At circumneutral pH, ferrihydrite is highly 
insoluble and the conversion to goethite can only proceed in 
the presence of a catalyst such as Fe(II)(aq) (Tronc et al. 1992; 
Fredrickson et al. 1998; Benner et al. 2002; Glasauer et al. 2003; 

Hansel et al. 2003). Because Fe(II)(aq) is stable and accumulates 
in high concentration under anoxic non-sulÞ dic conditions, this 
transformation pathway can play an important role in the forma-
tion of goethite at redox transition zones. However, the rate of 
transformation is poorly constrained, largely due to a lack of in 
situ real-time data.

Synchrotron radiation-based energy dispersive X-ray dif-
fraction (ED-XRD) allows an entire diffraction pattern to be 
collected on the contents of a reaction vessel in situ and on short 
time scales (seconds to minutes). This non-invasive technique 
can be used to characterize the changes in crystal structure dur-
ing mineral crystallization and transformation reactions (e.g., 
Shaw et al. 2000; Cahill et al. 2000). In this study, we applied 
ED-XRD to investigate the conversion of 2-line ferrihydrite to 
goethite in oxygen-free solutions in the presence of Fe(II)(aq) at 
temperatures ranging from 21 to 90 °C. The experimental data 
provide important information about the transformation mecha-
nism at circumneutral pH and can be used to quantify the rate of 
ferrihydrite transformation to goethite via the Fe(II) pathway.

EXPERIMENTAL METHODS

Synthetic 2-line ferrihydrite was prepared by adding 40 g of Fe(NO3)3·9H2O to 
500 mL of distilled deionized water and slowly titrating the solution with 1 M NaOH 
until the solution pH reached 7.0 (Schwertmann and Cornell 2000). The precipitate 
was rinsed Þ ve times with distilled deionized water, then washed three times with 
deoxygenated water (doubly distilled, 18 MΩ water, boiled under constant ß ow of 
O2-free N2) and Þ nally bubbled with O2-free N2 for 1 h to remove any O2 dissolved 
in solution or sorbed to the mineral surfaces. After purging with N2, the mineral 
suspension was immediately transferred into an anaerobic glove-box (95% N2 + 
5% H2), and 10 mL aliquots of ferrihydrite suspension were placed into glass vials 
that contained a Teß on-coated magnetic stirrer. The glass vials were then sealed 
with butyl rubber stoppers and crimped. An aliquot of the starting suspension was * E-mail: nyee@andromeda.rutgers.edu
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ABSTRACT

In this study, we quantiÞ ed the rate of ferrihydrite conversion to goethite via the Fe(II) pathway 
using synchrotron radiation-based energy dispersive X-ray diffraction (ED-XRD). Ferrihydrite trans-
formation experiments were conducted in oxygen-free solutions at neutral pH with synthetic 2-line 
ferrihydrite reacting with 100 mM Fe(II). The kinetics of goethite crystallization was measured in situ 
at temperatures ranging from 21 to 90 °C. The results showed that in the presence of ferrous iron, the 
transformation of poorly ordered ferrihydrite into crystalline goethite is rapid and highly dependent 
on temperature. The time-resolved peak area data Þ tted using a Johnson-Mehl-Avrami-Kolmogorov 
(JMAK) kinetic model yielded rate constants of 4.0 × 10�5, 1.3 × 10�4, 3.3 × 10�4, 2.27 × 10�3, and 3.14 
× 10�3 1/s at reaction temperatures of 21, 45, 60, 85, and 90 °C respectively. The activation energy 
for the transformation was determined to be 56 ± 4 kJ/mol. Comparison with the activation energy 
predicted for the phase conversion in the absence of ferrous iron indicates that Fe(II) acts as a catalyst 
that decreases the activation energy barrier by approximately 38 kJ/mol. The kinetic parameters derived 
from the experimental data suggest that goethite crystallization is controlled by a 1-D phase boundary 
growth mechanism with a constant nucleation rate occurring during the reaction. 
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