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abstract

Structural characteristics of Fe3+ oxide/silica co-precipitates were investigated. The association 
between these materials is relevant to practically all natural aqueous systems due to the prevalence of 
iron and silicon in the Earth’s crust. Crystallographic information is very difficult to obtain from these 
precipitates due to the nanocrystalline nature of ferrihydrite and the amorphous structure of precipitated 
silica. Several previously undetermined key insights were gained into the structure of iron oxide/silica 
co-precipitates through this examination. The distribution of iron and silicon throughout co-precipitate 
particles is illustrated along with the influence of their association. Evidence to the governing fac-
tor behind differences in apparent crystallinity is also presented. This information culminates in the 
formulation of a precipitation pathway, displaying the formation of the co-precipitates.
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introDuction

Precipitation products formed by the hydrolysis of Fe3+ are 
abundant throughout natural systems and industrial processes 
(Cornell and Schwertmann 1996). Iron hydrolysis commonly 
occurs in the presence of soluble silicates, and the precipita-
tion products thus often contain associated silicon (Doelsch 
et al. 2000). Ferrihydrite is a naturally occurring, nanocrystal-
line iron oxyhydroxide with a generally accepted chemical 
formula of 5Fe2O3·9H2O (Schwertmann and Cornell 2000). It 
is a metastable phase that can persist for a long time in natural 
systems, but over time will transform to other iron phases such 
as goethite and hematite (Schwertmann et al. 1999). The distinc-
tion between phases of ferrihydrite, the two most recognizable 
being 6-line and 2-line, is made based on the number of major 
peaks observed in the powder X-ray diffraction pattern (6-line 
has six peaks) (Jambor and Drits 1998). Although often referred 
to as amorphous, it produces broad diffraction peaks due to its 
characteristic nanoscale primary particles; it is actually a nano-
crystalline material.

Controversy on the subject of the structure of ferrihydrite, 
and specifically on structural differences between 2-line and 
6-line ferrihydrite, has arisen as a result of the challenges in ap-
plying conventional diffraction techniques to poorly crystalline 
materials or to those composed of nanoscale crystallites. There 
is literature stating that differences in the lattice structure of in-
dividual crystallites in ferrihydrite alter the apparent crystallinity 

of the bulk material (Janney et al. 2000), while others suggest a 
particle size effect, claiming that the number of XRD peaks is 
governed by the size of the coherent scattering domains (Drits 
et al. 1993). Guyodo et al. (2006) provided evidence indicating 
that ferrihydrite samples of varying individual particle size had 
similar structures. While the samples in the Guyodo et al. study 
produced XRD patterns of apparently varying crystallinity, all 
displayed six peaks, so no conclusions about the structural rela-
tionship between 2-line and 6-line ferrihydrite could be drawn, 
although it could be inferred. However, the work of Michel et 
al. (2007) provided strong support for the idea that differences 
in the apparent crystallinity of 6-line and 2-line ferrihydrite 
arise from variation in crystallite size by presenting synchrotron 
pair distribution function (PDF) data obtained from ferrihydrite 
samples with apparently intermediate structures ranging from 
6-line to the 2-line phase. Differences in the attenuation point of 
the PDF signal obtained from these samples reflected the smaller 
average primary particle size of the less crystalline samples. The 
similarity in peak positions in the PDF plots indicated a con-
sistent structure between 6-line and 2-line ferrihydrite. Similar 
approaches in interpretation of PDF data have been applied to 
other systems in multiple studies (Billinge et al. 2000; Hall et al. 
2000; Michel et al. 2005; Neder and Korsunskiy 2005).

A pair distribution function describes the probability of find-
ing a pair of atoms at a given separation (Egami and Billinge 
2003). PDF analysis was selected as it is a technique that is not 
limited to the Bragg peaks associated with crystalline compo-
nents, and instead treats the total scattering data. This method-
ology therefore provides insights into crystalline, amorphous, 
nanocrystalline, homogeneous, and heterogeneous materials 
alike. In this article, the technique was applied using X-ray 
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