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INTRODUCTION

The hydrolysis of Fe3+ and Fe2+ ions in solution to yield iron 
oxides and oxyhydroxides is sensitive to various reaction condi-
tions, and the control of such reactions is of great importance 
in the synthesis of iron oxides with speciÞ c particle properties 
for applications in advanced material technologies (Cornell and 
Schwertmann 2003). It is also of relevance to understanding the 
mechanisms of iron oxide formation in soils, biomineralization, 
and hydrometallurgical processing industries, where iron oxides 
often must be removed from process streams as an unwanted 
byproduct. Formation of iron oxides in soils is sensitive to 
several pedoenvironmental factors including temperature, soil 
hydrology, pH, the presence of dissolved ions, and the nature of 
other minerals present in the soil. The effects of such factors on 
the precipitation kinetics and product morphology of iron oxide 
and oxyhydroxide phases under laboratory conditions can thus 
provide useful models for the pedogenesis of iron minerals in 
relevant soil environments (Cornell and Schwertmann 2003). 

The Þ rst phase to precipitate in hydrolysis of iron is usually 
ferrihydrite�a poorly crystalline oxide that is given the nominal 
formula 5Fe2O3⋅9H20. Ferrihydrite is metastable, and under the 
right conditions it will transform to more crystalline and thermo-
dynamically more stable phases, such as goethite [α-FeO(OH)] 
and hematite (α-Fe2O3). The effect of pH on the formation of 
goethite and hematite from ferrihydrite is well documented. As 
a means to understanding the formation of goethite and hematite 
in soils, Schwertmann and Murad (1983) measured the relative 
amounts of these two phases formed at ambient temperature and 
pH ranging from 2.5 to 12, with reaction times of up to 3 years. 
They found that hematite formation is generally promoted at 
pH near neutrality, and at high temperatures, whereas goethite 
is the more stable phase at acidic pH (roughly pH 2 to 5) and at 
moderate temperatures (Schwertmann and Murad 1983; Schw-
ertmann et al. 1999).

Several studies have investigated the effects of organic li-
gands on the products of Fe3+ hydrolysis (Schwertmann 1969; 

Cornell and Schwertmann 1979; Cornell 1985; Cornell and 
Schneider 1989; Reeves and Mann 1991; Jones et al. 2003), but 
so far none has examined the inß uence of sulÞ des as solid-phase 
additives for iron oxide formation. 

This paper describes the effect of addition of sphalerite (ZnS) 
particles to an Fe3+ sulfate system, at a pH where the trans-
formation from ferrihydrite to goethite is normally very slow 
and considerably favored over hematite formation. The results 
have important implications for the understanding of possible 
mechanisms of iron oxide precipitation in soils and acidic mine 
drainage environments, and provide insight into potential means 
of controlling the formation of iron oxide phases in mineral 
processing streams.

EXPERIMENTAL PROCEDURE

The transformation of ferrihydrite under the standard conditions of our batch 
experiments was Þ rst investigated in the absence of any ZnS, at three different pH 
values (1.9, 2.86, and 3.5). The purpose of these experiments was to determine 
which phases formed at each solution pH, and to assess the crystallinity of those 
phases after a 5 hour reaction time at a Þ xed temperature of 85 °C. In these experi-
ments, Fe3+ sulfate solutions (300 mL, 0.25 or 0.16 mol/L Fe3+) were prepared in a 
batch reactor and warmed to 85 °C with agitation provided by an overhead stirrer. 
The solution was then neutralized to the desired pH by addition of a small volume 
(∼10�15 mL) of 10 mol/L NaOH solution. The resulting 2-line ferrihydrite suspen-
sion was then kept at 85 °C, with stirring, for a period of 5 hours, while the pH 
was maintained via drop-wise additions of dilute H2SO4 or NaOH solutions when 
required. The iron oxide precipitate was then collected by Þ ltration, washed with 
de-ionized water and dried in air at 55 °C. Filtrates were retained for inductively 
coupled plasma atomic emission spectrometry (ICP-AES) analysis.

The effects of ZnS on the transformation of ferrihydrite were investigated in 
a set of experiments at pH 3.5, where the only variation to the above method was 
the addition of a speciÞ c concentration of ZnS powder to the reaction mixture 
immediately before neutralization with NaOH. ZnS was added at concentrations 
of 0.5, 1.0, and 10.0 g/L. The ZnS powder was supplied by Pasminco Ltd., and 
was ground and sieved to less than 63 μm before use. Its purity was conÞ rmed by 
XRD analysis. In one experiment, with 1.0 g/L ZnS added, the reaction mixture 
was sampled at regular intervals over the 5 hours of the experiment, but in other 
experiments only the Þ nal reaction products were collected.

Powder X-ray diffraction patterns of the precipitates were recorded with a 
Phillips Xʼpert X-ray Analytical Powder Diffractometer using CoKα radiation. 
Total iron and zinc concentrations in Þ ltrate solutions were determined by ICP-
AES analysis. The Fe2+ concentration was determined by titration with potassium 
dichromate. Transmission electron micrographs (TEM) were recorded with a JEOL 
2011 TEM operating at 200 kV. The samples were dispersed in de-ionized water 
with the aid of ultra-sonication, then cast and dried onto a conventional holey 
carbon-coated copper grid. 
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ABSTRACT

The addition of ZnS particles to suspensions of ferrihydrite promotes the formation of the more 
crystalline phases goethite [α-FeO(OH)] and hematite (α-Fe2O3) at pH ∼ 2�3 and 85 °C. This previ-
ously undocumented effect appears to arise from surface-mediated reduction of Fe3+ species to Fe2+ 
with associated dissolution of ZnS.


