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Transformation of ferrihydrite to hematite:
an in situ investigation on the kinetics and mechanisms
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ABSTRACT

The kinetics and mechanisms of the transformation of 2-line ferrihydrite (FH) to hematite (HM), in the
presence of Pb at elevated temperatures and high pH condition, were elucidated using synchrotron-
based, in situ energy dispersive X-ray diffraction (EDXRD). The time-resolved diffraction data
indicated that HM crystallization occurred via a two-stage process. Based on the EDXRD data,
combined with high-resolution electron microscopic images, an aqueous-aided 2D growth mechanism
is proposed for both HM crystallization stages.

Introduction

IrRON (oxyhydro)oxides (ferrihydrite, FH, hematite,
HM and goethite, GT) are ubiquitous and
environmentally significant in many terrestrial and
marine environments since they control the
speciation of many trace elements, including
contaminants (Cornell and Schwertmann, 2003).
Poorly-ordered ferric oxyhydroxide minerals will
tend to transform to more thermodynamically stable
minerals (e.g. ferrihydrite (FH) to hematite (HM)).
Several studies on the mechanisms of the FH to
HM transformation proposed that HM crystallized
via an aggregation and recrystallization/dehydration
process (Fischer and Schwertmann, 1975;
Schwertmann and Murad, 1983). Bao and Koch
(1999) used isotopic evidence to confirm this
mechanism and showed that water was involved
in the crystallization stage. Kinetic studies of HM
crystallization from FH suggested that the process
was pseudo-first order (Fischer and Schwertmann,
1975; Schwertmann and Murad, 1983; Ford et al.,
1999; Shaw et al., 2005).

It has been shown that various metals can affect
the stability and crystallization kinetics of FH.
Although the transformation of FH in the presence

of Pb has been investigated previously (Martinez
et al., 1997; Ford et al., 1999), the effect of Pb on
the kinetics and mechanisms of this process are
still not fully understood. The aim of this study
was to investigate the impact of Pb, temperature
and pH on the kinetics and mechanisms of FH
crystallization under alkaline conditions.

Materials and methods

FH was synthesized following the method of
Cornell and Schwertmann (2003). For the
transformation experiments, 2 g of freshly preci-
pitated FH were mixed with 15 ml of 1 m NaOH
solution and Pb was added immediately from a
21 mm stock solution to reach 20 mg Pb/g FH.
The system was equilibrated for 30 min prior to
the start of the transformation experiments, which
were preformed under isothermal conditions at
temperatures between 160 and 240°C. The
crystallization reactions were monitored in situ
using the time-resolved EDXRD facilities at
station 16.4 of the Synchrotron Radiation Source
(SRS), Daresbury Laboratory, UK. The details of
the station set-up and data treatment were
previously described in Shaw et al. (2000).
Diffraction patterns were collected at 1 min time
intervals. The areas under the diffraction peaks for

HM and GT were normalized and evaluated using
the Johnson-Mehl-Avrami-Kolmogorov model
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(JMAK) (Avrami, 1940) to extract reaction rates
and mechanistic information.

Offline experiments preformed at 180°C (in an
equivalent manner to the in sifu study) were
quenched at specific times (after 12, 22, 30, 54
and 100 min, immediately filtered through 0.2 pm
polycarbonate filters) and the starting material, all
intermediate quenched samples and the end
products were characterized by conventional
powder X-ray diffraction (XRD, Philips
PW1050 X-ray diffractometer, Cu-Ko), field
emission gun scanning electron microscopy
(SEM, LEO1530 at 3 keV) and field emission
gun transmission electron microscopy (TEM,
CM200 working at 197 kV). Finally, the
geochemical modelling package Geochemist’s
Workbench (RXN program, version 6.0) was
used to evaluate the solubility of HM and GT at
the temperatures of interest.

Results and discussion

The time-resolved diffraction patterns indicate a
two-stage crystallization process (Fig. 1a). In the
first stage HM and GT both crystallized from FH,
while in the second stage GT transformed to HM.
In stage 1, both HM and GT peaks started
growing after induction periods (Table 1) while
in stage 2 HM peaks continued to grow until they
reached a maximum while GT peaks decreased.
The evaluated data showing the normalized areas
vs. time (Fig. 1b) confirmed that the transforma-
tion occurred in two stages.

Although GT was predicted to form at high pH
conditions (e.g. Schwertmann and Murad, 1983;
Shaw et al., 2005) the HM observed in this study
has recently been reported for other systems

reacted at high pH (e.g. Davidson ef al., 2008 and
references therein). In addition, comparing the
solubilities of HM and GT at pH 13 and the
temperatures of interest revealed that HM was
more stable than GT in all cases (data not shown).
It is therefore likely that the high temperatures
and the large solid/solution ratio (2 g FH/15 ml
solution) in this study favoured the formation of
HM over GT. The XRD results from the offline
experiments combined with the SEM and TEM
images also confirmed the observed two-stage
reaction. Interestingly, fitting the decay of GT
yielded rates that were similar to the rates of HM
growth (Table 1) and thus overall, the data
implied that HM crystallized from GT in the
second stage.

The kinetic parameters determined from the
JMAK fitting include the exponential factor (n),
which is related to the reaction mechanism,
induction times (t,) and reaction rates (k)
(Table 1). The derived n values were 1 and 2
for the first and the second stages, respectively.
An n of 1 for the first stage (pseudo first order) is
in agreement with previous studies (Fischer and
Schwertmann, 1975; Schwertmann and Murad,
1983; Ford et al., 1999; Shaw et al., 2005). For
the second stage an n of 2 implies a surface-
controlled reaction with a zero nucleation rate
(Hulbert, 1969). The derived kinetic parameters
(Table 1) are consistent with thermally-activated
processes.

The apparent activation energies for nucleation
(Eagyc,)) and crystallization (Eays)) of HM in
both stages were determined from Arrhenius plots
(Table 1). The Eagyc,) of the first stage is in the
range of activation energies for aqueous transport
controlled reactions (<21 kJ/mol; Lasaga, 1998)

TaBLE 1. Kinetic parameters for growth of HM (110) and decay of GT (110). Errors (205)
for activation energies (given in parentheses) were calculated by regression statistics.

Hematite Goethite
Stage 1 —— Stage 2 Stage 2 (decay)

7(°C) to(s) k(sh k(s k(s
160 745 12x107* 19%107° —
180 530 43%x107* 61x107° 68 x107°
200 418 96 x 1074 210x107° 217%x107°
220 421 123 x 1074 332%x107° 312x107°
240 360 259 x 107 408 x10° 398 x 1073
Eague, (kJ/mol) 16(£3) - -
Eaeryst (kJ/mol) 67(+8) 73 (£11) -
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FiG. 1. (a) 3-dimensional time-resolved EDXRD patterns; and () the transformed fraction for the FH to HM and GT
transformation at 180°C. In (b) the growth of HM (both stages) and the decay of GT (stage 2) were fitted with the

JMAK model.

and is comparable to other published values
(Shaw et al., 2005, 24(x1) kJ/mol). Previous
studies (Fischer and Schwertmann, 1975; Shaw et
al., 2005) proposed that the nucleation of HM
from FH was driven by the aggregation of FH.
Thus, it is likely that the formation of HM nuclei
in the present study is also a consequence of the
aggregation of FH. Previous studies proposed that
the crystallization of HM from FH occurred via
dehydration — rearrangement processes but with
the involvement of local water (Fischer and
Schwertmann, 1975; Bao and Kock, 1999). The
Ea(erys) for the first HM crystallization stage
(Table 1) was comparable to a published activa-
tion energy (Shaw et al., 2005, 69(+6) kJ/mol)
and corresponds to an activation energy for a
dissolution/precipitation reaction (>34 kJ/mol;
Lasaga, 1998). Furthermore, the presence of
plate like HM crystals implied that this crystal-
lization stage was controlled by a 2D growth
process. Therefore, it can be concluded that in
stage 1 HM crystallized via an aqueous-aided 2D
growth mechanism. This mechanism agrees well
with previous studies (Bao and Koch, 1999; Shaw
et al., 2005; Davidson et al., 2008). However, the
presence of Pb in the current study did not alter
the mechanisms of the FH to HM transformation.

The Eacryse) of HM crystallization from GT in
the second stage (Table 1), is in agreement with a
previous high-pH transformation study that also
obtained HM as the end product (Davidson ef al.,
2008; 100.3 kJ/mol) and again fits well with
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values suggested for dissolution/precipitation
processes (>34 kJ/mol; Lasaga, 1998). Again this
was confirmed by SEM and TEM imaging, which
revealed HM associated with GT but showed no
evidence supporting a solid-state transformation of
GT to HM. It is, therefore, hypothesized that in the
second stage HM crystallized from GT via an
aqueous-aided 2D surface controlled process with
zero nucleation rate.

Conclusion

This study showed that HM formed from FH via a
two-stage crystallization process, with GT as an
intermediate phase. The data strongly support an
aqueous-aided 2D growth mechanism and the
results suggest that Pb has little to no effect on the
transformation mechanisms but that its presence
favoured the formation of HM over GT.
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