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FORMATION OF GOETHITE AND HEMATITE FROM
NEODYMIUM-CONTAINING FERRIHYDRITE SUSPENSIONS
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Abstract—The effects of neodymium (Nd) on the transformation of ferrihydrite to iron oxides was
studied. The possible isomorphous substitution of Nd** for Fe** in iron oxides was examined also. Nd
was used as an inactive substitute of trivalent radioactive actinide elements. Hydrolysis of ferric nitrate
solution containing 0-30 mole % of Nd formed Nd, Fe-rich ferrihydrite as initial precipitates, which were
poorly crystalline. Aging of the Nd-containing ferrihydrite in 0.3 M OH~ at 40°C and at pH 9.2 at 70°C
formed Nd-free goethite and Nd-substituted hematite. The abundance of these crystalline phases was
related to Nd in the parent solutions. Phase abundance, unit-cell parameters, and peak width were esti-

mated by use of the Rietveld method.
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INTRODUCTION

In a geological repository for high-level nuclear
waste forms, iron minerals will be generated as a result
of corrosion of engineered barrier materials and weath-
ering of natural iron-containing minerals. These iron
minerals are expected to fix some hazardous radionu-
clides released from the waste forms, and to retard the
migration of these radionuclides in ground water. The
freshly formed iron mineral, ferrihydrite, is poorly
crystalline, and has a large capacity for sorption and/
or incorporation of foreign elements (Sakamoto and
Senoo, 1994). Under the redox conditions prevailing
near the surface of the earth, ferrihydrite is likely to
crystallize into more stable phases, e.g., goethite or
hematite (Schwertmann and Murad, 1983). These
crystalline phases have a smaller surface area and low-
er capacity for sorption than the ferrihydrite precursor
(Payne et al., 1994). During the crystallization pro-
cess, an adsorbate may be partially released into
ground water. In addition, the crystal structure of iron
minerals may be influenced by foreign elements.

In pedogenic environments, iron minerals play an
important role in the fixation of foreign anions and
cations (Schwertmann and Taylor, 1989). For instance,
an aluminum ion (Al**) can be substituted for Fe3* at
the octahedral site of the goethite structure because it
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has the same valence and a similar ionic radius: 0.0535
nm for YAI*+ and 0.0645 nm for ¥Fe3+ (Schulze, 1984;
Schulze and Schwertmann, 1984, 1987; Shannon,
1976).

Actinide elements such as uranium, neptunium, plu-
tonium, americium (Am), and curium (Cm) have var-
ious ionic radii and valences (II to VII), and may be
bound to iron minerals by other fixation mechanisms
(compared to aluminum). These mechanisms also de-
pend on redox conditions and temperature. However,
the number of studies of the fixation mechanisms of
these elements and of their modes of incorporation
into crystalline iron oxides is limited (Gerth, 1990).

In the present paper, we investigate the effect of
neodymium (Nd) on the transformation of ferrihydrite
to iron oxides, and the possibility of isomorphous sub-
stitution of Nd3* for Fe?* in the goethite or hematite
structure. Lanthanide neodymium is used as an inac-
tive substitute for trivalent radioactive actinide ele-
ments, because it has a similar chemical behavior. In
particular, it is similar in ionic radius in six-fold co-
ordination: 0.0983 nm (¥Nd3**), 0.098 nm (YAm**),
and 0.097 nm (“Cm?3*) (Shannon, 1976). For this rea-
son, the results of experiments involving Nd may be
extrapolated to these actinide elements in their triva-
lent state.

EXPERIMENTAL METHODS
Preparation

Aqueous solutions (200 mL) of ferric nitrate (0.2
M) and neodymium nitrate (0.2 M) were mixed to at-
tain Nd/(Nd + Fe) mole ratios of 0, 2, 5, 7, 10, 15,
20, and 30%. The mixtures were hydrolyzed by ad-
justing the pH to ~7.5 with aqueous ammonia. The
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Figure 1. Powder XRD patterns of initial precipitates from
Fe- and/or Nd-containing solutions. A label of NF,, repre-
sents a precipitate from a parent solution having x% of Nd/
(Nd + Fe) mole ratio.

mixtures were poured into a dialysis tube, and the re-
sulting precipitates were washed with distilled water
in a 1-L beaker at 15°C. The conductivity of the water
was measured and the water replaced with freshly-dis-
tilled water daily. After dialyzing for 10 d, the con-
ductivity of the wash water became nearly constant. A
small portion of the precipitates was freeze-dried.

Deionized water was added to the dialyzed suspen-
sion sample to compensate for the volume reduction
during the dialysis. This suspension was then divided
into two portions. A 2 M solution of sodium hydroxide
was added to one portion until the amount of excess
OH- was 0.3 M. This mixture was aged in an oven at
40°C for 10 d. These conditions are favorable for the
formation of goethite only. A 0.2 M aqueous solution
of sodium nitrate was added to the other portion of
the suspension to achieve the ionic strength of 0.1, and
the pH of the mixture was adjusted to ~9.2 with aque-
ous ammonia. This mixture was aged in a polyethylene
bottle in a thermostated oven at 70°C for 9 d. Under
these conditions, both goethite and hematite form. The
resulting precipitates were washed in dialysis tubes at
15°C for 10 d and freeze-dried.

Characterization

The samples were examined using transmission
electron microscopy (TEM) (Hitachi, H-800) com-
bined with energy dispersive X-ray spectrometry
(EDX) (Kevex, 7000). Before measurement, sediments
were ultrasonically dispersed in deionized water, the
pH of which was adjusted to ~10.5 with aqueous am-
monia. Several drops of the suspension were air-dried
on a plastic microgrid.

Samples were also subjected to powder X-ray dif-
fractometry (Rigaku, Geigerflex). X-ray diffraction
(XRD) data were collected using CoKa radiation at 40
kV and 20 mA, over the range 20-120 °26 at a step
size of 0.05 °20 and a counting time per step of 7 s.
Known amounts (~10 wt. %) of silicon powder from
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the National Bureau of Standards (SRM 640b) were
added to samples as an internal standard.

The Rietveld method (Rietveld, 1969) was used in
the processing of XRD data to estimate phase abun-
dance (Hill and Howard, 1987; Hill, 1993) and unit-
cell parameters. The Rietveld program was developed
by Wiles and Young (1981) and Howard and Hunter
(1997). The background was defined by a four-param-
eter polynomial in (20)", where n = —1-2. The dif-
fraction profile was fitted by a pseudo-Voigt function
in which the pseudo-Voigt parameter vy, was refined.
The peak width H was varied in accordance with H?
= W + Vtanf + Utan?0, where W, V, and U are re-
finable parameters. In addition, unit-cell parameters,
scale factor, and positional parameters were refined.
The positional parameters for the Fe, O, and H atoms
in the goethite unit cell and for the Fe and O atoms in
the hematite unit cell were taken from Forsyth et al
(1968) and Blake et al. (1966), respectively. Site oc-
cupancy fractions of individual atoms were fixed.

Absolute weight fractions F, (wt. %) of crystalline
components p were estimated using the following
equation: F, = F(W/W_100/(100 — F,), where F, is
the weight fraction (wt. %) of the internal standard
added, and W, and W, are relative weight fractions
(wt. %) of the components p and the standard, respec-
tively, determined by the Rietveld-derived method.
The weight fraction of ferrihydrite was determined by
difference from unity of the sum of the determined
absolute weight fractions of all identified crystalline
components. The mean coherence length (MCL,,;) of
goethite perpendicular to the (020) plane was estimat-
ed from the refined peak width and the instrumental
broadening, determined with 20-37-pm size quartz,
using the Scherrer formula (Schwertmann and Cornell,
1991).

RESULTS
Initial coprecipitates of Fe and Nd

Figure 1 shows XRD patterns of initial coprecipi-
tates of Fe and Nd. An initial coprecipitate obtained
from a parent solution having x% of Nd/(Nd + Fe)
mole ratio is termed NF, . The pure Fe precipitate
(NF,,.;0) displays broad peaks near 40 and 73 °26,
which are attributed to 2-line ferrihydrite (Schwert-
mann and Cornell, 1991). The coprecipitates (NF,_,;-
NF,,.0) also give two broad peaks owing to the 2-line
ferrihydrite. The intensities of these two characteristic
peaks gradually decrease with increasing Nd/(Nd + Fe)
ratio in the parent solutions. The peak near 73 °20 in
NF;0.n;: 18 very low in intensity. In addition, the peak
positions are gradually shifted to lower angles with
increasing Nd/(Nd + Fe) ratio, and the peak near 40
°26 in NF,,,, is displaced to ~38 °20 in NF,q ;.

In a preliminary experiment using neodymium ni-
trate alone, hydrolysis products above pH ~ 7.5 con-
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Figure 2. Bright-field TEM images of Nd-containing ferri-
hydrite aged in 0.3 M OH  at 40°C: (a) 5% and (b) 30% Nd/
(Nd + Fe) mole ratios. Scale bars in the images (a) and (b)
represent 100 nm and 1 wm, respectively.

sisted mainly of crystalline neodymium hydroxide
[Nd(OH),]. The solubility of Nd(OH), in neutral and
alkaline solutions is negligibly small (Rao er al,
1996). However, the initial coprecipitates of Fe and
Nd were poorly crystalline as shown in Figure 1.
These results imply that neodymium was mostly in-
corporated into the ferrihydrite structure to form a Nd-
O/OH-Fe linkage. This is consistent with the peak po-
sition at 40 °26 gradually shifting to lower angles with
increasing Nd because the ionic radius of “INd** is
larger than that of viFe?*.
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Figure 3.

Selected arca electron diffraction pattern obtained
from an aggregate of small particles in NFy, 4.

Aging products in 0.3 M OH™ ar 40°C

Figure 2 shows TEM images of Nd-containing fer-
rihydrite aged in 0.3 M OH~ at 40°C. An aging prod-
uct obtained from a parent solution having x% of Nd/
(Nd + Fe) mole ratio 1s termed NF, 4. The morpho-
logical observations revealed that the NF,_,, sample
consisted only of acicular crystals (Figure 2a), which
are goethite (see below). The NF;,_,, sample contained
an aggregate of small particles of other phases in ad-
dition to the acicular goethite (Figure 2b).

The goethite in NF;_,, has a crystal length of =500
nm and a width of 10-30 nm (Figure 2a), whereas the
goethite in NF,,_,, has a crystal length of 5 um at
maximum and a width of 100-200 nm (Figure 2b).
The MCL,,, of NFs_,, is 14 nm (Table 1) and corre-
sponds well to the width of goethite crystals observed
in Figure 2a, whereas the MCL,,, of NF;,_,, is 23 nm
and much smaller than the crystal width observed in
Figure 2b because of the domain character of the goe-
thite. EDX spectra obtained from the goethite crystals
in NF;, ,, showed that the goethites contained only Fe
and no Nd.

Figure 3 shows a selected area electron diffraction
pattern of the aggregate of small particles shown in

Table 1. Summary of the Rietveld refinement for goethite (Gt) in aging products in 0.3 M OH™ at 40°C.

Gt unit cell parameters'

Gt content MCLyy,

Sample (wt. %) a (nm) b (nm) ¢ (nm) (nm)
NF;_4 76(1) 0.46235(8) 0.9954(1) 0.30244(4) 10
NF, 4 68(1) 0.46240(8) 0.9957(1) 0.30246(4) 11
NFE, 40 66(1) 0.46191(7) 0.9960(1) 0.30241(3) 14
NF,_4 57.1(9) 0.46151(7) 0.9961(1) 0.30243(3) 14
NFig.40 45.5(8) 0.46163(8) 0.99610(3) 0.30240(3) 17
NF5_40 27.9(6) 0.4614(1) 0.9958(1) 0.30238(4) 21

2040 22.1(7) 0.4615(2) 0.9958(2) 0.30240(6) 25
NF;y.40 16.0(9) 0.4613(3) 0.9960(3) 0.3023(1) 23

! Standard deviations in brackets are quoted in units of least significant figure of main value.

https://doi.org/10.1346/CCMN.1999.0470609 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1999.0470609

Vol. 47, No. 6, 1999

1024
Cu-qrid
Fe
£
3
4
>
oSz Nd .
v
Z
§ Nd
= l\
Cu-grid
Cu-grid Fe
Nd La
0 A e v .
0 5.12 10.24
ENERGY (keV)

Figure 4. Typical energy spectrum obtained from aggregates
of small particles in NF;; 4.

Figure 2b. The pattern indicates that this phase is poor-
ly crystalline. Figure 4 shows a typical energy spec-
trum from the aggregate, which consisted mainly of
Fe and Nd. The aggregates also contained La derived-
from an impurity in the Nd reagent, apart from Cu due
to the microgrid. The d-value calculated from the ra-
dius of the halo in Figure 3 is ~2.8 A, and this is
consistent with the value of ~2.75 A obtained from
the XRD of NF;,,; (Figure 1).

Figure 5 shows XRD patterns of precipitates aged
in 0.3 M OH- at 40°C for 10 d. All lines in samples
of NF,_,-NF,,_,, are from goethite and the Si standard.
In the XRD patterns of NF,s_,-NF,, 4, however, weak
additional reflections at 32.3, 33.7, 37.5, 47.3, and
58.4 °28 are due to neodymium hydroxides (Roy and
McKinstry, 1953).

Figure 6 shows the results of the Rietveld refine-
ment for NF,_,,, and Table | gives absolute proportion
and unit-cell parameters of the goethite. The propor-
tion of goethite decreased with increasing Nd/(Nd + Fe)
ratio, indicating the inhibition effect of Nd on the for-

INTENSITY

°26 CoKa

Figure 5. Powder XRD patterns of aging products in 0.3 M
OH" at 40°C. A label of NF,,, represents an aging product
from an initial precipitate of NF, ;. All peaks belong to goe-
thite, except those marked Si and % are silicon and Nd(OH),,
respectively.
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Figure 6. Plot showing the Rietveld method fit to NF, , in
Figure 5. The observed data are indicated by crosses, and the
calculated pattern is the continuous line. The short vertical
lines below the pattern mark the positions of all Bragg re-
flections from goethite (top) and silicon (below). The lower
curve is the difference between the observed and calculated
pattern.
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mation of goethite from Nd-containing ferrihydrite.
The b and c values were nearly constant in experi-
ments with Nd, whereas the a value slightly decreased
with increasing Nd content to 7 mole %, above which
it became constant. Schwertmann et al. (1985) report-
ed that goethite with smaller crystal width has a great-
er amount of H,O in the structure and higher a values,
although & and ¢ do not change significantly with crys-
tal width. Therefore, higher a values in the present
paper are probably related to structural defects and/or
site vacancies. These defects and vacancies produce
excess OH in the structure (Schwertmann and Stanjek,
1998), because crystal widths, represented by the
MCL,,,, in samples with lower Nd/(Nd + Fe) ratios,
are smaller (Table 1).

Aging products at pH 9.2 and 70°C

Figure 7 shows XRD patterns of products aged at
pH 9.2 and 70°C for 9 d. The dominant iron oxides
are dependent on the Nd/(Nd + Fe) ratio of the parent
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Figure 7. Powder XRD patterns of aging products at pH 9.2
and 70°C. A label of NF, ,, represents an aging product from
an initial precipitate of NF, ;. The labels G, H, and Si stand
for goethite, hematite, and silicon, respectively.
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Table 2. Summary of the Rietveld refinement for hematite (Hm) and goethite (Gt) in aging products at pH 9.2 and 70°C.

Hm unit cell parameters!

Gt unit cell parameters'

Hm content Gt content

Sample (wt. %) a (nm) ¢ (nm) (wt. %) a (nm) b (nm) ¢ (nm)

NFEq_s0 65.3(5) 0.50378(2) 1.37595(4) 12.5(3) 0.46062(7) 0.9968(1) 0.30216(3)
NF,_o 53.4(5) 0.50395(2) 1.37660(4) 19.0(3) 0.46083(5) 0.99654(9) 0.30227(2)
NF,_, 34.0(5) 0.50424(3) 1.37817(5) 20.5(4) 0.46115(6) 0.9964(1) 0.30237(3)
NF, ., 22.4(5) 0.50433(4) 1.37911(8) 31.2(6) 0.46095(5) 0.9965(1) 0.30237(2)
NF 7 — — — 52.9(7) 0.46115(4) 0.99669(6) 0.30240(2)
NFy5 7 — — — 23.6(7) 0.46143(9) 0.9972(1) 0.30229(4)

! Standard deviations in brackets are quoted in units of least

solutions. With the Nd/(Nd + Fe) mole ratios of 0—
7%, both goethite and hematite are present, whereas
only goethite is observed for the Nd/(Nd + Fe) mole
ratios of 10-15%. For higher Nd/(Nd + Fe) ratios,
poorly crystalline material alone is present. Since the
XRD profile of the NF,,_,, is similar to that of NF, ..
(Figure 1), the poorly crystalline phase is likely Nd-
containing ferrihydrite which survived the aging.

The proportion and unit-cell parameters of goethite
and hematite are summarized in Table 2. Figure 8
shows the relationship between the proportion of iron
oxides and the Nd/(Nd + Fe) ratio of a parent solution.
The proportion of hematite decreases with increasing
Nd/(Nd + Fe) ratio and is negligibly small at the ratio
of =10%. On the other hand, the proportion of goe-
thite increases with increasing Nd/(Nd + Fe) ratio
(=10%), and then decreases to zero at 20%. The con-
tent of ferrihydrite increases with increasing Nd/(Nd + Fe)
ratio and reaches 100 (wt. %) at the ratio of 20%.

Morphology (Figure 9a) as observed by TEM also
showed that the NF,_,, sample consisted of two phases:

120

T
—&— hematite

—{F— goethite
—>— ferrihydrite

T

Proportion of iron minerals

=20 I !
0 10 20 30

Nd/(Nd + Fe) mole ratio (%)

Figure 8. Proportion of iron minerals in aging products at
pH 9.2 and 70°C as a function of Nd/(Nd + Fe) ratio in the
parent solution.
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significant figure of main value.

one acicular in shape (goethite) and one subrounded
(hematite). An electron diffraction pattern (Figure 9b)
along the [4843] zone axis for the subrounded crystal
shows that the phase was hematite. Since hematite in
NFE,_,, contained Nd as well as Fe (Figure 10) and both
a and c for the hematite gradually increase with in-
creasing Nd/(Nd + Fe) ratio (Table 2), the Fe in the
hematite structure is probably replaced partly by Nd.

Figure 9.

(a) Bright-field TEM image, and (b) selected area
electron diffraction pattern (zone axis, [4843]) for hematite
in an aging product of NF,_;, at pH 9.2 and 70°C. The scale
bar in the image (a) represents 40 nm.
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Figure 10. Typical energy spectrum obtained from hematite
in the aging product of NF,_,, at pH 9.2 and 70°C.

DISCUSSION

Sesquioxides of Nd (Nd,O;) occur in two forms,
hexagonal (A-type) and cubic (C-type). The hexagonal
form is the most common at elevated temperature
(Haire and Eyring, 1994). The similarity in the struc-
tures of hematite and the A-type Nd,O; favors the for-
mation of the Nd-substituted hematite. In this substi-
tution, the unit cell must expand as shown in Table 2,
since the ionic radius of ¥INd** (0.0983 nm) is greater
than that of ¥IFe’* (0.0645 nm) (Shannon, 1976).

A decrease in the hematite proportion with increas-
ing Nd/(Nd + Fe) from O to 10% (Figure 8) indicates
that hematite formation was hindered by Nd. On the
other hand, the goethite proportion increased to 10%
of Nd/(Nd + Fe) and decreased above 10% (Figure
8). This implies that Nd initially promotes the forma-
tion of goethite to 10%, and inhibits goethite formation
above 10%. The initial increase in the goethite pro-
portion may be explained by arguing that goethite
formed at the expense of hematite. This was suggested
for the “‘competitive”” formation mechanism of goe-
thite and hematite (Cornell and Schwertmann, 1996).
Because the sum of the goethite and hematite propor-
tion, as determined by subtraction of the ferrihydrite
proportion (Figure 8) from 100 (wt. %), tends to de-
crease with increasing Nd/(Nd + Fe) to 20%, Nd hin-
dered conversion of ferrihydrite, even during the com-
petitive process. The increase in the goethite propor-
tion to 10% of Nd/(Nd + Fe) suggests that the process
promoting the formation of goethite would have over-
come the iphibition process under these conditions.

The ability of Nd to inhibit goethite and hematite
formation may be explained by considering the for-
mation mechanisms of the two oxides. Previous stud-
tes suggested that goethite crystallizes through disso-
lution of ferrihydrite and consecutive precipitation of
Fe as goethite, whereas hematite grows through de-
hydration and/or rearrangement of ferrihydrite (Feit-
knecht and Michaelis, 1962; Schwertmann and Fi-
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scher, 1966; Cornell et al., 1989). The Nd-O/OH-Fe
linkage, as stated above, probably suppresses dehydra-
tion, internal rearrangement, and dissolution of the Nd-
containing ferrihydrite. Therefore, the conversion to
goethite and/or hematite is inhibited.
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