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The role of Al in the formation of secondary Ni precipitates
on pyrophyllite, gibbsite, talc, and amorphous silica: A DRS study
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Abstract—Formation of secondary Ni precipitates is an important mechanism of Ni retention in neutral and
alkaline clay/water systems. However, the structure and composition of these secondary phases, and their
stability is still disputable. Using existing structure refinement data and new ab-initio FEFF 7 calculations we
show that Ni-edge X-ray absorption fine structure spectroscopy alone may not be able to unequivocally
discriminate four possible candidate compounds:a-Ni(OH)2, the isostructural but Al-substituted layered
double hydroxide (Ni-Al LDH), and 1:1 and 2:1 Ni-containing phyllosilicates. Hence, we investigated the
potential of diffuse reflectance spectroscopy (DRS) in determining in situ the Ni phase forming in the presence
of four sorbents, pyrophyllite, talc, gibbsite, and amorphous silica. The3A2g 3

3T1g(F) band (n2) of
octahedrally coordinated Ni21 could be reliably extracted from the reflectance spectra of wet pastes. In the
presence of the Al-free talc and amorphous silica, then2 band was at'14,900 cm21, but shifted to 15,300
cm21 in the presence of Al-containing pyrophyllite and gibbsite. This shift suggests that Al is dissolved from
the sorbent and substitutes for Ni in brucite-like hydroxide layers of the newly forming precipitate phase,
causing a decrease of the Ni-O distances and, in turn, an increase of the crystal-field splitting energy.
Comparison with Ni model compounds showed that the band at 14,900 cm21 is a unique fingerprint of
a-Ni(OH)2, and the band at 15,300 cm21 of Ni-Al LDH. Although the complete transformation ofa-Ni(OH)2
into a Ni phyllosilicate causes a significant contraction of the Ni hydroxide sheet as indicated by band
positions intermediate to those ofa-Ni(OH)2 and Ni-Al LDH, incipient states of silication do not influence
Ni-O distances and cannot be detected by DRS. The first evidence for the formation of a precipitate was
obtained after 5 min (pyrophyllite), 7 hr (talc), 24 hr (gibbsite), and 3 days (amorphous silica). For both
pyrophyllite and talc, where sufficiently long time series were available, then2 energy slightly increased as
long as the Ni uptake from solution continued (3 days for pyrophyllite, 30 days for talc). This may be explained
by a relative decrease of relaxed surface sites due to the growth of crystallites. Our study shows that the
formation of botha-Ni(OH)2 and Ni-Al LDH may effectively decrease aqueous Ni concentrations in soils and
sediments. However, Ni-Al LDH seems to be thermodynamically favored when Al is available.Copyright
© 1999 Elsevier Science Ltd

1. INTRODUCTION

Recent studies have shown that the formation of secondary
precipitates plays an important role in the retention of Ni and
Co by clay minerals (Chisholm-Brause et al., 1989; Charlet and
Manceau, 1994; O’Day et al., 1994a; 1996; Scheidegger et al.,
1996a; 1998; Towle et al., 1997). Although the development of
three-dimensional precipitates has been unequivocally proven
by using X-ray absorption fine structure (XAFS) spectroscopy,
their exact composition and structure has not been definitively
determined. To match the observed Me–O and Me–Me dis-
tances, these researchers proposed either the formation of hy-
drotalcite-like layered double hydroxides (LDH; isomorphs of
pyroaurite and green rust), 1:1 and 2:1 layer silicates, or the
epitaxial growth of metal hydroxide monolayers at the surface
of clay minerals with shorter bond distances compared to the
free hydroxide. Another possible candidate not taken into ac-
count so far is the turbostratic, vacancy-rich variety of nickel
hydroxide,a-Ni(OH)2 (Bode et al., 1966; Pandya et al., 1990).

It is evident that a precise knowledge of the nature of these
precipitates is crucial to predict the fate of Ni and Co in the

environment, because the solubility of the precipitates strongly
depends on their structure and composition. Scheidegger and
Sparks (1996) found the precipitate that had formed in the
presence of pyrophyllite more resistant to dissolution than
b-Ni(OH)2 at pH 4 and 6. Unpublished results from our group
showed that the solubility of Ni reacted with pyrophyllite and
talc decreased with increasing residence time, suggesting an
alteration of the precipitate over time. Possible explanations for
this alteration are (1) growth of larger crystals due to uptake of
Ni from the solution or from smaller crystals by Ostwald
ripening; (2) recrystallization to a more stable phase (e.g.,a- to
b-Ni(OH)2); (3) changes in the elemental composition of a
solid–solution (e.g., the Ni/Al ratio of LDH); or (4) transfor-
mation of LDH to a layer silicate by the attachment of SiO2

polymers to the hydroxide layer, a process that has been ob-
served in synthetic hydrothermal systems (Schutz and Biloen,
1987; Depe`ge et al., 1996).

Determination of the structure of the precipitates is ex-
tremely difficult because of their low crystallinity and their
dilution in a well-crystalline, Si- or Al-rich sorbent matrix.
Thus, methods like X-ray diffraction (XRD), neutron diffrac-
tion, FTIR or NMR cannot be used for structural analysis. All
of the candidate phases have a similar short-range order which
makes their discrimination based on XAFS-derived Ni–O and
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Ni–Ni distances impossible (see below). Therefore, other meth-
ods like TEM in combination with electron diffraction, XPS,
and thermal methods have been used in addition to XAFS to
elucidate the structure of similar precipitates (d’Espinose de la
Caillerie et al., 1995; Burattin et al., 1997; Towle et al., 1997).
It is evident that the reliability of the structure determination
increases with the number of independent methods used; the
intention of this study is to evaluate the potential of DRS in
contributing to the characterization of the precipitates.

The crucial factor in the formation of Ni-Al LDH versus
a-Ni(OH)2 is the availability of Al. Results of d’Espinose de la
Caillerie et al. (1995) and of Scheidegger et al. (1998) suggest
a metal-promoted dissolution of the sorbents. However, in the
study by Scheidegger et al. (1998) the concentration of Al in
solution remained below detection limit (,50 ppb). To clarify
whether Al is a prerequisite for the formation of a Ni-Al LDH
secondary precipitate, we used pyrophyllite (Al2Si4O10(OH)2)
and gibbsite (g-Al(OH)3) as Al-containing sorbents, and talc
(Mg3Si4O10(OH)2) and amorphous silica (SiO2) as Al-free
sorbents. The sorption process was monitored over a period of
four months to study aging effects. The precipitates forming at
low Ni concentrations in the presence of sorbents were com-
pared to model Ni compounds.

1.1. Limitations of XAFS in Identifying Ni Precipitates

The candidate phases for the secondary precipitates are com-
posed of similar structural elements. Botha-Ni(OH)2 and
Ni-Al LDH consist of brucite-like layers (Fig. 1). The Al-
for-Ni substitution in these layers creates a net positive charge
that is balanced by hydrated anions in the interlayer space. In
the case of the pure Ni hydroxide layers ofa-Ni(OH)2, the net
positive charge is assumed to be created by hydroxyl vacancies
(Génin et al., 1991) or by hydroxyl protonation (Kamath and
Therese, 1997). Attaching SiO2 polymers on one or both sides
of the mono or double hydroxide layers generates 1:1 and 2:1
phyllosilicates.

Ni–O and Ni–Ni distances of the Ni candidate phases have
been collected from the literature (Table 1). Missing Ni struc-
tures were substituted by the corresponding Mg compounds,
justified by the similar ionic radii of Ni21 (69 pm) and Mg21

(72 pm) (Shannon, 1976). For comparison, the atomic distances
of secondary Ni precipitates formed in the presence of pyro-
phyllite, gibbsite, and montmorillonite are shown in Table 1.
The accuracy of XAFS-derived interatomic distances is60.01
to 0.02 Å (Brown et al., 1988; O’Day et al., 1994b). Therefore,
the Ni–O and Ni–Ni distances of the secondary precipitates
coincide with those ofa-Ni(OH)2, Ni-Al LDH, nepouite, and
pimelite, making the assignment to one phase arbitrary. Only
the distances ofb-Ni(OH)2 and Ni carbonate are significantly
different and therefore, can be excluded as possible candidates.

Discrimination of the other phases requires, however, the
detection of Al atoms at a distance about the same as that of Ni
or of Si neighbors at distances of 3.29 Å (1:1 phyllosilicate) or
3.24 Å (2:1 phyllosilicate) (Table 1). Ab-initio FEFF 7.0 cal-
culations (Zabinsky et al., 1995) have been performed to in-
vestigate the influence of the weak backscatterers Si and Al on
the Ni edge XAFS (Figs. 2 and 3). In accordance with the
results of Manceau (1990), Al substituting for Ni dampens the
second-shell amplitude, whereas Si at the larger distance of
3.24–3.29 Å enhances the second-shell amplitude. Conse-
quently, fitted coordination numbers below the crystallographic
value of 6 for the second shell may indicate the presence of Al,
whereas a value above 6 may indicate Si. However, small
clusters of nickel hydroxide with a high percentage of octahe-
dra at edge positions and therefore, with less than six neigh-
bors, or the presence of additional outer sphere sorbed Ni
without neighbors, may reduce the statistical coordination num-
ber as well. Hence, neither bond distances nor coordination
numbers of the first Ni–O shell and the first Ni–metal shell
allow an unequivocal assignment to one of the possible phases.
At higher radial distance, R, from the absorbing atom, a phase
shift caused by Al or Si at the given distances from the central

Fig. 1. Structure and composition ofa-Ni(OH)2 in comparison to layered Ni–Al double hydroxide (LDH). The RNi–Ni of
a-Ni(OH)2 is 3.07 Å (Pandya et al., 1990) and that of LDH is 3.05–3.08 Å (Bellotto et al., 1996). Both are turbostratic with
a d-spacing of about 8 Å depending on the interlayer anions (Ge´nin et al., 1991).
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Ni should be detectable. In practice, however, the low overall
signal resulting from relatively low concentrations of Ni in the
reacted clay samples, the decrease of the signal-to-noise ratio
with increasing R, and the accumulation of multiple scattering
paths at higher R may prevent a proper assignment (Manceau
and Decarreau, 1988).

1.2. Potential of DRS in Identifying Ni Precipitates

Electronic spectroscopy has a long tradition in determining
oxidation state and coordination of transition metals in minerals
and synthetic compounds, using both transmission and diffuse
reflectance techniques (Orgel, 1952; Lever, 1984; Burns,
1993). Due to its ability to probe low concentrations of cations
with short-range order only and in situ, recently DRS has been
used to study Ni and other transition metals in catalysts
(Schoonheydt et al., 1987; Weckhuysen et al., 1994; Kermarec
et al., 1995; Verberckmoes et al., 1995; Davidson et al., 1996).
The bands detected by this technique are caused by the splitting
of the energy levels within the incompletely-filled shell of 3d
electrons through symmetry-dependent interaction with the
negative charge of the surrounding ligands. For Ni21 (3d8) in
octahedral coordination, three spin-allowed transitions are pre-
dicted to arise from the ground level3A2g in the UV-VIS-NIR
spectral range covered by our investigation (Fig. 4) (Liehr and
Ballhausen, 1959). The lowest energy transition,3A2g(

3F) 3
3T2g(

3F) (bandn1), is a linear function of only the crystal-field
splitting energy Dq, whereas the other two transitions,3A2g(

3F)
3 3T1g(

3F) (bandn2) and3A2g(
3F)3 3T1g(

3P) (bandn3), are
functions of Dq and Racah-B (Lever, 1984; Burns, 1993). A
spin-forbidden triplet-singlet transition,3A2g(

3F) 3 1Eg(
1D)

(band sf), may be enhanced by spin-magnetic coupling withn2
when close enough to this spin-allowed band (Reinen, 1966).

From crystal-field theory, a fifth-power relationship between
the metal–ligand bond distance and Dq could be derived (Le-
ver, 1984), which recently has been confirmed by ab-initio

molecular-orbital calculations (Krasovska et al., 1997). Thus,
band energies ofn1, n2, andn3 should be shifted by even small
changes in metal–ligand distances. The second factor influenc-
ing the band energies ofn2 andn3, Racah-B, varies with the
covalence of the metal–ligand bond (Lever, 1984). Although
the covalence is mainly determined by the electronic properties
of a given metal–ligand pair, a reduction of the metal–ligand
distance by inducing pressure did not only change Dq, but also
Racah-B (Abu-Eid and Burns, 1976).

Using polarized transmission spectroscopy for determining
the 3d band positions, Faye (1974) found a positive relationship
between RNi–O of several Ni minerals and band positions, and
Reinen (1969) observed band shifts for a solid–solution con-
taining the larger Cr31 versus the smaller Al31. Using a refined
method to extract the band positions from DRS spectra, Schei-
nost et al. (1999) showed a similar trend for Al substitution in
goethite. Because of its higher sensitivity to changes of first-
shell bond distances, DRS favorably complements short-range
order determinations by XAFS (Marco de Lucas et al., 1995).
Therefore, we expect the spin-allowed bands of Ni21 to shift
toward higher energies when Al substitutes for Ni in hydroxide
layers and decreases RNi–O.

2. MATERIALS AND METHODS

The N2-BET surface areas of the sorbent phases used in this study
are 95 m2 g21 for pyrophyllite, 75 m2 g21 for talc, 25 m2 g21 for
gibbsite, and 90 m2 g21 for the amorphous silica (Zeofree 5112, Huber
Company). The mean particle size of the amorphous silica is 10mm
(Microtrac method), particle size of the other sorbents is,2 mm
(Stokes diameter). XRD showed minor impurities of kaolinite and
quartz in pyrophyllite, about 10% bayerite in the gibbsite, and about
20% chlorite in talc, whereas the amorphous silica was pure. After acid
digestion, an Al/Mg ratio of 0.01 was found for the talc sample,
confirming its low Al content. Therefore, even with these impurities,
the classification of the sorbents as Al-rich (pyrophyllite, gibbsite) and
Al-poor (talc, silica) phases is valid. Preparation of the samples was as
described in Scheidegger et al. (1996b; 1998). Ni model compounds

Table 1. Atomic distances of Ni-reacted clay minerals (top) in comparison with those of matching (middle) and non-matching Ni compounds
(bottom).

Sample RNi2O/Å CN RNi2Ni/Å CN RNi2Al/Å CN RNi2Si/Å CN Method Source

Pyrophyllite 2.05 (5.5) 3.05 (4.9) 3.08 (1.7) XAFS (Scheidegger et al., 1998)
(1 d)
Gibbsite 2.04 (5.8) 3.06 (6.6) 3.10 (3.1) XAFS (Scheidegger et al., 1998)
(28 d)
Montmorillonite 2.04 (6.1) 3.07 (6.5) 3.11 (1.0) XAFS (Scheidegger et al., 1998)
(38 d)

Hydrotalcite 2.01 (6.0) 3.05 (3.0) 3.05 (3.0) XRD (Bellotto et al., 1996)
(Mg/Al 5 2)
Hydrotalcite 2.04 (6.0) 3.08 (5.0) 3.08 (1.0)
(MG/Al 5 5)
Talc/Pimelite 2.06 (6.0) 3.06 (6.0) 3.24 (4.0) XRD (Perdikatsis and Burzlaff, 1981)
Ni/Al LDH 2.05 (6.5) 3.06 (4.8) 3.06 (1.4) XAFS (d’Espinose de la Caillerie et al., 1995)
a-Ni(OH)2 2.04 (5.8) 3.07 (5.7) XAFS (Pandya et al., 1990)
Lizardite/ 2.06 (6.0) 3.08 (6.0) 3.29 (2.0) XRD (Mellini, 1982)
Nepouite

b-Ni(OH)2 2.07 (6.0) 3.13 (6.0) XRD (Greaves and Thomas, 1986)
NiCO3 2.08 (6.0) 3.62 (6.0) XRD (Pertlik, 1985)

Coordination numbers are given in parentheses.

3195Role of Al in the formation of secondary Ni precipitates



were synthesized as described in Table 2, and identified by XRD and
FTIR (A. C. Scheinost and R. G. Ford, unpublished).

Experiments were run at pH 7.5 and 22°C in a background electro-
lyte of 0.1 M NaNO3. An initial Ni concentration of 1.5 mM and a
solids concentration of 5 g/L was used. These experimental conditions,
including the initial solids surface area to total Ni concentration, are
consistent with conditions used by Scheidegger et al. (1997; 1998).
Experimental systems were either saturated (V 5 1.08) or undersatu-
rated with respect tob-Ni(OH)2 based on reported solubility constants
which range from logK5 210.8 to logK 5 218 (Mattigod et al.,
1997).

The sorbents were hydrated in the background electrolyte for 24 hr
on a reciprocal shaker. The suspensions were then transferred to a pH
stat apparatus, and vigorously stirred with a magnetic stir bar and
purged with N2 to eliminate CO2. The pH was adjusted to 7.5 using
0.1 M NaOH. After equilibration for 2 hr, an appropriate amount of Ni
from a 0.1 M Ni(NO3)2 stock suspension was added in three steps
within a 2 min period to achieve the initial Ni concentration of 1.5 mM.
The pH was controlled for 2–4 days by using the pH stat apparatus
(60.05 units) followed by manual adjustments (60.2 units) for the
subsequent aging periods. After the desired reaction periods, aliquots of
the suspension were collected and immediately centrifuged at 14,000
rpm and 2°C for 5 min. The supernatant was passed through a 0.22mm
membrane filter and analyzed for Ni, Si, Al, and Mg by ICP. The
amount of Ni sorbed was calculated from the difference between the
initial and the final Ni concentrations. The remaining wet pastes were
washed once with 0.1 M NaNO3 to remove excess Ni in the entrained
electrolyte, and centrifuged again. The samples were analyzed by DRS
immediately after sampling.

Diffuse reflectance spectra were measured with a double-beam
Lambda 9 spectrophotometer equipped with a Spectralon-coated inte-
grating sphere 5 cm in diameter (Perkin Elmer). The wavelength was
internally calibrated against the emission lines of deuterium. Spectra
were recorded from 1600 to 300 nm in 1 nm steps, with a scan speed
of 60 nm/min, a response time of 2 s, and a NIR gain of 2. Collection
time for each spectrum was 30 min. In the visible range, a constant slit
width of 2 nm was used for the monochromator, and the reflected
radiation was detected with a photon multiplier detector. In the NIR

range, the slit width was automatically increased with decreasing wave
number to maintain a sufficient energy throughput to the PbS detector.
The wet pastes were filled in an aluminum holder 10 mm in diameter
and 1 mm in depth protected by parafilm. The pastes were covered with
a microscope cover slide to allow measurement of the sample in a
vertical orientation. To account for absorption by the glass slide, the
reflectance was calibrated against a Spectralon standard (Labsphere)
covered with another slide. Possible aging effects for samples collected

Fig. 2. Full multiple-scattering FEFF simulations showing the damp-
ening of the Ni–Ni amplitude by increasing Al-for-Ni substitution
(given as number of atoms in the first metal shell). The clusters are
based on the structure of Mg:Al5 5 hydrotalcite (Bellotto et al., 1996).
The endmember with 6 Ni is analogous toa-Ni(OH)2 based on RNi–O

and RNi–Ni given by Pandya et al. (1990).

Fig. 3. Full multiple-scattering FEFF simulations of clusters of
pimelite, nepouite, and Ni–Al LDH (from top to bottom), derived from
the structures of talc (Perdikatsis and Burzlaff, 1981), lizardite (Mellini,
1982) and hydrotalcite (Bellotto et al., 1996), respectively.

Fig. 4. Crystal-field splitting of Ni21 in octahedral coordination.
Energy levels,E, are given as functions of the crystal-field splitting
energy,Dq, and the Racah parameterB. Units of both axes are cm21/
cm21.
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at reaction times shorter than 12 hr were avoided by initially scanning
through the 900 to 500 nm range (10 min). As shown later, this spectral
range brackets then2 band most important for analysis. After this step,
a scan across the full spectral range was collected.

3. RESULTS AND DISCUSSION

3.1. Kinetics of Ni Removal

As shown in Fig. 5, 95% of Ni was removed from solution
within 3 days by pyrophyllite and within 4 wk by talc. In the
presence of gibbsite, 50% of Ni was removed within 4 months.
Although data on amorphous silica were collected only for 26
days, a trend similar to that of gibbsite is evident. The much
faster reaction with pyrophyllite than with gibbsite is consistent
with results shown by Scheidegger et al. (1998). In that study,
however, pyrophyllite removed 95% of Ni in,1 day, and
gibbsite removed 90% within 24 days. The slower reaction

kinetics in our study may be explained by the lower Ni con-
centration (1.5 mM instead of 3 mM) reducing the (unknown)
degree of supersaturation with respect to the forming precipi-
tates (explained below). The presence or absence of Al in the
sorbents does not seem to be a major factor controlling the
kinetics of precipitation, because the reaction kinetics of both
the pyrophyllite and talc systems are similar and much higher
than those of the gibbsite and silica systems.

As in the study by Scheidegger et al. (1998), the Al concen-
tration in solution was below the detection limit. Si (pyrophyl-
lite, talc, and amorphous silica) and Mg (talc), however, were
released during reaction with Ni (Fig. 6), indicating sorbent
dissolution. In the case of pyrophyllite, the Si release was
almost log-linear over four months and did not decrease when
the Ni concentration reached a steady state after 3 days. This
may indicate that at least the long-term dissolution of pyro-
phyllite was not enhanced by Ni, in contrast to the Ni-promoted
dissolution suggested by earlier work (d’Espinose de la Cail-
lerie et al., 1995; Scheidegger et al., 1998).

3.2. Identification of Secondary Precipitates by DRS

The raw diffuse reflectance spectrum of hydrated, unreacted
pyrophyllite (Fig. 7, top spectrum) shows OH overtone and
combination bands resulting from structural hydroxyls and
water at about 6900 cm21 (partly cut-off), and free water at
8450, 10,250, and 11,500 cm21. Starting at about 20,000 cm21,
reflectance decreases with increasing wave number. Although
the long-range decline can be explained by a broad O–Al
charge transfer band with a maximum in the UV, the much
narrower band at about 26,500 cm21 is indicative of Fe21

impurities in pyrophyllite. The spectra of hydrated talc and
gibbsite are similar to that of pyrophyllite. The spectrum of
amorphous silica extends featureless into the UV where a steep

Table 2. Al-substitution (xAl in mole fraction) andn2 band position [cm21 p 1023] of Ni reference compounds used in this study.

Sample Name Sample Description and Preparation XAl n2

LDH 2;1 Ni-Al LDH with NO3 interlayer by coprecipitation at pH 7.5, initial
Ni;Al ratio of 2 (Taylor, 1984)

0.43 15.30

LDH 4;1 as above, but initial Ni;Al ratio of 4 0.30 15.31
LDH 10;1 as above, but initial Ni;Al ratio of 10 0.31 15.37
LDH 10;1 cop Ni-Al LDH with NO3 interlayer by coprecipitation method, initial

Ni:Al ratio of 10 (Depège et al., 1996)
0.20 15.41

LDH SiO2 exchanged Ni-Al LDH with SiO2 interlayer by exchange of NO3 with SiO2 at 0.29 15.34
pH 7.5 (Depe`ge et al., 1996)

LDH SiO2 coprecip. Ni-Al LDH with SiO2 interlayer by coprecipitation with SiO2 at pH
7.5, initial ratio of Ni;Si;Al 5 3;1;1 (Depège et al., 1996)

0.20 15.26

LDH SiO2 hydrothermal as above, but aged at 150°C for 2 wk nda 15.23
Ni silicate ini Ni silicate, fresh precipitate (Grauby et al., 1993) 0 14.90
Ni silicate 2 wk as above, hydrothermally aged at 150 °C for 15 d

(Grauby et al., 1993)
0 15.16

Nepouite natural nepouite from Riddle, Oregon nda 15.15
Garnierite natural garnierite from Victorio, New Mexico nda 15.16
a-Ni(OH)2 ini a-Ni(OH)2, initial precipitate (Ge`nin et al., 1991) 0 14.90
a-Ni(OH)2 aged a-Ni(OH2), as before, but aged for 4 days at RT (Ge´nin et al., 1991) 0 14.75
NiSiMg coprecip. a-Ni(OH)2 by coprecipitation of Ni(NO3)2, Na2SiO3 and Mg(NO3)2

at pH 8.5, initial ratio of Ni;Si;Mg54;2;1
0 14.88

NiCO3 crystalline NiCO3, Johnson & Matthey 0 14.65
Aqueous Ni(NO3)2 0.1 M Ni(NO3)2 Johnson & Matthey 0 14.43

a Not determined.
Except for the natural minerals and the commercially available chemicals, these solids were synthesized using the methods given in column 2.

Fig. 5. Ni removal from solution as a function of time in the presence
of pyrophyllite, talc, gibbsite, and amorphous silica.
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slope at about 28,000 cm21 resulting from the O–Si charge
transfer develops (not shown).

With increasing duration of the Ni treatment, a double band
at about 15,000 cm21 develops in addition to the features
described above (Fig. 7). Making a ratio of the spectra against
that of the untreated sample, and converting the resulting re-
flectance spectra into absorbance by using the Kubelka–Munk
equation (Kubelka and Munk, 1931) revealed three bands at
about 9200, 15,400, and 25,800 cm21 with the intensity in-
creasing with Ni uptake (Fig. 8). These bands arise from the
three spin-allowed crystal-field bands of Ni21 in sixfold coor-
dination:3A2g(

3F)3 3T2g(
3F) (bandn1), 3A2g(

3F)3 3T1g(
3F)

(band n2), 3A2g(
3F) (33T1g(

3P) (bandn3) (see Fig. 4). The
shoulder at the low-energy side ofn2 at about 13,800 cm21 is
the spin-forbidden transition3A2g(

3F)3 1Eg(
1D) (band sf). In

comparison with spectra of Ni minerals (Manceau et al., 1985),
the shape ofn1 of all samples is strongly distorted and cut off
at the low-energy side. This seems to be an artifact resulting
from the background removal in a spectral range which is

dominated by much stronger vibrational bands (Fig. 7). Apply-
ing the same background removal procedure to spectra of
freeze-dried samples indeed recovered the expected symmetri-
cal n1 band (not shown). Furthermore,n3 could not be deter-
mined reliably for the wet talc samples. Thus, onlyn2 remained
for the in situ investigation of the secondary precipitates in all
systems. Its position was determined by deconvolution with
Gaussian line shapes.

To test how reliably the position ofn2 could be determined,
we prepared physical mixtures of Ni-Al LDH anda-Ni(OH)2
with unreacted pyrophyllite and talc, and measured these mix-
tures as both dry powders and wet pastes (not shown). We
applied the same spectral treatment (background removal) as
for the spectra of Ni-reacted samples. Then2 positions deter-
mined by this method always corresponded to those of the

Fig. 6. Rate of Si and Mg release from pyrophyllite, talc, gibbsite, and amorphous silica.

Fig. 7. Time-resolved diffuse reflectance spectra for wet pastes of
Ni-reacted pyrophyllite.

Fig. 8. Absorption bands of Ni21 in Ni-reacted pyrophyllite. The
bands have been extracted by making a ratio of the diffuse reflectance
spectra for the Ni-reacted samples with that of the untreated, hydrated
sample, then transformed into absorption spectra by using the Kubelka–
Munk equation. See text for the band assignment.
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respective pure reference compounds and showed the clear
separation between Ni-Al LDH anda-Ni(OH)2. No significant
influence of Ni concentration, type of clay mineral, or moisture
content could be found. The variation of then2 energy of a
given Ni compound was always within630 cm21 of the
average and therefore, much lower than the differences be-
tween the model compounds (Table 2).

The intensity of n2 increased for all four sorbents with
increasing reaction time (Figs. 9 and 10). The peak positions in

presence of the two Al-containing minerals, gibbsite and pyro-
phyllite, are at about 15,300 cm21, whereas those of silica and
talc are at about 14,900 cm21. In Fig. 11, the fitted band
positions are plotted as a function of time, and shown together
with hatched areas representing the range ofn2 position of
synthetic Ni model compounds (Table 2). The two different
band positions are well separated throughout the reaction pe-
riod. The higher wave number of Ni-reacted pyrophyllite and
gibbsite suggests the formation of a precipitate with Ni in a

Fig. 9. The time-resolvedn2 bands of the Ni precipitate in presence of the two Al-containing sorbents gibbsite and
pyrophyllite (top) versus those in the presence of the Al-free sorbents talc and amorphous silica (bottom).
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brucite-like hydroxide layer partly substituted by Al. In con-
trast, precipitates formed in systems containing talc and silica
appear more consistent with purea-Ni(OH)2. Then2 of NiCO3

would be at a significantly lower wave number than that of the
secondary precipitates (Table 2). Minor quantities of aqueous
Ni21 may be adsorbed to pyrophyllite and talc as an outer
sphere complex. Due to the weak crystal field caused by six
water molecules surrounding Ni21, the absorption coefficient
of aqueous Ni21 is much smaller than that of the solid Ni
phases. Therefore, these small amounts of sorbed Ni21 may not
be detectable by DRS, although then2 would occur at an
energy well below that of the solid phases (Table 2).

The data shown so far confirm that Al-substitution decreases
RNi–O because of a smaller radius for Al31 compared to Ni21,
as has been shown for other ion pairs with similar radius ratios
(Orgel, 1957). The magnitude of the shift is comparable to that
of Cr31 in corundum (Reinen, 1969) and Fe31 in Al-substi-
tuted goethite (Scheinost et al., 1999) for an Al mole fraction of
0.33. These investigators found a quasi-linear relationship be-
tween Dq and the Al substitution. Then2 of the Ni-Al LDH
samples, however, did not show the expected positive correla-

tion with Al substitution ranging from 0.20 to 0.43 mole
fraction (Table 2). This may be an effect of mixing of the
spin-allowed transition3A2g(

3F) 3 3T1g(
3F) with the spin-

forbidden transition3A2g(
3F) 3 1Eg(

1D), which is largely
independent of Dq (Fig. 4). Consequently, the Al-substitution
cannot be estimated fromn2.

Trioctahedral Ni phyllosilicates consist of the same brucite-
like sheet asa-Ni(OH)2 and Ni-Al-LDH with silicate sheets
attached on one or both sides. The neoformation of phyllosili-
cates is one way to explain earlier XAFS data of Ni and Co
reacted with clay minerals (Charlet and Manceau, 1994). The
formation of these phyllosilicates may proceed either by het-
erocondensation of aqueous Ni and Si species (Burattin et al.,
1995; 1997), or by addition of silica to hydrotalcite-like pre-
cursors (Depe`ge et al., 1996). In our study, substantial Si
concentrations built up over time in the presence of pyrophyl-
lite, talc, and silica (Fig. 6), which could have initiated the
formation of Ni phyllosilicates. However, crystalline Ni phyl-
losilicates would be clearly distinguishable froma-Ni(OH)2
and Ni-Al LDH, because of intermediaten2 band positions that
are inconsistent with then2 of the surface precipitates (Table 2
and Fig. 11). This intermediate position may be explained by
the contraction of the Ni hydroxide sheets in phyllosilicates
compared to bare hydroxide layers, caused by a size mismatch
between the hydroxide and the silicate sheets (Charlet and
Manceau, 1994). However, then2 of a fresh Ni silicate precip-
itate was identical to then2 of a-Ni(OH)2 and silicate ex-
changed LDH samples hadn2 positions comparable to those of
Ni-Al LDH (Table 2). This implies that early stages of phyl-
losilicate formation, where only small clusters of silicate may
be attached to the Ni hydroxide layers, cannot be distinguished
from the Si-free hydroxides by using DRS. Indeed, high-reso-
lution thermogravimetric analyses showed that such Ni–Al
phyllosilicate precursors formed in the presence of pyrophyllite
within 1 year (Ford et al., 1999).

3.3. Aging of Secondary Precipitates

The first signal from Ni-Al LDH clusters was measured after
5 min in the pyrophyllite system, and after 24 hr in the gibbsite
system (Figs. 9 and 11). Thus, we could detect the formation of
precipitates with DRS at earlier stages than Scheidegger et al.
(1998) with XAFS, although the rates were even slower in the
present study. For talc, the first signal was observed after 7 hr.
A detectable precipitation ofa-Ni(OH)2 in the presence of
amorphous silica was not observed until after 3 days. The band
height of n2 showed a close correlation to the amount of
precipitate formed in the systems (Fig. 10). Every system had,
however, a different slope. This may be explained by several
reasons, including (1) differences in the absorption coefficients
of the two structurally different precipitates; (2) differences in
the precipitate-to-clay surface ratio; (3) differences in particle
size of precipitates and clay minerals; (4) differing light scat-
tering properties of the clay minerals; or (5) a low correlation
between Ni removed from solution and the amount of precip-
itate formed in response to variable ratios between adsorbed
and precipitated Ni. Because of these uncertainties, no further

Fig. 10. Height ofn2 versus quantity of Ni precipitates calculated
from [Ni] in solution.

Fig. 11. Fittedn2 band positions of the Ni reacted minerals (dots and
triangles) over time. The range of then2 band positions of Ni reference
compounds (Table 2) is given by the hatched areas.
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attempt was made to establish a quantitative relationship be-
tween the mass of precipitates and peak intensities. Depending
on the sorbent phase, the lower detection limit for the precip-
itates varied between 10 and 30 mmol kg21 (600–1800 ppm;
Fig. 10).

During the initial phase of nucleation and crystal growth
until Ni uptake from solution reaches 95% (i.e., at about 100 hr
in the pyrophyllite system; Fig. 5),n2 significantly increased in
wave number, but stayed constant beyond that point (Fig. 11).
A similar tendency, an increase ofn2 up to about 700 hr, then
scattering around a maximum value, can be observed in the
presence of talc. In both cases, the increase in wave number
indicates a contraction of RNi–O. The contraction over time may
be explained by initially small clusters with a high percentage
of edge positions, and a large contribution of relaxed RNi–O to
the average bond distance. Growth of larger crystallites with
time would decrease the relative contribution of the relaxed
surface sites and thus decrease RNi–O. As a result of insensi-
tivity of n2 to variations of the Al substitution of the model
compounds, decrease of RNi–O corresponding with increasing
Al substitution is an unlikely explanation for the band shift. In
the presence of gibbsite, the first detectable precipitate formed
after 1 day (Figs. 9 and 11). Despite a high standard deviation
in n2 of 60 cm21 resulting from low peak intensity, the band
energy of this sample is significantly below that of precipitates
at later time steps. This suggests an initial formation of
a-Ni(OH)2 or a mixture of a-Ni(OH)2 and Ni-Al LDH,
whereas at later times only LDH forms.

3.4. Mechanisms of Precipitate Formation

The preferential formation of Ni-Al LDH in the presence of
the Al-containing minerals, pyrophyllite and gibbsite, indicates
both the dissolution of the sorbent phase, and either a higher
thermodynamic stability or a faster precipitation of Ni-Al LDH
thana-Ni(OH)2. Consequently, the formation ofa-Ni(OH)2 in
the presence of gibbsite within the first 24 hr can be explained
by a slower rate of Al release compared to pyrophyllite. This
may be caused by the higher stability of gibbsite in contrast to
that of pyrophyllite as long as the concentration of silicic acid
exceeds 1024.3 M (Lindsay, 1979; Hemingway and Sposito,
1996), a condition always fulfilled in the pyrophyllite system
(Fig. 6). After three days, about twice as much Ni is taken up
by the precipitate phase, which is now solely Ni-Al LDH.
Therefore, the initiala-Ni(OH)2 phase transformed into Ni-Al
LDH. This phase transformation strongly supports the hypoth-
esis that the preferential formation of Ni-Al LDH is the result
of a higher thermodynamic stability rather than of faster reac-
tion rates.

The polymerization reaction leading to Ni-Al LDH may
proceed via Ni–OH–Ni, Al–OH–Al, and Ni–OH–Al olation
reactions similar to those proposed by Burattin et al. (1995;
1998). Of greater interest is the question of how Al is provided
by the sorbent phase. Scheidegger et al. found evidence for a
Ni-promoted dissolution of pyrophyllite (d’Espinose de la Cail-
lerie et al., 1995; Scheidegger et al., 1998). In our study, [Si]
increased even after [Ni] had reached a steady state, indicating
that pyrophyllite dissolution continued. [Si] was$0.1 mM.

Assuming a congruent dissolution of pyrophyllite, [Al]$0.05
mM would result, in contrast to our observation that [Al] was
below the 0.002 mM detection limit. This much lower value
may indicate a rapid uptake by the growing Ni-Al LDH phase.
An alternative explanation would be the intermediate formation
of an Al hydroxide phase. At pH 7.5, the solution is supersat-
urated with respect to diaspore for [Al]$ 1025 mmol/L of [Al]
(Hemingway and Sposito, 1996). Depending on the (unknown)
stability of Ni-Al LDH, and following the Ostwald step rule,
two scenarios can be proposed: (1) If Ni-Al LDH is less stable
than diaspore, it would act as the immediate sink for Al; and (2)
If Ni-Al LDH is more stable, diaspore would form first, but
subsequently transform into Ni-Al LDH, possibly involving
other intermediate Al hydroxide phases. Because of the fast
formation of Ni-Al LDH (,5 min) we favor immediate transfer
of Al from pyrophyllite to LDH. Diaspore may form, however,
after about three days, when the Ni depletion from solution
reaches a steady state, but pyrophyllite still dissolves as indi-
cated by a continued release of Si (Fig. 6). This Si may
eventually cause the transformation of the Ni-Al LDH phase
into a Ni–Al phyllosilicate precursor (Ford et al., 1999), a
process apparently not detected by DRS.

In the presence of the Al-free sorbents talc and silica,
a-Ni(OH)2 formed. As a result of the distinguishablen2 posi-
tions of a-Ni(OH)2 and Ni phyllosilicate, the formation of a
crystalline phyllosilicate within the first months can be ex-
cluded. However, a Ni phyllosilicate precursor may have
formed, consisting ofa-Ni(OH)2 with silicate polymers in the
interlayer. A Ni–O–Si heterocondensation as proposed by Bu-
rattin et al. (1995; 1998) seems to be less likely, because it
should result in contracted Ni hydroxide sheets from the be-
ginning. Different reaction paths in our study may be explained
by the two orders of magnitude higher initial [Ni] and the one
order of magnitude lower proton concentration compared to the
study by Burattin et al. (1995; 1998).

Although the formation ofa-Ni(OH)2 in the presence of talc
is slower than the formation of Ni-Al LDH in the presence of
pyrophyllite, the differences between the talc and silicate sys-
tems, or between the pyrophyllite and gibbsite systems are
greater. Therefore, factors other than the availability of Al
have a larger influence on the rates of Ni precipitation. These
factors may include the sorbent surface area and selectivity
for Ni, which could enhance local [Ni] at the mineral–water
interface. Thus, although the formation of both precipitate
phases can reduce [Ni] far below the level achieved by ad-
sorption, the time to reach equilibrium varies greatly depend-
ing on the sorbent phase. In the presence of pyrophyllite–
montmorillonite mixtures, precipitation of Ni-Al LDH and
adsorption of Ni onto montmorillonite were both equally fast
processes for Ni removal (Elzinga and Sparks, 1999). Over
longer time scales, however, formation of a precipitate may
solely control the availability of Ni at circum-neutral and basic
pH. Depending on the availability of Al, both Ni-Al LDH and
a-Ni(OH)2 may act as important sinks for Ni. In soils and
sediments composed of heterogeneous mixtures of mineral
surfaces, it is forseeable that all three reactions, adsorption onto
permanent or variable charge sites, precipitation of Ni-Al LDH
and precipitation ofa-Ni hydroxide may be active simulta-
neously.

3201Role of Al in the formation of secondary Ni precipitates



4. CONCLUSIONS

The position of the3A2g(
3F)3 3T1g(

3F) electronic transition
(n2) showed thata-Ni(OH)2 formed in the presence of talc and
amorphous silica, and Ni-Al LDH formed in the presence of
pyrophyllite and gibbsite. The Al-for-Ni substitution in the
hydroxide layers caused a band shift from 14,900 to 15,300
cm21. The Al substitution of the LDH precipitates may vary
between 0.20 to 0.43 mole fraction. Variation of the Al substi-
tution within that range did not significantly influence the
position of n2. Therefore, the small increase ofn2 over time
may be explained by the growth of precipitate clusters. By
providing an unequivocal discrimination of Al-containing ver-
sus Al-free hydroxide layers, DRS made an important contri-
bution to the structural analysis of Ni surface precipitates. For
kinetic Ni sorption experiments, Ni precipitates were detected
by DRS at earlier stages than previously shown by XAFS.
Although the formation of crystalline Ni phyllosilicates could
be excluded based on the observedn2 positions, the formation
of Ni or Ni–Al phyllosilicate precursors may remain undetected
by DRS. Thus, other methods are necessary to clarify this point.
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