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The formation of transition-metal surface precipitates may
occur during sorption to clay minerals under ambient

soil conditions. This process may lead to significant long-
term stabilization of the metal within the soil profile.
However, the rates and mechanisms controlling surface
precipitate formation are poorly understood. We monitored
changes in the reversibility of Ni sorbed to a clay mineral,
pyrophyllite, in model batch experiments maintained at

pH 7.5 for up to 1 year. The macroscopic sorption and
dissolution study was complemented by a time-resolved
characterization of the sorbed phase via spectroscopic and
thermal methods. We found that nickel became increasingly
resistant, over time, to extraction with EDTA. Initially,

the sorbed phase consisted of a Ni—Al layered double
hydroxide (LDH). With time, the anionic species in the interlayer
space of the LDH changed from nitrate to silica polymers
transforming the LDH gradually into a precursor Ni—Al
phyllosilicate. We believe that this phase transformation
is responsible for a substantial part of the observed increase
in dissolution resistance. Thus, clay mineral weathering
and the time-dependent release of Al and Si ions controlled
Ni precipitate nucleation and transformation. Our results
suggest a potential pathway for long-term Ni stabilization in
soil.

Introduction

The mobility and bioavailability of metals in soil is mediated
by sorption reactions at the mineral—water interface (1, 2).
Quantification of metal speciation at the mineral surface is
a necessary step for assessing the toxicity of metals in the
environment. Past research has focused on the development
of surface complexation models (SCMs) to aid in speciation
of metal sorption (3). Implicitto most SCMs is the assumption
that the sorbent surface is in equilibrium with the soil solution
and functions solely as a reservoir of reactive sites for ion
sorption. Studies of Co and Ni sorption to Al-bearing oxide
minerals, however, have shown that sorbent surfaces dy-
namically alter in response to chemical perturbations at the
mineral—water interface resulting in the release of Al lattice
ions that coprecipitate with the sorbate (4—7). In these
systems, precipitation effectively competes with adsorption
reactions (8).
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The suggested precipitate phase shares structural features
common to the hydrotalcite group of minerals and the layered
double hydroxides (LDH) observed in catalyst synthesis (9,
10). The LDH structure is built up of stacked sheets of edge-
sharing metal octahedra separated by anions between the
interlayer spaces. The general structural formula can be
expressed as [Me?";_«Me3"(OH),]*"(x/n)A""-mH,0 where
the presence of interlayer anions, A"", is required to
compensate the excess positive charge imparted by AIPT
substitution into the octahedral layer.

Scheidegger etal. (11) hypothesized that the AI** required
for Ni—Al LDH formation was derived from weathering of
the clay mineral surface. A time-dependent extended X-ray
absorption fine structure (EXAFS) study showed a continuous
increase in the Ni—Ni coordination number, which may be
related to structural transformations occurring within the
surface precipitate over a period of 3 months (7). The
mechanism(s) responsible for these changes remains elusive,
however, since analysis of second-shell contributions from
light elements, e.g., Al and Si, is poorly constrained in the
hard X-ray region (12). We anticipate that these structural
changes could lead to a significant change in the stability of
sorbed nickel. Insufficient understanding of the mechanisms
controlling the nucleation and transformation of surface
precipitates at the mineral—water interface severely limits
prediction of metal partitioning in environmental systems.
Thus, we employed a multimethod approach to elucidate
the solid-state processes controlling the long-term seques-
tration of Ni to a clay mineral surface.

Experimental Methods

Ni Sorption—Desorption. Nickel sorption to the <2 um size
fraction of pyrophyllite was carried out at pH 7.5 and 0.1 M
NaNOjs in batch aqueous systems. A Ni-to-solids ratio of 0.3
mmol g' was employed using either a 5 or 10 g L
pyrophyllite concentration. Nickel sorption as a function of
time was determined by measuring aqueous Ni by inductively
coupled plasma emission spectroscopy (ICP). The pH of
replicate experimental systems was controlled by two dif-
ferent methods: (1) through use of an automatic pH stat for
the first 3 days followed by daily manual additions of 0.1 M
NaOH or (2) through addition of 50 mM 4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid (HEPES). Base additions,
and the potential for local oversaturation with respect to
Ni(OH),, were avoided in the HEPES buffered systems.
Previous studies indicate that HEPES does not significantly
interfere with Ni sorption to mineral surfaces (13). Both
approaches to buffer pH were employed to remain consistent
with previous studies (11) and to characterize the potential
for oversaturation artifacts. However, comparison of the rates
of Ni sorption and the speciation of the Ni sorption product
indicated that homogeneous precipitation of Ni(OH), did
not occur.

The reversibility of sorbed/precipitated Ni was assessed
by EDTA extraction. Nickel-reacted pyrophyllite (300 mg)
was suspended in 30 mL of a1 mM EDTA solution at pH 7.5
for 24 h. The suspension was centrifuged at 15 000 rpm for
4 min, the supernatant was decanted, and fresh EDTA
solution was added to the remaining solids. The extraction
was repeated 10 times, and dissolved Ni was determined by
ICP. This procedure was employed to monitor relative
changes in the extractability of Ni as a function of aging
time. EDTA forms a stable Ni solution complex, and previous
studies have shown that EDTA promotes desorption of Ni
sorbed to oxide surfaces and the dissolution of poorly
crystalline oxide phases (14—16).
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Characterization of Solid-Phase Ni. The nickel surface
precipitate that formed on pyrophyllite was characterized
by diffuse reflectance spectroscopy (DRS), high-resolution
thermogravimetric analysis (HRTGA), and extended X-ray
absorption spectroscopy (EXAFS). Diffuse reflectance spectra
were collected with a Perkin-Elmer Lambda 9 spectropho-
tometer equipped with a 5-cm Spectralon-coated integrating
sphere over the wavelength range 500—1000 nm. The »;
absorption band was extracted from the raw spectra by
ratioing the diffuse reflectance spectra of the samples and
references to the spectrum of unreacted pyrophyllite (7).
Approximately 15—20 mg was analyzed by HRTGA under a
N, atmosphere with a TA Instruments 2950 HiRes Thermo-
gravimetric analyzer (instrument settings: 20 °C min~?%,
resolution = 5.0, sensitivity = 1.0). X-ray absorption spectra
at the Ni—Ka edge were collected in fluorescence mode at
beamline X-11A (National Synchrotron Light Source, Brook-
haven National Laboratory, Upton, NY) using a N-filled
Stern-Heald detector and a Si(111) monochromator. Sorption
samples were mounted as wet pastes in Al holders covered
with Mylar windows and cooled to 77 K using a coldfinger.
Reference precipitates were diluted in unreacted pyrophyllite
(1 wt %) prior to analysis. At least three scans were collected
for each sample. Data reduction was performed with
WinXAS97 1.1 following standard procedures (17, 18).

Reference precipitate phases containing Ni, Al, and/or Si
were synthesized using the following methods. The method
of Taylor (19) was used to prepare Ni—Al LDH precipitates
with Ni:Al 2.3:1 and 3.3:1. In addition, a-Ni(OH), and Ni-
silicate precipitates were synthesized by the methods of Genin
etal. (20) and Grauby et al. (21). A nitrate-bearing Ni:Al 2.3:1
LDH was exchanged with silicate following the method of
Depegeetal. (22): 100 mL of deionized—distilled H,O + 0.85
g of sodium metasilicate + 0.4 g of Ni—Al hydrotalcite, giving
a pH of 12.2. The suspension was heated at 90 °C for 24 h
under an N, atmosphere, and it was subsequently aged 2
weeks at 60 °C in a sealed vessel (final pH = 12.0). All solids
were collected by centrifugation, washed four times with
deionized—distilled H,0, and freeze-dried.

Results and Discussion

Ni Sorption—Desorption. The partitioning of Ni from
solution in a pyrophyllite suspension is shown in Figure 1A.
Silica is released from the pyrophyllite structure concurrent
with Ni sorption, providing evidence that the pyrophyllite
surface is not stable under these experimental conditions.
Aqueous Ni appears to reach equilibrium within 72 h. The
reversibility of sorbed Ni decreases dramatically over the
period where Ni is sequestered from solution (Figure 1B).
Within a month, the fraction of Ni released from reacted
solids via extraction with a 1 mM EDTA solution at pH 7.5
decreases from approximately 0.9 to 0.6. Moreover, the
extraction results show that the stability of solid-phase Ni
continues to increase beyond the point at which aqueous Ni
reaches apparent equilibrium. These results suggest that
solid-phase Ni is subject to structural transformations that
are not reflected by changes in aqueous Ni solubility. To
assess the validity of this hypothesis, we examined the time-
dependent structural modification of the Ni surface pre-
cipitate.

Solid-Phase Characterization. An increase in the stability
of the Ni surface precipitate could be attributed to several
processes. First, an increase in precipitate crystallinity, via
Ostwald ripening, could lead to reduced solubility (23).
Second, chemical modifications via incorporation of ions
derived from the sorbent lattice could lead to a more stable
form. For example, Depege et al. (22) found that incorporation
of silica within the interlayer of a Zn—AIl LDH increased the
thermal stability of the precipitate. Finally, the surface
precipitate could become physically isolated from contact
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FIGURE 1. Macroscopic sorption—desorption behavior of Ni in a
pyrophyllite suspension (sorption conditions: 1.5 mM Ni, 5 g L™*
pyrophyllite, pH 7.5). (A) The time-dependent depletion of Ni from
solution and the release of Si from the pyrophyllite structure. (B)
The fraction of Ni remaining on the pyrophyllite surface following
extraction is plotted against the total number of EDTA extractant
replenishments for a Ni-pyrophyllite aging series. The stability of
solid-phase Ni increases continuously with aging time.

with solution due to precipitation of secondary Al- or Si-
bearing phases during clay mineral weathering or particle
coagulation. However, only the first two processes would
lead to structural changes within the surface precipitate that
could be detected by spectroscopic or thermal methods. To
differentiate the process controlling Ni stabilization in the
Ni-pyrophyllite system, we employed a suite of analytical
techniques that provide complimentary data toward char-
acterization of the Ni surface precipitate.

DRS. We used DRS in the UV—vis—NIR range to investigate
Ni precipitate formation in the pyrophyllite suspension
(Figure 2A). Absorption at the v, band is attributed to crystal
field splitting induced within the incompletely filled 3d®
electronic shell of Ni?*" through interaction with the negative
charge of nearest-neighbor oxygenions (24). The appearance
of aNi precipitate phase is observed within 15 min of reaction.
The energy of the v, spectral band is indicative of the
formation of a Ni—Al LDH with Ni:Al = 2:1 (Figure 2B). For
comparison, the energy of v, for synthetic a-Ni(OH), and
nickel phyllosilicate phases, in which Ni is the only metal
within the octahedral layer, is lower, consistent with a larger
Ni—O distance. The time-dependent increase in the v, band
intensity demonstrates the increase of the Ni precipitate up
to 1 month. After 1 month there was no intensity change in
vz, coincident with apparent equilibrium with aqueous Ni.
There was a slight increase in the v, energy during uptake
of Ni from solution within the first week, consistent with
particle growth and a decrease in the population of relaxed
surface Ni octahedra (7). Beyond 1 week the position of v,
was invariant indicating that the Ni—Al octahedral layer
remained unchanged throughout the course of aging.
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FIGURE 2. Identification and measurement of Ni surface precipitate
growth using DRS to monitor the solid-phase Ni?* v, absorption
band. (A) A series of aged Ni-pyrophyllite samples showing
precipitate growth and the invariance of v, energy. (B) The 1-year
Ni-pyrophyllite sample and a series of reference precipitates
physically mixed to 2 wt % with unreacted pyrophyllite. The position
of v, in Ni-pyrophyllite samples most closely matches a Ni—Al
LDH.

Thus, DRS failed to explain the observed increase in Ni
stability up to 1 year. One possible structural modification
that would not change the internal structure of the Ni—Al
layer (and consequently would not change the v, energy) is
transformation of the Ni—Al LDH to a Ni—Al phyllosilicate
via interlayer incorporation of silica derived from clay mineral
weathering. Formation of a phyllosilicate structure from an
LDH template is supported by research demonstrating the
rapid formation of Zn— and Mg—Al phyllosilicate via hy-
drothermal aging of Si-exchanged Zn— and Mg—AI LDH (22,
25).

HRTGA. We employed HRTGA to verify the assumption
of an LDH-to-phyllosilicate transformation in Ni-pyrophyllite
samples aged up to 1 year. The derivative of the weight loss
for a Ni-pyrophyllite aging series is shown in Figure 3A. The
temperatures of clearly distinguishable weight loss events
are marked with hatched lines. The major weight loss (labeled
4) in all thermograms is due to the dehydroxylation of the
pyrophyllite sorbent, occurring over the temperature range
of 400—690 °C as a two-step process (26). Three additional
weight loss events (labeled 1, 2, and 3) appear after reaction
of pyrophyllite with Ni. Event 1 at about 223 °C is primarily
due to expulsion of H,O and nitrate from the interlayer (27,
28). Over 4 months there is a reduction in this first weight
loss which we attribute to displacement of Ni—Al LDH
interlayer nitrate from increasingly available agueous silica,
which derives from weathering of the pyrophyllite structure.
The second weight loss is due to dehydroxylation of the
octahedral layer and complete collapse of the LDH structure
(28). This decomposition temperature (labeled 2) remains at
approximately 284 °C over 4 months. For the 6 month and
1 year samples, however, this weight-loss event is shifted
toward higher temperature and occurs as a shoulder on the
larger pyrophyllite dehydroxylation event at approximately
462 °C (labeled 3).
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FIGURE 3. Changes in the thermal stability of the Ni surface
precipitate with aging. The derivative of the weight loss curve is
shown for (A) aged Ni-pyrophyllite samples and (B) reference
precipitates physically diluted with pyrophyllite to match surface
loading in sorption samples (2% w/w). Weight loss events: (1)
expulsion of H,0 and nitrate from LDH interlayer, (2) dehydroxylation
of nitrate-bearing LDH, (3) decomposition of the precursor Ni—Al
phyllosilicate, and (4) dehydroxylation of pyrophyllite.

The observed shift in decomposition temperature is too
large to be explained solely by an increase in the crystallinity
of the Ni—AIl LDH surface precipitate (29). To investigate the
source of this shift, we compared the weight-loss temper-
atures of the Ni-reacted samples with those of physical
mixtures of pyrophyllite with reference Ni compounds (Figure
3B). The median dehydroxylation temperature of the Ni—Al
LDH sample at 304 °C is slightly higher than the one observed
for the Ni-reacted samples within the first4 months. However,
a modification of this sample by exchanging silica for the
interlayer nitrate coupled with hydrothermal aging (22)
shifted the dehydroxylation temperature to 357 °C (Figure
3B). Displacement of interlayer nitrate of this sample was
confirmed via infrared spectroscopy by a reduction in
absorbance for the nitrate asymmetric stretch (v3) centered
at 1380 cm™! (not shown). In addition, the appearance of
Si—0 and Si—0O-Si vibrational bands at 1010 and 855 cm™*
(not shown) for the Si-exchanged synthetic Ni—Al LDH
demonstrated the incorporation and polymerization of Si
within the interlayer (22).

For comparison, the dehydroxylation of an undiluted
synthetic Ni—Al phyllosilicate is shown in Figure 3B. The
undiluted sample decomposes at a temperature very similar
to that observed for the sorption samples aged for 6 months
or longer. However, the decomposition of the synthetic Ni—
Al phyllosilicate could not be distinguished when physically
mixed with pyrophyllite even at a weight percent twice the
surface loading in sorption samples (~2%). Thus, the
additional weight loss at 462 °C in aged sorption samples
may be due to the release of entrapped H,O or nitrate within
the interlayer. This indicates that Si has not formed a uniform
tetrahedral sheet bound to the Ni—Al octahedral layer.
Therefore, the surface precipitate in samples collected beyond
1 month appears to be an evolving precursory form of a
Ni—Al phyllosilicate.
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FIGURE 4. Normalized and weighted Ni K-edge EXAFS spectra,
2(K)IE, for areference Ni—AI LDH and Ni—Al phyllosilicate and the
Ni surface precipitate formed on pyrophyllite at 2 h and 1 year. The
characteristic oscillations between 8 and 9 A~! indicate partial
transformation from a Ni—Al LDH to a Ni—Al phyllosilicate.

EXAFS. This interpretation is supported by comparison
of EXAFS data collected for reference Ni—Al LDH and Ni—Al
phyllosilicate precipitates and sorption samples collected at
2 h and 1 year (Figure 4). The normalized and weighted Ni
K-edge EXAFS spectra, x(k)k?, are very similar in phase and
amplitude over the k-range 3—10 A1. However, there is a
noticeable difference in the scattering amplitude within the
region 8—9 A~, where backscattering of the Ni photoelectron
is sensitive to the presence of second-shell Al within the
octahedral layer and tetrahedral Si attached to Niviaacorner-
sharing bond (30, 31). The enhanced upward oscillation at
~8.5 A1 in the 1 year Ni-pyrophyllite is consistent with
attachment of a fraction of the exchanged interlayer Si to the
Ni—Al octahedral sheet. Thus, the structure of the Ni surface
precipitate at 1 year appears to be intermediate between
that of Ni—Al LDH and Ni—Al phyllosilicate.

Charletand Manceau (32) propose that a layered Ni silicate
forms at the clay mineral surface during sorption, with Ni as
the sole metal within the octahedral layer. This conclusion
is based on two observations from EXAFS analysis: (1)
contraction of the nearest-neighbor Ni—Ni bond distance
relative to that found in -Ni(OH), and (2) evidence for a
corner-sharing bond between Ni octahedra and Si tetrahedra.
Both structural features are generally observed in triocta-
hedral phyllosilicates (33). In contrast, we have provided
definitive evidence thata Ni—Al LDH is the initial precipitate
that forms during sorption to Al-bearing clay minerals (7).
This observation is unexpected since Ni phyllosilicates, e.g.,
nepouite or pimelite, are more common in certain soil
environments, while the structurally related Ni—Al LDH
precipitates have remained undetected (34). Our detection
of an intermediate phase provides a possible explanation:
the LDH precipitate is only metastable and transforms toward
aphyllosilicate in the presence of soluble silica derived from
soil minerals (35).

Formation of a fully crystallized Ni—Al phyllosilicate is
not required to induce increased thermal stability or resis-
tance to dissolution. The formation of even asmall percentage
of silica tetrahedral or polyhedral bonds between hydroxide
sheets is expected to impart measurable stability to the
layered structure. During dissolution, this will prevent the
total delamination of octahedral layers, and resultant surface
area increase, that would likely occur in an LDH in which
weakly bound nitrate occupies the interlayer. Thus, we
anticipate that the structural stability of the surface precipitate
would continue to increase with time as a fully attached
silica sheet develops.

We hypothesize that the observed stabilization is realized
through exchange of silica for nitrate within the Ni—Al LDH
interlayer leading to formation of a precursor Ni—Al phyl-
losilicate. Our results suggest that under certain conditions
Ni removal from solution in pyrophyllite suspensions
proceeds via at least two steps: (1) initial formation of a
Ni—Al LDH precipitate where Al is derived from the pyro-
phyllite structure and (2) the ultimate formation of a Ni—Al
phyllosilicate due to incorporation of Si (derived from the
pyrophyllite) into the Ni—Al LDH interlayer. This latter
process can be viewed as a silication of the LDH structure.

These results suggest that formation of aNi—Al LDH phase
is a necessary intermediate step toward formation of more
stable Ni-Al phyllosilicate-type phases in Al-bearing clay
mineral systems. The overall rate of phyllosilicate formation
will be tied to the stability of the soil clay mineral assemblage
as well as the relative concentration of anions that may
compete for the LDH interlayer space. The stabilization
pathway elucidated in this study is significant toward
evaluation of the long-term mobility of Niand other transition
metals in soils. Clearly, inadequate assessments may result
if the influence of mineral (or sorbent) weathering is not
considered in modeling sorption reactions at the mineral—
water interface.
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