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The partitioning of Zn to the pyrophyllite surface was
studied as a function of surface loading for periods up to
4 months. Examination of the reaction products using
X-ray absorption fine structure spectroscopy (XAFS) indicated
the formation of a Zn precipitate at each surface loading.
Comparison of the local structure of the surface precipitates
to the structure of various hydroxide- and carbonate-bearing
phases indicates the formation of a Zn—Al layered

double hydroxide (LDH). The solubility of Zn following
aging in pyrophyllite systems indicated that the initial Zn—
Al LDH precipitates transformed to a more stable form.
Increased Zn stability in these experimental systems may
be attributed to an increase in LDH crystallinity (Ostwald
ripening) or incorporation of Si within the LDH interlayer
leading to transformation to a phyllosilicate-like phase. Our
results support formation of an LDH precipitate as a
precursor to Zn fixation in soils abundant in aluminosilicate
minerals. These results augment recent findings that
transition metals may form layered hydroxide and
phyllosilicate-like precipitates during sorption to clay
minerals. Acknowledgment of this process as a potential
metal sequestration mechanism in certain soil types is
important to assessment of contaminant attenuation.
Development of a more comprehensive database of solubilities
for these surface precipitates will facilitate more reliable
estimates.

Introduction

Partitioning reactions (sorption) to clay mineral surfaces may
control metal mobility in soils. Numerous studies have
attempted to define the mechanisms by which metals
partition from the soil solution to phyllosilicates (1—3).
Electrostatic and chemical forces are considered to control
sorption to the phyllosilicate surface. Electrostatic interac-
tions are a result of the net negative structural charge
developed within the phyllosilicate due to isomorphic
substitutions or due to variable charge developed at hydroxyl
edge sites (4). Hydroxyl edge sites may also scavenge metals
from solution via specific chemical interactions to satisfy
the unsaturated coordination environment of surface oxygen
(5). However, recent studies that examined Ni sorption to a
variety of phyllosilicates possessing a range of structural
charge suggest that the formation of surface precipitates
occurs under solution conditions undersaturated with respect
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to homogeneous precipitation of a pure hydroxide phase
(6, 7). The surface precipitates have been identified as a mixed
Ni—Al hydroxide-like phase, commonly referred to as a
layered double hydroxide or LDH. It is proposed that the
release of exchangeable or lattice Al from the phyllosilicate
promotes the formation of an LDH (7—9).

An LDH is composed of sheets of edge-sharing metal
octahedra separated by interlayer regions populated by
anions. The structural formula is generally written,
[Me?t1_«Me3(OH),]*"+(x/n)A"~-mH,0, where the interlayer
anion, A", isrequired to neutralize the excess positive charge
imparted by substitution of a trivalent cation into the brucite-
like sheet (10). Examination of literature describing synthesis
of LDH compounds suggests that many of the first row
transition metals may be incorporated into the octahedral
layer. Consistent with this expectation, the formation of LDH
precipitates during Co sorption to Al-bearing oxides has also
been observed (9, 11, 12). The observation of Ni—and Co—Al
LDH formation suggests a potential sorption mechanism for
other metals in soil or sediment environments with a
significant fraction of weatherable Al-bearing minerals.

In an effort to examine the generality of this sorption
mechanism to other metals, a study was performed to
examine the long-term sorption of Zn to the clay mineral
pyrophyllite. Numerous studies report incorporation of Zn
into the LDH structure during preparation of catalyst starting
materials (10, 13—16). Paulhiac and Clause (11) have also
shown that a Zn—Al LDH forms during impregnation of
y-Al,O; at pH 7.5 and a surface loading of approximately
26 000 mg kg~*. However, recent studies that modeled Zn
sorption to montmorillonite suggest that this metal primarily
forms mononuclear adsorption complexes with surface
functional groups or ion exchange sites (17, 18). The apparent
lack of surface precipitate formation in these studies may
have been limited by low surface loading (<6600 mg kg™1),
insufficient equilibration time for LDH nucleation, or com-
petition with ion exchange sites (19). However, spectroscopic
confirmation of sorbate speciation was not carried out in
these studies.

Scheidegger et al. (7) showed that Ni surface precipitate
nucleation was slower on montmorillonite than pyrophyllite.
A time-resolved XAFS spectroscopic study indicated nucle-
ation times of minutes versus days at a surface loading of
17 600 mg kg~ for pyrophyllite and montmorillonite, re-
spectively. Recent studies indicated that the extent of Al
release limits the rate of Ni— and Co—AIl LDH formation on
kaolinite (9, 20). Studies examining Zn sorption to mont-
morillonite showed increased immobilization of Zn when
montmorillonite exchange sites were saturated with mono-
nuclear or polynuclear Al species (21). These experiments
were carried out at relatively low surface loading (3270 mg
kg™1), but the systems were allowed to age up to 60 weeks.
Lothenbach et al. (21) showed that immobilization was
significant for Ni and Zn, but not for Cd and Pb. These
macroscopic results are consistent with nucleation of Ni—
and Zn—AI LDH phases over long equilibration periods. Thus,
the limiting factors governing Zn—Al LDH formation during
sorption to Al-bearing minerals appear to be a sufficient
supply of labile Al and contact times sufficient to allow
precipitate nucleation.

This work extends the investigations examining the
formation of metal surface precipitates at the pyrophyllite
surface to include Zn. The goal was to assess the potential
for LDH formation over a range of surface loading. XAFS
spectroscopy was used to characterize Zn surface precipitates
formed over aging periods of weeks to months. The apparent
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solubility of the surface precipitates was compared to the
solubility of known hydroxide- and carbonate-bearing pre-
cipitates to assess the potential importance of LDH formation
for Zn sequestration in soils.

Methods and Materials

The sorption of Zn to the clay mineral, pyrophyllite, was
studied over time in batch systems. Stock 10 g L~ suspensions
of the <2 um size fraction of pyrophyllite were aged in 0.1
M NaNO; at pH 7.5 for 2 months prior to contact with
dissolved Zn. Aliquots of the preequilibrated solids were then
diluted to 5 g L™ in sorption experiments. The pH was
buffered by addition of 4-(2-hydroxyethyl)-1-piperazine-
ethanesulfonic acid (HEPES) at a final concentration of 50
mM. The pK, of HEPES is 7.5 at 25 °C. Previous studies showed
that HEPES does not interfere with transition metal sorption
to mineral surfaces (22). Prior to Zn addition, the pH was
adjusted to 7.5 with 0.1 M NaOH. Zinc was then introduced
into the suspension by adding the appropriate volume of a
0.075 M Zn(NO:s), solution to provide a final concentration
ranging from 0.1 to 0.8 mM Zn. Solubility calculations
indicated that Zn was oversaturated with respect to pre-
cipitation only in systems containing 0.8 and 0.4 mM Zn
based on measured aqueous Zn concentration. These systems
were initially oversaturated with respect to Zn—Al LDH,
ZnCO03, Zns(OH)s(CO3),, and the nitrate-form of Zns(OH)sCl,
(see Supporting Information). The ionic strength of the
suspension was set at 0.1 M, accounting for contributions
from NaNOs, HEPES, and Na* from base additions. The pH
varied < 0.05 pH units during the sorption experiment.
Samples (5 mL) were periodically collected from the suspen-
sion and filtered through a 0.2 um membrane filter. Filtered
supernatants were analyzed for dissolved Zn and Si by atomic
absorption/emission spectroscopy.

Solid samples were collected periodically for character-
ization using XAFS spectroscopy. Solids were isolated from
suspension under vacuum filtration and the wet paste was
transferred to an aluminum holder. The paste was sealed
into the holder with 0.0005-in. thick Kapton polymide tape
(CHR Industries, type K-104) to avoid moisture loss during
analysis. XAFS measurements were carried out at beamline
X-11Aat the National Synchrotron Light Source, Brookhaven
National Laboratory. In addition, data were collected in
fluorescence mode for a synthetic Zn—Al LDH diluted to 1%
w/w in boron nitride. The LDH phase was synthesized at pH
6.3 and an initial Zn:Al ratio of 3:1 using the method of Taylor
(23). The final precipitate had a Zn:Al mole ratio of 1.7 based
on total dissolution of the solid and measurement of dissolved
Zn and Al by atomic absorption spectroscopy.

The raw XAFS data were processed using standard
procedures (24). Briefly, the k3-weighted y(k) function was
Fourier transformed over the range 1.2—13.5 A1, Single and
multishell fits were carried out using WinXAS97 1.0 (25) and
Zn—0, Zn—Zn, and Zn—Al scattering paths generated by
FEFF6 (26) from the refinement of a Mg—Al hydrotalcite (27).
Zinc was substituted for Mg in the structure, since both atoms
have similar radii (28). An estimate of the amplitude reduction
factor, So?, was determined by fitting the raw fluorescence
data for a synthetic Zn—Al LDH. Multishell fitting using Zn—
O, Zn—Zn, and Zn—Al paths resulted in a value of ap-
proximately 0.9 for So> when the first-shell Zn—0O coordination
number, CNz,—o, was fixed at 6. Zinc is octahedrally
coordinated to oxygen atoms within the LDH structure (29,
30). During EXAFS spectroscopic fits of the sorption samples,
So? was fixed at 0.9. Initial fits to the first shell of the Zn-
pyrophyllite samples indicated that Zn was predominantly
coordinated to O in an octahedral environment in all cases
(CNzp—o = 6.01 + 0.2; 2.03 < Rzn—o0 < 2.06). Subsequently,
multishell fits were carried out using either a combination
of (1) Zn—0, Zn—Zn or (2) Zn—0, Zn—2Zn, Zn—Al paths.
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FIGURE 1. Partitioning of Zn to pyrophyllite for total Zn concentra-
tions ranging from 0.1 to 0.8 mM as a function of aging time in batch
systems. Replicate experiments were run for systems with 0.4 and
0.8 mM as shown by closed and open symbols. Experimental
conditions: pH 7.5, 5 g L™* pyrophyllite, and 0.1 M ionic strength.
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FIGURE 2. RSFs derived from EXAFS data for a synthetic Zn—Al
LDH and Zn-pyrophyllite samples aged for periods of 387—2982 h.
The first peak is associated with the first-shell Zn—0 bond, and the
second peak is associated with the second-shell Zn—Zn and Zn—
Al coordination environment.

Results and Discussion

The partitioning of Zn to pyrophyllite as a function of time
is shown in Figure 1. The results show an initial rapid Zn
uptake within the first 5 min. In all cases, Zn uptake was
continuous throughout the entire equilibration period, and
all systems approached complete partitioning of Zn to the
solid phase. Replicate experiments at 0.8 and 0.4 mM total
Zn indicated that the sorption behavior was reproducible.
Silica was released from pyrophyllite during equilibration,
indicating partial dissolution of the pyrophyllite surface (data
not shown). This behavior was consistent with that shown
in previous research examining Ni and Co partitioning to a
variety of clay minerals (6—9, 12). Spectroscopic character-
ization of the sorption product indicated that an LDH formed
at the mineral—water interface, where Al was derived from
the sorbent phase.

Solids from the Zn-pyrophyllite systems were collected
for XAFS characterization after aging periods ranging from
387 to 2982 h. Radial structure functions (RSF) are shown in
Figure 2 for sorption samples and a synthetic Zn—Al LDH.
There are two predominant peaks apparent in the RSF for
each sorption sample and the synthetic precipitate. For
sorption samples, the intensity of the second-shell peak



TABLE 1. Results of Fitting EXAFS Data for Zn—Al LDH Precipitate and Zn-Pyrophyllite Sorption Samples

Zn loading,” aging Zn—0,
fit method? mg kgt time, h A CN
two shell Zn—Al LDH 2.07 6.3
three shell 2.07 6.0
two shell 10 180 531 2.06 6.2
three shell (0.8 mM) 2.06 6.1
two shell 4629 387 2.04 6.1
three shell (0.4 mM) 2.04 5.9
two shell 2243 2982 2.03 5.7
three shell (0.2 mM) 2.03 5.5
two shell 1154 2143 2.02 5.8
three shell (0.1 mM) 2.02 5.6

Zn—2n
Zn—Al, reduced
ac A CN 7 ALY ze
0.009 3.10 3.8 0.009 0.537 99.7
0.010 3.08 4.3 0.010 0.003 53.7
3.06 2.4 0.010
0.010 3.10 3.1 0.006 0.654 182.7
0.009 3.10 3.5 0.007 0.441 138.3
3.09 1.0 0.007
0.011 3.10 1.9 0.011 0.391 222.3
0.011 3.09 2.7 0.007 0.074 128.2
3.10 1.4 0.007
0.010 3.09 1.6 0.007 0.215 743.3
0.010 3.08 3.2 0.009 0.313 386.7
3.11 2.5 0.009
0.011 3.09 11 0.006 0.171 589.8
0.010 3.07 2.5 0.008 0.359 435.2
3.09 2.5 0.008

aTwo shell: RSF was fit using Zn—0 and Zn—Zn for the first and second shells, respectively, and S,? was fixed at 0.9. Three shell: The RSF
was fit using Zn—0O for the first shell and both Zn—Zn and Zn—Al for the second shell. S,? was fixed at 0.9 and 0? was set equal for Zn—Zn and
Zn—Al scattering paths. ? The Zn—Al LDH was a synthetic precipitate used as a structural reference. For sorption samples, the total aqueous Zn
concentration is listed in parentheses. ¢ Debye—Waller factor. ¢ Energy shift; constrained to be equal for each shell. ¢ Reduced y? = y?/(total number

of data points — fit parameters).

decreased as the total Zn surface loading decreased. Results
from fitting the XAFS data are presented in Table 1. For each
sample, the fit quality was evaluated using two fitting
scenarios: (1) Zn—O first shell in combination with second-
shell Zn—2n and (2) Zn—O0 first shell in combination with
Zn—Zn and Zn—Al scattering paths in the second shell. In
general, fits of the first shell indicated that Zn was predomi-
nantly in an octahedral environment. There was an apparent
decrease in the distance of the Zn—O0 scattering path with
a decrease in Zn surface loading. The Zn—0 bond distance
decreased from 2.06 to 2.02 A as the Zn surface loading
decreased from 10 180 to 1154 mg kg~ In all cases, the
inclusion of a Zn—Al scattering path improved the overall fit
to the RSF as indicated by a decrease for the value of the
reduced x2. The Zn:Al ratio determined by XAFS for the Zn—
Al LDH was 1.8, which was in close agreement with the ratio
determined by dissolution of the solid (Zn:Al = 1.7). The fit
results for the synthetic Zn—Al LDH and the Zn-pyrophyllite
sorption samples indicate that an LDH surface precipitate
formed during Zn partitioning from solution to the pyro-
phyllite surface with aging.

In general, previous studies employing XAFS demonstrate
that Zn occupies an octahedral environment within the
layered LDH structure (29, 30). The Zn—0O bond distances
resulting from XAFS fits to the experimental data are
consistent with this interpretation. The observed decrease
in the Zn—0 bond distance with decreased surface loading
is consistent with a decrease in the Zn:Al ratio from
approximately 3.5to 1.0 for the second-shell XAFSfit. Bellotto
et al. (27) have shown by powder X-ray diffraction structure
refinements of Mg—Al LDH precipitates that the Mg—0
distance decreases from 2.04 to 2.01 A as the Mg:Al ratio
decreases from 5 to 1. While the Zn:Al ratio derived from
XAFS provides only arough estimate due to associated error,
it is consistent with expectations. For the Zn—Al LDH and
the Zn-pyrophyllite samples, Zn—Zn and Zn—Al second-shell
bond distances on the order of 3.06—3.11 A can be attributed
to an edge-sharing local structure. However, in addition to
Zn—AIl LDH, this feature is shared by other potential phases.

Thelocal structureis listed in Table 2 for precipitate phases
that could have formed in these experiments, based on the
composition of the aqueous solution. The bond distances
were calculated using ATOMS and FEFF6 based on published
X-ray structure refinements (27, 31—35). The formation of
€-Zn(OH), can be ruled out, because both Zn—0 and Zn—2Zn

TABLE 2. Bond Distances for First-Shell Zn—0 and
gﬁcond;Shell Zn—Zn Environments in Potential Precipitate
ases

solid phase n—0,A Zn-2n, A ref
€-ZNn(OH), wulfingite 1.94—1.97 (T)2 3.40—3.41 (T¢)  (35)
ZnCOs3, smithsonite  2.11 (O) 3.67 (Oc) (34)
Zns(OH)s(CO3)2, 1.85—1.99 (T) 3.53—3.60 (TOc¢) (31)
hydrozincite 2.04-2.16 (O) 2.99—3.29 (Og)
Zn3(OH)4(NO3), 1.82—-2.45(0) 3.10-3.13(0g) (33
Zns(OH)g(NO3)2:2H,O  1.95 (T) 3.42—-3.64 (TOc) (32)
2.02-2.19 (O) 3.10—3.16 (Og)
Zn—Al LDHb 2.01 (O)° 3.05 (Og)° 27
2.04 (0)4 3.08 (Og)?

2 Notation: T, tetrahedral; O, octahedral; T¢, corner-sharing tetra-
hedra; Oc, corner-sharing octahedra; Og, edge-sharing octahedra; TOc,
corner-sharing octahedron-tetrahedron. ? Based on substitution of Zn
for Mg in a hydrotalcite structure. ¢ Mg:Al = 2:1. ¢ Mg:Al = 5:1.
¢ Distances were calculated using ATOMS and FEFF6 with atomic
positions derived from X-ray structure refinement. The amplitude
reduction factor, Sy?, and the Debye—Waller term, ¢?, were set to 1.0
and 0.0, respectively, during modeling.

distances differ significantly from those obtained for the
sorption samples. The bond distances in e-Zn(OH); are due
to Zn residing exclusively in a tetrahedral environment (35).
The formation of carbonate bearing Zn precipitates could
potentially have occurred, because CO, was not excluded
from the experimental systems. However, XAFS data indicate
that the formation of smithsonite and hydrozincite did not
occur based on measured Zn—Zn and Zn—0 bond distances.
For smithsonite, Zn—Zn bond distances are a result of Zn
octahedra sharing corners, which results in a much larger
bond distance than an edge-sharing configuration (34). The
formation of hydrozincite can also be excluded due to the
absence of a Zn—Zn bond distance between 3.53 and 3.60
A, which results from corner sharing of a Zn tetrahedron and
a Zn octahedron (31). Of the Zn precipitates listed in Table
2, only the Zn—Al LDH and Zn3(OH)4(NOs), phases share a
common short-range order structure that is consistent with
our Zn-pyrophyllite sorption samples. However, given the
large range of Zn—0 bond distances predicted for Zn;(OH),-
(NOs),, alarger first-shell Debye—Waller factor is anticipated.
Thus, based on XAFS results, identification of the precipitates
forming in Zn-pyrophyllite systems as aZn—Al LDH appears
the most likely conclusion.
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FIGURE 3. Znsolubility fields for potential hydroxide- and carbonate-
bearing precipitates. Total soluble Zn concentration, XZn, is plotted
on the ordinate. The concentration of soluble Zn in equilibrium with
reference precipitates was estimated using the TJ equation for
activity coefficient estimation with 0.1 M ionic strength and assuming
that Zn?* was the dominant species. The stability region for the
Zn—Al LDH was bounded by a Cl~ activity 1 to 100 mM. The stability
region for Zn(OH), was based on the solubility of the least and most
stable forms, o-Zn(OH), and e-Zn(OH),, respectively. Zn solubility
for carbonate-bearing phases was based on 1072 M total inorganic
carbon. Aqueous Zn activities are plotted from Zn-pyrophyllite
experiments. The complete aging series is shown for the experiment
with a total Zn concentration of 0.8 mM, where log(XZn) decreased
with time. Only the final total Zn concentration is shown for
experiments with 0.4, 0.2, and 0.1 mM total added Zn. However, the
range in log(Xzn) for these systems was —3.6 to —4.6, —3.9to —4.8,
and —4.3 to —5.3, respectively.

This analysis is supported by comparison of the Zn
solubility in aged Zn-pyrophyllite systems compared to the
concentration of Zn in equilibrium with the phases listed in
Table 2. The results of these calculations are shown in Figure
3 (additional details are available in the Supporting Informa-
tion). The solubility of Zn as a function of pH is shown for
several poorly crystalline and crystalline phases. The solubility
relationships for a-Zn(OH),, €-Zn(OH),, ZnCO3, Zns(OH)e-
(CO3)2, and Zns(OH)sCl, were taken from the MINTEQA2
database (36). Results for Zns(OH)sCl, are plotted, because
thermodynamic constants are not available for the nitrate
form. However, both the nitrate- and chloride-form of this
phase share the same basic structure (33). In addition,
predictions for the chloride-form of Znz(OH)4(NOs3), are not
shown since Zn solubility is greater for this phase (36). The
solubility range shown for Zn—Al LDH was developed using
the relationship reported by Boclair and Braterman (37) for
a freshly precipitated chloride-form of a Zn—Al LDH. The
solubility band shown was calculated based on equilibrium
with solutions containing 0.1 to 100 mM CI. It was assumed
that the difference in Zn solubility for the nitrate- or chloride-
form of Zn—Al LDH was insignificant. This assumption was
partly supported by the similarity in exchangeability of these
anions from the LDH interlayer (10, 38, 39).

Comparison of predicted Zn solubility for the phases
shown in Figure 3 indicated that under the conditions of the
sorption experiment, i.e., pH 7.5 and 0.1 M ionic strength,
a poorly crystalline Zn—Al LDH was more stable than the
crystalline e-Zn(OH), or the hydroxy-chloride. Ifitis assumed
that the experimental solutions were in equilibrium with
atmospheric CO,, then equilibrium calculations suggest that
smithsonite or hydrozincite could compete with Zn—AI LDH
formation (Figure 3). However, measured Zn concentrations
in Zn-pyrophyllite systems show that Zn solubility continued
to drop below that of a poorly crystalline Zn—Al LDH and
other hydroxide- or carbonate-bearing phases. For example,
the Zn concentration for the 0.8 mM total Zn experimental
system started within the range predicted for a poorly
crystalline Zn—Al LDH phase. However, with time the Zn
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concentration decreased below that predicted for all phases
shown. This behavior was exhibited for all total Zn concen-
trations studied. Thus, while initial formation of a poorly
crystalline Zn—Al LDH in Zn-pyrophyllite systems was
possible based on solubility considerations, this does not
represent the equilibrium endpoint.

There are two possible explanations for the observed
decrease in Zn solubility with aging. As shown by Ford et al.
(40), the overall stability of an LDH surface precipitate may
increase over time due to exchange of silica for nitrate within
the LDH interlayer. This phenomenon is supported by
research that showed incorporation of silica into the interlayer
of a Zn—Al LDH leading to the formation of a more stable
phyllosilicate-like phase (14). For these experimental systems,
interlayer silica exchange could be driven by the slow
dissolution of pyrophyllite. Thompson et al. (41) showed that
incorporation of silica within the interlayer of a Co—Al LDH
may lead to a two-order-of-magnitude reduction in Co
solubility.

Another possible explanation for a decrease in the Zn
solubility is an increase of the crystallinity of the Zn—Al LDH
precipitate due to Ostwald ripening (42). It is not possible
to assess the influence of an improvement in Zn—Al LDH
crystallinity due to a lack of solubility data for a well-
crystallized phase. Comparison of solubility estimates for a
poorly crystalline (37) and a crystalline (41) Co—Al LDH
indicates more than an order-of-magnitude decrease in the
solubility of the divalent metal. Thus, the observed reduction
in Zn solubility during aging may be due to an increase in
LDH crystallinity as well as a gradual transformation to a
phyllosilicate-like phase.

The results of these experimental systems support recent
observations that divalent metals within the first transition
metal series may form LDH phases during sorption to Al-
bearing minerals. Measurements of Zn solubility suggested
that the initially formed LDH phase was metastable. One
potential endpoint is the ultimate formation of a phyllosili-
cate-like phase. This hypothesis was supported, in part, by
previous observations that Zn phyllosilicates form from
solution over time at ambient temperature when sufficient
levels of dissolved silicaand/or Al are available (43—46). These
studies suggest that formation of a phyllosilicate-like phase
may be a viable endpoint for Zn partitioning to clay surfaces
under natural settings. However, the extent of this process
will depend on the relative percentage of competing surfaces
such asiron (hydr)oxides. These results in combination with
previous studies highlight the need for amore comprehensive
thermodynamic database for LDH phases that can serve as
metastable precursors to more stable phases. This informa-
tion will help guide assessments of the long-term stability of
metals such as Co, Ni, and Zn that partition to clay surfaces
in soils and sediments.
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