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ABSTRACT

Batch kinetic experiments were combined with X-ray absorption spectroscopy (XAS) to
compare the sorption of Mn(II), Co(II), Ni(II), Zn(II), and Cd(II) with sulfated green rust (GR) in
anoxic pre-equilibrated suspensions at pH 8 over a timespan of 1 h to 1 wk. The XAS data
suggest that all five divalent metals coordinate at Fe(II) sites of the GR sorbent, whereas the
batch results show that GR exhibits bimodal sorption behavior, with fast but limited uptake of
Mn(II) and Cd(IT) and much more extensive sorption of Co(II), Ni(Il), and Zn(II) that continues
throughout the entire experimental timeframe. We attribute these observations to differences in
the affinity and extent of divalent metal substitution in Fe(II) sites of the GR lattice as controlled
by ionic size. Divalent metals smaller than Fe(II) [i.e. Co(II), Ni(Il), and Zn(Il)] are readily
accommodated and undergo co-precipitation during GR dissolution-precipitation. In contrast,
divalent metals larger than Fe(II) [i.e. Mn(II) and Cd(II)] have a low affinity for substitution and
remain coordinated at the surface following limited exchange with Fe(Il)s) at GR particle edges.
These results imply that GR may strongly affect the solubility of Co(II), Ni(I), and Zn(II) in

reducing geochemical systems, but will have little impact on the retention of Cd(IT) and Mn(II).

Synopsis

Ionic size controls the affinity and mechanism of sorption of non redox active divalent metals by
green rust: divalent metals smaller than Fe(IT) undergo extensive co-precipitation, while divalent

metals larger than Fe(II) remain coordinated at the surface.
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Green rust, trace metals, sorption, co-precipitation, substitution, X-ray absorption spectroscopy
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INTRODUCTION

Green rust (GR) minerals are mixed-valent iron layered double hydroxides (Fe(II)-Fe(III)-LDH)
that are common in natural and engineered reducing geochemical systems such as flooded soils,
groundwaters, corroding drinking water lines, permeable reactive barriers, and iron
electrocoagulation water treatments.!'® GR is a layered mineral composed of octahedral brucitic
Fe(OH); sheets in which up to 1/3 of Fe(II) has been substituted by Fe(III) to generate a positive
layer charge that is balanced by interlayer anions.!>!”!® Because of its high specific surface area
and high content of structural ferrous Fe, GR is an effective reductant of a range of compounds
including Cu(II), Hg(II), U(VI), Se(VI), and Cr(VI).!:16:19-%

Compared to its redox reactivity, much less is known about the reactivity of GR as a
sorbent of trace elements that do not undergo redox changes. We recently combined batch, XRD,
and EXAFS analyses to investigate the sorption of one such redox-stable species, the trace metal
Ni(1I).3° The work revealed that GR interacts with Ni(II) sorbates primarily through dissolution-
reprecipitation reactions which lead to the incorporation of Ni(II) into the octahedral layers of
Fe(I1)o.67-xNi(Il)xFe(Ill)o.33(OH)2 LDH phases. This was notable in that Ni(II) coprecipitation
occurred despite the fact that the GR sorbent was stable in the experimental suspensions, which
had been pre-equilibrated before Ni(II) addition and were maintained at constant pH to avoid net
GR dissolution or precipitation during sorption. Incorporation was attributed to isomorphous
substitution of Ni(Il) for Fe(II) during Fe(II)-driven recrystallization of the GR sorbent and/or
the precipitation of mixed secondary Ni(II)/Fe(IT)—Fe(III)-LDH phases with a higher stability
than GR, complemented by Ni(II)q)-Fe(Il)¢s) cation exchange at GR particle edges.*

The dynamic behavior of GR identified in the sorption study with Ni(II) suggests that GR

may be a highly effective sink of trace metals, as co-precipitated metal sorbates are generally less
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soluble than mononuclear surface complexes.*'*? The current study expands on this earlier work
by determining the sorptive behavior of Mn(II), Co(II), Zn(II), and Cd(II), and comparing it to
that of Ni(Il). These are divalent metals (Me(II)) of environmental relevance that, like Ni(II), do
not engage in redox reactions with GR. They exhibit differences in Me(I1)-O coordination during
sorption, with Zn(II) capable of forming both tetrahedral and octahedral surface complexes while
the other metals favor octahedral coordination.®# 33-* The five Me(II) species vary in size, with
octahedral ionic radii decreasing in the order Cd(II) (0.95 A) > Mn(II) (0.83 A) > Co(II) (0.75
A) ~ Zn(1I) (0.745 A) > Ni (1) (0.69 A).* This may lead to differences in Me(II)-GR
interactions, as ionic size may affect cation exchange preferences and the favorability of
isomorphous Me(II) substitution into Fe(II) lattice sites in the GR bulk and at the surface. The
metals further exhibit different propensities for the formation of Me(II)-Fe(III)-LDHs. Solubility
products determined by Boclair and Braterman*’ and Bhattacharya and Elzinga*® indicate that the
Me(1I)-Fe(IlI)-LDH phases formed by Co(II) and Ni(II) have similar stabilities,*> whereas that of
Zn(11)-Fe(111)-LDH is much higher,* and those of Cd(II)- and Mn(II)-Fe(III)-LDH are expected
to be lower.*® Such differences may affect the rate and extent of Me(II) coprecipitation with GR
during sorption, and thereby influence the pathways of Me(II) retention.

The aim of the current study was to assess and compare the dynamics and mechanisms of
the sorption of Mn(II), Co(II), Ni(II), Zn(II), and Cd(II) onto GR with combined batch
experiments and spectroscopic analyses over a timespan of 1 h to 1 wk. Our results identify ionic
size as a key control on the affinity and mechanisms of Me(II) sorption by GR, and provide new

insights into the processes involved in trace metal retention in reducing environments.
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MATERIALS AND METHODS

Anoxic procedures

Due to the high sensitivity of GR to oxidation by Ox(), all experimental procedures were
conducted in an anaerobic glovebox using the anoxic protocols described in the Supporting

Information (SI).

Synthesis of Green Rust Sulfate

Green rust with sulfate interlayer anions [Fe''sFe'l ,(OH)12S04-2H,0], henceforth referred to as
green rust or GR, was synthesized utilizing a modified version of the co-precipitation method of
Refait et al.*” described in the SI. The resultant green-blue suspension (referred to as the

synthesis suspension below) was aged for at least 4 d before use in the sorption experiments.

Batch Sorption Experiments

The batch sorption experiments were conducted at pH ~8.0 with pre-equilibrated GR
suspensions. The suspensions were prepared by equilibrating GR solids with electrolyte set to
initial pH 7.8 and amended with 0.5 mM Fe(I)SO4. Suspension pH was stabilized with 10 mM
TRIS buffer (pKa = 8.06) dissolved in 0.05 M Na>SO4 background electrolyte. The GR solids
were harvested by vacuum filtration (0.22 um) of 25 mL subsamples of the synthesis suspension.
The solids retained on the filter paper were washed twice by filtering through two 5-mL
electrolyte volumes, and then transferred to a 500 mL container. The GR solids from 10
subsamples were combined and suspended in 300 mL of electrolyte, yielding a GR suspension
density of 8.2 g L. The container was sealed, and the suspension was aged for 2 d to equilibrate

the GR sorbent with the aqueous phase. The final pH values of the pre-equilibrated suspensions
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prepared for the various experiments ranged between 7.9 and 8.1, and the dissolved Fe(II)
concentrations between 0.8 and 1.5 mM.

The sorption experiments with Zn(II), Ni(II), Co(IT), Mn(II), and Cd(II) were conducted
with the pre-equilibrated GR suspensions described above. Two types of reactors were prepared.
The first were controls consisting of pre-equilibrated GR suspensions with no added metal, while
the other reactors contained pre-equilibrated GR suspensions (70 mL) that were spiked with
aqueous Me(II). Spiking of the sorption reactors was done through the step-wise addition of 5
aliquots of a 0.1 M MeSOsaq) stock solution to achieve a total Me(II) concentration of 1 mM.
The suspensions were magnetically stirred during metal addition to ensure complete mixing, and
pH was monitored with a double-junction pH electrode. When pH fell by 0.02 pH units, a small
aliquot of 0.1 M NaOH was added for readjustment to minimize GR dissolution. Duplicate
sorption and control reactors were prepared for each experiment.

Following the Me(II) spike, the concentrations of Me(Il)aq and Fe(Il)aq in the reactors
were monitored over the course of 7 d. This was done by taking 5-mL subsamples at regular time
intervals, with the first sample taken 1 h after the Me(II) spike. Each subsample was syringe-
filtered through a 0.22 pm nitrocellulose membrane into a 15-mL polyethylene tube containing
50 uL of anoxic concentrated HCI. The acidified filtrates were analyzed for the concentrations of
Me(II).q and Fe(Il)aq using ICP-OES. Suspension pH values were measured at each sampling
time point as well and found to deviate by < 0.07 pH units from the initial value in all cases. The
reactors were stored in sealed ziplock bags inside the glovebox to minimize the risk of accidental
oxygen intrusion. A total of 6 repeat experiments were conducted for Ni(Il), 5 for Zn(II), and 2

for Co(II), Mn(II), and Cd(II).



125 Speciation calculations in Visual Minteq* for the initial conditions of the experiments
126  ([Me(Il)]aqg = 1.0 mM; pH =8.0; 1=0.05 M Na>S0Os) indicated that Mn(II), Cd(II), and Co(II) were
127  undersaturated with respect to any potential precipitate phases, while Ni(Il) and Zn(II) were

128  supersaturated with respect to B-Ni(OH); and B-Zn(OH)., respectively. In our previous study we
129  demonstrated that the formation of f-Ni(OH)2 can be ruled out in these systems.*° Here we also
130 rule out B-Zn(OH) precipitation as a significant mechanism, based on the results of experiments
131  conducted at pH 7.0 where B-Zn(OH), was undersaturated showing the same Zn(II) sorption
132 products as the main experiments (see SI section 3 and Figures S1,S2).

133

134 X-ray Absorption Spectroscopy and X-ray Diffraction Analyses

135  Sorption samples for synchrotron X-ray absorption spectroscopy (XAS) were prepared for each
136  metal with the methods described above, using sample volumes of 30 mL. The samples were
137  reacted with Me(Il)aq for 1h, 1d, or 6d, and then centrifuged to collect the GR solids. The solids
138  were sealed into lucite sample holders with Kapton tape and transported to the synchrotron

139  facility under anoxic conditions. The XAS data were collected at beamline 12BM of the

140  Advanced Photon Source and beamline 6BM of the National Synchrotron Light Source II. The
141  samples were analyzed in fluorescence mode and at room temperature at the Me K-edge of

142 interest, with up to 15 scans collected per sample. Data processing and fitting was done with

143 WinXAS3.1* in conjunction with Athena® and Feff7,%! using similar procedures as in our

144 previous study,*® which are described in the SI.

145 Several reference compounds were prepared and analyzed for comparison with the

146  sorption samples. These were Me(II)xFe(I1)o.67-xFe(I1I)o.33(OH)2. LDH phases with values of x =

147  0.01, 0.33, and 0.67, synthesized with methods described in the SI. In the following, the



148  compounds with x=0.01 are referred to as Me(Il):GR; those with x=0.33 as Me(II)o.sFe(II)o 5-
149  Fe(Ill)-LDH; and those with x=0.67 as Me(II)-Fe(III)-LDH.

150 X-ray diffraction (XRD) analyses of the sorption and reference compounds were

151  conducted to confirm phase identity and purity of the LDH phases. The analyses are described in
152  the SI. No evidence for structural changes in the GR sorbent during the sorption experiments was
153  observed (Figures S3, S4).

154

155 RESULTS AND DISCUSSION

156  Batch Kinetic Data

157  Figure 1 presents the results of the batch kinetic studies, plotting the dissolved metal levels as a
158  function of time in the five Me(II)-GR sorption systems. Also included are the dissolved Fe(II)
159  levels measured in the sorption and control samples. The results are the average of the multiple
160  repeat experiments run for each metal, which are presented individually in SI Figures S5-S9.
161  Because of the variability observed between repeat experiments (Figures S5-S9), the

162  concentrations plotted in Figure 1 are quantified as the percentage of the initial (t=0)

163  concentrations. The error bars of the datapoints in Figure 1 represent the standard deviation of
164  the results from the repeat experiments. These exceed the standard deviations of the duplicate
165  samples in individual experiments (see Figures S5-S9), and therefore mostly reflect systematic
166  variation in the results between repeat experiments as opposed to random experimental error.
167  The variability amounts to a maximum standard deviation of £10% in dissolved Me(II) and
168  Fe(II) concentrations (Figure 1), and is attributed to variations in GR sorbent properties as

169  discussed further below.
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Inspection of the sorption kinetic patterns reveals both similarities and differences
between the five metals. The plots of Zn(II), Ni(II), and Co(II) display a rapid initial sorption
step which removes ~32%, 35%, and 67% of aqueous Co(II), Ni(Il) and Zn(II), respectively,
within the first hour of reaction (Figure 1a-c). This fast initial sorption is followed by slow
sorption that continues throughout the 7d timeframe of the experiments, and leads to the
additional removal of 18%, 25%, and 17% of dissolved Co(Il), Ni(II), and Zn(II), respectively
(Figure 1a-c). These results agree with those reported previously for Ni(II),?° and demonstrate
that Co(II) has a similar affinity for GR as Ni(II) while that of Zn(II) is higher.

The kinetic plots of Mn(II) and Cd(II) notably differ from those of Co(II), Ni(II) and
Zn(II) with respect to both the extent and dynamics of sorption. The uptake of aqueous Mn(II)
and Cd(II) amounts to a mere 4% and 8% of initial [Mn(II)]aq and [Cd(II)]aq, respectively, and
does not involve an observable stage of slow sorption (Figure 1d,e). This indicates that the
tendency for sorption is much lower for Mn(II) and Cd(II) than for the other metals, and suggests
that the mechanisms involved may differ.

The aqueous Fe(II) levels in the Me(II)-GR sorption samples relative to the controls
provide a macroscopic indication of the response of the GR sorbent to the Me(Il).q inputs. The
control samples all have stable aqueous Fe(II) concentrations (Figure 1; Figures S5-S9)
confirming that they were at equilibrium throughout the experiments. Metal addition slightly
perturbs the equilibrium in a manner that varies with Me(II) type (Figure 1), and to an extent that
varies between repeat experiments (Figure S5-S9). Dissolved Fe(Il) increases by ~20% relative
to the control in the Zn(II)-GR sorption samples during the 7d reaction timeframe (Figure 1a),
but by only ~4% in the Co(I1)-GR systems (Figure 1c). In the Ni(II)-GR systems, in contrast,

[Fe(Il)]aq slightly decreases (~6%) compared to the control, while there are no changes in the



193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

209

210

211

212

213

214

Mn(I1)-GR and Cd(II)-GR systems (Figure 1b). Of note is that the changes in dissolved Fe(II) in
the Ni(II), Zn(II), and Co(II) sorption experiments are much smaller than the changes in
dissolved Me(Il) (Figures la-c and S5-S7), indicating that Me(II) sorption is mostly decoupled
from the release and uptake of aqueous Fe(II) in these systems.

There is variability in aqueous Fe(II) levels between repeat experiments (Figure S5-S9).
This applies not only to the Fe(Il).q concentrations of the controls, which ranged between 0.8 and
1.5 mM as noted above, but also to the differences in Fe(Il).q concentration between the sorption
and control samples in a given experiment. For example, the decrease in [Fe(Il)]aq in the Ni(II)-
GR suspensions relative to the controls ranged from negligible (Figure S5d, f) to 10% (Figure
S5e), and increased Fe(Il)aq levels in the Zn(II) experiments ranged from 13% to 33% (Figure
S6d,e). We attribute this variability to slight variations in the properties of the GR sorbents used.
Fresh GR was prepared for each experiment, and the synthesis suspensions had pH values that
varied between 6.9 and 7.4 (see SI section 2). This variation in pH may have affected GR
properties such as particle size and crystallinity, which are key factors determining the solubility
and sorptive reactivity of GR. We argue that such differences affect the balance between the
various mechanisms involved in Me(II)-GR sorption, resulting in the slight differences in

outcome observed in the repeat experiments. A discussion of the mechanisms is provided below.

XAS Results
The EXAFS data of the sorption and reference samples are shown in Figure 2 and Table S1, with
Figure 2a presenting the raw and fitted k*>-weighted y functions, Figure 2b the corresponding

Fourier transforms (FTs) of the raw y data, and Table S1 summarizing the EXAFS fit results.

10
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The EXAFS data of the sorption samples resemble those of the reference compounds for
all five metals (Figure 2), consistent with the formation of Me(II)xFe(I1)o.67-xFe(11I)o.33(OH)2
LDH phases during sorption. The FTs of sorbed Me(II) display a prominent peak at R+AR ~ 1.7
A (Figure 2b) representing the first-shell O neighbors of the Me(II) sorbates. The corresponding
Rwmen-o fit values are consistent with an octahedral O ligand arrangement around central Me(Il),
as in the Me:GR and Me-Fe(III)-LDH references (Table S1). This demonstrates that Ni(II),
Zn(II), Co(II), Mn(II), and Cd(II) remain divalent during sorption and form octahedral
complexes. Of the five Me(II) species, sorbed Cd(II) is the largest with Rca.0~2.27 A, while
sorbed Co(II), Ni(II), and Zn(II) are the smallest with Rye-o=2.08 £ 0.02 A, and sorbed Mn(1I)
is intermediate with Ruvn.0~2.16 A (Table S1).

The octahedral configuration of sorbed Mn(II), Co(II), Ni(II), and Cd(II) is common and
has been observed on a range of mineral sorbents.*=43%43 Zn(II), on the other hand, may form
both tetrahedral and octahedral sorption complexes depending on sorbent type and pH.33-37-44:46
The two configurations can be distinguished based on the first-shell Zn-O interatomic distance,
which is much shorter for tetrahedral (~1.96 A) than for octahedral complexes (~2.08 A).%&3%
3744 The values of Rzn.0 = 2.06-2.08 A observed for the Zn(II)-GR sorption samples (Table S1)
indicate that octahedral complexes dominate with no evidence for the substantial presence of
tetrahedral Zn(II) species.

The FTs of the Me(II)-GR sorption samples contain distinct second shells as well (Figure
2b). These were fitted successfully with Fe neighbors at radial distances that resemble those of
the Me(II):GR references (Table S1), suggesting Me(II) substitution into the GR lattice.
Structural models reported for GR with a Fe(II):Fe(IIl) molar ratio of 2:1 as used here!®5>4

show that Fe(II) and Fe(III) sites have the same average Fe-Fe radial distance but differ in first-

11
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shell Fe-O distance because of the different ionic radii of Fe(IIl) and Fe(II) (0.654 A versus 0.78
A #%). The cation arrangement in the mineral layers is such that Fe(IIl) is surrounded by 6 Fe(II)
neighbors, while Fe(Il) is surrounded by 3 Fe(II) and 3 Fe(III) neighbors.'®3234 The avoidance of
Fe(III)-Fe(III) contacts is thought to be critical to the stability of GR as it minimizes intra-lattice

electrostatic repulsion,>-°

and has similarly been observed for the arrangement of trivalent Al in
Fe(1I)-Al(IIT)-LDH (nikischerite)*’ and Mg(II)-Al(III)-LDH (hydrotalcite).’® Given the
importance of cation ordering to the stability of LDH phases, substitution of Me(II) is expected
to occur in the Fe(II) sites of GR to maintain the arrangement of divalent and trivalent structural
cations in the lattice and avoid any Fe(III)-Fe(III) clustering.

Exact identification of the coordination environment of the Me(II) sorbates is
complicated by the difficulty of distinguishing between second-shell Me and Fe neighbors in
Me(11)xFe(I1)o.67-xFe(I11)o.33(OH), LDH structures.*® This is well illustrated by the structural
similarity of the Me(II):GR and Me(I)-Fe(III)-LDH references (Table S1). In both compounds,
Me(II) is in octahedral coordination with both first-shell O and second-shell Me/Fe at radial
distances that differ by merely 0.02-0.04 A (Table S1), which is at or near the estimated
uncertainty of the EXAFS analyses.>® The fit results of the sorption samples more closely
resemble those of the Me(II):GR than the Me(II)-Fe(III)-LDH reference (Table S1). However,
this only poorly constrains the coordination of the Me(II) sorbates, since fits of the
Me(IT)o.sFe(I1)o.5-Fe(III)-LDH reference compounds are indistinguishable from those of
Me(II):GR (Table S1) despite their intermediate composition between Me(I1):GR and Me(II)-
Fe(III)-LDH. We therefore conclude that the sorption of the five Me(II) species in our GR
suspensions involves the formation of Me(II)<Fe(II)o.67-xFe(111)0.33(OH)2 LDH phases, where the

value of x (0 <x <0.67) may span the compositional range between dilute Me(II):GR solid

12
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solutions and pure Me(II)-Fe(I11)-LDH, as proposed previously for Ni(II).3° The apparent
similarity in sorption mechanism of the five metals is noteworthy given the large differences in
the extent and dynamics of sorption observed in the batch experiments (Figure 1), and is assessed
further below.

Detailed inspection of the EXAFS data reveals several trends in the peak intensities of the
second coordination shells, which are of interest because they are indicators of the structural
ordering of the Me(Il)/Fe(II)-Fe(III)-LDH sorption products. A first observation is that second-
neighbor Fe scattering is less pronounced in the Me(II)-GR sorption samples than in the
corresponding Me(I1):GR and Me(II)-Fe(Ill)-LDH references (Figure 2b). This was noted
previously for Ni(Il), and likely reflects structural disorder arising from the location of Me(II)
sorbates at or near the surface of GR particles rather than the bulk, and/or the physical or
chemical mixing of Me(II)/Fe(II)-Fe(I11)-LDH phases with variable Me(II):Fe(II) ratios.*

Secondly, the intensities of the second-shell peaks are very similar for the 1 h, 1 d and 6 d
sorption samples (Figure 2b), indicating that the Me(II)/Fe(II)-Fe(IIl)-LDH sorption products are
structurally similar regardless of reaction time. This implies that the formation of these phases
does not involve slow nucleation or re-arrangement processes. Instead, they form on the same
time scale as the initial fast sorption step in the batch experiments (Figure 1), and do not undergo
major restructuring or ordering during subsequent ageing over 6 d.

A last noteworthy observation is that second-shell scattering in the Cd(I1):GR and
Mn(II):GR references and in the Cd(II) and Mn(II) sorption samples is less intense than for the
other metals (Figure 2b), indicating a higher degree of disorder in the Me(II)/Fe(II)-Fe(I11)-LDH
phases formed by Mn(II) and Cd(II) relative to Co(II), Ni(II), and Zn(II). Mn(II) and Cd(II) are

similar in that they both are larger than Fe(II), with ionic radii of 0.83 A and 0.95 A,

13
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respectively, compared to 0.78 A for Fe(I); the other three metals, in contrast, are smaller with
ionic radii of 0.75 A, 0.745 A, and 0.69 A for Ni(II), Zn(II), and Co(II), respectively.** Their
larger sizes appear to make Mn(II) and Cd(II) a less compatible fit with the GR structure than the
other metals, inducing a high degree of distortion in the lattice around the substituted sites as
observed by XAS. The likely cause is the increased size mismatch with structural Fe(III), which
is distinctly smaller than Fe(II) (0.645 A versus 0.78 A **) and appears to limit the flexibility of
the GR lattice to accommodate the substitution of larger divalent impurity cations. We therefore
attribute the low intensity of second-neighbor Fe scattering in the Mn(II) and Cd(II) reference
and sorption samples to the relatively poor structural compatibility of these metals with the Fe(II)
sites of the GR lattice. Importantly, this incompatibility translates into strongly reduced uptake of
Cd(II) and Mn(II) relative to Co(II), Ni(II) and Zn(II) during GR syntheses in the presence of
these metals, as observed in the preparation of the Me(II):GR reference compounds (see
description in SI section 5.2 and Table S2). This indicates that Cd(Il) and Mn(II) are mostly
excluded from the GR lattice during co-precipitation, whereas the smaller metals are readily
incorporated. This difference in affinity for isomorphous substitution as controlled by Me(II) ion

size is proposed to be a major factor determining Me(Il) sorption by GR, as discussed next.

Sorption Mechanisms

The results presented here demonstrate that divalent Mn, Co, Ni, Zn, and Cd all form
Me(IT)/Fe(IT)-Fe(IIT)-LDH during reaction with GR. In our previous study of Ni(II)-GR
interactions,>® we identified three possible pathways for the formation of these phases: (1)
exchange of Me(II) cations for lattice Fe(IT) exposed at GR particle edges; (2) incorporation of

Me(II) into the mineral lattice during Fe(II)-catalyzed GR recrystallization; and (3) partial GR
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dissolution followed by co-precipitation of Fe(Il) and Fe(IIT) with Me(II) to form mixed
Me(II)/Fe(I1)-Fe(I1I)-LDH phases with a higher stability than GR. The current results provide
new insights into the operation of these mechanisms, and suggest that their importance varies
with Me(II) size and reaction time. We propose that for divalent metals larger than Fe(II) [i.e.
Mn(II) and Cd(II)] the dominant sorption mechanism is Me(II)-Fe(II) cation exchange at GR
surface sites, while for divalent metals smaller than Fe(II) [i.e. Co(II), Ni(II) and Zn(II)] the
initial fast step of sorption (< 1 h) is dominated by coupled cation exchange and co-precipitation
reactions, and slower long-term sorption (between 1d and 7d) involves Me(II) incorporation
during dissolution-reprecipitation reactions of the GR sorbent.

The sorption of Mn(II) and Cd(II) stabilizes quickly (< 1 d; Figure 1d,e), and positions
the metals in a structural environment similar to the Me(Il):GR references as shown by the
EXAFS data (Figure 2). Cation exchange with lattice Fe(II) exposed at the GR surface is
consistent with these observations, since such exchange reactions equilibrate rapidly and place
sorbed Me(Il) into GR Fe(Il) sites. The small extent of Cd(II) and Mn(II) sorption (< 8% uptake;
Figure 1d,e) indicates that the exchange is not particularly favorable. This may be explained by
the large ionic radii of the two metals limiting their compatibility for substitution, as noted
above. A further consideration is that Me(II)-Fe(II) exchange at surface sites is subject to
competition from aqueous Fe(II), which is present at a concentration equivalent to [Me(II)]aq (~1
mM; Figures S5-S9). The first hydrolysis constants of Cd(Il) and Mn(II) are lower than that of
Fe(II) (pK1 = 10.1, 10.6, and 9.4 for Cd(II), Mn(II), and Fe(Il), respectively >°). This suggests
that the two metals have a lower affinity for coordination to OH- surface ligands than Fe(II),*

further hindering their ability to exchange for Fe(II) at GR surface sites.
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The low level of uptake and lack of discernable slow sorption suggest that Cd(II) and
Mn(II) do not undergo extensive incorporation into the GR lattice. The limited ability of these
metals to substitute for Fe(Il) at GR surface and lattice sites likely is a major factor, as this will
inhibit metal incorporation during Fe(Il)-catalyzed GR recrystallization. Co-precipitation is
further hindered by the presumably high solubility of Cd(II)- and Mn(II)-Fe(III)-LDH relative to
GR,* making the formation of mixed Me(II)/Fe(Il)-Fe(11I)-LDH through partial GR dissolution
unlikely. We therefore conclude that Mn(Il) and Cd(II) primarily sorb through fast exchange
reactions with lattice Fe(II) at GR particle edges, and remain coordinated at the surface
throughout the 7 d timeframe of the experiments.

The sorption of Co(Il), Ni(Il) and Zn(II) is much more extensive than that of Mn(II) and
Cd(II), and does not reach equilibrium (Figure 1). Most Me(Il)aq removal occurs during the
initial (<1 h) fast step of sorption (Figure 1a-c). We argue that coupled Me(II)-Fe(II) cation
exchange and co-precipitation reactions dominate this early stage of Co(II), Ni(Il) and Zn(II)
sorption. Key evidence are two observations: (1) the formation of well-ordered Me(I1)/Fe(I1)-
Fe(III)-LDH phases during this time, as demonstrated by the 1-h EXAFS data (Figure 2; Table
S1); and (2) the limited changes in Fe(Il)aq levels during extensive initial Me(II) sorption, as
observed in the batch experiments (Figure 1a-c).

Rapid Me(II)-Fe(II) exchange at the GR surface may explain the EXAFS data showing
the formation of Co(Il)-, Ni(II)- and Zn(II)/Fe(II)-Fe(III)-LDH within 1h of sorption (Figure 1a-
¢). The minor accompanying changes in dissolved Fe(Il) indicate that most exchanged Fe(II)
does not enter into solution but is retained by the solid phase. Although retention may involve
partial re-adsorption by the GR sorbent, this mechanism cannot fully account for the lack of

aqueous Fe(Il) release. Elzinga®® showed that the GR sorbent is capable of removing a maximum
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of ~0.3 mM of any Fe(Il).q released in these systems as determined from Fe(II)-GR sorption
experiments. This is distinctly lower than the concentrations of Fe(II) presumably mobilized by
cation exchange with Co(II), Ni(II), and Zn(II) during the initial sorption step (0.6 — 0.8 mM;
Figures 1 and S5-S7), and is likely to be lower still because of competition between Me(II) and
Fe(II) for surface sites in the Me(II)-GR sorption systems. Therefore, rather than re-adsorbing,
exchanged Fe(II) appears to co-precipitate with Co(II), Ni(II), and Zn(II) to form the
Me(II)/Fe(I1T)-Fe(I1I)-LDH phases observed by EXAFS, in an overall process that couples
Me(II)-Fe(II) exchange and co-precipitation.

The amounts of Co(II), Ni(II) and Zn(II) sorbed during the early reaction stages are
consistent with the cation exchange and co-precipitation reactions proposed above. Sorption
increases in the order Co(II) ~ Ni(I) < Zn(II) (Figure 1). This trend correlates with the first
hydrolysis constants of these metals (pK1 =9.7, 9.9, and 9.0 for Co(II), Ni(II), and Zn(II),
respectively *%) suggesting that Zn(II) will more readily exchange for Fe(II) at GR surface sites
than Co(II) and Ni(II). The trend also correlates with the solubilities reported for the Me(II)-
Fe(III)-LDH phases of the three metals. Boclair and Braterman*’ observed that Ni(II)- and
Co(II)-Fe(III)-LDH have similar Ksp constants while that of Zn(II) is three orders of magnitude
lower indicating it is much more stable. Although coprecipitation with Fe(II) likely modifies the
stability of the resultant mixed Me(Il)/Fe(Il)-Fe(IIT)-LDH phases relative to pure Me(II)-Fe(II)-
LDH, it is plausible that solubility differences between the three Me(Il) species persist, making
Zn(II)/Fe(IT)-Fe(III)-LDH precipitation more favorable than Co(Il)- and Ni(IT)/Fe(II)-Fe(III)-
LDH formation. We therefore conclude that the initial amounts of sorbed Ni(II), Zn(II), and
Co(II) reflect the favorability of Me(II)/Fe(II)-Fe(III)-LDH precipitation through the coupled

exchange and co-precipitation reactions dominating the early sorption stage of these metals.
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At reaction times > 1 d, ongoing sorption of Ni(II), Zn(II), and Co(II) steadily continues
to remove dissolved Me(II) from solution. The levels of aqueous Fe(II) during this slow stage of
sorption provide useful clues on the mechanisms at work. Distinct changes occur in the Zn(II)-
GR sorption systems, where aqueous Fe(Il) concentrations consistently increase relative to the
control (Figure 1a, S6). Although not particularly evident in the averaged data presented in
Figure 1, dissolved Fe(Il) levels at reaction times > 1d generally increased concurrent with
decreasing Zn(Il)aq levels in the individual Zn(II)-GR sorption experiments (Figure S6),
indicating that Zn(II) sorption is accompanied by partial dissolution of the GR sorbent. The slow
stage of Zn(II) sorption therefore appears to involve the formation Zn(II)-LDH type phases at the
expense of GR, a process that may be represented by:

Felly 67Fe!y 33(0OH)os) + 0.67 Zn**(aq) — Zn' 67Fe!y 33(OH)os) + 0.67 Fe**(ag) (Reaction 1)
Reaction 1 involves dissolution of GR to form Zn(II)-Fe(IIl)-LDH, and is favorable if the Zn(II)-
Fe(II1)-LDH product has a higher stability than GR.*° Studies directly comparing the solubilities
of GR and Zn(II)-Fe(III)-LDH are not available. However, a thermodynamic study of the AI(III)
variants of these phases showed that Zn(II)-Al(IIT)-LDH is more stable than Fe(II)-Al(III)-LDH
46, and Boclair and Braterman® report that Zn(II)-Fe(III)-LDH has a very high stability with a
Ksp three orders of magnitude lower than Co(II)- and Ni(Il)-Fe(IIl)-LDH. Reaction 1 may
therefore be involved in the slow stage of Zn(II) sorption, explaining the release of Fe(Il) to
solution.

Reaction 1 defines a 1:1 stoichiometry between reactant Zn(Il).q and product Fe(I)aq.
Plots of the concentrations of dissolved Zn(II) and Fe(I) in the sorption experiments show
deviations from this correlation, with generally lower Fe(Il),q levels than expected (Figure S10,

S11). This suggests partial co-precipitation of Fe(II) with Zn(II) to form mixed Zn(II)/Fe(II)-
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Fe(IIT)-LDH phases, similar to the early stage of sorption. Zn(II) sorption may also partially
proceed through alternative pathways that do not affect [Fe(Il)]aq. Of particular interest is Fe(II)-

catalyzed recrystallization of the GR sorbent,®!

which may lead to Zn(II) incorporation into the
GR lattice over longer time scales. This mechanism may complement Zn(II) precipitation
through reaction 1, explaining the partial decoupling of Zn(Il).q uptake from Fe(II) release
during long-term sorption. However, the recrystallization of GR by aqueous Fe(II) remains to be
confirmed.

Dissolution-reprecipitation of GR driven by solubility differences or coupled electron-
and atom-exchange reactions with Fe(Il).q may also account for the slow sorption of Ni(Il) and
Co(Il) (Figure 1b,c). Unlike Zn(II), however, the slow sorption of these metals occurs at steady
Fe(Il)aq levels (Figures 1b,c and S5, S7). This full decoupling of Ni(II) and Co(II) uptake from
Fe(Il) release indicates either that sorption is driven exclusively by Fe(Il)-catalyzed
recrystallization of the GR sorbent, or that sorbate Ni(II) and Co(II) co-precipitate fully with all
Fe(Il) and Fe(III) released during GR dissolution. The lack of Fe(II) release to solution implies
that the long-term Ni(II)- and Co(II)-LDH sorption products exhibit a higher degree of mixing
with Fe(II) than those of Zn(II). This may be due to the much higher stability of pure Zn(II)-
Fe(III)-LDH relative to Ni(II)- and Co(II)-Fe(III)-LDH,* making co-precipitation of Zn(II) with
Fe(Il) to form mixed LDH phases less favorable than for Co(II) and Ni(II).

The coupled mechanisms of adsorption, exchange, and precipitation described above
make the overall process of Me(II) sorption sensitive to changes in GR sorbent properties, in
particular particle size (which controls the abundance of exchangeable Fe(Il) at edge sites 3*%%)

and crystallinity (which determines the solubility and stability of the GR sorbent). The variations

observed between repeat experiments likely are due to such differences in sorbent GR
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properties, as noted above. For example, the variation in [Zn(II)]aq:[Fe(11)]aq stoichiometries
during long-term sorption in the repeat Zn(II)-GR sorption experiments (Figures S6 and S11)
may reflect differences in GR solubility that shift the relative importance of slow Zn(II) sorption
through Fe(Il)-catalyzed recyrstallization versus solubility-driven GR dissolution-reprecipitation.
Similarly, differences in GR particle size may affect Me(Il) surface coverage and thereby the
impact of Me(II) sorption on GR solubility. This and possibly other factors may account for the
variations observed in the Ni(II) sorption systems, where in some experiments addition of Ni(II)
slightly lowers [Fe(II)]aq (by <10%) while in other experiments [Fe(II)]aq is unaffected (Figure
S5). Resolving these observational details will require further study of the prevailing sorption

mechanisms and the ways they interact.

ENVIRONMENTAL IMPLICATIONS

The results of this study show that GR displays bimodal behavior as a sorbent of the five Me(II)
species studied here: the divalent metals smaller than Fe(II) [i.e. Co(II), Ni(I) and Zn(II)] are
sorbed extensively and continue to be removed from solution over extended time scales, while
the divalent metals larger than Fe(II) [Mn(II) and Cd(II)] are sorbed rapidly but only in limited
amounts. We deduce that these sorption behaviors reflect different sorption modes, where the
smaller divalent metals undergo co-precipitation that lead to structural incorporation into the GR
lattice, while the larger divalent metals remain coordinated at the surface. These metal-specific
differences in sorption capacity and mechanisms imply that GR will have little impact on the
retention of Cd(IT) and Mn(II) in reducing environments, but may strongly affect the solubility of

Co(II), Ni(II), and Zn(II).
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The co-precipitation and substitution processes identified here as the dominant
mechanisms of Me(II) sorption onto GR will affect the structure and composition of the near-
surface GR mineral lattice, and as a result may impact GR stability and reactivity. This is
consistent with the results of recent studies showing that sorbed metals [including Ni(II), Mn(II)
and Zn(II)] accelerate the mineralogical conversion of GR to Fe(Ill)-oxides during exposure to

63,64

oxygen and heating,®> and may promote the reductive dechlorination of chlorinated

hydrocarbons by GR.% The observed effects are metal-specific,®>%>-6¢

which is likely due at least
in part to the differences in sorption behavior identified here. As an example, Wang et al.% report
that Ni(II) sorbates more strongly promote the oxidative transformation of GR by Oz(g) than
Mn(1II), consistent with the more extensive association of Ni(II) with GR observed in the current
experiments. Additional characterization of the impacts of Me(II) sorbates on GR reactivity and
of the underlying mechanisms is important for understanding the behavior of naturally occurring
GR, which may contain appreciable levels of metal impurities.”3-67-68

The stability of GR and other LDH phases is affected by the identity of the interlayer
anions that neutralize the layer charge.!*>" Currently available thermodynamic data indicate that
GR-carbonate is more stable than GR-sulfate."*7!7? Since our results suggest that GR solubility
plays an important role in controlling the mechanisms of Me(II) sorption, the sorptive behavior
of GR may be quite different in freshwater environments dominated by GR-carbonate ° than in
saline systems dominated by GR-sulfate.”® Systematic studies of the impacts of the interlayer
counteranions on GR sorption behavior are needed to assess this further.

The control of ionic size identified here for the sorption of Mn(II), Co(II), Ni(II), Zn(II)

and Cd(II) sorption by GR may apply to other geochemically relevant divalent cations as well,

including Mg(II) and Cu(II) [both smaller than Fe(II)], and Pb(II) and Hg(II) [both larger than

21



466  Fe(Il)]. However, factors other than ionic size, particularly redox changes [as observed for Cu(Il)
467  and Hg(I)’*7°] and deviations from octahedral coordination during sorption [common for Pb(II)
468  and Cu(II) *& 7% must also be considered, as these may modulate or override the effects of size
469  alone. The delineation of these various controls on the sorptive reactivity of Me(Il) species with
470  GR will require further experimental work.
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Figure 1. Results of the batch kinetic sorption studies conducted with (a) Zn(I1), (b) Ni(II), (¢)
Co(Il), (d) Mn(II) and (e) Cd(II) and the corresponding controls without added Me(II). The data
points represent the dissolved Me(Il) and Fe(I1) concentrations quantified as the percentage of
the initial (t=0) concentration. The experiments were run at pH ~ 8 using anoxic GR suspensions
with a density of 8.2 g L™!, a background electrolyte of 0.05 M Na>SO4 and 10 mM Tris, and an
initial aqueous Me(II) concentration of ~1.0 mM. The diamond data markers represent the
dissolved Me(II) concentrations and the round markers the dissolved Fe(II) levels in the sorption
samples and controls. The data are the average of five and six repeat experiments respectively for
Zn(II) and Ni(II), and of two repeat experiments each for Co(Il), Mn(II) and Cd(II); the error
bars symbolize the corresponding standard deviations. The individual experiments are presented

in SI Figures S5-S9.
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Figure 2. Me K-edge EXAFS data of the sorption samples and reference compounds: (a) k*-
weighted raw (black lines) and fitted (red lines) y spectra; (b) corresponding Fourier transforms
(FTs) of the raw spectra (uncorrected for phase shift). The scaling of the y-axes is indicated by
the double-arrow scale bars. The vertical dotted lines in panel (b) locate the first-shell O and
second-shell Fe/Me atomic neighbors surrounding sorbed Me(II). The fit results are summarized
in SI Table S1.
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