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ABSTRACT: The sorption of Ni(II) by green rust sulfate (GR-sulfate) was studied in anoxic pre-equilibrated suspensions at pH 7.0
and pH 7.8 with combined batch kinetic experiments, X-ray diffraction measurements, and Ni K-edge X-ray absorption spectroscopy
(XAS) analyses. Continuous removal of aqueous Ni(II) was observed over the course of the reaction (1—2.5 weeks) at both pH
values, with no concurrent changes in aqueous Fe(II) levels or detectable mineralogical modifications of the GR sorbent. XAS results
indicate that Ni(II) is not retained as mononuclear adsorption complexes on the GR surface but rather incorporated in the
octahedral layers of an Fe',_ Ni" Fe ,;(OH),-layered double hydroxide (LDH) phase with 0 < x < 0.67. The combined
macroscopic and spectroscopic data suggest that Ni(II) substitutes into the GR lattice during Fe(II)-catalyzed recrystallization of the
sorbent and/or forms secondary Ni(II)/Fe(II)—Fe(III)-LDH phases with a higher stability than that of GR, complemented likely by
Ni(II)—Fe(Il) exchange at GR particle edges. The results of this study reveal GR to be a dynamic sorbent that engages in
dissolution—reprecipitation and exchange reactions, causing extensive incorporation of trace metal Ni(Il),;. Additional work is
needed to further define the mechanisms involved and to assess the sorptive reactivity of GR with other trace metal species.

KEYWORDS: iron, trace metals, layered double hydroxides, suboxic environments, sorption, precipitation, X-ray absorption spectroscopy,
X-ray diffraction

B INTRODUCTION abiotic pathways, as discussed in the recent review of Usman et
Green rust (GR) minerals are mixed-valent iron (Fe) phases in al.
the layered double hydroxide (LDH) mineral family." They are
composed of brucitic Fe"(OH), sheets in which part of the
ferrous (divalent) Fe cations have been replaced with ferric
(trivalent) Fe. This substitution generates a positive structural

charge in the mineral layers, which is balanced by the

The common occurrence of GR in reducing geochemical
environments combined with its high specific surface area makes
this mineral a potentially major regulator of the solubility of
trace elements and pollutants in these systems. The reactivity of
GR has therefore attracted considerable previous interest. Most
studies have focused on its redox reactivity, and these have

coordination of anions such as carbonate (CO;*"), sulfate shown that GR is a reductant of a range of compounds including

(80,7), and chloride (CI7) anions along the basal planes metals, oxyanions, radionuclides, and chlorinated hydro-

bounding the hydrated interlayer space. The resulting minerals carbons.””~* GR additionally retains anions including carbo-

are referred to as anionic clays and have the chemical formula nate, sulfate, sulfite, selenate, and halide anions in the interlayer

Fe"'|_ Fel™, (OH),(A""),/,- nH,O, where A is the interlayer through electrostatic interactions with the mineral basal

anion and x represents the molar fraction of trivalent Fe, which planes™**™** and may form inner-sphere complexes at

typically ranges from 0.25 to 0.33."~* amphoteric edge sites as observed for phosphate, arsenate, and
Its open, hydrated structure facilitates the rapid precipitation arsenite.*’ >

of GR, while its layered architecture gives the mineral a high Studies of the interaction of GR with trace metals have

specific surface area.””® The presence of GR has been addressed redox and co-precipitation reactions and have

documented in a variety of natural and engineered environ- demonstrated that GR is capable of reducing Cu(II) and Hg(II)

ments, including soils, sediments, groundwater, stratified

lacustrine water columns, corroding municipal drinking water Received: March 3, 2021

lines, and Fe(0)-based permeable reactive barriers.” >" These Revised:  July 4, 2021

systems are typified by Eh values at or near the Fe(1I)—Fe(III) Accepted:  July 6, 2021

redox boundary (corresponding to moderately reducing Published: July 20, 2021

conditions) and pH values in the near-neutral to slightly alkaline

range. GR formation may proceed through both biotic and
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to Cu(0) and Hg(0), respectively,”> and can incorporate an
array of divalent and trivalent metal species into its
structure.”>™>° There are, however, no literature reports on
the interactions of pre-formed GR with trace metals that do not
engage in redox reactions with the sorbent [eg, Ni(I) and
Zn(II)]. This cannot be explained by a lack of environmental
relevance: GR minerals and dissolved metals are likely to co-exist
and interact in reducing environments such as suboxic soils,
where reductive dissolution of Fe(III) oxides establishes
geochemical conditions favorable to the formation of GR and
leads to the release of trace metal sorbates into solution.*>%~%*
A likely factor is the difficulty of working with GR because of its
high sensitivity toward oxidation, which necessitates the
implementation of strict anoxic protocols to study the sorptive
reactivity of the pristine GR surface. A further complication is
that GR has a relatively high solubility that depends strongly on
pH.® This makes it difficult to avoid GR dissolution and prevent
co-precipitation reactions in metal sorption experiments, where
pH shifts are common.

The aim of the work presented here was to characterize the
reactivity of pre-formed GR as a sorbent of dissolved Ni(1l), a
trace metal that is redox-stable in the presence of GR. The
experiments were designed to avoid net GR dissolution or
precipitation during sorption and employed a combination of
batch kinetic studies and spectroscopic analyses to characterize
the extent and mechanisms of interaction. The results reveal that
incorporation rather than surface complexation reactions
dominate the reactivity of GR toward aqueous Ni(II) even in
the absence of net dissolution or precipitation of the sorbent.

B MATERIALS AND METHODS

Anoxic Protocols. The anoxic procedures used here were
the same as those described previously.”"®® Briefly, the
experiments were conducted in an anerobic glovebox which
had a 95% N,(,) and 5% H,,) atmosphere and was equipped
with a Coy fan box that continuously circulated the glovebox air
over granular Pd catalyst to remove trace O,,). Samples and
reagents were prepared with doubly deionized water (con-
ductivity > 18.2 MQ cm) that had been boiled and then was left
to cool inside the glovebox while open to the glovebox
atmosphere. Containers and other labware were brought into
the glovebox at least 24 h before use.

GR Synthesis. GR with sulfate as the charge-balancing
interlayer anion (henceforth referred to as GR-sulfate or simply
GR) was synthesized inside the glovebox using a procedure
modified from that used by Refait et al.’® This co-precipitation
method involved titration of a solute containing 0.28 M
Fe(I1)SO,,y) and 0.035 M Fe(III),(SO,)3, with 030 M
NaOH,,y in a 1:1.4 volume ratio. The resulting green—blue
suspension (referred to as the “synthesis suspension” below) had
apH of 7.0 and was aged for S d inside the glovebox. Solids were
collected by vacuum filtration and analyzed by powder X-ray
diffraction (XRD) (details below). The results confirmed that
the material was GR and showed no evidence of the presence of
other Fe phases, as described below.

Sorption Experiments. The sorption studies were designed
to minimize net dissolution or precipitation of the GR sorbent
during reaction with Ni(II),g. To this end, the GR suspensions
were pre-equilibrated before Ni(II) was added and stabilized
against pH changes using Tris buffer. Tris was selected based on
the findings of Yin et al,, °” who reported that it did not cause GR
dissolution, in contrast to the Good’s buffer HEPES. The

background electrolyte consisted of 0.05 M Na,SO, stabilized at
pH 7.8 with 10 mM Tris.

Pre-equilibration was done in two steps. In the first, a 25 mL
aliquot of the GR synthesis suspension was vacuum-filtered
(inside the glovebox) through a 0.2 um nitrocellulose
membrane. The moist GR deposit remaining on the filter was
washed by filtering through 10 mL of anoxic background
electrolyte. The filtered and washed GR material was collected
and resuspended in 30 mL of anoxic electrolyte. A total of eight
suspensions were prepared. Sample containers were wrapped in
Al foil and equilibrated inside the glovebox for 2 d.

To start the second pre-equilibration step, the suspensions
were transferred into 35 mL polypropylene centrifuge tubes.
These were sealed with Nalgene caps having a polypropylene
screw closure and a silicone gasket and brought outside the
glovebox for centrifugation at 13,500 rpm for 10 min to achieve
solid—solution separation. The centrifuged suspensions were
brought back into the glovebox, where the solutes were collected
and combined into a single sample of ~240 mL, while the solids
were discarded. A 150 mL volume of the solute was transferred
into a separate container and amended with fresh GR that was
filtered from the synthesis suspension and washed with the
remainder of the centrifuged solute. This involved vacuum
filtration of 25 mL aliquots of the GR synthesis suspension and
washing of the filtered deposit as described above. A total of five
filtered 25 mL aliquots were suspended into the 150 mL solute
volume to produce a single GR suspension with a solid-phase Fe
concentration of 69 mM [46 mM Fe(II)(S) and 23 mM
Fe(III) )], corresponding to a GR particle density of ~7.3 gL™".
The container holding this suspension was wrapped in Al foil
and equilibrated inside the glovebox for 2 d. Suspension pH was
measured regularly during this time using a double-junction pH
electrode (Thermo Scientific Orion 9102DJWP). Aqueous
Fe(II) levels were monitored by regular retrieval of S mL
subsamples which were syringe-filtered through 0.22 gm nylon
membranes into 15 mL tubes holding 10 yL of concentrated
H,S0,. Dissolved Fe(II) concentrations were analyzed by
inductively coupled plasma optical emission spectrometry (ICP-
OES). The combined pH and ]:Fe(II)]aq measurements showed
that the GR suspension reached equilibrium during the 2 d pre-
equilibration time frame, as shown below.

Following pre-equilibration, the GR suspension was parti-
tioned into two 60 mL volumes held in two separate containers.
One of the containers was spiked with 0.95 mM Ni(II), while the
other served as a control and received no Ni(II). Addition of
Ni(II) was done under magnetic stirring by the stepwise
injection of 10—30 yL aliquots of a 0.2 M NiSO, stock solution.
Suspension pH was monitored between Ni(II) shots and re-
adjusted to the initial value of 7.80 by small additions of 0.1 M
NaOH as necessary. Suspension pH varied between 7.78 and
7.81 during this process.

Following the metal spike, the containers were wrapped in Al
foil and equilibrated inside the glovebox for 7 d. Suspension pH
and the concentrations of Ni(II),, and Fe(II),, were measured
daily with the same methods as those used during pre-
equilibration. The suspension pH remained essentially constant
during this time period, with the measured values varying by
<0.04 pH units. The GR control suspension was sampled at the
same time points and in the same manner as the Ni(I)-amended
suspension to assess any effects of Ni(II) sorption on GR
solubility; the pH of the control suspension was constant for the
experimental duration. Measurements of quality control samples
and replicate analyses of individual samples indicated a precision
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of 1% and an accuracy of +2% for the ICP analyses of
[Fe(I1)],q and [Ni(II) .

Speciation calculations with Visual MINTEQ 3.1°® indicated
that the initial Ni(I[)—GR suspensions were either over-
saturated or undersaturated with respect to -Ni(OH), based
on reported solubility product (K,) values, which range from
log(K,,) = —10.79 to log(K,,) = —18.% To assess the potential
precipitation of S-Ni(OH), in the GR suspensions, sorption
experiments were also conducted at a pH of 7.0 where this phase
was undersaturated according to available K, data. The pH 7.0
system had the same GR suspension density and the same Ni(II)
and Tris concentrations as the pH 7.8 experiment but a
considerably higher Fe(II)aq level due to the strong dependence
of GR solubility on pH.** For these experiments, a 260 mL
volume of GR synthesis suspension (aged for S d) was amended
with 52 mL of 0.06 M Tris adjusted to pH 7.0. The resulting GR
suspension had dissolved Tris and Fe(II)aq concentrations of 10
and 48 mM, respectively, and a solid-phase Fe concentration of
69 mM, as in the pH 7.8 experiments. The suspension was
equilibrated for 4 d in an Al-wrapped container inside the
glovebox and then split into four separate 75 mL suspensions.
Two of these were spiked with 0.95 mM Ni(II),, in the same
manner as that described above for the pH 7.8 experiment, while
the other two were controls. The four suspensions were stored in
Al-wrapped containers inside the glovebox and sampled
regularly to monitor the concentrations of dissolved Ni(1I)
and Fe(II) over the course of 17 d using the methods described
above. Suspension pH values varied by <0.03 pH units during
this time.

X-ray Absorption Spectroscopy and XRD Analyses.
Samples for XRD and synchrotron X-ray absorption spectros-
copy (XAS) were prepared with the same procedures as those
described in the previous section. Each sample had a volume of
30 mL to ensure that there was enough mineral solid for analysis.
The suspensions were reacted with Ni(II),q for 1-17 d, and then
centrifuged to collect the GR solids. To preserve the chemical
state of sorbed Ni(II), the solids were not washed or dried.

For XRD analysis, a portion of the moist solids was mixed with
a small volume of glycerol inside the glovebox and then smeared
as a thin film onto a low-background sample holder. XRD
analysis was performed outside the glovebox using a Bruker D8
diffractometer equipped with a Cu Ka source, a Ni filter, and a
LynxEye solid state detector. Data were collected over the 26
range 5—80° with a resolution of 0.02° 26 and a counting time of
0.5 s, requiring approximately 0.5 h per pattern. Preliminary
analyses (involving comparison of XRD scans collected for GR—
glycerol deposits at various time points in a S h time frame)
confirmed that glycerol was effective in protectinég GR against
oxidation, consistent with previous results,”*>*%>°%7

For XAS analysis, the moist pastes were sealed into XAS
sample holders with Kapton tape inside the glovebox. The
holders were wrapped in Al foil and then individually sealed into
four ziplock bags for transport to the synchrotron facility. XAS
data were collected by scanning the samples at the Ni K-edge
(8333 eV) on beamline 12BM of the Advanced Photon Source
(APS) at Argonne National Laboratory and on beamline 6BM of
the National Synchrotron Light Source II (NSLS-II) at
Brookhaven National Laboratory. Data collection was done in
fluorescence mode at room temperature using a 13-element
Canberra solid-state detector at beamline 12BM (APS) and a
four-element vortex silicon-drift detector at beamline 6BM
(NSLS-II). Multiple scans were collected per sample to improve
the signal/noise ratio. The data were processed and analyzed

with WinXAS 3.1”" combined with Athena’” and Feff 77 using
procedures described in the Supporting Information. The first
and last scan of each sorption sample were compared carefully to
check for any beam-induced changes during the measurements,
which were not observed.

Several Ni reference compounds were analyzed to assist the
XAS data interpretation of the sorption samples. These included
the following: (1) Ni(II)-substituted GR, prepared by co-
precipitation in the same manner as that of the GR sorbent (see
above) but with the addition of a small amount of Ni(II), which
substitutes into the Fe(II) site of the GR mineral layers to form a
dilute solid solution,”*”> referred to as Ni:GR. Two Ni:GR
samples were prepared, one having a molar Ni(1I):Fe(II) ratio of
1:55 (corresponding to 1.8 mol %) and the other 1:27.5 (3.6 mol
%); (2) Ni(Il)—Fe(IlI)-LDH, characterized previously by
Thenuwara et al.”® This compound is the Ni(Il) analogue of
GR, containing Ni(II) instead of Fe(II) as the divalent cation in
the octahedral mineral layers; and (3) Ni(1I)—Al(III)-LDH and
(4) B-Ni(OH),, both described previously by Scheinost and
Sparks.”” The Ni(II)—AI(III)-LDH compound is isostructural
to Ni(I1)—Fe(III)-LDH but has Al(III) instead of Fe(III) as the
structural trivalent cation, while S-Ni(OH), has the same
brucitic structure as that of the LDH references but contains no
structural trivalent cations.

B RESULTS AND DISCUSSION

XRD Results. The XRD patterns of the GR starting material,
the Ni/GR reference sample with Ni(II):Fe(1I) = 1:27.5, and
the Ni(1I)—GR sorption samples are presented in Figure 1 and
demonstrate that GR was the only detectable Fe phase in all
samples. The patterns are dominated by three basal plane Bragg
reflections (at ~10.9, 5.5, and 3.7 A) which are characteristic of
GR compounds having three-dimensional interlayer anions such
as sulfate.” Smaller hki reflections appear in the range 30—80° 26
and are consistent with previously reported XRD patterns of
GR-sulfate.”>”*”®”” The similarity of the XRD patterns of the
sorption samples and the starting phase confirms that GR was
stable and did not undergo bulk phase changes in the sorption
experiments. The peak positions in the patterns of the sorption
samples and controls differed by <0.02° 26 (the resolution of
the measurement), indicating that the interaction with Ni(II)
did not cause structural modifications of the GR sorbent. There
is variability in the intensities of the basal reflections relative to
those at 30—80° 20 (Figure 1), which may indicate differences in
the extent or ordering of GR platelet stacking or in the
crystallinity of the GR platelets. However, the widths of the
reflections were the same in the sorption samples and controls
(see Figure S1 in the Supporting Information), indicating that
the intensity differences most likely are due to the effects of
preferred orientation, as observed commonly for layered
minerals such as phyllosilicates.*

Batch Kinetic Data. Figure S2 shows the aqueous Fe(II)
concentration in the pH 7.8 GR control suspension [which
received no Ni(H)aq] as a function of time from the start of the
second hydration step. The results show that [Fe(H)]aq reaches
a concentration of 0.8 mM after 1 d and remains at this level for
the duration of the experiment. Suspension pH was stable at a
value of 7.80 (£0.02) throughout. The GR suspension was
therefore at an equilibrium with respect to the dissolution—
precipitation of the GR sorbent when Ni(II) 4 was introduced
after 2 d of pre-equilibration. At pH 7.0, the aqueous Fe(II)
concentration was similarly stable at the time of Ni(II) addition
but at a higher level of 48 mM.

https://doi.org/10.1021/acs.est.1c01442
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Figure 1. Powder XRD patterns of GR sorbents [patterns (a,c—f)] and
the Ni-substituted GR reference with a molar Ni(Il):Fe(II) ratio of
1:27.5 [pattern (b)]. Pattern (a) is of the GR starting substrate, while
patterns (c,e) are of GR retrieved from the pH 7.8 and pH 7.0 sorption
experiments after reaction with 0.95 mM Ni(II)aq for 7 d and 17 d,
respectively, and patterns (d,f) are of GR collected from the
corresponding control suspensions, which received no Ni(1l),q. All
patterns are dominated by the basal reflections at ~8.1° 26 (d ~ 10.9
A), ~16.1°20 (d ~ 5.5 A), and ~24.3° 20 (d ~ 3.7 A). The regions to
the high-angle side of the blue dashed line were scaled by a factor of 10
to enhance the visibility of the hkl bands.

The results of the batch kinetic Ni(II) sorption experiments
are presented in Figure 2, with Figure 2a showing the results
obtained at pH 7.8 and Figure 2b those at pH 7.0. Plotted as a
function of time are the concentrations of Ni(II),q and Fe(II),

in the Ni(II)-amended suspensions as well as the concentration
of Fe(Il),, in the control suspensions. At both pH values,
continuous removal of Ni(Il),, occurs throughout the
experimental reaction time frame. Sorption is initially rapid,
lowering [Ni(II)],, during the first hour of reaction from 0.95 to
0.67 mM at pH 7.8 and to 0.82 mM at pH 7.0. This fast initial
step is followed by slow sorption, which gradually further
reduces [Ni(II)],q to 0.42 mM after 7 d at pH 7.8 and to 0.70
mM after 17 d at pH 7.0 (Figure 2). At both pH values, the
sorption of Ni(II) appears to be still ongoing at the time of
termination of the experiments (Figure 2), indicating that
sorption equilibrium had not been reached in either system. The
level of Ni(II) sorption is lower at pH 7.0 than that at pH 7.8
(Figure 2). This likely is the result of the higher concentrations
of protons and Fe(Il),, at the lower pH value, making
interaction of Ni(II),, with the GR sorbent less favorable
because of increased competition for coordination at surface
sites.

In contrast to dissolved Ni(II), the concentrations of Fe(II)aq
in the Ni(II)—GR suspensions were constant throughout the
reaction time frame, remaining at the same level as that in the
control suspension at both pH values (Figure 2). This indicates
that the interaction with Ni(II) does not notably affect the
solubility of GR, a finding that is consistent with the lack of
structural change observed by XRD (Figures 1 and S1). The
processes controlling Ni(II) sorption by the GR sorbent are
assessed next on the basis of the Ni K-edge extended X-ray
absorption fine structure (EXAFS) data.

EXAFS Results. The results of the Ni K-edge EXAFS
analyses are presented in Figure 3, which shows the raw and
fitted k*-weighted y functions of the Ni(II) sorption samples and
references (Figure 3a) and the Fourier transforms (FTs) of the
raw y spectra (Figure 3b). The results of the EXAFS data fits are
summarized in Table 1.

The XAS results of the Ni(II) reference compounds are a
useful starting point for evaluating the data of the sorption
samples. The A-Ni(OH), Ni(II)—Fe(IlI)-LDH, Ni(I1l)—Al-
(I1)-LDH, and Ni(II):GR references are all composed of
octahedral layers with the brucite structure but contain varying
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Figure 2. Results of the batch sorption kinetic experiments conducted at (a) pH 7.8 and (b) pH 7.0. The red and brown data points are the Ni(II),
concentrations in the sorption samples, while the corresponding Fe(II),, concentrations are represented by the blue markers. The green data points are
the Fe(H)aq concentrations in the control suspensions, which were not spiked with Ni(II)aq. The diamonds and squares in panel (b) are the results of
duplicate experiments. The horizontal dotted lines are the average of the Fe(II)aq levels measured in the sorption and control samples (0.79 and 48.1
mM at pH 7.8 and pH 7.0, respectively). All Fe(II),, concentrations are within 5.5% of the average at both pH values.
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Figure 3. Ni K-edge EXAFS data of the sorption samples and reference compounds. Panel (a) displays the k*-weighted y spectra and (b) the
corresponding FT's, which are uncorrected for the phase shift. The scaling of the y-axis is indicated by the double-arrow scale bars. The black solid and
red dotted lines in panel (a) are the raw and fitted spectra, respectively, while the vertical dotted lines in panel (b) locate the first-shell O and second-
shell Ni or Fe atomic neighbors surrounding sorbed Ni(II). The Ni:GR 1 and Ni:GR 2 reference compounds are Ni(II)-substituted GR phases with
Ni(II):Fe(II) ratios of 1:27.5 and 1:55, respectively. The data fit results are summarized in Table 1.

Table 1. EXAFS Fit Results of the Ni(II) Reference and Sorption Samples

Shell
Ni—O Ni—Ni/Fe/Al

Sample type N*P R (A)* o> (A*)“ N&P R (A)“ o (A%
References
B-Ni(OH), 6 2.08 0.008 6 (Ni) 3.18 0.008
Ni(II)—Al(IIT)-LDH* 6 2.05 0.008 3 (Ni) 3.04 0.006

3 (Al) 3.04 0.006
Ni(II)—Fe(111)-LDH? 6 2.06 0.007 3 (Ni) 3.09 0.008

3 (Fe) 3.09 0.008
Ni:GRI1¢ 6 2.06 0.004 6 (Fe) 3.1 0.005
Ni:GR2° 6 2.07 0.005 6 (Fe) 3.16 0.006
Sorption samplesf
pH78t=1d 6 2.06 0.006 6 (Fe) 3.14 0.008
pH7.8;t=7d 6 2.06 0.006 6 (Fe) 3.13 0.008
pH7.0;t=3d 6 2.06 0.005 6 (Fe) 3.16 0.008
pH7.0;t=17d 6 2.06 0.005 6 (Fe) 3.15 0.009

“N is the coordination number, R is the radial distance, and ¢ is the mean square relative displacement, a disorder parameter that accounts for the
mean square variation in path length. The accuracies for fitted R values were estimated as +0.01 A for the first shell and +0.03 A for the second
shell (see discussion in the Supportmg Information), and the standard deviations of the fitted R and ¢* values were <+6 X 10~* A and <+5 X 1075
A2, respectively, in all fits. “Coordination numbers were fixed during fitting. “Second-shell atomic neighbors are indicated in brackets. #Values of R
and ¢ of second-shell Ni and Al in Ni(I1)—Al(III)-LDH and of second-shell Ni and Fe in Ni(II)—Fe(III)-LDH were constralned to be equal. “The
Ni:GR1 and Ni:GR2 references are Ni(II)-substituted GR phases with Ni(II):Fe(II) ratios of 1:27.5 and 1:55, respectively. /Fits of the sorption
samples assumed positioning of Ni(II) in the octahedral Fe(II) site of the GR lattice.

levels of Ni(Il) versus Fe(II/III) or AI(IIl). The structural
similarity of these compounds is reflected in their similar XAS
data (Figure 3). The FTs are dominated by two shells: the first at
R + AR ~ 1.7 A representing the first-shell O ligands
surrounding Ni(II) and the second at R + AR ~ 2.8 A
representing second-neighbor Fe and Ni atoms (Figure 3b). The

10415

fit results (Table 1) show that Ni(Il) is in octahedral
coordination with first-shell O in all four compounds, as
evidenced by the Ni—O distances (Ry_o) of 2.05—2.08 A.*'
Second-shell Ni neighbors in 8-Ni(OH), are fitted at Ry;_y; =
3.15 A (Table 1), consistent with previous XAS reports’"** and
with the crystal structure of S-Ni(OH), determined from
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XRD.* Replacement of 1/3 of Ni(I) by Fe(IIl) to form
Ni(1I)—Fe(III)-LDH shortens the radial distance to Ry;_yi/ge =
3.09 A (Table 1). This reflects structural contraction of the
octahedral mineral sheets caused by the smaller atomic radius of
Fe(Ill) relative to that of Ni(II) (0.645 A vs 0.69 A).*'
Incorporation of AI(III) (0.535 A)* in Ni(II)—AI(III)-LDH
contracts the structure further, as evidenced by the second-shell
radial distance Ry;_nija1 = 3.04 A fitted for this compound
(Table 1), which is a value consistent with previous
studies.”*>%*

The fit results of the Ni(II):GR solid solution samples show
that the substitution of Ni(II) as an impurity in the Fe(II) site of
the GR lattice yields a Ry;_g, of 3.15—3.16 A (Table 1), which is
very similar to Ry;_p; = 3.15 A in f-Ni(OH), but shorter than
the interatomic Fe—Fe distance in GR (Rg,_g, = 3.21 A®*). The
structural contraction around incorporated Ni(II) impurities
reflects the smaller atomic radius of octahedral Ni(II) relative to
that of Fe(II) (0.69 A vs 0.78 A®') and suggests considerable
flexibility of the structure in accommodating Ni(II) substitution,
which likely is the result of the two-dimensional architecture of
the mineral lattice. Overall, the EXAFS data of the reference
compounds demonstrate similar local coordination environ-
ments of Ni(Il) in GR, B-Ni(OH),, and Ni(II)—Fe(III)-LDH
(Figure 3; Table 1). This limits the ability of Ni K-edge XAS to
reliably distinguish between these phases, particularly since the
technique cannot differentiate between Ni and Fe atomic
neighbors owing to their similar backscattering behaviors.*®

The fit results of the Ni(II)—GR sorption samples show that
sorbed Ni(II) is octahedral (Ry;_q = 2.07 A; Table 1). The FTs
of the sorption samples (Figure 2b) display second-shell peaks
with intensities that are considerably higher than those observed
in XAS studies of Ni(II) inner-sphere surface complexes formed
on goethite and hematite.**®” The second-shell metal neighbors
are located at distances of 3.13—3.16 A from central Ni (Table
1), which is similar to the second-neighbor distances in the f-
Ni(OH), and Ni:GR solid solution references (Ryi_ni/pe =
3.15—3.16 A; Table 1). Precipitation of #-Ni(OH), is ruled out
as a significant process based on the similarity of the XAS data
obtained at pH 7.8 [where -Ni(OH), is potentially super-
saturated] and pH 7.0 [where -Ni(OH), is undersaturated;
Figure 3; Table 1]. The results therefore suggest that Ni is
incorporated in the octahedral sheets of GR, occupying the
Fe(II) site.

Although the XAS results indicate generally similar
coordination environments of sorbed and incorporated Ni(II),
the intensity of the second-shell scattering is lower in the
sorption samples than in the Ni:GR references (Figure 3), which
is reflected in the higher fitted values of second-shell ¢ (the
mean square relative displacement; Table 1). This indicates that
sorbed Ni(Il) has, on average, a higher degree of structural
disorder and/or a lower number of second-shell atomic
neighbors than substituted Ni(II). A possible explanation is
that sorbed Ni(II) may be buried in the surface region of the GR
lattice and therefore displays a disordered or incomplete second-
shell coordination. Another possibility is that sorbed Ni(II)
forms physical or chemical mixtures of structurally similar
Ni(II)-LDH phases. Of interest in this respect is Ni(Il)—
Fe(IlI)-LDH, the Ni(II) analogue of GR. The EXAFS results
suggest that Ni(II)—Fe(III)-LDH is not the main Ni(II)
sorption product (Table 1; Figure 3). However, the difference
in fitted second-shell R values between the Ni(II)—Fe(IIl)-LDH
reference and the sorption samples (Ry;_pe/ni = 3.09 A vs Ry
=3.13-3.16 A; Table 1) is near or within the estimated margin

of uncertainty (£0.03 A; see the Supporting Information). The
presence of Ni(Il)—Fe(III)-LDH in the sorption samples can
therefore not be excluded, particularly if it coexists with Ni(II)-
substituted GR in a physical mixture of these two phases.
Moreover, because of the structural similarity of Ni/GR and
Ni(II)—Fe(IlI)-LDH, it is likely that Ni(Il) is capable of
forming Ni(II)-LDH phases with compositions intermediate
between Ni(II)-substituted GR and Ni(II)—Fe(III)-LDH. Such
chemical mixing would lead to increased structural disorder,
which is consistent with the XAS results but is otherwise difficult
to characterize with this technique because of the similarity of
second-neighbor Ni and Fe backscattering and the uncertainty
in fitted second-shell Ry;_ /. values.

Overall, the XAS data indicate that sorbed Ni(II) is
incorporated as an impurity in the GR mineral lattice or forms
physical or chemical mixtures of Ni-substituted GR and
secondary Ni(II)—Fe(III)-LDH. The general formula of sorbed
Ni(II) can thus be summarized as Fe'¢,_ Ni" Fe ;;(OH),-
(8O4)0.165y where the value of x (0 < x < 0.67) is poorly
constrained due to the similarity in XAS data of Ni(1I)-LDH
phases noted above. Despite this ambiguity, the data
unequivocally demonstrate that Ni(II) is incorporated into the
octahedral layers of a mixed-valent Fe(II/III)-LDH phase
during sorption and rule out the formation of mononuclear
surface complexes as a major mechanism. Precipitation is
consistent with the slow continuous removal of Ni(II),,
observed macroscopically (Figure 2) but is remarkable because
it occurs under conditions of apparent equilibrium with respect
to the solubility of the GR sorbent, that is, in the absence of net
GR dissolution or precipitation (Figure 2). The possible
pathways involved are discussed next.

Mechanisms of Ni(ll) Precipitation during Sorption.
Several processes may be responsible for the formation of
Fe"y ¢, Ni",Fe',;;(OH), observed here during sorption of
Ni(II) on GR. The first potential mechanism involves the
exchange of structural Fe(Il) exposed at the GR surface by
chemically similar Ni(II), placing Ni(II) in a chemical
environment similar to that of the Ni(II):GR and Ni(II)—
Fe(III)-LDH references. Homovalent cation exchange between
Fe(II) and Ni(II) is expected to occur at the edges of the GR
mineral layers where the lattice is disrupted and not along the
chemically stable basal planes. The available Fe(II) exchange
sites can be estimated from the shape and size of GR particles
and the crystallography of the mineral layers. Transmission
electron microscopy analyses of GR-sulfate synthesized with the
co-precipitation method used here have shown that the mineral
particles are hexagonal plates with diameters of 50—500
nm.** 7" Assuming reﬁular hexagons and an interatomic Fe—
Fe distance of 3.21 A,°* the total number of Fe atoms in a S0 nm
particle is calculated to be 18,431, of which 312 are present as
Fe(II) along the particle edges (see the Supporting Information
for calculation details); this corresponds to 1.7% of structural Fe
being available for cation exchange. The same calculation for
particles with a diameter of 500 nm yields an estimated
exchangeability of 0.17% of total Fe. In the mineral suspension
of the sorption studies, the concentration of Fe(s) present in the
GR sorbent was 69 mM. Therefore, the minimum concentration
of exchangeable Fe(II) was 0.12 mM, while the maximum
concentration was 1.2 mM. These concentrations compare to
0.95 mM of Ni(II) added to the suspension, of which ~0.5 mM
is removed by sorption over 7 d at pH 7.8 and ~0.2 mM over 17
d at pH 7.0 (Figure 2). Exchange of Ni(II) for lattice Fe(II)
exposed at the GR surface may therefore contribute significantly
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to the formation of Fe' s, Ni" Fe™ ,.(OH), observed
experimentally. Since [Fe(II) ], is stable (Figure 2), this process
would need to be accompanied by re-adsorption or
reprecipitation of exchanged Fe(II).

The second potential mechanism for Ni(Il) incorporation is
redox-driven dissolution—reprecipitation of the GR sorbent
mediated by aqueous Fe(II). Steady-state mineral recrystalliza-
tion has been demonstrated for the ferric oxides goethite and
hematite as well as for mixed-valent magnetite when these
minerals are present in anoxic solutions containing aqueous
Fe(11).”" ™ In these systems, the minerals continuously dissolve
and reprecipitate as the result of interfacial electron transfer
reactions between Fe(II) and structural Fe(IIl) coupled to Fe
atom exchange between the aqueous and solid phases. This
recrystallization process occurs under apparent equilibrium
conditions without observable changes in the solution chemistry
or mineral structure,”’ as observed in the GR suspensions
studied here. Although Fe(II)-catalyzed recrystallization has not
been previously studied for GR, this mixed-valent Fe mineral
contains substantial structural Fe(III) and may therefore well be
subject to redox-driven dissolution—reprecipitation through
reactions with aqueous Fe(Il), which was present in the
experimental suspensions at substantial (millimolar level)
concentrations (Figure 2). Continuous recrystallization of the
GR sorbent would facilitate the substitution of Ni(II) into
Fe(II) sites of the GR structure, generating dilute Ni(II)—GR
solid solutions with Ni(II) impurities distributed throughout the
lattice. In the current experiments, the maximum achievable
level of Ni(II) substitution amounts to 2 mol % of lattice Fe(II).
This low substitution level would explain the lack of bulk
structural changes observed by XRD (Figure 1), as well as the
lack of change in solubility (and hence stability) of the Ni(II)-
reacted phase relative to that of pure GR observed in sorption
experiments (Figure 2).

The final potential mechanism for the observed formation of
Fe"y¢,_ Ni", Fe' ;;(OH), involves supersaturation and sub-
sequent precipitation of these secondary phases upon Ni(II)
introduction into the GR suspension. This may occur if the
Ni(II) analogue of GR [i.e,, Ni(II)—Fe(III)-LDH] has a lower
solubility than the GR sorbent itself [Fe(II)—Fe(III)-LDH]. If
this is the case, the introduction of Ni(II)aq into pre-equilibrated
GR suspensions at a level equivalent to that of Fe(II)aq (as done
in the current experiments) may trigger dissolution of the GR
sorbent to form more stable Ni(II)—Fe(III)-LDH. The
potential significance of this pathway is demonstrated by the
results of a recent thermodynamic study where the solubility
product of Ni(II)—Al(III)-LDH was found to be approximately
2 orders of magnitude lower than that of Fe(II)—Al(III)-
LDH.'" Although no equivalent studies exist for Me(1l)—
Fe(IlI)-LDH phases, it is reasonable to assume that similar
differences in solubility apply because of their structural
similarity to Me(II)—AI(III)-LDH.'” Consequently, super-
saturation with respect to Ni(II)—Fe(III)-LDH may induce
precipitation as observed experimentally. Given the lack of
change in [Fe(II)],, (Figure 2), Fe(Il) released by partial GR
dissolution during this process would either co-precipitate with
the secondary Ni(II) phases or re-adsorb onto the GR sorbent.
The amount of secondary Ni(II) phases formed by this process
would be small compared to that of the GR sorbent, making
detection by bulk XRD (Figure 1) difficult.

The lack of disruption of the GR dissolution—precipitation
equilibrium during Ni(II) sorption {as evidenced by the stable
pHand [Fe(II)]aq values of the Ni(II)—GR suspensions; Figure

2} provides a constraint on the processes involved in Ni(II)-
LDH formation as it requires re-adsorption or reprecipitation of
Fe(1I) released during the exchange and GR dissolution
mechanisms described above. To determine the capacity of
the GR sorbent in removing excess Fe(II),, a pre-equilibrated
GR suspension, prepared in a similar fashion to that of the pH
7.8 Ni(II) sorption experiment of Figure 2a, was spiked with 1.0
mM Fe(II),, and subsequently sampled over the course of 1
week to monitor the fate of added Fe(II). The results are
displayed in Figure S4. The pH value (7.9) and |:Fe(II)]aq level
(0.9 mM) of the pre-equilibrated suspension were similar to that
of the Ni(II) sorption experiment of Figure 2a and remained
unchanged in the control samples during the 7 d reaction time
period (Figure S4). In the Fe(II)-spiked samples, the pH was
constant, but [Fe(H)]aq dropped from the initial value of 1.9
mM to a value of 1.6 mM within 2 d and remained at this level for
the remainder of the experiment (Figure S4). The removal of
~0.3 mM added Fe(II)alq is notably lower (~40%) than the
removal of ~0.5 mM Ni(II)aCl in the Ni(II) sorption experiment
at pH 7.8 (Figure 2a). This suggests that Ni(Il)—Fe(II) cation
exchange is not the sole pathway of Ni(Il) sorption in this
system. This conclusion is consistent with the slow continuous
removal of Ni(II),, observed macroscopically (Figure 2), which
contrasts with the fast equilibration times (minutes—hours) that
are typical of cation-exchange reactions at mineral—water
interfaces.'”’ The combined results of these experiments
therefore indicate that dissolution—reprecipitation of the GR
sorbent plays a significant role in mediating Ni(II) sorption in
the GR suspensions.

The dynamic behavior of GR as a sorbent of Ni(II),, is driven
either by solubility differences with Ni(II) or by coupled
electron- and atom-exchange reactions with Fe(II), as discussed
above. Differentiation between these mechanisms is not possible
with the current data because of the difficulty in distinguishing
between Ni(II)-LDH compounds using Ni K-edge EXAFS data
noted previously (Figure 2; Table 1). A further complicating
factor is that the various pathways of Ni(Il) sorption may
operate alongside or in concert with each other, making
distinctions difficult. It is, for example, quite conceivable and
perhaps even likely that sorption of Ni(II) through cation
exchange precedes co-precipitation, with cation exchange
dominating the initial fast stage of Ni(II) sorption and
precipitation the subsequent slow stage (Figure 2). A further
consideration is that Fe(II)-catalyzed GR recrystallization may
not only promote Ni(II) substitution in the GR lattice but also
the formation of Ni(II)-rich secondary Ni(I1I)—Fe(IIl)-LDH
phases, which themselves may be subject to Fe(II)-driven
recrystallization affecting their composition and stability. The
importance of the individual sorption processes and their
interplay may vary with experimental variables such as pH,
concentration, and reaction time, adding to the complexity.
Further work is needed to characterize the sorption of Ni(II)
onto GR in more mechanistic and kinetic detail. Measurement
of the cycling of Fe between the aqueous and solid phases using
Fe isotopes to assess Fe(II)-driven recrystallization” "’ and
spatially resolved analyses of the distribution and composition of
the Ni(II) phases formed during Ni(II)—GR interaction would
be particularly useful to refine the operative processes. Future
work will address this further.

Environmental Implications. This study provides new
insights into the geochemical processes that control the
solubility and speciation of Ni(II) and related trace metals in
the broad array of reducing systems where GR has been

https://doi.org/10.1021/acs.est.1c01442
Environ. Sci. Technol. 2021, 55, 10411-10421


https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01442/suppl_file/es1c01442_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01442/suppl_file/es1c01442_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.est.1c01442/suppl_file/es1c01442_si_001.pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.1c01442?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

observed, which includes soils, sediments, aquifers, and
municipal drinking water distribution lines. The results suggest
that GR is a dynamic sorbent that interacts with Ni(II),
predominantly through dissolution—reprecipitation and/or
exchange reactions that lead to Ni(Il) precipitation rather
than through adsorption reactions that lead to the formation of
mononuclear Ni(II) surface complexes. The behavior of GR as a
sorbent of trace metals is therefore quite different from that of
ferric oxides.'*” These findings have significant ramifications for
the solubility of Ni(II) in reducing environments because
precipitated trace metals typically are more stron%ly retained,
and therefore less soluble, than surface complexes.'”” They also
have implications for the development of process-based
thermodynamic models of Ni(Il) interactions with GR, which
will require solubility products rather than complexation
constants to describe prevailing retention mechanisms. Addi-
tional work is needed to further assess the mechanisms,
thermodynamics, and kinetics of the processes involved and to
determine whether equivalent or different reactions occur
during the interaction of GR with other trace metal species.
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