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ABSTRACT

Layered Mn oxide minerals (phyllomanganates) often control trace metal fate in natural
systems. The strong uptake of metals such as Ni and Zn by phyllomanganates results from
adsorption on or incorporation into vacancy sites. Mn(II) also binds to vacancies and subsequent
comproportionation with structural Mn(IV) may alter sheet structures by forming larger and
distorted Mn(III)O¢ octahedra. Such Mn(II)-phyllomanganate reactions may thus alter metal
uptake by blocking key reactive sites. Here we investigate the effect of Mn(II) on Ni and Zn
binding to phyllomanganates of varying initial vacancy content (3-MnOz2, hexagonal birnessite,
and triclinic birnessite) at pH 4 and 7 under anaerobic conditions. Dissolved Mn(II) decreases
macroscopic Ni and Zn uptake at pH 4 but not pH 7. Extended X-ray absorption fine structure
spectroscopy demonstrates that decreased uptake at pH 4 corresponds with altered Ni and Zn
adsorption mechanisms. These metals transition from binding in the interlayer to sheet edges,
with Zn increasing its tetrahedrally-coordinated fraction. These effects on metal uptake and
binding correlate with Mn(II)-induced structural changes, which are more substantial at pH 4
than 7. Through these structural effects and the pH-dependence of Mn(Il)-metal competitive
adsorption, system pH largely controls metal binding to phyllomanganates in the presence of

dissolved Mn(II).
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1. INTRODUCTION
Manganese oxides are highly reactive minerals with a wide occurrence in marine,
lacustrine, riverine, and cave systems, acting as metal scavengers.! As a result of their large
adsorption capacities and redox behavior, manganese oxides exert substantial controls on the
concentrations and speciation of many trace metals, notably Ni and Zn.**-1® The reactivity of

14-16

these minerals is largely controlled by their structure, *® which can be affected by cation

adsorption onto and incorporation into manganese oxides.!”?’

Unlike most dissolved cations, the structural effects of dissolved Mn(II) when it reacts
with manganese oxides involves both adsorption and comproportionation with Mn(I'V),
producing solid-phase Mn(III). Recent research shows that Mn(II) promotes the phase
transformation of layered Mn(I'V/III) oxides (phyllomanganate) into manganite (y-MnOOH) and
hausmannite (Mn3O4), involving a feitknechtite (B-MnOOH) intermediary.?®-° While such
transformations affect trace metal speciation,’! the resulting lower-valent mineral phases are
uncommon in environmental systems, which are typically dominated by Mn(I'V/III)

3,32-37

phyllomanganates, and these phase transformations may not be widespread in nature. At

lower Mn(II):Mn(IV) ratios phase transformations do not occur, with phyllomanganates instead

exhibiting modifications to their sheet structures and layer stacking.?!-*84

pH, reaction time, and
the initial manganese oxide composition and structure affect the extent and nature of these
Mn(II)-induced modifications. 8303940

The effects of Mn(II) on phyllomanganates suggest that metals may display altered
sorption behavior to such minerals in regions with coexisting aqueous Mn(II), such as at redox

interfaces in soils, sediments, and water columns, acid and coal mine drainage remediation sites,

or regions with active biogeochemical manganese cycling. Many cations bind in the interlayer of
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phyllomanganates by adsorbing over vacancy sites,*! "’

although edge sites remain highly
reactive towards adsorbates in Mn(III)-rich phyllomanganates.!®%>3 Over time, structurally
compatible cations like Ni become progressively incorporated into the phyllomanganate sheet at

these vacancies.*! Because Mn(II) also binds to these sites,?!#0:4%-34

it may alter metal adsorption
and subsequent incorporation through site competition and vacancy filling.

In this study, the effects of Mn(II) on Ni and Zn sorption behaviors on phyllomanganates
are examined. Mineral vacancy content and pH are hypothesized to be principal factors, as
metals typically adsorb over vacancies, exhibiting increased uptake with increasing
pH,3>41:42:44.55 and both vacancy content and pH are important controls on Mn(II)-induced
phyllomanganate structural changes.*’ Thus, the manganese oxides examined in this study were
selected to explore how vacancies and Mn(I1I) content affect metal binding: 6-MnOz2 (the
synthetic analogue of vernadite) has charge primarily from sheet vacancies, triclinic birnessite
has layer charge predominantly from Mn(III) substitutions, and c-disordered H* birnessite (a
birnessite with hexagonal symmetry) contains both vacancies and Mn(III) substitutions.>®>’
Acidic and neutral pH systems were chosen to reduce the risk of secondary manganese oxide
mineral precipitation, which is promoted by higher pH, and because these pH regimes are
relevant for natural and polluted systems with coexisting dissolved Mn(II), manganese oxides,
and trace metals.>>*-%6! Ni and Zn binding mechanisms onto these phyllomanganates during
adsorption on and coprecipitation with phyllomanganates were assessed with X-ray absorption

fine structure (XAFS) spectroscopy. The effect of the absence and presence of dissolved Mn(II)

during aging for 25 days on Ni and Zn uptake and binding mechanisms was also investigated.

2. METHODS AND MATERIALS



91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

2.1. Molecular-Scale Ni and Zn Sorption Experiment Sample Preparation

Ni and Zn sorption onto three different minerals, 3-MnO2, c-disordered H' birnessite
(termed ‘HexB’ in this paper), and triclinic birnessite (‘TriB’), in the presence and absence of
Mn(II) was investigated by Ni and Zn K-edge XAFS spectroscopy. Mineral syntheses and
reagent preparation are described in the SI. 6-MnO2, HexB, and TriB were previously
determined to have ~1£1%, 10£2%, and 40+10% of structural Mn as Mn(I1I).*> Samples
consisted of 2.5 g L'! §-MnO, TriB, or HexB reacted in a solution containing 0.23 mM Ni(II) or
Zn(IT) with 10 mM NacCl (an ionic strength buffer), 1 mM 2-(4-morpholino)ethanesulfonic acid
(MES) buffer (for pH 7 samples), and 0, 0.75, or 7.5 mM Mn(II) for 25 days (as listed in Tables
1 and 2) within an anaerobic chamber (Coy Laboratory Products, Inc., 3% H2/97% N2
atmosphere with Pd catalysts) at pH 4 and pH 7. These experiments have Ni(Il) and Zn(II):solid
Mn(IV) ratios of 0.013-0.016 mol:mol and Ni(II) and Zn(II):solid Mn(total) ratios of 0.009-0.014
mol:mol (using solid Mn(IV) per g mineral and solid Mn(total) per g mineral, respectively, as
obtained for the same starting materials and published previously*®). The Mn(II):solid Mn(IV)
ratios are 0.042-0.054 and 0.425-0.543 mol:mol for the 0.75 and 7.5 mM experiments,
respectively. The 7.5 mM Mn(Il) experiments were conducted at pH 4 only, as feitknechtite
precipitation occurs at this Mn(II):Mn(IV) ratio at pH 7*° and the impact of such phase
transformations on trace metal speciation has been previously studied.’! After the mineral
suspension was added to the samples, marking the start of the experiment, the samples were
allowed to equilibrate for approximately 1 hour, at which point the pH of the samples was
adjusted to pH 4 or 7 with HC1 and NaOH. The samples were placed on end-over-end rotators
wrapped in aluminum foil. Sample pH was checked, and adjusted if necessary, throughout the

duration of the experiment. At the end of the experiment, the samples were filtered (reusable
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syringe filter; 0.22 pm MCE membrane; Fisher Scientific), discarding the first I mL of filtrate
and collecting the solid as a wet paste. The filtrates were removed from the anaerobic chamber
and promptly acidified to 2% HNO3 (trace metal grade; OmniTrace® Ultra™). The acidified
filtrates were diluted with 2% HNOs3 for inductively coupled plasma-optical emission
spectroscopy (ICP-OES; Perkin Elmer Optima 7300 DV) analysis for dissolved Ni, Zn, and Mn
concentrations. Uncertainty (95% confidence level) was determined using the standard
deviations from the triplicate instrument analyses. Similar experiments were also conducted to
assess the effect of Mn(II) on macroscopic Ni adsorption on short time-scales; experiment details
are described in the SI.

Additional Mn(II)-free samples of Ni and Zn adsorbed onto phyllomanganates, reacted
for just 40 hours, were also prepared for XAFS spectroscopic measurements. These 40 hour
samples involved the same experimental parameters described above. Phyllomanganates
coprecipitated with Ni and Zn were also analyzed by XAFS spectroscopy. These samples were
synthesized following the procedures described in the SI for metal-free phyllomanganates, but
with Ni(IT) or Zn(II) (using a NiCl2#6H20 or ZnCl2) substituting for a portion of the
MnCl2#4H:O0 starting solution [Ni:Mn and Zn:Mn= 0.02]. All syntheses were successful in
producing the intended phyllomanganate with approximately 2 mol% Ni (specifically, 1.7 mol%
for 6-MnO2, 1.5 mol% for HexB, 2.1 mol% for TriB) or Zn (2.0 mol% for 6-MnOz, 0.6 mol% for
HexB), with the exception of Zn-coprecipitated TriB. All attempts to synthesize
Zn-coprecipitated TriB resulted in the formation of a triclinic birnessite-hetaerolite mixture, even
at lower initial Zn contents (e.g., 0.2 mol% Zn), as evidenced by X-ray diffraction (XRD)
(Bruker D8 Advance X-ray diffractometer, Cu K, radiation) patterns and X-ray absorption near

edge structure (XANES) spectra (not shown). The precipitation of hetaerolite (ZnMn204)
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appears to be favored in systems with substantial Mn(III) contents, as hetaerolite formation was
previously observed upon the addition of Zn during the Mn(II)-induced phase transformation of
a hexagonal birnessite to feitknechtite.?!

XAFS samples for the solids (as wet pastes) were prepared following methods described
previously.*’ Samples preparation was timed to minimize risk of drying: samples were prepared
a maximum of 68 hours prior to the start of experiments for those analyzed at the Advanced
Photon Source (APS) at Argonne National Laboratory and 120 hours prior to the start of
experiments at the Stanford Synchrotron Radiation Lightsource (SSRL) at the SLAC National
Accelerator Laboratory. To preserve anoxic conditions and further prevent drying, each sample

was individually sealed in a polyethylene bag with a damp Kimwipe.

2.2. XAFS Spectroscopic Measurements

XAFS spectra were collected at APS beamline 20-BM-B and SSRL beamline 4-1.
Beamline 20-BM-B uses a Si (111) fixed-offset double-crystal monochromator, detuned by 10%
to attenuate harmonics. Rh-coated Si mirrors were used for focusing and further harmonic
rejection. Fluorescence yield Ni and Zn K-edge XAFS spectra were collected with a 12-element
energy dispersive solid-state Ge array detector. Beamline 4-1 uses a Si (220) double crystal
monochromator, which was detuned by 40% to attenuate beam harmonics. Fluorescence yield Ni
and Zn K-edge XAFS spectra were collected using 15 elements of an energy dispersive
solid-state Ge array detector. Spectra of Ni and Zn metal foils were used to calibrate the incident
beam energy, with the maximum in the first derivative of the K-edges set to 8333 eV and 9659

eV, respectively.
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2.3. XAFS Fitting

The Athena® graphical user interface to IFEFFIT®, in conjunction with SamView via the
SixPack interface® were used to average, process, deadtime correct, and normalize the XAFS
spectra. SixPack was also used for spectral fitting, largely following models described in past
research?*>#*143 for Ni and Zn adsorption onto phyllomanganates. The chalcophanite structure®
was used to calculate backscattering phase and amplitude functions for the Zn system using
FEFF 9.6%, and Ni substituted for Zn within the chalcophanite structure was used to calculate
these functions for the Ni system. The k*-weighted extended X-ray absorption fine structure
(EXAFS) spectra were fit over a k range of 3 — 11.1 A! and an R range of 1 — 4.0 A, with the
amplitude reduction factor (So?) fixed to 0.94 for all Ni samples?® and 0.86 for all Zn samples.**
Details regarding the structural model fits to the data and the constraints applied to some

parameters are provided in the SI.

3. RESULTS

3.1. Effect of Adsorption versus Coprecipitation on Metal Binding Mechanisms

Aging phyllomanganates can involve structural changes [both in the absence and
presence of Mn(II)],34049:546769 thys to better constrain our interpretation of Ni and Zn
speciation in this system, we first characterized the Ni and Zn binding modes after 40 hours of
reaction with pre-formed phyllomanganates in the absence of Mn(II) and after coprecipitation
with the Mn oxides. These two sets of experiments provide a baseline of metal binding by simple
adsorption and by coprecipitation during phyllomanganate formation, respectively, and their

EXAFS fitting results provide parameter constraints for aged samples (see SI for details).
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3.1.1. Metal Adsorption at pH 4

EXAFS spectroscopy shows that Ni and Zn adsorption mechanisms vary substantially
with manganese oxide structure. The EXAFS spectra of Ni adsorbed to all three
phyllomanganates after 40 hours of reaction at pH 4 (Figure 1) exhibit clear peaks in the Fourier
transform at ~3.1 A, corresponding to double-corner (DC) or triple-corner (TC) sharing surface
complex.?>*! These types of complexes have similar Ni-Mn interatomic distances of ~3.48 A,
which yield a ~3.1 A feature in the Fourier transform, but the TC complexes have ~6 Mn
neighbors because they adsorb above sheet vacancies®® while the DC complexes have only ~2
Mn neighbors because they adsorb at sheet edges. Fitting these spectra (Figure S1) obtains large
CNs for the Ni-Mnpc/re shell (Table S1), indicating that the adsorbed Ni occurs predominantly
as TC complexes. The Fourier transform feature at ~5.0 A confirms that Ni binds as a TC
complex as it is associated with a second shell of Mn neighbors present when Ni binds on top of
a vacancy site.?#14255 This feature is generally not observed for DC complexes® because of the
fewer neighbors involved and greater disorder associated with fewer bonds between Ni and the
Mn oxide surface. In addition to features associated with a TC complex, the EXAFS spectrum of
Ni adsorbed on TriB at pH 4 also contains peaks in the Fourier transform at ~2.4 A and 5.5 A
(Figure 1F). These features indicate that a fraction of the solid-bound Ni is incorporated into the

phyllomanganate sheet,?>#1-43-53

confirmed by the spectral fit, which includes Ni-Mn shells at
2.88 A,5.00 A, and 5.97 A with CNs of 0.8 (Table S1).

Adsorbed Zn binds to 6-MnO2 and TriB through similar mechanisms as Ni, with the
exception that Zn does not incorporate into phyllomanganate sheets and occurs as both

octahedral and tetrahedral surface species. These two coordination states can be differentiated by

their Zn-O and Zn-Mn interatomic distances [Zn-O = ~2.10 A (YZn) or ~1.97 ("VZn); TC Zn-Mn
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=~3.50 A (V'Zn) or ~3.35 A ("VZn)].33**70 Intermediate values (e.g., Zn-O distance of ~2.07 A
and Zn-Mn distance of ~3.47 A) are indicative of mixed but spectrally unresolved tetrahedral and
octahedral Zn contributions.** V'Zn can also be visually differentiated from 'VZn in an EXAFS
spectrum, with VZn exhibiting distinct positive antinodes at k = ~3.8 and ~6.1 A"!, while these
are shifted to k = ~4.4 and ~6.4 A™! for 'VZn.'8 In samples containing a mixture of ¥'Zn and 'VZn,
these features in the EXAFS spectra become dampened and broadened due to overlapping
spectral contributions. V'Zn is favored over 'VZn at high Zn loadings and in phyllomanganates
with strong sheet stacking.'7%-"!

Such intermediate spectral features are common for Zn adsorbed to phyllomanganates
(Figure 2). Similar to Ni, TC and DC Zn complexes are present, both with Zn-Mn interatomic
distances at ~3.49 A. Zn TC and DC complexes can be differentiated as discussed above with Ni.
On 6-MnO: at pH 4, spectral fits (Figure S2) show that Zn speciation is dominated by TC
complexes (Table S2); both tetrahedral and octahedral complexes are present. Zn adsorbed to
HexB at pH 4 forms both DC and TC surface complexes, with both tetrahedral and octahedral

forms present but unresolvable (Table S2). On TriB, Zn forms TC complexes at pH 4, occurring

as both tetrahedral and octahedral species.

3.1.2. Metal Adsorption at pH 7

At pH 7, Ni forms both incorporated and TC species on 6-MnOz, consistent with past
research finding that Ni incorporates into vacancy-rich phyllomanganate sheets as pH
increases.*>#!255 In contrast, Ni binds to HexB at pH 7 as predominantly a TC complex (Table
S1). Ni adsorption mechanisms on TriB at pH 7 are also distinct, forming both a DC and

tridentate edge-sharing (TE) complex (Table S1). TE complexes have been previously identified

10
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in Ni-triclinic birnessite systems at circumneutral pH?**>*° and have Ni-Mn interatomic
distances intermediate between incorporated species and TC or DC complexes.

Like Ni, TC Zn complexes form on §-MnO2 at pH 7 (Table S2), with 'VZn and ¥'Zn both
contributing to the EXAFS spectra (Figure 2). For HexB, the 'YZn and V'Zn spectral contributions
can be resolved, and the CNs for Mn neighbors indicate a mixture of DC and TC complexes
(Table S2), similar to Zn speciation at pH 4. Both 'VZn and Y'Zn species form on TriB at pH 7,

with DC (as 'VZn and possibly ¥'Zn) and TE (as ¥'Zn) complexes present (Table S2).

3.1.3. Metal Coprecipitation with Phyllomanganates

Ni speciation when coprecipitated with phyllomanganates has much larger fractions of
incorporated Ni (Figure 1), with the adsorbed Ni fraction behaving most similar to Ni at pH 4
(Table S1). The adsorbed Ni in the coprecipitation samples are likely mixtures of TC and DC
complexes, based on the CN values (2.6-5.5) for the ~3.48 A Ni-Mn shell (Table S1). The
fraction of Ni that is incorporated or adsorbed does not vary systematically among the three
phyllomanganates studied.

Zn binding in the coprecipitated samples, like the adsorbed samples, is also limited to
adsorption, with no evidence of incorporation into the phyllomanganate sheets (Figure 2). This is

44,46,70,72 even in

consistent with past work which has found that Zn does not enter vacancy sites,
the Zn-bearing phyllomanganate mineral chalcophanite.®® Recent density functional theory
calculations suggest that this lack of incorporation is the result of the large size of Zn octahedra,

which would cause greater stress on phyllomanganate sheets than can be compensated by

structural distortions.” Structural models consisting of adsorbed DC and TC Zn species in mixed

11
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coordination states (Table S2) reproduce the EXAFS spectra of Zn coprecipitated with 6-MnO2

and HexB (Figure S2).

3.2. Effect of Aging and Mn(II) on Metal Binding Mechanisms
3.2.1. pH4

XANES and EXAFS spectra show that the speciation of Ni adsorbed to
phyllomanganates is unaffected by aging for 25 days at pH 4 in the absence of Mn(II) (Figure 1).
Similarly, XANES spectra indicate that Zn speciation is unchanged after 25 days of aging
without added Mn(II) at pH 4 (Figure 2); EXAFS spectra were not collected for these conditions.
Aged samples prepared with added aqueous Mn(Il) at pH 4, however, display altered Ni and Zn
binding mechanisms, with macroscopic metal uptake correspondingly reduced for most
conditions (Table 1). For -MnO2, Ni and Zn binding mechanisms (Figures 1,2) and macroscopic
uptake (Table 1) only change when 7.5 mM Mn(1I) is added; 0.75 mM Mn(II) does not induce
any observable differences. A decrease in the CNs associated with the Ni-Mn and Zn-Mn shells
at ~3.48A (Tables S1,S2) indicates that 7.5 mM Mn(II) promotes a transition from TC to DC
complexes for both metals. In addition, the Zn EXAFS spectrum (Figure 2) shows an increased
splitting in the 6.1 A"! antinode, indicating that this Mn(II) concentration increases the proportion
of VZn,'84* which is supported by the fitting results (Table S2).

In the HexB system, a similar Mn(II)-induced promotion of DC Ni and Zn complexes
and of VZn over V'Zn is observed. For Ni, the Fourier transform feature at ~3.1 A decreases in
amplitude (Figure 1D) with increasing aqueous Mn(Il) concentration, consistent with a
conversion from a TC complex to a DC complex. With 7.5 mM Mn(II) some Ni also

incorporates into HexB. Zn predominantly adsorbs as a DC complex onto HexB (Table S2), with

12
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a greater dissolved Mn(II) concentration promoting 'VZn over V'Zn species. These changes to Ni
and Zn speciation on HexB at pH 4 in the presence of dissolved Mn(II) are accompanied by
decreasing macroscopic uptake (Table 1).

Aqueous Mn(II) also appears to alter Ni and Zn speciation on TriB, but with different
effects at low and high initial Mn(II) concentrations. It should be noted that dissolved Mn(II)
concentrations in the TriB system were larger than the initial Mn(II) added (Table 1), indicating
that structural Mn(III) disproportionates and releases Mn(II) to solution.*’ For Ni, when aged
without dissolved Mn(II) or with 7.5 mM Mn(II), similar portions of the solid-associated metal
are incorporated into the mineral, but such species are undetectable for the 0.75 mM Mn(II)
sample (Table S2). However, the Fourier transform feature at ~3.1 A (Figure 11) indicates that
the proportion of TC complexes is approximately constant among all Mn(II) concentrations.
These changes in speciation do not correlate with macroscopic Ni uptake, which decreases only
when 7.5 mM Mn(Il) is added (Table 1). Like Ni, macroscopic Zn uptake on TriB also
substantially decreases in the presence of 7.5 mM Mn(II) at pH 4. Unlike Ni, however, the
addition of dissolved Mn(Il) at pH 4 causes a shift from TC to DC surface complexes for Zn
(Figure 2). This shift in binding occurs progressively as Mn(II) concentration increases and is

accompanied by an increase in the proportion of 'VZn (Table S2).

3.22.pH7
In contrast to pH 4, Mn(II) has a muted effect on Ni and Zn behavior on
phyllomanganates at pH 7. No detectable suppression of macroscopic Ni and Zn sorption by

Mn(II) occurs (Table 2). However, both the metals and Mn(II) show complete uptake on all

13



296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

313

314

315

316

317

318

manganese oxides, suggesting that these adsorbates did not saturate the binding capacity of the
solids; competitive effects are thus not expected to be observed for the conditions studied.

Although not affecting uptake, the addition of 0.75 mM Mn(II) during aging at pH 7
alters Ni and Zn solid-phase speciation. The Fourier transform feature associated with
incorporated Ni decreases for 6-MnOz in the presence of Mn(II) (Figure 1C). Fitting a structural
model to the data confirms that incorporated Ni decreases in abundance while TC complexes are
unaffected (Table S1). Unlike for Ni, aging Zn with 8-MnOxz for 25 days at pH 7 alters the
spectral features associated with TC and DC surface complexes (Figure 2). Fitting the spectra of
Zn bound to 5-MnOz indicates that the relative amount of TC and DC complexes is statistically
invariant and suggests that the primary speciation change is in the ratio of ¥'Zn and 'VZn.

For HexB, the contribution to the EXAFS spectra of Mn neighbors associated with
incorporated Ni is near the limit of detection given the presence of other neighboring shells.
While fitting shows that inclusion of such shells in a structural model is only statistically
justified for HexB aged in the presence of Mn(II) and not in its absence (Table S1), the Fourier
transform feature near ~2.4 A visually appears unchanged (Figure 1F). It is thus likely that a
small fraction of solid-associated Ni is incorporated into the phyllomanganate sheet after 25 days
of reaction at pH 7, even in the absence of Mn(II). TC surface complexes are also present and
remain unaffected by Mn(II) addition. Similarly, Zn speciation is minimally affected by aging
HexB in the absence and presence of Mn(1II), with a mixture of 'VZn and Y'Zn occurring
primarily as DC complexes.

Like HexB, Ni and Zn speciation on TriB exhibits only minor changes upon aging for 25
days at pH 7 (Figures 1,2). Ni binding mechanisms involve a mixture of TE and DC Ni surface

complexes in the absence of added Mn(II), similar to Ni speciation after 40 hours of reaction
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(Table S1). Aging with 0.75 mM Mn(II) suppresses DC surface complexes, with TE complexes
becoming the dominant (and perhaps sole) Ni species (Table S1). For Zn, the Fourier transform
feature at ~2.7 A, indicative of TE complexes, is dampened during aging without Mn(II) but is
unaffected when 0.75 mM Mn(Il) is present (Figure 21I). Fitting suggests that aging without
Mn(II) favors DC complexes over TE complexes, but that a mixture of such species are present

when TriB is aged with added Mn(II), similar to what is seen after Ni is adsorbed for 40 hours.

4. DISCUSSION

4.1. Metal Binding Mechanisms Following Adsorption and Coprecipitation

These results show that Ni and Zn binding mechanisms are similar when reacted over
short (i.e., 40 hour) time scales via adsorption or coprecipitation with phyllomanganates, with the
exception that Ni may incorporate into the mineral structure. Vacancy content and pH are the
primary controls on Ni and Zn speciation. This is consistent with several prior studies, which
found that these metals bind as TC complexes onto high-vacancy materials like 5-MnQ2,20-33:41:42
with DC complexes forming under high metal loadings®® and Ni incorporating into §-MnO?2 at
high pH,*>*? and TE sorption onto low-vacancy TriB.?>*? The presence of TC Ni and Zn
complexes on TriB at pH 4 but not at pH 7 suggests that a substantial vacancy content has
developed in this material under weakly acidic conditions. Previous research found that aging
TriB at pH 4 results in a reduction of Mn(III) content, the creation of sheet vacancies, and a
transition to hexagonal sheet symmetry, likely because acidic conditions promote Mn(III)
disproportionation reactions and exchange of Na* for H" #4948 Kinetic experiments

investigating the conversion of triclinic birnessite to hexagonal birnessite at pH 4 suggest that

chemical equilibrium is reached within approximately 2 hours, with substantial release of Mn(II)
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and Na" to solution within 1 minute.*” Such rapid proton-promoted structural changes in TriB at
low pH would explain the both the macroscopic Ni uptake and Mn release by TriB overnight at
pH 4 as discussed in the SI (Figure S3) and the presence of both TC and incorporated Ni in the
40 hour TriB pH 4 samples. Previous observations that Ni incorporation into phyllomanganates
increases with increasing pH*! may, therefore, only apply to manganese oxides with substantial

initial vacancy contents (e.g., 5-MnO2 and HexB).

4.2. Mechanism of Mn(II)-Induced Metal Speciation Changes During Aging at pH 4

For most mineral-metal systems investigated, dissolved Mn(II) consistently promotes
VZn over V'Zn surface species on phyllomanganates during aging at pH 4. As this change in
coordination correlates with a shift from adsorption at vacancy sites (TC complexes) to sheet
edges (DC complexes), it suggests that edge sites better stabilize !YZn. This Mn(II)-induced shift
from TC to DC complexes occurs for both adsorbed Ni and Zn. In the 6-MnO2 system, the
transition from predominantly TC to DC Ni and Zn only occurs at high Mn(II) loadings [(7.5
mM initial Mn(II)], while the transition for Ni occurs at lower Mn(II) loadings [(0.75 mM initial
Mn(II)] in the HexB system. These speciation changes correlate with Mn(II)-induced rotational
ordering and the formation of intermixed hexagonal and orthogonal sheets with long range
ordering, which occur at lower Mn(II) loadings in the HexB system relative to the 3-MnO:
system under similar experimental conditions.*’ Such observations suggest that phyllomanganate
structural changes and competitive adsorption cause the altered Ni and Zn uptake and speciation.
Edge-binding complexes like DC and TE species may be promoted by the formation of

orthogonally symmetric phyllomanganate sheets, as these sheets have more structural Mn(I1I)
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and fewer vacancies relative to hexagonally symmetric sheets,*"*

and therefore possess fewer
binding sites for TC adsorption.

TriB shows distinct metal binding behavior at pH 4. The substantial Mn(IIl) component
of this phase undergoes extensive disproportionation,*® producing dissolved Mn(II) (Table 1) and
vacancy-rich, rotationally ordered hexagonally-symmetric phyllomanganate sheets.*® Previous
research has demonstrated that Ni and Zn also promote the formation of vacancy-rich

phyllomanganates by ejecting Mn(II) to solution,'®2°

presumably by promoting
disproportionation of Mn(III) in the sheet or capping vacancies through competitive binding. The
favorability of these vacancy-forming disproportionation reactions should decrease when the
product, aqueous Mn(II), is added to the system. This likely is the cause of decreased Ni and Zn
uptake in the presence of Mn(Il), and may partially explain why less Ni and Zn bind to TriB than
to 0-MnO2 or HexB at pH 4. The results indicate that Ni competes with Mn(II) for vacancy sites
more effectively than Zn, as Ni uptake is reduced only with a high dissolved Mn(II)
concentration (7.5 mM) but Zn uptake is inhibited at both Mn(II) concentrations studied. The
variability in the amount of Ni incorporated into TriB at pH 4 with increasing Mn(II)
concentration also likely relates to the changing favorability of Mn(III) disproportionation. Zn

behavior is more straightforward, as the shift from TC to DC complexes and decreasing uptake is

consistent with competitive adsorption between Zn and dissolved Mn(II).

4.3. Mechanisms of Mn(II)-Induced Metal Speciation Changes During Aging at pH 7
Unlike at pH 4, Ni and Zn speciation on phyllomanganates are largely unaffected by
aqueous Mn(II) during aging at pH 7. The slight decrease in Ni incorporation into 6-MnO2 when

dissolved Mn(I) is present corresponds to an increase in structural Mn(III), and likely decrease
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in vacancy content, observed in a past study under similar conditions.*® With §-MnO2, changes in
Zn coordination are primarily the result of aging, irrespective of Mn(II) concentration. Ni and Zn
speciation in the HexB system is largely unaffected by the addition of Mn(II), consistent with the
finding that Mn(II) does not alter the HexB structure at this pH value.*’ For TriB, Mn(II)
addition results in a shift from DC to TE surface complexes for both Ni and Zn. One possible
explanation for this promotion of TE over DC Ni and Zn complexes is that Mn(II) may simply
outcompete these metals for DC adsorption sites. If this Mn(II)-metal competitive adsorption is
in fact the cause for enhanced TE adsorption, there must be enough binding sites for TE
complexes so that macroscopic metal uptake is unaffected. Alternatively, the increased
proportion of Ni and Zn TE complexes when Mn(II) is added may result from Mn(II) adsorption

) 39,40
3

to edge sites followed by comproportionation to form Mn(III as recent research shows that

Mn(III) on sheet edges favors Ni TE over DC adsorption.*

4.4. Environmental Implications

This study shows that Mn(II) alters trace metal speciation in phyllomanganates, with
differing effects at acidic and circumneutral pH. Trace metals such as Ni and Zn commonly
coexist with phyllomanganates and aqueous Mn(Il) in acid and coal mine drainage sites, marine
sediments, and anoxic soils.*3%%8-61.7576 At acidic pH, Mn(1I) redistributes Ni and Zn surface
complexes from capping vacancies within the interlayer to binding at more exposed edge sites
and, at high loadings, suppresses overall Ni and Zn uptake by the solid. The amount of Mn(II)
remaining in solution at the end of these pH 4 high Mn(Il) experiments [7.5 mM Mn(II)],
although large, is within the same order of magnitude for dissolved Mn(II) concentrations in

highly contaminated coal mine drainage sites.*> Thus, phyllomanganates may not sequester
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trace metals as effectively in acidic soils and acid or coal mine drainage sites with appreciable
concentrations of aqueous Mn(II). In more alkaline marine sediments or calcareous coal mine
drainage sites, Mn(II) may serve to alter the long-term behavior of incorporated metals, such as
Ni, in phyllomanganates with high initial vacancy contents. In fact, the heavy metal content of
phyllomanganates in a karst cave system has been shown to inversely correlate with dissolved
Mn(II) concentrations, potentially caused by decreased sheet vacancy content following Mn(II)
uptake.’ These results demonstrate that Mn(II)-bearing fluids will alter trace metal uptake and

speciation on phyllomanganates in aquatic and soil systems.
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664 Table 1. pH 4 sample abbreviations and conditions.
Mn Reaction [Mll]init [Mn]soln [Mn]ads [Me]soln [Me]ads

Sample ID® (, i4e  Time (mmolL') (mmol L) (mmolg') (mmol L") (mmolg")
Ni(ll):

45ad 5-MnO, 40 hours 0 BDL" < BDL 0.092
45n0 5-MnO, 25 days 0 BDL - BDL 0.092
45lo 5-MnO, 25 days 0.75 BDL 0.30 BDL 0.092
45hi 5-MnO, 25 days 7.5 34402 1.64 BDL 0.092
4HBad HexB 40 hours 0 BDL - BDL 0.092
4HBno HexB 25 days 0 BDL - BDL 0.092
4HBlo HexB 25 days 0.75  0106+0.006 026  0.018+0.006  0.085
4HBhi HexB 25 days 7.5 57401 0.72 0.16+0.01  0.028
4TBad TriB 40 hours 0 0.154 + 0.001 -0.067 BDL 0.092
4TBno THB 25 days 0 0.42+0.01 017 0.060=0.008  0.068
4TBlo TriB 25 days 0.75 0.87 = 0.01 005 0.059+£0.007  0.068
ATBhi THiB 25 days 75 6.9+02 024  0.11£0.005  0.048
Zn(IT):

45ad 5-MnO, 40 hours 0 BDL - BDL 0.092
4no 5-MnO, 25 days 0 0.034+0.005  -0.01 BDL 0.092
45lo 5-MnO, 25 days 0.75 BDL 0.30 BDL 0.092
45hi 5-MnO, 25 days 7.5 429+0.07 128  0217+0.008  0.005
4HBad HexB 40 hours 0 0.0114+0.003  0.00 BDL 0.092
4HBno HexB 25 days 0 0.006+0.005  0.00 BDL 0.092
4HBlo HexB 25 days 0.75 008440008 027  0.036+001  0.078
4HBhi HexB 25 days 7.5 57402 0.72 021£001  0.008
4TBad THiB 40 hours 0 0.133+0.002  -0.05 BDL 0.092
4TBno TriB 25 days 0 0.429 + 0.007 -0.17 0.038 £ 0.008 0.077
4TBlo THiB 25 days 0.75 1.02 £0.01 2011 0.072+0.006  0.063
ATBhi TriB 25 days 7.5 6.6+ 0.1 036  0.181+£0.008  0.020

665  “Sample IDs as used in figures. Additional sample IDs not included in this table are ‘co-3,” ‘co-HB,” and

666  ‘co-TB’ for Ni or Zn coprecipitated with 6-MnO,, HexB, or TriB, respectively.

667 " BDL denotes any samples with [NiJsoln, [ZN]soln, of [Mn]seln below detection limit (0.006 mM; 0.035 mM;
668  and 0.006 mM, respectively).

669 ¢ (-) Denotes no aqueous Mn(II) added to the sample and dissolved Mn(II) is BDL so this parameter is not
670  reported.

671  ?Negative values indicate net release of Mn(II) to solution.

672
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673
674 Table 2. pH 7 sample abbreviations and conditions.
MII Reaction [Mn]init [Mn] soln [Mn] ads [Me] soln [Me] ads

Sample ID® (, i4e  Time (mmolL') (mmol L) (mmolg') (mmol L) (mmolg")
Ni(ID):

7dad 6-MnO, 40 hours 0 BDL? -¢ BDL 0.092
76n0o 0-MnO, 25 days 0 BDL - BDL 0.092
706lo 6-MnO, 25 days 0.75 BDL 0.30 BDL 0.092
7HBad HexB 40 hours 0 BDL - BDL 0.092
7HBno HexB 25 days 0 BDL - BDL 0.092
7HBIo HexB 25 days 0.75 BDL 0.30 BDL 0.092
7TBad TriB 40 hours 0 BDL - BDL 0.092
7TBno TriB 25 days 0 BDL - BDL 0.092
7TBlo TriB 25 days 0.75 0.023 = 0.006 0.29 BDL 0.092
Zn(IT):

70ad 6-MnO; 40 hours 0 0.007 £ 0.001 0.00 BDL 0.092
76no 6-MnO, 25 days 0 BDL - BDL 0.092
76lo 8-MnO; 25 days 0.75 BDL 0.30 BDL 0.092
7HBad HexB 40 hours 0 BDL - BDL 0.092
7HBno HexB 25 days 0 BDL - BDL 0.092
7HBlow HexB 25 days 0.75 BDL 0.30 BDL 0.092
7TBad TriB 40 hours 0 BDL - BDL 0.092
7TBno TriB 25 days 0 BDL - BDL 0.092
7TBlo TriB 25 days 0.75 BDL 0.30 BDL 0.092

675  “Sample IDs as used in figures. Additional sample IDs not included in this table are ‘co-8,” ‘co-HB,” and

676  ‘co-TB’ for Ni or Zn coprecipitated with 3-MnQ,, HexB, or TriB, respectively.

677 " BDL denotes any samples with [NiJsoln, [ZN]soln, of [Mn]soln below detection limit (0.006 mM; 0.035 mM;
678  and 0.006 mM, respectively).

679 ¢ (-) Denotes no aqueous Mn(II) added to the sample and dissolved Mn(II) is BDL so this parameter is not
680  reported.

681
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FIGURE CAPTIONS

Figure 1. Ni K-edge XAFS spectra of Ni coprecipitated and reacted with -MnO2 (A,B,C), HexB
(D,E,F), and TriB (G,H,I) (see Tables 1 and 2 for specific conditions). Diagnostic features at 2.5,
2.7 and 3.1 A (R + AR) in R space (corresponding to Ni-Mn shells for incorporated Ni at 2.88 A,
TE Ni at 3.08 A, and DC/TC Ni at 3.48 A, respectively) are denoted by dark blue vertical lines.

Figure 2. Zn K-edge XAFS spectra of Zn coprecipitated and reacted with 3-MnO2 (A,B,C),
HexB (D,E,F), and TriB (G,H,I) (see Tables 1 and 2 for specific conditions). Diagnostic features
at 3.8 and 6.1 A! in k space (corresponding to Y'Zn; features are shifted to the right for 'VZn) and
at 1.64,2.7 A and 3.1 A (R + AR) in R space (corresponding to the Zn-O shell for V'Zn at 2.08
A, Zn-Mn shell for TE Zn at 3.1 A, and Zn-Mn shell for DC/TC Zn at 3.48 A, respectively) are
denoted by dark blue vertical lines.
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Figure 1. Ni K-edge XAFS spectra of Ni coprecipitated and reacted with -MnO2 (A,B,C), HexB
(D,E,F), and TriB (G,H,I) (see Tables 1 and 2 for specific conditions). Diagnostic features at 2.5,
2.7and 3.1 A (R + AR) in R space (corresponding to Ni-Mn shells for incorporated Ni at 2.88 A,
TE Ni at 3.08 A, and DC/TC Ni at 3.48 A, respectively) are denoted by dark blue vertical lines.
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Figure 2. Zn K-edge XAFS spectra of Zn coprecipitated and reacted with 6-MnOz2 (A,B,C),
HexB (D,E,F), and TriB (G,H,I) (see Tables 1 and 2 for specific conditions). Diagnostic features
at 3.8 and 6.1 A! in k space (corresponding to V'Zn; features are shifted to the right for 'VZn) and
at 1.64,2.7 A and 3.1 A (R + AR) in R space (corresponding to the Zn-O shell for V'Zn at 2.08
A, Zn-Mn shell for TE Zn at 3.1 A, and Zn-Mn shell for DC/TC Zn at 3.48 A, respectively) are
denoted by dark blue vertical lines.
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