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1. Experimental protocols to ensure anoxic conditions

Anoxic experiments were performed using protocols described in Elzinga® and Lefkowitz et al.?
The experiments were carried out in an anaerobic chamber with a 95% N,-5% H, atmosphere,
and equipped with a Palladium catalyst (Coy Laboratories) for removal of trace atmospheric
oxygen. Anoxic samples and reagents were prepared with anoxic DDI water, prepared by boiling
under an N, atmosphere and cooling inside the glovebag. All labware used for the experiments
(containers, centrifuge tubes, pipette tips, filters, etc.) was placed in the glovebag for at least 24 h

before use.

2. Plot of [Mn(11)]aq and [**Mn(11)]aq Versus time, expressed as fractions of total added
Mn(I1) and total >*Mn

Figure S1 plots the same data as presented in Figure 1 of the main manuscript, but with the
concentrations of aqueous Mn(I1) and aqueous >*Mn(l1) expressed as a fraction of total added
Mn(l1) (800 uM) for the results of experiment 3, and as a fraction of total **Mn used for the hot
experiments (132 kBq L™) for the results of experiments 1 and 2. The total aqueous Mn(11)
drops by approximately half over the course of reaction, as shown by the results of experiment 3,
whereas approximately 1/3 of total >*Mn is present in solution as **Mn(l1) at the completion of

both experiments 1 and 2.
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Figure S1. Time-dependence of the concentrations of [54Mn(ll)]aq in experiments 1 and 2, and of
[Mn(11)]aq measured in experiment 3, expressed as a fraction of total added Mn(l1l) (800 uM) for
the results of experiment 3; and as a fraction of total >*Mn (132 kBq L™) for the results of
experiments 1 and 2. The three experiments were conducted under identical conditions, using

anoxic suspensions with a MnOys or 54Mn02(s) particle loading of 530 uM, a pH of 7.5, and an
initial Mn(I1)(q) concentration of 800 pM.

3. Test of 8-MnO;, reactivity with HEPES buffer

Samples for powder XRD analyses were prepared inside the anaerobic glovebox from anoxic o-
MnO, suspensions with the same suspension density (530 uM 6-MnQOy, corresponding to ~0.05
g L™, the same background electrolyte (0.1 M NaCl) and the same pH (pH = 7.5) as used for the

sorption experiments described in the main manuscript. Two samples were prepared in parallel.
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In the first, HEPES buffer was added to the background electrolyte at a concentration of 25 mM
to maintain pH at 7.5; this sample is identical to the 3-MnOys suspensions of the sorption
experiments described in the main manuscript. The second sample contained no HEPES buffer,
but instead was titrated to a pH value of 7.5 through manual addition of 0.05 M NaOH. The
suspension pH was measured three times in the first 5 hours following initial titration and re-
adjusted to pH 7.5 as necessary; the pH did not fall below values of 7.3 during this time period
and was found to be stable at a pH value of 7.5 afterward.

In contrast to the sorption samples described in the main manuscript, the two samples
prepared here received no aqueous Mn(ll) but instead were equilibrated in their respective
background electrolytes for 2 days. After 2 days, the samples were filtered inside the glovebox,
and then washed and dried for analysis by powder X-ray diffraction (XRD) and synchrotron X-
ray absorption spectroscopy (XAS). For XRD analysis, the dried powders were loaded onto low
background sample holders and analyzed on a Bruker D8 Advance diffractometer using Ni-
filtered Cu Ka radiation and a LynxEye XE detector. For XAS analysis, samples were dispersed
in boron nitride and analyzed in transmission mode at the Mn K-edge (6539 eV) on beamline
12BM-B of the Advanced Photon Source at Argonne National Laboratory. Processing of the
XAS data was performed in WinXAS3.1® using standard procedures.*

Figure S2 displays the normalized near-edge XAS spectra of the two vernadite samples.
The spectrum collected for the sample hydrated in the presence of HEPES exhibits a slight shift
in the edge position to lower energy and increased spectral intensity in the energy range 6.545-
6.560 keV as compared to the sample hydrated in background electrolyte without HEPES
(Figure S2). This difference demonstrates a higher content of reduced Mn(l1) and/or Mn(l1l) in

the vernadite substrate hydrated with HEPES. Since the only difference between the samples is
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Figure S2. Manganese K-edge XAS spectra of 3-MnQ; solids following 2 days of hydration in
anoxic 0.1 M NaCl background electrolyte at a suspension density of 530 UM and pH 7.5 in the
absence or presence of 25 mM HEPES buffer. The slight shift in edge position and increased
spectral intensity in the energy range 6.545-6.560 keV (pointed out by the arrows) in the
spectrum of the HEPES-reacted sample demonstrate increased content of reduced Mn(I1) and/or
Mn(I11) consistent with partial reduction of structural Mn(1V) by the HEPES buffer.
the presence of HEPES buffer, we attribute the presence of Mn(ll, I11) in the HEPES-reacted
sample to partial reduction of structural Mn(1V) by the buffer.

Structural modification of vernadite during hydration with HEPES is evident from the

results of powder XRD analyses presented in Figure S3, which shows the diffraction patterns of

the two hydrated samples and that of the 5-MnO; starting substrate. Consistent with previous
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©9->8 the vernadite XRD pattern shows broad diffraction peaks at d-spacings near 2.4 and

results,
1.4 A, which are due to (20, 11) and (31, 02) reflections,”™ while 001 and 002 reflections (which
occur near 7.2 and 3.6 A in hexagonal birnessite) are absent due to the lack of long-range
ordered sheet stacking in vernadite.”® The XRD pattern of 3-MnOg(s hydrated in background
electrolyte without HEPES is essentially identical to that of the starting material (Figure S3a),
which indicates that the material has remained unchanged during the 2 day hydration period.

In contrast, the material hydrated in the presence of HEPES has undergone significant structural

modifications. The XRD pattern shows pronounced new reflections at 7.1 and 3.6 A (Figure
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Figure S3. Powder X-ray diffraction (XRD) patterns of the original vernadite substrate and of
the 5-MnO, materials hydrated in anoxic 0.1 M NaCl background electrolyte at pH 7.5 in the
absence or presence of 25 mM HEPES buffer. Panel (a) shows the full patterns collected for the
three samples, while panels (b) and (c) are zoom-in of the (20, 11) and (31, 02) reflections,
respectively, of the HEPES-reacted material.



S3a), demonstrating that the stacking order along the c-axis has increased. In addition, the (20,
11) and (31, 02) reflections of this samples exhibit distinct splitting (Figure S3b and c), which is
indicative of a change in layer sheet symmetry from hexagonal to orthogonal or triclinic.®™
These structural changes are attributed to the partial reduction of the 3-MnO, substrate by
HEPES evident from the XAS data (Figure S2). The change in octahedral layer symmetry
suggests incorporation of Mn(l11) into vacancy sites generating a Mn(l11)-enriched
phyllomanganate with structural similarities to triclinic birnessite, which is a phyllomanganate
composed of vacancy-free octahedral sheets where 2/3 of structural Mn is present as Mn(IV) and
the remaining 1/3 as Mn(111)." ** 3 Increased ordering of sheet stacking along c is attributed to
migration of Mn(I1) and/or Mn(l11) cations into the interlayer region, where they displace weakly
held Na" as charge balancing cations, and mediate a higher degree of oriented sheet stacking
through their relatively strong interactions with the phyllomanganate surface.

The results presented in Figures S2 and S3 are consistent with previous studies reporting

14-18 \which has been attributed to

redox reactivity of HEPES and related Good’s buffers,
piperazine moieties on the buffer molecules. The ubiquitous use of Good’s buffers as supposedly
inert compounds in aqueous geochemical studies necessitates careful consideration of potential

artifacts induced by these compounds in redox sensitive experiments.

4. Impact of HEPES on >*Mn solid-liquid exchange during interaction of Mn(l 1)(aq) With
*MnOy)

Due to the redox reactivity of HEPES toward 6-MnO,) evident from the results presented
above, we decided to check whether the presence of this compound in our experimental systems
impacted our primary experimental finding, i.e. the rapid and quantitative exchange of Mn atoms

between the solid and aqueous phase during interaction of Mn(l1) with 5-MnOg, at pH 7.5,
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mediated by interfacial electron transfer reactions. To this end, we compared the results of two
experiments, the first employing a HEPES-buffered suspension and the second a suspension
where pH was controlled manually, which were run under otherwise identical conditions. The
experiments were run side by side in an anaerobic glove bag using the same experimental
parameters as in the sorption experiments described in the main manuscript, (i.e. 530 uM
vernadite suspension density, 0.1 M NaCl background, and a 800 uM initial Mn(l11) solution
concentration). The experiments were conducted with **Mn-labeled 8-MnOy (referred to as
*MnOy)) to monitor release of >*Mn(I1) g into solution during reaction of Mn(11) g with the
*MnOy solid in the first 2 hours following Mn(11)q) addition. The HEPES-buffered system
was identical to that described in the main manuscript, whereas pH in the unbuffered system was
maintained in the range of pH 7.30-7.50 by regular manual additions of small amounts of
(anoxic) 0.05 M NaOH. The vessels were sampled prior to and at four time points (4, 15, 60 and
120 minutes) after the addition of cold Mn(11) to the **MnO, suspension. Sampling involved
filtration of a 5 mL subsample through a 0.2 pum nitrocellulose membrane. The filtered reaction
electrolytes were counted for the activity of dissolved >*Mn(l I)aq) Using the same methods as
described in the main manuscript. Blank samples, made in the same way as the sorption samples
except for the addition of **MnOy), and control samples, consisting of >*MnO suspensions
identical to those of the sorption experiments but without added Mn(l1), were analyzed as well.

The results of these experiments are compared in Figure S4, which shows the build-up of
[>*Mn(11)]4q in solution following addition of Mn(11) g at t=0, with [>*Mn(I1)],q quantified as the
fraction of total **Mn in the system (132 kBq L™). The experimental results of the two systems
are remarkably similar, showing quick and substantive appearance of >*Mn(I1)q in solution

following the addition of Mn(I1)q (Figure S4). After 2 hours of reaction, 25% of total >*Mn has
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been released from the solid phase into solution in both systems, while 75% remains partitioned
to the solid phase. Considering that the final (equilibrium) partitioning of >**Mn involves 1/3 of
total >*Mn partitioned to solution as dissolved >*Mn(l1) and 2/3 partitioned to the solid phase Mn-
oxide as structural >*Mn(l11, V) (see Figure 1 of the main manuscript and Figure S1), these
results indicate that the majority (25/33*100 = 76%) of total >*Mn solid-liquid exchange occurs
within the first few hours of interaction, consistent with rapid establishment of dynamic
equilibrium. The absence of a discernible impact of the presence of HEPES on these exchange
reactions in this early reaction stage (Figure S4) suggests that Mn(11)-Mn(1V)O, surface

interactions and the resulting exchange of Mn isotopes between the aqueous and solid phase
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Figure S4. Release of **Mn(11)q release into solution during reaction of **Mn-labeled 5-MnOy
at pH 7.5 in the first 2 hours following Mn(11)q) addition (800 uM) in a HEPES-buffered
suspension (red data points) and in an unbuffered suspension where pH was maintained through
regular manual addition of 0.05 M NaOH aliquots (blue data). The 54I\/In02(s) suspension density
was 530 UM in both experiments, and the samples were run under anoxic conditions. The four
data points from the HEPES-buffered system are included in Figure 1 of the main manuscript as
well, where they are presented along with the datapoints collected for an identical but separate
experiment.

S9



are not significantly affected by HEPES redox reactivity with MnO,.Most importantly, the rapid
release of **Mn(11) to solution observed in the HEPES-free system upon addition of cold Mn(11)
to the **MnO, suspension confirms that our primary experimental finding, which is the rapid and
extensive exchange of Mn atoms between aqueous Mn(11) and solid phase Mn(IV, I11) indeed is
mediated by interfacial electron transfer reactions between adsorbed Mn(ll) and structural
Mn(1V), and is not an experimental artifact associated with the presence of redox-active HEPES

buffer in our samples.
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