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Section I. Mineral Characterization

The properties of the Fe and Mn oxides used in sorption experiments are presented in Table
2.1. XRD analysis confirmed the identity of each mineral phase (Figure Slc-g). Birn was
synthesized with potassium in the interlayer space, matching previously reported hkl reflections !
The hexagonal symmetry of the Birn was verified by the ratio of d-spacings for the (11,20) and
(31,02) reflections approximating \/3 with a value of 1.69 4. Further, the (31,02) reflection is
symmetric and lacks the splitting indicative of orthogonal symmetry 2. The (001) reflection was
used to calculate the dy; and the coherent scattering domain (CSD) along the c¢* axis, which were
7.2 A and 6.4 nm respectively and are consistent with previously reported d;o values 3 and 8.8
coherently stacked layers along the c* axis 236, The CSD of the ab plane was calculated to be 6.1
nm from the (11,20) peak, in agreement with previous reports 6. The BJH pore size distribution
confirms a multimodal distribution of pore sizes between 2 and 8 nm with averages at 3.7 and 5.3
nm confirmed by BJH adsorption and desorption, respectively. The identity of Pyr was confirmed
via the (110), (101), (200), (111), and (210) hkl reflections 7, with bulk terminations defined by
the (110), (101), and (100) faces 8'°. The corresponding BJH distribution confirms the low
porosity of the Pyr (Figure S1b), with an average porosity between 2-3 nm, and a pore volume
10% to that of Birn.

Ferrihydrite was confirmed by the presence of two broad reflections in the XRD pattern
characteristic of 2-line Fhy corresponding to the (110) and (115) reflections '1!12. The pore size
distribution is centered at 1.5 nm. The second peak at 5.9 nm is a single data point observed only
during the adsorption portion of the BJH analysis and likely represents an artifact. The total pore

volume of the Fhy is comparable to Birn at > 0.1 cm? g,
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Goethite was confirmed by XRD to match previously published patterns of the pure mineral 314,
The narrow FWHM of the (110) hkl reflection indicates the predominance of this crystal face at
the Gt surface, a characteristic of this Fe phase that has been reported previously !315-17_ The pore
volume of Gt is approximately four times greater than that of Pyr, and half that of Fhy with pore
diameters ranging from 2 and 4.5 nm depending on the BJH method used.

The purity of the Hm phase was confirmed at the resolution of XRD, with the ratio of the (012),
(104), and (110) hkl reflections supporting a rhombohedral morphology '8. This geometry has been
described previously for Hm synthesized using low-temperature aqueous methods 1°-22. Studies of
pH effects on Hm particle size resulting from Fe(NOj); hydrolysis have similarly shown
rhombohedral particles of ~20 nm forming from conditions identical to those used in this study
(PHformation = 2.7). 2 Although pore size was observed to be ~1 nm, the pore volume was
comparable to that of Fhy. A possible explanation for this arises from the high surface area of our
sample (61 m? g'!), which is two times greater than has been reported previously using the same
synthesis method; (Baltrusaitis et al., 2007; Schwertmann and Cornell, 2008) however, similar
low-temperature hydrothermal methods have produced particles with comparable surface area 22
Thus, a smaller particle size is expected and was observed with a small fraction of particles passing
through the 0.22 um membranes. Therefore, sedimentation was also used to separate the aqueous

and solid phases on these samples prior to ICP-OES analysis.
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Section II. Transformed Isotherms
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124 Section I1I. Aqueous VY Speciation

125 Visual Minteq version 3.1 was used to calculate the VV speciation for each equilibrium VVy
126  concentration obtained in the Langmuir isotherm experiments. Parameters for the calculation

127  included 25 mM NaCl of background electrolyte, and the pH was fixed at 7 to account for the 10

128  mM of PIPES buffer.
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132 Figure S4. MINTEQ speciation results for VV at pH 7 and 25 mM NaCl. A) monomeric vs
133 polymeric fraction of VV, where each category is a sum of the fractions of monomeric or polymeric

134 species. B) The fraction of each VV species at each concentration of total VV.
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Table S1. MINTEQ model results used to construct Figures 2.10 A and B.

Total V Percent of Total V
uM V(V) HVO4-2 H2V0O4- H2V207-2 | HV207-3 V4012-4 V5015-5 | HV3010-4 | monomer polymer
1 2.722 97.227 0.051 0 0 0 0 99.949 0.051
5 2.716 97.028 0.254 0 0 0 0 99.744 0.254
10 2.709 96.782 0.506 0 0 0 0 99.491 0.506
20 2.696 96.296 1.002 0 0 0 0 98.992 1.002
50 2.657 94.887 2.433 0.013 0 0 0 97.544 2.446
70 2.631 93.982 3.342 0.018 0.026 0 0 96.613 3.386
100 2.595 92.665 4.642 0.025 0.072 0 0 95.26 4.739
250 2.425 86.527 10.123 0.054 0.863 0 0 88.952 11.04
300 2.371 84.582 11.609 0.062 1.363 0 0 86.953 13.034
500 2.166 77.182 16.124 0.087 4.395 0.033 0.013 79.348 20.652
750 1.939 68.974 19.337 0.104 9.525 0.098 0.021 70.913 29.085
1000 1.748 62.076 20.913 0.113 14.934 0.185 0.027 63.824 36.172
1250 1.591 56.371 21.588 0.117 20.012 0.283 0.032 57.962 42.032
1500 1.461 51.637 21.773 0.119 24.583 0.385 0.036 53.098 46.896
2000 1.26 44.307 21.445 0.118 32.234 0.585 0.041 45.567 54.423
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Section IV. Method for Nonlinear Least Squares Fitting

Microsoft excel was used to organize and refine the isotherm data to each of the isotherm models
25, The standard deviation was calculated for each Cq and Q4 value, for each isotherm. For each
isotherm model used, a modelled Q.4 value was determined according to equations 1 and 2, with
approximate initial guesses placed for each of the dependent variables (qumax, K, Ki, etc). the
residual was then calculated, taken as:

residual = Qeqempirical — Qequota
The residuals were then squared to make all values positive. The squared residuals were then

weighted by a factor w;, where w; is equal to the standard error of Qeq_ . although other methods
€(empirical

of weighting have been discussed 2°. The standard error of Qeqempiricas 15 defined as:

sandard deviation of Qeq,,, ica sandard deviation of Qeq,,, ca

SE = =
\JNumber of of replicates at each concentration 3

The weighted squared residuals were then summed (RSS), and the total number of data points in

the isotherm (N) and total number of variables (m) used in the regression of Qeq,,,4 1 Qeqempiica

were counted. The root-mean squared error, also called the standard error > was then calculated

according to:

RSS
(N—m)

rmse =
The rmse was then targeted as the parameter to be minimized by the optimization algorithm while
adjusting the dependent variables. Additionally, the R? and 95% confidence intervals were

calculated according to Brown (2001). However, the utility of an R? parameter in non-linear

regression is low, primarily stemming from the requirement of an “mean” value of the empirically

17
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determined independent variable. The representativeness of such a mean value towards its dataset

is low for nonlinear data. Nonetheless, these values are reported for completeness.
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Section V. Method for Birnessite Characterization

Determination of the number of coherently stacked layers in our birnessite sample were done using
the collected XRD data, and results from Villalobos et al. ( 2006). Briefly, the crystallite sizes in

the ¢* direction and for the ab plane were calculated using the Scherrer equation:

B 0.9
* = Beos (0)

where 7 is the crystallite size in nanometers, lambda is the wavelength of the x-rays used (Cu K,
= 0.154059 nm), B is the full width at half-maximum intensity of the XRD reflection in radians,
and 0 is the angle at which the reflection occurs, in radians. To calculate the distance along the c*
direction, the (001) reflection was used, yielding a distance of 6.4 nm. To translate this into the
number of turbostratically stacked layers, data from Villalobos et al. was used. Linear regression
was applied to the reported values for length along the c* axis, and the corresponding number of
layers. (crystallite size along the c* direction in nm = independent variable, number of layers =

dependent variable)

Table S2. Parameters used to calculate the number of stacked birnessite layers

c* nm layers
1.9 2.6
2 2.8
4.2 5.8

Data collected by Villalobos et al. ( 2006) used to determine the number of coherently stacked
layers of birnessite.

Regression results: number of layers = 1.379*(c* nm) + 0.0108

19



187

188

189

190

191

192

193

194

195

196

197

198

199

200

201

202

203

204

205

206

207

208

Thus, an average of 8.8 layers were determined for our birnessite, having an average c* extent of
6.4 nm.

X-ray absorption spectroscopy on birnessite before and after incubation with the PIPES-
buffered Na;VO, was also done to monitor any PIPES-induced changes in the birnessite structure,
as Good’s buffers have been shown to act as reductants towards Mn(IV) oxides 2°. Spectra were
collected at SSRL on beamline 4-3 using an Si(111) crystal monochrometer with an orientation of
¢= 90. Substantial crystal glitches, which begin to appear in the y(k) data at 11.8 A-! limited the
EXAFS range to k = 12 A-1. The spectra for unreacted birnessite was collected at beamline 7-3
with an Si(220) crystal set oriented to ¢ = 90. All data were collected in fluorescence mode with a
PIPS detector, chromium filter and Soller slits at room temperature with an in-line Mn foil with
the maximum of the first derivative set to 6539 eV. After incubation with the buffered vanadate
solution, all samples displayed an edge shift when the normalized intensity was equal to 0.5 (E;/,)
to lower energies of approximately 1 eV. The E;,, value Birnessite was 6551.5 eV, which shifted
to 6550 eV in the 75 uM V(V) sample, 6550.3 in the 25 uM V(V) sample and 6550.9 eV in the
500 uM V(V) sample (Figure S5a). Despite this shift, the EXAFS data show that, rather than
forming a secondary Mn(IIl) hydroxide phase, the Mn(IV) reduced by the PIPES adsorbed to
surface vacancy sites in the birnessite in a triple-corner-sharing manner. This is seen in the increase
in the shoulder feature at 3.5 A in the Fourier-transformed EXAFS plot, as well as the formation
of a shoulder at 6.5 A-! in the k3>-weighted EXAFS (Figure S5 b,c) 3. In a previous study, we
demonstrated that Mn(II) generated from the reduction of structural Mn(IV) in birnessite and V(V)
do not compete for the same adsorption sites, with Mn(II) adsorbing primarily to cap surface

vacancies and V(V) predominately adsorbing to edge sites ?7.
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Figure S5. Mn K-edge XAS of before and after incubation with the buffered V(V) solution at 25
uM, 75 uM and 500 uM Na3;VO,. (A) XANES showing a 1 eV shift to lower energy after
incubation, indicating the reduction of structural Mn(IV) to Mn(Il) and Mn(III). (B) Fourier-
transformed EXAFS showing the location of the octahedrally coordinating O, edge-sharing (es)
Mn and triple-corner-sharing Mn. (C) k3-weighted EXAFS with an indicator line at 6.5 A-! where

the presence of Mnrcg adsorbed to vacancy sites results in the formation of a weak shoulder feature.
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Section VII. Mineral Synthesis

Birnessite

63 g of KMnO, (Fisher) was dissolved into 1 L of ultrapure water (EMD Millipore) and heated to
90°C. Sixty-six ml of concentrated trace metal grade HC1 was slowly added over the course of ten
minutes. The mixture was then maintained at 90°C for 10 minutes before cooling to 21°C over the
course of 30 minutes. Manganese oxides in the solution were collected using vacuum filtration.
The Mn oxides were repeatedly rinsed with ultrapure water to remove excess KMnQO, prior to air-
drying.

Hematite

A 2 mM solution of trace metal grade HNO; was prepared, capped and brought to 98 °C in an
oven. When the temperature was reached, 17 g of Fe(NO3)*9H,0 was added with stirring. The
solution was then returned to the oven and held at 95-100 °C for a week. Solids were separated by
centrifugation, and rinsed with ultrapure water before air-drying.

2-line Ferrihydrite

43.7 g of Fe(NO;)*9H,0 was dissolved in 500 ml of ultrapure water. 95 ml of 2 molar KOH was
then added, with an additional 10 ml added dropwise. The resulting precipitate was then filtered,

rinsed with ultrapure water and air dried.
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