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Abstract

Birnessite minerals are layer-type manganese oxides obiazadtby large surface areas,
the presence of cation vacancy sites and varying amounts diisaftand adsorbed Mn(lll). In
this study, we identify the conditions that favor trace metal atlsoron the edge surfaces of
birnessite nanoparticles by using Ni as a probe ion for Ni Ke-ed¢ended X-ray absorption fine
structure (EXAFS) spectroscopy and geometry optimizationsdbasealensity function theory
(DFT). In &MnO, nanoparticles free of Mn(ll,Ill) at pH 6.6, Ni was adsorbednprily at
vacancy sites, with a minor fraction of Ni present as a dowge-sharing (DES) or a double-
corner sharing (DCS) complex at surface loadings exceedingattency content. In Mn(lll)-
rich >MnO, nanoparticles, about 80 % of the adsorbed Ni formed a mixture §fdpd DCS
complexes at particle edges in samples with loadings rariging 0.01 to 0.08 mol Ni mdi
Mn, with only a small fraction of vacancy sites available to dddbr The presence of Mn(lll)
at the nanoparticle edges also changed the architecture ofE8ec@mplex, causing the Ni
octahedra to adsorb onto the cavity formed between two Mn(llihedta at the particle edges.
The EXAFS-derived Ni-Mn interatomic distances of 3.01 — 3.05 A for “fligped” Ni-DES
complex were in excellent agreement with those obtained bydebmetry optimization. Edge
surfaces on birnessite nanoparticles have a lower affinitydoe metals than vacancy sites, but
have a moderate sorption capacity (ca. 0.14 mol Ni*rivi at vacanciess.0.06 mol Ni mof
Mn at edge surfaces). Finally, although Mn(lll) increasegélaive proportion of Ni adsorbed
at particle edges by blocking sorption sites on the basal sutfae overall sorption capacity of

the mineral diminishes significantly.
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1. INTRODUCTION

Birnessite (layer-type Mn£) minerals undergo strong adsorption reactions with trace
metals due to their large specific surface area and negaftiface charge (Post, 1999; Tebo et
al., 2004). Cation vacancies in the Mn@heet, Mn(lll) substitution for Mn(lV), and
undercoordinated oxygen atoms at particle edges (Bargar et al., 28@nLet al., 2002b;
Manceau et al., 2002; Manceau et al., 2013; Villalobos et al., 2006; Ziy 2012) lead to
various surface complex configurations for trace metals, esdrdted inFig. 1a — d Studies on
the mechanisms of trace metal sorption by birnessite have focusdlde reactivity of the
vacancy sites (e.g. Drits et al., 2002; Lanson et al., 2002b; Maatehy2002; Manceau et al.,
2007; Peacock, 2009; Peacock and Sherman, 2007; Pefia et al., 2010; Ton20@6)alwith
significantly fewer studies addressing the reactivity oftigde edges (Kwon et al., 2010;

Takahashi et al., 2007; Villalobos et al., 2005; Villalobos et al., 2014; Wang et al., 2012).

Birnessite particles occur typically as stacked shigtisextend only a few nanometers
along the sheet-stacking direction (ca. 1 - 4 nm) and imblh@ane (ca. 2 — 10 nm) (Bargar et
al., 2009; Lanson et al., 2008; Manceau et al., 2013; Villalobos et al., 200&udgethe
proportion of sorption sites at particle edges increases withasitiy specific surface area, the
edge surfaces of these nanoparticles can contribute significemtlyace metal sorption.
Villalobos et al. (2005) found a linear correlation between Pb suefemess and specific surface
area, with an analysis of extended X-ray absorption fine stru(EXA&FS) spectra indicating

that 50 — 75 % of adsorbed Pb was located at particle edges.

The presence of Mn(lll) also may influence the extent to wpaticle edges participate

in trace metal sorption reactions. Recent structural modeld-¥MnO,, a synthetic analog of
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natural birnessite, include 0.05 to 0.30 mol Mn(lIl) hn incorporated into the MnCsheet

or adsorbed above and below vacancy sites (Grangeon et al., 200&aMan@l., 2013; Zhu et
al.,, 2012). Based on wet chemistry data, Wang et al. (2012) suggestedhe relative
contribution of edge sites to trace metal sorption increasdweaddri(lll) content increased. The
adsorption of Mn(lll) at vacancy sites could render these si&s dvailable to adsorb other
metals, thus forcing increased trace metal sorption at geetiljes. Furthermore, the presence of
Mn(lll) may influence the structural parameters of surfaceptexes on birnessite edge sites

because the radius of Mn(lll) (0.645 A) is larger than that of Mn(IV) (0.53 A).

Metals adsorbed on the edge surfaces of hexagonal birnessite daveeported to

exhibit two coordination geometries: double-corner-sharing (D&, 10 and double-edge-

sharing (DESFig. 1d). Both DCS and DES surface complexes have been proposed for Bb base

on EXAFS spectroscopy (Takahashi et al., 2007; Villalobos et al., 200%)e\ér, geometry
optimizations based on density functional theory (DFT) (Kwon et al., 2010) sholdEsais the
preferred coordination for Pb, but the protonation of the mineralcsugiad the hydration state
of the adsorbing metal cation can influence the adsorbate strueturii sorption on hexagonal
birnessite, only the DCS species has been reported (Manceauw2€0at Yin et al., 2012). The
Ni-DCS species was inferred from a decrease in the numiddnafeighbors near 3.5 A, the
interatomic distance diagnostic of triple-corner-sharing saréatnplexes at vacancy sites (TCS,
Fig. 18. Overlap in the metal-Mn interatomic distance of DCS and T@8plexes has been
observed for geometry-optimized Pb surface complexes (Kwon et al.,.2@1€yuctural
parameters for surface complexes at particle edges oveitlaphase for surface complexes at
vacancy sites, it becomes difficult to assign the coordination gfeprbased on interatomic

distances alone.
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In the current study, we aim to clarify the mechanisms cg&traetal sorption at particle
edges on hexagonal birnessite. Of the trace metals ofgptereluding Fe, Co, Ni, Cu, Zn and
Pb, only Ni is both redox-inactive and shows only symmetric octahedaadination. These
chemical properties facilitate the interpretation of spectrosadgtia, thus making Ni the probe
metal of choice for this study. We follow a synergistic expental-computational approach that
combines chemical measurements, EXAFS spectroscopy, and DFetgeaptimizations to
investigate the mechanisms of Ni sorption &W¥nO,, a Mn(lll)-rich 3-MnO,, and triclinic
birnessite at pH 6.6. The large specific surface aréaMiO, provides ample edge surfaces for
metal sorption, whereas the Mn(lll)-rickMnO, sample allowed us to examine the role of
Mn(IIl) without a major change in specific surface area, unfikevious studies (Wang et al.,
2012; Villalobos et al., 2014). In addition, using triclinic birnessiteB{fas a sorbent, we could
compare the structure of Ni surface complexes in a Mn(Bh-birnessite which has no vacancy
sites (Lanson et al., 2002a). We used EXAFS spectroscopy to probeeitagea bonding
environment of Ni and estimate its distribution between differemtase sites. The DFT
calculations allowed us to determine the structural parametevatiety of surface complexes at
the edges and to investigate the effects of protonation and Mn(llleanstructural parameters,

which in turn helped to constrain our interpretation of the Ni K-edge EXAFS spectra.

2. MATERIALS AND METHODS

2.1. Materials

All solutions were prepared using ultrapure water with a regystof 18.2 MQ-cm

(LaboStar, Siemens) and A.C.S. reagent-grade chemicals. Thessyrsthd characterization of
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the 5-MnO, powder used in this study is described elsewhere (Duckworth anddSRR97).
Syntheticd-MnO, may have varying amounts of lower-valent Mn in its struct@sylting in an
average manganese oxidation number (AMON) < 4.0 that can asisesnthesis conditions
(Wang et al., 2012), solution pH (Manceau et al., 2013), or aging of therahin aqueous
suspension (Villalobos et al., 2003). In this study, we equilibrét®thO, (AMON = 4.01 +
0.05) in a 10 mM NaCl and 10 mM HEPES buffer solution to produce a Mn@h)-MnO,
with AMON = 3.65 + 0.05. The fractions of Mn(Il) and Mn(lll) in thelis were determined to
be 2 £1 % and 34 £ 1 %, respectively, using pyrophosphate extracenglectronic Annex).
Although HEPES belongs to the Good’s buffers that are consideredintketius widely used to
control pH (Good et al., 1966), the piperazine-ring group in the HEPES uhmlean act as an
electron donor to Mn(1V) (Buchholz et al., 2011; Grady et al., 198&cHK et al., 1998; Zhao
and Chasteen, 2006) and lead to the accumulation of Mn(lli$-MnO,. The structural
characteristics of this modifie#MnO,, which we denote as Mn 3-MnO,, are discussed in the
Electronic Annex. Triclinic birnessite (TcBi) was synthesized by oxidation af*Mat pH 8
(Drits et al., 1997; Giovanoli et al., 1970), since at this alkaline qd1 vacancy sites are
expected to form (Drits et al., 1997; Silvester et al., 1997). The piepef our unmodified Mn
oxide samples Table 1) compare well with available literature data (Drits et 4997;

Villalobos et al., 2003; Yang and Wang, 2001). The Mn oxides were stodsgl pewders at 4

C or -20°C.

2.2. Sorption experiments

Sorption experiments with-MnO, and Mri'_3-MnO, were conducted at pH 6.6, with

pH maintained constant using a pH STAT (Metrohm) or HEPES bFfehér Scientific). The
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0-MnO, powder was ground using an agate mortar and pestle and resuspeaiileeril0 mM
NaCl (for sorption experiments awMnO,) or 10 mM NaCl and 10 mM HEPES buffer (for
sorption experiments on Mn3-MnO,) to achieve a total Mn concentration of 5.7 mM. The
mineral suspension was sonicated for one hour (Bransonic 3510 Ultr&leaiwer). For pH-
STAT experiments3MnQO,), after sonication, 80 mL of the suspension were transferred to a
titration vessel on a stir plate and the pH was adjusted to 6a@idition of 50 mM HCI. The
mineral suspension was equilibrated at pH 6.6 for 30 — 60 min, aftehwhialiquot of 40 mM
NiCl, was added to achieve an initial Ni concentration between 0 and {MIOONn all
experiments, the Ni concentrations were below the solubilityt loh a-Ni(OH),. After Ni
addition, the suspension pH dropped to about pH 5.5; the pH was re-adjuste®sinyg
NaOH and maintained at pH 6.6 for 48 h. For the HEPES-buffered mares (MH'_5-MnO,),

after sonication, 12 mL of the mineral suspension was transfeamdaf stock suspension under
vigorous stirring to 15-mL polypropylene Falcon tubes. An aliquot of @r190 mM NiCh
solution was added to each of 30 tubes to achieve initial Ni coatiens between 0 and 1400
UM. All tubes were placed on an end-over-end shaker (Enviro-Genie, 8cigmdustries, Inc.)

for 48 h at 35 rpm. Finally, to ensure that HEPES did not modifydtgtisn of Ni by Md"_§-
MnO,, we conducted additional control experiments usind' MAMnO, without HEPES in the
background electrolyte. To initiate these experimeitdnO, was equilibrated with HEPES for
one hour. The Ml_8-MnO; solids were collected by filtration and resuspended in 10 mM NaCl;
the suspension pH was adjusted to 6.6 and maintained constant on a pHI&TAgTthe Ni

sorption reaction.

After 48 h of equilibration, two samples were collected to detertutad and aqueous
metal concentrations. One milliliter of the suspension was @igesith 9 mL of 1.5 % HN@

7
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and 10 mM oxalic acid for analysis of total Mn and Ni concentrationsor andcyitor). The
remaining slurry was filtered through a 022 syringe filter (Millipore). The pH of the filtrate
was measured using an Orion A111 pH meter (ThermoScientific) aachiamicro combination
glass pH electrode (Orion Ross, ThermoScientific). The #ltweds then acidified with HNgor
analysis of aqueous Mn and Ni concentratiaig @ndcy;). The empty test tubes were rinsed
first with 5 - 10 mL ultrapure water and then with 5 mL of 1.5 % HN@d 10 mM oxalic acid.
Both rinse solutions were analyzed for Ni and Mn concentrations ttavkether any Ni or Mn

was retained on the tube walls.

Metal concentrations were measured by inductively coupled plagti@aloemission
spectrometry (ICP-OES, Perkin-Elmer Optima 8300) in triplicegi;ng one to three emission
lines per element. Nine standard solutions in the range 0.5 toNsQ@ere prepared from 1000
mg/L Perkin-Elmer single element standards. Measured inensigre corrected relative to the
intensity obtained from a 50 ppm Sc internal standard. The surfa@ssexf Ni ) was
calculated ascitor — Ci)/(CuntoT— Cun) in units of mol Ni mol Mn (Pefia et al., 2010). Control
experiments showed that at most 2 — 4 % of the total Mn was bouest tiulbe walls; surface
excess values of Ni in this fraction corresponded to the Ni suefacess values in the slurry.
Thus, we concluded that this small loss of Mn oxide to the tube dialsiot influence any
trends in our results. Finally, identical surface excess valees measured with and without

HEPES in the background electrolyte (data not shown)
2.3. Average Mn oxidation number determination

Average Mn oxidation numbers (AMON) were determined by a thegegotentiometric

titration (Metrohm 888 Titrando) that yields a concentration-independeasure of average Mn



174  oxidation number (Grangeon et al., 2012; Lingane and Karplus, 1946; ¥ettelaeger, 1966).
175 In Step 1, a 0.02 M Mohr’s salt [(N}Fe(SQ),] solution is titrated with 0.02 M KMn© In
176 Step 2, Step 1 is repeated after reductive dissolution of the Me oxa second aliquot of the
177 Mohr's salt solution, where the volumes of Mohr's salt solution ipsSte and 2 must be
178 identical. The moles of Fe(ll) consumed by Mn(IV,lIl) reductionMn(ll) are determined by
179 difference of the KMn@volumes useth Steps 1 and 2. In Step 3, the total moles of Mn(ll) is
180 determined by back-titration of the solution obtained at the endepf Btising 0.02 M KMn®

181 in excess Na pyrophosphate (PP) to trap Mn as Mn(ll1)-PP.

182 Samples for AMON determination were obtained by filtration. Ab®utmL of the
183 mineral suspension (SeSection 2.2 were passed through a 0.4Bn filter membrane
184 (Millipore). The solid was washed with 30 mL of ultrapure wateremove any entrained ions.
185 The filter membrane was transferred into a titration fhagk 40 mL of 0.02 M Mohr’s salt
186 solution. For unreacted Mn oxide powde¥dMnO, and TcBi), 40 mg mineral were dissolved in
187 Mohr's salt solution. The AMON values in Table 1 are reportedhasntean and standard
188 deviation of triplicate measurements; the standard deviationsdrdmge £0.04 t0+0.05, which
189 is consistent with the uncertainties reported previously fornighod (Grangeon et al., 2012).
190 The AMON values of unreacted (dry) and wdeMnO, were both close to 4.0, indicating that

191 neither the filter membrane nor residual water influenced the determioétioen AMON.
192 2.4. X-ray absorption spectroscopy

193 Samples used for XAS, prepared as describ&eation 2.2 are listed infable 2 Nickel
194 surface loadings were selected to span the 6 to 11 % (maioyan®l® Mn) range in vacancy

195 content reported fod-MnO, (Manceau et al., 2013; Villalobos et al., 2003). For all samples
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investigated by XAS, an aliquot of the mineral suspension wastadle@nto a Millipore filter
membrane (ca. 4 mg ¢t Filter membranes were attached to an Al sample holderaeer

with Kapton tape.

X-ray absorption spectra were collected at beam lines 4-1 andqlieaé energy 3 GeV,
current 450 — 500 mA) of the Stanford Synchrotron Radiation Lightsource assn@20)¢ =
90° double crystal monochromator. The vertical slit size was setm. The monochromator
energy was calibrated using a Ni foil by setting the firfiection point in the first derivative to
8333 eV. The incident beam was detuned to 70 % at 10 keV to minimizer-biglee
harmonics. Sample holders were positioned at a 45° angle to the inogdent Nickel K-edge
spectra were collected in fluorescence mode using a 30-elereedétéctor or Lytle detector
filled with Ar gas and equipped with soller slits and a Coftbl) as fluorescent filter. All X-ray
absorption spectra were acquired at 77 K (liquid nitrogen cryostdl),three to seven scans

collected per sample.

Data reduction and analysis of X-ray absorption spectra weferped in SIXPACK
(Webb, 2005), which is built on the IFEFFIT engine (Newville, 2001). Ratgiscans were
aligned to a common energy scale and averaged. The averagedals@ption spectra were
background-subtracted and normalized by fitting the pre-edge regium ai$saussian function
and the post-edge region using a quadratic function, Eith8347 eV Ru= 1.0 A, no clamps,
k-weight = 3. The normalizek-weighted EXAFS spectra were Fourier-transformed ovier a

range of 3 — 11.6 Ausing a Kaiser-Bessel apodization window vak+ 3 A™.

Nickel K-edge EXAFS spectra were fitted Raspace to determine structural parameters

for Ni surface complexes. Single- and multiple-scattering pasiesl for shell-by-shell fitting

10
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were created using the FEFF6L code (Rehr et al.,, 1991). Crykiker (version 2.1.5,
CrystalMaker Software Ltd.) was used to visualize differentddrdination environments and
obtain the atomic coordinates for the FEFF input files. The Ni-Mri@sters were based on the
crystal structure of hexagonal birnessite (Lanson et al., 2002a)armpktude reduction factor
(S?) was 0.96 in all fits (Pefia et al., 2010). All interatomic distar@ were floated, while
different fitting constraints were applied to determine coordinatiombers CNs) and Debye-

Waller factors &°).

In general, the EXAFS spectra were fit between 1 and 3.5 A usieg shells: Ni-O, Ni-
Mn®S and Ni-Mr>. We used Ni-ES to denote any edge-sharing Ni surface compgexNi
incorporated at the vacancies [Ni-INC] and at the edges [N8]DEgs. 1b and 14 and Ni-CS
to denote any corner-sharing complex (i.e., Ni-TCS at the vacaactedli-DCS at the edges;
Figs. 1a and 1¥ because the structural parameters for surface complepestiate edges may
overlap with those for surface complexes at vacancy sites. To avpiri assignments of
coordination geometries, we performed various fits with@heof each Ni-Mn shell fixed to
values between 2 and 6 under the assumptions that Ni adsorbed at pdg&dehas two Mn
neighbors CN = 2), Ni adsorbed at a vacancy site has six Mn neighlieXs< 6), and Ni
adsorbed in equal proportions between edges and vacancy sites dsplaysrageCN = 4
(Tables EAL, EAJ. Then, to estimate the fraction of Ni in CS versus ES confignss we
defined the amplitudeg\f of the ES and CS Ni-Mn shells @\ * f andCN * (1- f), where the
CNs were constrained to varying values amepresents a species abundance scaling parameter.
Finally, thed® values of the ES and CS shells were linked to each other (Pafia2€x10) in fits
to 5-MnO, samples, but were both allowed to vary in fits to"M&MnO, samples, which

contained significant proportions of Mn(lll) in the structure. Dueatgé difference in the ionic

11
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radii of Mn(lll) or Mn(lV) atoms (i.e. 0.645 and 0.53 A, respectivetie ¢* values of the
metal-Mn shells in the CS and ES complexes may differ sogmfiy depending on metal

coordination to Mn(lIl) or Mn(IV).

The fitting routine described above resulted in a large number f fibh order to
determine which fits were most plausible, we evaluated 1) wh#tbeamplitudes of the Ni-Mn
shells were consistent with a high or low number of Mn neighbdrap® well thed” value
compared to values reported in the literature; and 3) the probdbiltthat a fit with R-factor
Ri represented a statistically better fit (> 60 %) than thwith the lowest R-factor, following

the Hamilton test (Calvin, 2013; Downward et al., 2006).
2.5. Geometry optimizations

Model Ni surface complexes for geometry optimization were coctstl using a 1 nm
nanodisk consisting of seven Mn(IV) octahedfay( 2). For DCS species, Ni was initially bound
to two singly-coordinated O (W, at the nanodisk lateral edge and fowOHmMolecules to
achieve a coordination number of six. For DES species, Ni waalljniiound either to one
doubly-coordinated O (§)n) or one triply-coordinated O 9, along with two singly-
coordinated O (@un) and three bD molecules to achieve a coordination number of six (e.g.,
DESoomn of DESy3un). We also geometry optimized an edge-sharing species winirbinds to
three Mn octahedra via two singly- and two doubly-coordinateBE®ii Fig. 2). Dangling Mn-

O bonds at particle edges were charge-balanced with one or tvemgrgielding surface Mn-
OH or Mn-OH and an overall model structural formula, #MO,H, (x = 27 — 28, y = 24 — 26),

depending on surface complex type. Based on Pauling’s second rule gndtimanoment

12



262 calculations (Kwon et al., 2010), the bridgingu® between Mn and Ni is protonated (i.e. Mn-

263  OH-Ni) (Fig. 2).

264 To investigate the effect of Mn(lll) on the structural parearseof Ni-DES complexes,

265 we replaced one or two Mn(lV) octahedra at the nanodisk edge wifhiiMand geometry-

266  optimized the structureBES hno ", DES o™, and DES&yma'”. When both Mn(1V) octahedra

267 were replaced with Mn(lll) octahedra to foBESZhno”, we were unable to obtain a stable

268 geometry-optimized structure because Mn(lll) transformed to fereift oxidation state, as

269 indicated by the calculated magnetic moment size. Thus we cressitteDES Y species

270 unstable.

271 Model Ni-MnQO, structures were geometry-optimized using CASTEP, a planewave
272 periodic DFT code (Clark et al., 2005) with the spin-polarized genedaligradient
273 approximation functional GGA/PBE (Perdew et al., 1996) and ultrasa&tdoegpotentials
274  (Vanderbilt, 1990). The kinetic energy cutoff was 500 eV. To minimizei@piinteractions
275 between structural models of periodic cells, a sufficientiydaimulation cell size of 20 A x 20
276 A x 16 A was used so that the model converged well with respstriuitiural parameters (Kwon
277 et al., 2010). Geometry optimizations were carried out akegyant at (0.0, 0.0, 0.0) under the
278 BFGS procedure (Pfrommer et al., 1997) by relaxing all atombkeoktirface complex in the
279 fixed periodic cell. The energy tolerance was 5 ¥ #¥/atom. The maximum tolerance for
280 force and atom displacement along any Cartesian component was 0A3amy/0.001 A,
281 respectively. The magnetic ordering was ferromagnetic anvmgons but antiferromagnetic
282 between Ni and Mn ions. The geometry-optimized structur&gin2 were visualized using the

283 VESTA software (Momma and Izumi, 2011).
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In geometry optimizations of the Mn(lll)-rich nanodisk, we used th& B U formalism
which adds the on-site coulomb interactldpa Hubbard term, to the DFT total energy because
standard DFT tends to over-delocalize tlikeBectrons in Mn oxides (Anisimov et al., 1997,
Franchini et al., 2007; Rollmann et al., 2004). In CASTEP, the DFT forthalism is
implemented with a rotationally-invariant model (Cococcioni and de Gironcoli, 2005; &uefar
al., 1998), which uses an effective Hubbard tethy; (= U — J, whereJ is an intra-exchange
term). We usedles = 2.5 eV only for the @ orbitals of Mn(lll) in the nanodisk. The calculated
magnetic moment of Mn(lll) was 4z (Ug is the Bohr magneton) while that of Mn(IV) was 2.9
— 3.0pg. The choice obess = 2.5 eV was validated based on the Mre8change splitting energy
(AEsg), which correlates strongly with the Mn oxidation state (Olalget1992). For example,
AEgs for Mn(IV) is 3.3 eV in the Mn(lV) nanodisk, while that for Mn(llip LiMn(III)O , and
PbMn(ll1)O.0OH (quenselite) is 4.7 — 4.8 eV (Kwon et al., 2010). In the Mn(lIl-nanodisk,

AEzs for Mn(lll) was 5.0 eV, very close to the values for LiMn(ll)@nd PbMn(l11)QOH.
3. RESULTS
3.1. Nickel sorption isotherms

Nickel sorption isotherms fai-MnO, and MA"_§-MnO;, at pH 6.6 are shown iRig. 3.
Sorption by3-MnO, followed an H-type isotherm, whereas for 'M-MnO, it followed an L-
type isotherm (Sposito, 2008). For these latter Ni sorption data, ismomaxsurface excess equal
to 0.14 + 0.05 mol Ni mdi Mn was estimated from a plot of the distribution coefficiétt= q /

) against surface excesy (Sposito, 2008).

In Ni sorption experiments with-MnO,, no aqueous Mn(ll) was detected at the end of
the sorption reaction and no change was measured in the AMONofdheesolid phaseT@ble

14
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2). By contrast, Ni sorption by Mh 8-MnO, was accompanied by the accumulation of Mn(ll)
in solution Fig. EA4). At loadings below 0.04 mol Ni mdIMn, only 4 — 5uM Mn was
released in solution. As the Ni loading increased from 0.04 to 0.13 hmabN Mn, Mn(ll) in
solution increased linearly, reaching a maximum of 3.5 % of tla¢ kdh concentrationKig.
EA4). The amounts of Mn(ll) measured in solution correspond to an seiagdhe AMON of
the solid phase by 0.04 — 0.08, which is in agreement with the increassasured AMON of
3.68 to 3.73 as the Ni loading increased from 0.01 to 0.08 mol Nf ial (Table 2). In
addition, the amount of Mn(ll) released to the aqueous phase upon Nbsesptonsistent with
the amount of Mn(ll) (2 + 1 %) initially sorbed at the surfaceMsf' §-MnO,. The linear
relationship between the amounts of sorbed Ni and Mn(ll) relead¢idsarface loadings > 0.04
mol Ni mor* Mn (Fig. EA4) suggests that Ni and Mn(ll) compete for the same surfaes sit

(Murray, 1975; Pefia et al., 2010).
3.2. Ni K-edge EXAFS spectra
3.2.1. Coordination environment of Ni sorbedd®yInO,

Nickel K-edge EXAFS spectra and the corresponding Fourier tnamsffor 6-MnQO,
equilibrated with Ni are presentedking. 4. The Fourier transforms show three dominant peaks
at 1.6, 2.4, and 3.1 AR(+ dR), representing Ni-O, Ni-Mn, and Ni-Mn shells, respectively. The
peak at 2.4 AR + dR) is usually assigned to the first Ni-Mn shell for the Ni-IN@ecies, while
the peak at 3.1 AR + dR is usually assigned to the first Ni-Mn shell for the NiS €pecies
(Manceau et al., 2007; Peacock and Sherman, 2007; Pefa et al., 2010). &nNiatpb, the
amplitude of the CS shell was comparable to the amplitude ofitdnishell in samples with

Ni sorbed dominantly at vacancy sites (Pefia et al., 2010), wiskemple Ni 0.18, the amplitude
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of the CS shell was reduced by about 40 %. Thus, in our shslddi/fits (Table EAL) we
excluded the possibility of a significant contribution from DCS sme@pow CNs) in Ni 0.05 and
TCS species (high CNs) in Ni 0.18 (Manceau et al., 2007; Peiia 20H0;, Zhu et al., 2010b).
All shell-by-shell fits returned a Ni-MtT distance of 2.84 — 2.91 (+ 0.01) A and a Ni‘¥n
distance of 3.47 + 0.01 A (Table 3). At low loadings (Ni 0.05), the bisstvére obtained when
the CN of the Ni-Mrf° and Ni-Mrf> shells were set equal to 6. At high loadings (Ni 0.18),
statistically-similar fit results were obtained when @ of the Ni-Mr° shell was set equal to 5

or 6 and thecN of the Ni-Mrf= shell was set equal to values between 3 afithblé EAL).

In Table 3we report the fitting parameters for Ni 0.05 for the scenanghich Ni binds
at vacancy sites as either Ni-TCS or Ni-INC species, Wi¢hCN equal to 6 for each Ni-Mn
shell (Figs. 4 and EAY. For the high loading sample (Ni 0.18), we report the fitting patars
for the scenarios where a moderate proportion of Ni binds at patigks either in DES or DCS
geometries by setting the correspond@ig of the Ni-Mn shells equal to 4 or 54ble 3). The
final fits included two additional shells (i.e., N@nd Ni-Mn,°%) to account for longer-distance
Ni-O/Mn pair correlations corresponding to the TCS species (leef@d., 2010). The fitted
Debye-Waller factors of the first Ni-Mti shell were in the range 0.007 — 0.018, Avhich is
comparable to the values previously reported for Ni-CS specidsrioessite (Manceau et al.,
2007, Pefia et al., 2010; Zhu et al., 2010b). Based on the fitted valudable 3), we conclude
that CS complexes represent 80 — 87 % of the total adsorbedbdlthasurface loadings. Using
the relationshimi.cs = q * f, we estimate approximately 0.04 and 0.15 mol Nitridh in the
CS geometry for samples Ni 0.05 and Ni 0.18, respectively. Thertamtg in the fitted
parameter,f, and thus Ni speciation, ranged from 2 to 4 %. However, we assign a 20 %

uncertainty to these Ni speciation estimates to be consistémtypical uncertainties associated
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with coordination numbers. Although the amount of the ES species is(&@dll—- 0.04 mol Ni
mol? Mn), the presence of a small but real fraction of NifRspecies is supported by
significant improvement in the fit statistics upon addition of theVIN®® to the fit (R-factor

decreased from 0.046 to 0.013).
3.2.2 Coordination environment of Ni sorbed by'M&MnO,

Nickel K-edge EXAFS spectra and corresponding Fourier transffomgn" §-MnO.
equilibrated with Ni are shown iRig. 5 and EAG The Fourier transforms have dominant peaks
at 1.6, 2.5, and 3.1 AR(+ dR due to Ni-O, Ni-Mn, and Ni-Mn scattering, respectively. The Ni-
Mn shells are at positions similar to those observed fod-dl@O, samples, but the first Ni-Mn
peak appears shifted, from 2.4 A to 2.5+ dR. This peak is best-resolved for the sample
with the lowest Ni loading, which shows the least peak overlapeaetihe two Ni-Mn shells.
Finally, in contrast to the Fourier-transformed EXAFS spefdrathe 3-MnO, samples, the

Fourier-transformed EXAFS spectra for Mrs-MnO, show no structure f&® + dR> 4 A.

Fits to the EXAFS spectra from the Mn5-MnO, samples resulted in interatomic
distances of 2.04 + 0.01 A, 3.05 + 0.03 A and 3.47 + 0.02 A for the Ni-O, RE&trd Ni-MrfS,
respectively Table 4). The Ni-Mr® distance is identical to that obtained for Ni sorbeds-on
MnO.. However, the Ni-MR® distance is longer by 0.18 A than the Ni-Mmlistance fors-
MnO,, but it is similar to the Ni-Mn distance reported for tliecomplexes at the edge sites in
triclinic birnessite (Peacock and Sherman, 2007; Zhu et al.,, 2010i¢ed, the Fourier-
transformed EXAFS spectrum for our TcBi sample showed a majondeshell peak at 2.5 A

(R + dR), which was fit well with 3.2 + 0.45 Mn atoms at 3.09 + 0.01TAl{e 4, Figs. 5 and
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EA7). Thus, the observed elongation of the NifVdistance in M _8-MnO; is consistent with

coordination of Ni to Mn(lll) octahedra in the ES configuration.

In the shell-by-shell fits, the scenario where CS species &xclusively at the vacancy
sites EN(Ni-Mn“%)=6] resulted in an unreasonably high Debye-Waller factor (>047}5%nd
thus was excluded. The absence of a significant fraction of I$i-gf&cies is also supported by
the amplitudes of the Ni-Mt¥ shell, as well as the higher-order shells, which are signifig
attenuated relative to those of theMinO, samples. Moreover, since Mn3-MnO, has both
Mn(lll) and Mn(lV) atoms, thed® values of the ES species were expected to exhibit higher
values than ir5-MnO, due to higher disorder in interatomic distances and fiugalues of
0.014 A?! (twice as large i3-MnO,) or lower were considered as reasonable. In samples Ni 0.01
and Ni 0.04, shell-by-shell fits witBN(Ni-Mn®%) andCN(Ni-Mn®®) set equal to 2 - 3 and 3 — 4,
respectively, returned statistically-similar resultsTable 4 and Figs. 5andEA6 we reportthe
fits obtained withCN(Ni-Mn®) = 2 andCN(Ni-Mn®“®) = 4. Thed” values were 0.009 — 0.012'A
for the Ni-MrF= shell and 0.006 — 0.007 or the Ni-Mr“S shell, which are consistent with the
values reported for Ni-Mn©surface complexes (Manceau et al., 2007; Pefa et al., 2010; Zhu et
al., 2010b). The fits indicate a mixture of Ni-ES and Ni-CS complexteall surface loadings
studied: 39 — 61 % Ni-ESyi.es = 0.005 — 0.049 mol Ni mdIMn) and 61 — 39 % Ni-CSii.cs
= 0.005 — 0.031 mol Ni mdlMn, with an uncertainty of 20 - 29 % as determined from the

uncertainty irf.
3.3. Geometry optimizations of Ni edge surface species

Geometry-optimized structures of Ni edge surface speogeesuemmarized ifrig. 2 and

Table 5. Overall, the average Ni-O distana#Ni-O)] ranges from 2.08 — 2.11 A for all model
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surface complexes. Our geometry optimizations also show semifioverlap ind(Ni-Mn)
obtained for surface complexes with similar connectivity betwthe Ni and Mn octahedra
(Table 5). For example, the value dfNi-Mn) for Ni-DCS (Table 5) is within 0.02 A ofd(Ni-

Mn) for Ni-TCS (Table 3). Thus, Ni-DCS cannot be distinguished experimentally from Ni-TCS
based solely on the Ni-Mn interatomic distance. In addition, the ptodanaf the doubly
coordinated oxygen atom §@,) does not affecti(Ni-Mn), as indicated byl(Ni-Mn) = 3.45 A
obtained for both the deprotonated (B 8nd protonated (DG DCS structures. Finally, the
Ni-Mn distance (2.89 A) obtained for the Ni-DES complex, where Ndito two Mn(lV)
octahedra via two doubly-coordinated O (Rfz®), is similar to the Ni-Mn distance (2.91 A) for
ES, where Ni binds to three Mn(lV) octahedra, and to the Ni-Mnrdist§2.87 A) reported for
Ni-INC, where Ni binds to six Mn(IV) octahedra (Peacock, 2009c&gaand Sherman, 2007,
Pefa et al., 2010). Therefore, the INC, B&& and ES species also cannot be resolved using

only d(Ni-Mn) (Fig. 2).

In geometry optimizations of the nanodisk with Mn(lll) octahedratextat the edges,
we found thatl(Ni-Mn) in Ni-DES is sensitive to the valence of the Mn to which Ni is connected
by O. In the absence of Mn(lll), when Ni is coordinated to two stoglyrdinated O and one

doubly-coordinated O, forming DESun d(Ni-Mn) is 2.89 A. When one of the Mn(lV)
octahedra was replaced with a Mn(lll) octahedrBESGono "), d(Ni-Mn) increased slightly,
from 2.89 A to 2.91 A. In geometry-optimized D&&n (Fig. 2), Ni coordinates to one triply-
coordinated O and two singly-coordinated O (i.e., the Ni octahedrqs™flinto the basal plane
at the particle edge). When one or two of the Mn(IV) octahtxveéhich Ni binds were replaced
with Mn(lll) octahedra to fornDESéZ[lf,‘[Sm orDESélgllf,‘[Sm, respectivelyd(Ni-Mn) increased from

2.97 A to 3.05 A Table 5. This longer distance, caused by the presence of Mn(lll) at the
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particle edges i@ESég’[,f,}S”), corresponds well to the experimentally observed Ni-Mn interatomic

distance for Ni sorbed on TcBi(Ni-Mn) = 3.09 A] and, importantly, to the Ni-Mn interatomic

distanceobserved for Ni sorbed on Nin3-MnO, [d(Ni-Mn) = 3.01 - 3.05 A].
4. DISCUSSION

In previous studies, attempts to resolve the role of particleseédgeace metal sorption
by birnessite minerals have been limited by i) co-variationh& gpecific surface area and
Mn(lll) content of the minerals investigated and ii) a lack offisiegint molecular-scale
information to determine the structural parameters of surfacglexes formed. In the current
study, the hexagonal birnessite minerals used were charadtéyzarge specific surface areas
and differing Mn(lll) contents. The large specific surfaceaarprovide ample edge surface area
for metal sorption, whereas the large differences in Mn(lll) cardakowed determination of the
influence of Mn(lll) on Ni sorption mechanisms without confounding edfdobm varying

specific surface area.
4.1. Ni sorption at particle edges 0d-MnO

Nickel K-edge EXAFS spectroscopy showed that the particle exfge®nO, at pH 6.6
become reactive at surface loadings exceeding the vacanentoht a loading of 0.18 mol Ni
mol* Mn, the sorption of Ni at edge surfaces was suggested by ¢theaded amplitude of the
Ni-Mn®® shell in the Fourier-transformed EXAFS specffay(4). Our geometry optimizations
showed that the Ni-Mn distance in both Ni-TCS and Ni-DCS strustwere for all practical
purposes identical. This result is consistent with previous repartdifeurface complexes

(Manceau et al., 2007) and similar surface complexes of Pb on Kkvan et al., 2010). For
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the fitting scenario WittCN(Ni-Mn©%) = 5 andCN(Ni-Mn®) = 6 (Table 3, Figs. 4 and EA} the
fractions of the ES and CS complexes were 13 % (or 0.02 rhidhidir* Mn) and 87 % (or 0.16
mol Ni®® mor* Mn), respectively. Assuming th&N(Ni-Mn'“%) = 6 andCN(Ni-Mn°“9) = 2
(Fig. 1), we estimate that the DCS complex constitutes 22 % of thebadsdii or 0.04 mol Ni
mol* Mn. The similarity in fitting statistics when the coordisatinumber of the Ni-MfT shell
was varied from 3 to 6T@ble EAL) suggests that Ni-DEwvn or Ni-ESy,mn complexes may
form at particle edges, contributing at most 0.02 mol Ni'mdh (or 10 %). Thus, in the high
loading sample 80 — 90 % of the adsorbed Ni, or 0.14 + 0.04 mol Ni ko] is sorbed at the
vacancies (TCS/INC), while the contribution from edge specias msost 10 — 20 %, or 0.02 -
0.04 mol Ni mott Mn as DES/ES/DCS. The predominance of Ni surface complexéseat
vacancy sites at low loadings and increase in Ni-DCS andBS-Bpecies at high loadings is

consistent with the high sorption affinity and capacitg-dinO, for Ni (Fig. 3).
4.2. Ni sorption at particle edges of M _8-MnO;,

For Mn"_8-MnO,, shell-by-shell fits showed a mixture of 39 — 61 % Ni-ES and 61 — 39
% Ni-CS complexes. The best fits were obtaineddd(Ni-Mn®9) equal to 2 - 3 an@N(Ni-
Mn®9) equal to 3 — 4, which suggest a 75 - 100 % contribution of the DES spedhee Ni-
MnF® shell and a 50 - 75 % contribution of the DCS species to the R*&tell. Thus, the
analysis of Ni K-edge EXAFS spectra suggested 29 — 61 %BS-8nd 46 — 20 % of Ni-DCS
complexes in samples with loadings of 0.01 — 0.08 mol Ni‘rivl, which sums to around 80 %
Ni adsorbed at edge surface sites. We estimate that theshi¢pading sample (Ni 0.08)
contained about 0.06 * 0.02 mol Ni loMn adsorbed at particle edges. Although the
uncertainty in these estimates is relatively large (20 - 2%H8é)majority of Ni is sorbed at the

particle edges in Mh_3-MnO, at pH 6.6. The large fraction of Ni edge species ifl' MAMnO,
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as compared t®-MnO, can be explained by the blocking effect of interlayer Mn()l,llI
occupying the high-affinity vacancy sites (d&lectronic Annex). This inference is confirmed
by the sorption isotherm for Ni on Mn&-MnO,, which, unlike the H-curve isotherm observed
for 6-MnO,, does not display high affinity and sorption capadiig(3). The proposed blocking
mechanism also explains the decrease in metal sorption capbsiéyved with increasing
Mn(ll,111) content in previous studies of birnessites (Laffertyak, 2010; Wang et al., 2012;

Zhao et al., 2009).

Trivalent Mn at the particle edges of Mn-MnO, also changes the coordination
geometry of Ni surface complexes at the edge sites. Struchudeling of the Ni K-edge
EXAFS spectra showed that Mn(lll) shifted the Ni-Mulistance from 2.84 A if-MnO,to 3.01
—3.05 A in Mi' 3-MnO,, close to the Ni-Mn distance obtained for TcBakles 3 and 2.
Thus, we propose that, in Mn3-MnO,, Ni forms Ni-DES surface complexes wherein the Ni-

Mn distance is elongated due to Mn(lll) located at the particle edges.

Previously, the elongated Ni-Mn distance in TcBi has been atsgnasl to Ni complexes
formed at the edge surface sites on TcBi (Peacock and Shezf@f, Zhu et al., 2010Db).
However, TcBi is a microcrystalline Mn(lll)-containing birngesivith a specific surface area of
only 30 nf/g and relatively large particles. For 50 nm square partiess,than 2 % of the total
number of Mn octahedra would be located at the particle edges. loaddne ordering of
Mn(lIl) into Mn(lll)-rich rows in TcBi (Drits et al., 1997; Laos et al., 2002a; Silvester et al.,
1997) creates undersaturated triply-coordinated oxygen atoms dagheplane, thus making
the triangular cavity between these oxygen atoms reactive towetal cation sorption. Rather
than forming a DES complex at particle edges, Ni maydsorbed as a triple-edge sharing

(TES) complex on these triangular cavities in the basal pldnge.conclusion is consistent with

22



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

our EXAFS-derived structural parameters, which showed that NIRE®cBiI has three Mn
neighbors, two of which should be Mn(lll). In Mns-MnO,, however, the occurrence of the
TES complex is unlikely because it would require significamkeong of the Mn(lll) in the
MnO, sheet; such ordering of Mn(lll) is not consistent with our Mn Kee8#XAFS spectra.
High specific surface area (ca. 206 gi') also favors DES over TES complexes in'"Ms-

MnO..

The coordination of Ni to Mn(lll) at particle edges of M$-MnO,is further supported
by our geometry optimizations, which showed that Mn(lll) influencetth bloe Ni-Mn distance
and bonding geometry of the Ni-DES species. In the absence of MiiINvas coordinated at

the edge sites in the DB, configuration, while the replacement of Mn(IV) with Mn(lIl)

favored the formation of theESZin("" species Fig. 2). TheDESZn(" coordination geometry

is characterized by a Ni-Mn distance of 3.05 A, which matched\itdn distance of 3.01 -
3.05 A detected by EXAFS spectroscopy. In this coordination geoniditiyinds to a triply-
coordinated oxygen £, and “flips” onto the basal plane at particle edges. The foomaf the
“flipped” DES complex can be rationalized by bond-valence anaWéieen a triply-coordinated
O is bonded to three Mn(1V) (i.e.,st in DESmn), each Mn(1V) brings +4/6 valence units

(v.u.) to Qun (i.e., 3 x 4/6 = 2), rendering thissf saturated. The substitution of Mn(lV) by

Mn(lll) (as in DESZAU™Dy makes the @un undersaturated (i.e., 4/6 + 2 x 3/6 = 10/6 < 2 ) and

thus reactive towards metal cation sorption. Consequently, when Mis(lphesent at particle

edges, Ni may preferentially formDES2m™ complex in which @, becomes saturated (10/6

+ 2/6 = 2). In addition, the Ni DESv, geometry may result in a more stable complex at the
oxide surface than one with the DCS geometry becausedlkBinds with one @y, and two

Ouwmin, While DCS binds with only two £, (Fig. 2).
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5. CONCLUSIONS

In this study we demonstrate that the edge surfaces of trexddgjrnessite nanoparticles
are reactive towards trace metal sorption at circumneutralghles (6.6). In unmodified and
modified -MnO,, Ni sorbed at particle edges under conditions where the vasitesywere
unavailable for sorption. Fa¥-MnO,, the fraction of Ni on edge sites was 10 to 20 % and
represented a low loading (0.02 — 0.04 mol Nifridh) relative to the loading of Ni on vacancy
sites (ca. 0.14 mol Ni mdlMn) and total surface excess (0.18 mol Ni Tblin). For Mr"_&-
MnQO,, sorption at particle edges was significant, accounting for ar80rd of the total sorbed
Ni. Moreover, because Mn(ILIIl) was present initially in thebsmt, Ni partitioned to the

particle edges at all surface loadings studied (0.01 — 0.08 mol NiMvol

Based on EXAFS spectroscopy and DFT geometry optimizations, wéuderthat the
DCS geometry is favored over the DES geometMnO,, whereas DCS and DES complexes

are comparably important in MndMnO,. The presence of Mn(lll) at particle edges in

Mn"_&-MnO; forced Ni into theDESZn{™geometry, thereby stabilizing the DES complex by
providing better charge balance and increasing the number of saxgens binding Ni from
two to three. This Ni-DES species has not been identified in presiodges with5-MnO; or
acid birnessite (Peacock and Sherman, 2007; Yin et al., 2012), awbsifitmay be attributed
to differences in mineral specific surface area or Mn(lbptent and distribution. Similar
structural parameters to those we identified for Ni-DES haea beported for Fe sorbed én
MnO,, although the Mn(lll) content of the sorbent after reaction witfil -desferrioxamine B

was not reported (Duckworth et al., 2008)
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The results presented herein and in previous studies (Manceau 2804l,,Yin et al.,
2012) confirm that EXAFS spectroscopy is limited in its abildydistinguish between surface
complexes on basal surfaces and edge surfaces because intedisbamces are similar for
complexes with similar polyhedral connectivity (e.g., Ni-TCS amdD@®S), as shown by our
DFT geometry optimizations. In addition, coordination numbers are poorlyramesl in the
structural analysis of EXAFS spectra (Ravel and Kelly, 200fly Gy combining DFT
geometry optimizations and spectroscopic titrations were we tabldentify the structural
parameters and coordination geometries of Ni edge complexes. troaddihile we expect Ni
and other trace metals to behave similarly, the detection of &eCQ, Zn or Pb surface
complexes at the edges of birnessite would be more difficultaltree varied coordination these
metals display. For instance, Zn forms complexes with both teta@hedid octahedral
geometries on Mn®(Fuller and Bargar, 2014; Grangeon et al., 2012; Toner et al., 2006), Co
shows the +2 and +3 valence states (Manceau et al., 1997), and Cu and d&b fiew
symmetric octahedral coordination (Kwon et al., 2010; Manceau €0&2; Takahashi et al.,

2007; Villalobos et al., 2005).

In summary, the propensity for trace metals to adsorb at lpagtiges depends on the i)
density of edge sorption sites, ii) valence of Mn atoms at diicje edges, which can modify
the type of surface complex formed, and iii) abundance of vacatesy sihich are high-affinity
sorption sites but can be blocked by Mn(Il,IIl). The blocking effed¥ofll, IIl) also leads to a
significant reduction in the overall sorption capacity of Mn oxidel$hohgh the density of
reactive edge surface sites, vacancy content and sorbed Nni@lpH dependent (Manceau et
al., 2013; Zhu et al., 2010a), thus influencing the overall reactivitiyeoédge sites, our findings

are relevant for a range of natural settings with circumneptialNatural birnessites occur as
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nanoparticles characterized by high surface area and varyiognégnof Mn(lll), which may
originate from the incomplete oxidation of Mn(ll) to Mn(IV) or frahe reduction of Mn(1V) by
redox-active metals (e.g., Co(ll), Cr(lll), As(lll), U(1Y)reducing moieties in natural organic
matter, organic contaminants or microorganisms. Thus, understandingih@il) influences
the partitioning of metals to different binding sites on birneggiteers our ability to predict the
controls that Mn oxides exert on the distribution and bioavailabilitgrade metals in the

environment.
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Table 1

Table 1 Physicochemical properties of Mn oxide samples

Particle size in

Specific surface b Na/Mn® Water
Sample ID ared (nf/g) AMON (mol %)  content (%) ab(ﬁlﬁ)n ¢
6-Mn0O, 254 4.01 £0.05 22.7+0.5 <20 2-4
TcBi 30 3.84+0.04 30.0+0.5 8.9 25-50
6-MnO,
(pH 6.6; 48 h) 232 3.95+0.05 6.5+0.5 - -
Mn"_§-MnO,
(pH 6.6; 48 h) 200 3.65+0.05 3.0+£05 - -

#Determined by a 5-point BETXY)) adsorption isotherm (Micromeritics Gemini 2375)
P Section 2.3

“Measured by ICP-OES after complete dissolution in 1.5 % @ 10 mM oxalic acid
4Determined by thermogravimetric analysis (Metler Toledo TG/SDTA 851e)

€ Determined from transmission electron microscopy (TEM) images

" Duckworth and Sposito (2007)



Table 2

Table 2 Samples investigated by EXAFS spectroscopy. Surface loadjngnd
concentration of Mn(Il) measured in solutiay() are reported for each sample; separate

samples were used for AMON determination.

EXAFS AMON
Mineral Sample 1D q Cun Q | Cun
(mol Nimor*Mn)  (uM) (mo',\';'r'])mor v AMON
3-MnO, - n.dP - n.d. 3.95
3-MnO, Ni 0.05 0.05 n.d. 0.05 n.d. 3.95
Ni 0.18 0.18 n.d. 0.18 n.d. 4.01
Mn"'_3-MnO, - 71.7 - 74.2 3.65
Ni 0.01 0.01 63.1 0.01 76.8 3.68
Mn"_8-MnO, Ni 0.02 0.02 82.1 0.03 87.8 3.70
Ni 0.04 0.04 120.9 0.06 1237 3.74
Ni 0.08 0.08 178.1 0.09 1748  3.73
TcBi Ni 0.02 0.02 n.d. 0.02 n.d. -

@The sample ID contains the sorbent name or surface loading in unit$ Kf mol™ Mn.
®Not detected



Table 3

Table 3 Summary of EXAFS fitting parameters obtained tBMnO, samples. Loadings
corresponding to CS and ES bonding environments are calculated accomgingste g * f and

Oni-es =0 * (1 —f), respectively.

Sample  Shell ID? A R (A) o (A% AE,(eV) Red R- f Onied
chi? factor Oniccs

Ni-O, 6 2.02+0.01 0.0056+0.0003 -7.66+0.74 0.00 0.0126 0.824+0.024

Ni-Mn =S 6*(1-f) 2.84+0.01 A(Ni-Mn;“9) 0.01/
Ni 0.05 Ni-Mn,“S 6*f 3.46+0.01 0.0072+0.0005 0.04

Ni-Og 9*f+12*(1-f) 4.4620.02 0.0082+0.0021 (x0.01¥

Ni-Mn,©S 6*f 5.33+0.01 0.0075+0.0015

Ni-O, 6 2.03+0.01 0.0067+0.0003 -7.10+0.70 0.00 0.0098 0.793+0.042

Ni-Mn &S 4%(1-1) 2.91+0.02  ¢*(Ni-Mn;©9) 0.04/
Ni 0.18 Ni-Mn,“S 6*f 3.47+0.01 0.0099+0.0007 0.14
(1) Ni-O 9*f+12%(1—f) 4.4620.02 0.0113+0.0023 (+0.03)

Ni-Mn,©S 6*f 5.34+0.02 0.0110+0.0020

Ni-O, 6 2.03+0.01 0.0067+0.0003 -7.12+0.73 0.03 0.0107 0.866+0.028

Ni-Mn &S 6*(1-1) 2.91+0.02  ¢*(Ni-Mn;°9) 0.02
Ni 0.18 Ni-Mn,*S 5*f 3.47+0.01 0.0091+0.0006 0.16
2) Ni-O; 9*f+12*(14) 4.46+0.02 0.0144+0.0035 (¢0.03)

Ni-Mn,°S 5*f 5.34+0.02 0.0103+0.0021

Nind/Nvar 26/12

#Ni-O and Ni-Mn shell labels follow from Pefia et al. (2010); in the K&Mn; is referred to as Ni-Mn.

®The amplitude &) of Ni-O and Ni-Mn shells are defined as the product of@heand a scaling parametdy, (wheref refers to
the fraction of Ni in the CS geometry and-(f) refers to the fraction of Ni in the ES geometry.

¢ the uncertainty in the surface excgds estimated assuming a 20 % uncertainty in the fragtion



Table 4

Table 4 EXAFS fitting parameters obtained for TcBi and 'M@-MnO, samples. Loadings
corresponding to CS and ES bonding environments are calculated accordgsg-tq * f and

Qes=0 * (1 —f), respectively.

b 2R 2 Red R- Onired

Sample Shell ID? A R (A) o ?(A? AEs (&) 42 tactor f oo

Ni 0.02  Ni-O, 6 2.06+0.01 0.0069+0.0003 -6.62+1.06 0.43 0.0042 - -

TcBi pH8 Ni-MnPES  3.21+0.45 3.09+0.01 0.0090+0.0012
Ni-O, 6 2.04+0.01 0.0062+0.0003 -6.08+1.01 13.94 0.0053 0.517+0.26%

Ni0.01 Ni-Mn;5° 2*(1-f) 3.01+0.02 0.0120+0.0041 0.005
s R 0.005
Ni-Mn 4+*f  3.48+0.01 0.0073%0.0035 (+0.003f
Ni-O, 6 2.05+0.01 0.0061+0.0004 -5.82+1.26 23.37 0.0087 0.543+0.27¢

Ni0.02 Ni-Mn,5° 2*(1-f) 3.02+0.03 0.0110+0.0046 0.009
: cs 0.011
Ni-Mn 4*f  3.47+0.01 0.0064%0.0035 (+0.005§
Ni-O, 6 2.04+0.01 0.0063+0.0003 -6.10+1.00 1.42 0.0051 0.608+0.21¢

Ni 0.04 Ni-Mn,5 2*(1-f) 3.02+0.02 0.0095+0.0039 0.016
s R 0.024
Ni-Mn 4*f  3.47+0.01 0.0065+0.0024 (+0.009F
Ni-O, 6 2.05+0.01 0.0053+0.0005 -5.79+1.65 0.86 0.0135 0.392:+0.29¢

Ni 0.08 Ni-Mn5® 2+*(1-f) 3.05+0.03 0.0086+0.0035 0.049
i cs * 0.031
Ni-Mn 4+*f  3.47+0.02 0.0055+0.0028 (+0.024

Nind/Nvar 13/6
#Ni-O and Ni-Mn shell labels follow from Pefia (2010); in the text Nizdrreferred to as Ni-Mn.
®The amplitude &) of Ni-O and Ni-Mn shells are defined as the product of@Neand a scaling parametdy, wheref refers to
the fraction of Ni in the CS geometry and-(f) refers to the fraction of Ni in the ES geometry.
¢ the uncertainty in the surface excgds estimated based on the uncertainty in the fraction,



Table 5. Interatomic distances (in units of A) in geometry-optimizedBES and DCS surface complexes. Values in < > represent
average distances. SEgy. 2 for bonding configurations of DES and DCS species. The superscriptedethe number of Mn(lll)

octahedra to which Ni is bonded.

DES surface complex

DCS surface complex

Distance
DESoous  DESHMU”  DESom  DESyM(V  DESMMIV  DCS  DCs:
Ni-O 2.05 2.08 2.04 2.05 2.09 2.01 2.01
2.06 2.03 2.05 2.06 2.00 2.02 2.00
2.00 2.00 2.03 2.03 2.03 2.08 2.17
2.10 2.12 2.15 2.12 2.12 2.15 2.16
2.18 2.20 2.13 2.16 2.17 2.18 2.15
2.14 2.13 2.12 2.12 2.19 2.21 2.17
<2.09> <2.10> <2.08> <2.09> <2.10> <2.11> <2.11>
Ni-Mn 2.90 2.90 2.98 2.98 3.01 3.44 3.44
2.88 2.91 2.96 3.00 3.10 3.45 3.45
<2.89> <2.91> <2.97> <2.99> <3.05> <3.45> <3.45>

G 9|qelL
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Fig. 1. Schematic representations of Ni-birnessite surface complEkesblack, Mn octahedra =
hatched, O = grey. The ideal coordination numt) (and interatomic distance between Ni and
Mn [R(Ni-Mn)] for each surface complex geometry is includedWwetach cartoon, where TCS
(a) refers to a triple-corner-sharing complex wherein a metarcéinds to the three doubly-
coordinated oxygen atoms surrounding a vacancy site; ByCefers to the incorporation of a
metal cation into a vacancy in the Mn€heet; DCSA) refers to a double-corner-sharing complex
where a metal cation binds to two singly-coordinated oxygen atbthe particle edges; DES8)(
refers to a double-edge-sharing complex wherein a metal cation toirnes singly- and one

doubly-coordinated oxygen atoms at the particle edges.

Fig. 2. Structures of geometry-optimized Ni surface complexes. Colmmse: blue = Ni; grey =

Mn; red = O; pink = H. In DES&wmn, Ni binds with Qy, and two Qun. In DESo3awmn, Ni binds with

Osun and two Qun. TheDESZn(™ structure is like DESswn With Ni bound to two Mn(lll)

octahedra. The ES structure has three Mn atoms, while DES hadntatmms in the first Ni-Mn

coordination shell. In DCSthe Qun, is deprotonated, while in DGSt is protonated.

Fig. 3. Sorption isotherms of Ni 08-MnO; (triangles) and M#_§-MnO, (circles) measured at
pH 6.6. The lines are intended to guide the eye. Samples investiyaleXAFS spectroscopy are

indicated by filled symbols.
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Fig. 4. Ni K-edge EXAFS spectra and corresponding Fourier transféwmNi adsorbed by-

MnO, (Table 2andTable 3.

Fig. 5. Ni K-edge EXAFS spectra and corresponding Fourier transféom&li adsorbed by

Mn" §-MnO,and TcBi Table 2andTable 4).
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