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Abstract

Birnessite minerals help control the fate of Zn in surface environments and readily
fractionate Zn isotopes through adsorption reactions, yet little is known about the role
played by various reactive sites in stable isotopic fractionation. Here we present the Zn
isotope fractionation data cause by adsorption on birnessite under different reaction times,
pH values, and Zn concentrations. We observe that isotopic equilibrium of Zn is attained
after ~120 h of reaction time at pH 6. At pH 3—5 and Zn concentrations of 0.05—0.3 mM,
the isotopic fractionation (A®Znadsorbed-aqueous) 1S around -0.46 + 0.04%o, and gradually
increases to -0.09 + 0.05%o at pH 6—8 and Zn concentrations of 0.2 mM. The change in Zn
isotopic compositions as a function of pH and Zn concentration is well described using the
surface complexation model, where two binding sites are involved: external edge sites and
interlayer vacancies. According to this model, two different isotopic fractionation factors
of Zn are calculated: A*Znadsorbed-aqueous = -0.46 + 0.04%o for adsorption on vacancy sites
and A®Znagsorbed-aqueous = 0.52 £ 0.04%o for binding to edge sites. Extended X-ray absorption
fine structure spectroscopy (EXAFS) demonstrates that Zn forms triple-corner-sharing
(TCS) octahedral complex on birnessite vacancies at pH 3 and Zn concentrations of
0.05-0.2 mM, where Zn is coordinated on one side to three oxygen atoms of the Mn
vacancy (~2.03 A) and to three water molecules on the other side (~2.15 A), suggesting the
formation of distorted Zn—O octahedra (average bond length: ~2.09 A). At pH 6 and 8,

double-corner-sharing (DCS) complexes on layer edges formed in addition to the TCS
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octahedral complex on vacancies. Density functional theory (DFT) optimisations suggest
that DCS Zn complex exist in tetrahedral coordination. Based on EXAFS spectroscopy,
DFT optimisations and surface complexation modeling, the distinct isotopic fractionation
of Zn is related to the differences in Zn local structure at different reactive sites of birnessite.
Our results provide a molecular-scale understanding of Zn isotopic fractionation in natural
birnessite-containing settings, as well as new insights into predicting the links between

adsorption and fractionation of other similar metals.

Keywords: Birnessite; adsorption; isotope fractionation; SCM; EXAFS; DFT
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1. Introduction

Birnessite is a nanosized variety of poorly crystalline phyllomanganate that occurs
widely in freshwater (Manceau et al., 2007), soils (Hochella et al., 2005), and marine
sediments (Peacock and Sherman, 2007a). The crystal structure of birnessite is composed
of layered edge-sharing MnOg octahedra, and the distance between layers is approximately
7.2 A (Manceau et al., 2002). Due to the presence of Mn vacancies and lower valence
cations substitution for Mn*" in the MnOg layers (Lanson et al., 2002; Toner et al., 2006;
Peacock, 2009; Kwon et al., 2009), the surface of birnessite is negatively charged, which
leads to the adsorption of multivalent cations. For example, Zn**, Ni**, or Cu?" adsorbs as
triple-corner-sharing (TCS) surface complex (Fig. l1a-b) (Manceau et al., 2002; Peacock,
2009; Kwon et al., 2009), or Cu** and Ni** incorporate into Mn vacancy sites (INCs) as
part of the birnessite layer (Fig. Ic) (Peacock and Sherman, 2007b). In addition, at
birnessite particle edges, the undercoordinated oxygen atoms can adsorb cations by
forming double-corner-sharing (DCS) or double-edge-sharing (DES) complexes (e.g., Ni%*,
Co?", or Pb*") (Fig. 1d-f) (Villalobos et al., 2005; Bargar et al., 2009; Kwon et al., 2010;
Simanova et al., 2015; Wang et al., 2018).

As a result of its common occurrence and high surface reactivity, birnessite plays a
fundamental role in trace metal cycling, exerting a strong control on the fate and mobility
of trace metals through sorption reactions (Post, 1999; Sherman and Peacock, 2010). In the

ocean, for example, trace elements (e.g., Zn, Cu, and Ni) are enriched in poorly crystalline
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birnessite in ferromanganese crusts by 10° times over their concentrations in seawater (e.g.,
Koschinsky and Hein, 2003). Birnessite has also been reported to influence the cycling of
trace metals in terrestrial environments (Manceau et al., 2007) and in areas influenced by
anthropogenic activities from mining and smelting activities (Juillot et al., 2011; Spinks
and Uvarova, 2019).

The environmental biogeochemical cycling of metals can be investigated by applying
of metal stable isotope systems, since the metal isotopic signatures can be used to identify
the specific sources and geochemical processes (e.g., Chen et al., 2008; Wiederhold, 2015).
Metal stable isotopes, for example, have been shown to have the potential to distinguish
between anthropogenic and natural sources of metals and thus enable fingerprinting of
environmental pollution (Aranda et al., 2012; Bi et al., 2017). The isotopic signatures from
different sources can be obscured, however, by isotopic fractionation during mineral-
solution interface reactions (e.g., Gueguen et al., 2018; Wang et al., 2022), which may
hamper the application of metal isotopes as effective tracers.

Similarly, metal stable isotopes have also been used to quantify the input and output
of metal marine budgets (Gall et al., 2013; Little et al., 2014b). Marine sediment adsorption
controls the output of trace metals from the ocean; however, this process can drive
significant isotopic fractionation but is poorly constrained (Vance et al., 2016; Liu et al.,
2019; Sorensen et al., 2020). In general, investigating the links between isotopic

fractionation and adsorption can improve the understanding of fractionation and inform the
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most accurate use of metal isotopes in environmental investigations.

Zinc (Zn) and its isotopes are ideal candidates to examine the links between adsorption
and fractionation because we already know some information about Zn adsorption and
fractionation with Mn oxides (e.g., Pokrovsky et al., 2005; Bryan et al., 2015). Previous
work on the isotopic fractionation and the coordination environment of Zn during
adsorption to different mineral surfaces can inform experimental design and interpretation
(e.g., Pokrovsky et al., 2005). Pokrovsky et al. (2005) firstly reported the isotopic
fractionation values of Zn caused by adsorption on various metal oxides, suggesting that
adsorption of Zn onto surfaces of hematite, pyrolusite, corundum and gibbsite enriches
heavier Zn isotopes, while birnessite and goethite prefer to adsorb lighter Zn isotopes. Later,
Bryan et al. (2015) found that Zn isotopes show complicated behaviour during adsorption
to birnessite, which may be affected by both Zn surface coverage and solution ionic
strength. At low ionic strength, insignificant Zn isotope fractionation (A°®Znadsorbed-aqueous =
0.05 + 0.08%o0) 1s observed. In high ionic strength solution, heavy Zn are enriched on the
birnessite surface, but the isotopic fractionation is strongly dependent on surface coverage,
with A%Znadsorbed-aqueous = 0.16%o at high surface coverage, which is increased to 2.74%o at
low surface coverage. Additionally Zn is a micronutrient required by organisms and is also
a potential contaminant in many scenarios (e.g., Moore et al., 2013; Sandstead, 2014). For
example, Zn plays a key role as a cofactor in carbonic anhydrase involved in carbon

fixation, so their concentrations in seawater are critical for regulating climate (Morel et al.,
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1994). In the ocean the concentration and isotopic compositions of Zn is controlled by
adsorption to ferromanganese (oxyhydr)oxides in ferromanganese crusts and nodules and
in ferromanganese particulates in oxic sediments (Little et al., 2014)

Knowledge of Zn surface coordination chemistry is key to understand the complex
behaviour of Zn isotopes during interfacial adsorption reactions. Classic stable isotope
exchange theory (Bigeleisen and Mayer, 1947) suggests that equilibrium isotopic
fractionation is controlled by the bond strength between the metal of interest and its
neighboring atoms (Schauble, 2004). As an advanced technique based on synchrotron
radiation accelerator, EXAFS spectroscopy can determine the bond distance and
coordination number of metals adsorbed on mineral surfaces. This molecular-level
information can be related to isotopic behaviour to elucidate the relation between interfacial
reactions and isotopic fractionation (e.g., Juillot et al., 2008). At present, Zn isotopic
fractionation mechanisms have been examined for several different mineral systems by
EXAFS spectroscopy (e.g., Nelson et al., 2017; Wang et al., 2022). In the Zn-y-Al,O3
system, adsorption of heavy Zn (A%Znadsorbed-aqueous = 0.47 £ 0.03%o) is explained by the
presence of tetrahedral Zn with a typically shorter Zn-O bond length (1.96 A) relative to
aqueous Zn (2.06 A) (Gou et al., 2018). Similarly, in iron oxide systems, the enrichment of
heavier Zn isotopes on solid phases is related to a shorter Zn-O bond length of adsorbed
Zn relative to the aqueous phase (Juillot et al., 2008). Recently, Wang et al. (2022) observed

insignificant isotopic fractionation owing to the formation of outer-sphere octahedral Zn
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complexes on todorokite, in which there is no obvious change in the coordination
environment relative to aqueous Zn. Despite different coordination numbers, the formation
of octahedral and tetrahedral Zn complexes results in undistinguishable isotopic
fractionation factors in silica systems (Nelson et al., 2017). This lack of isotopic
fractionation is proposed to be caused by the small energy difference between octahedral
and tetrahedral Zn species on amorphous silica and quartz surfaces (Nelson et al., 2017).
For Zn adsorption on birnessite, Zn isotopes are shown to have complicated behaviour
influenced by surface coverage and solution ionic strength, and different studies produce
disparate results (Pokrovsky et al., 2005; Bryan et al., 2015). To date, EXAFS has not been
applied to explain this complicated isotopic behaviour.

In this study, we investigate the adsorption of Zn onto birnessite and examine the
associated isotopic fractionation behaviour under different contact times, pH values, and
Zn concentrations. We follow a synergetic EXAFS spectroscopy, DFT geometry
optimisation, and surface complexation modeling (SCM) approach to elucidate the
fractionation mechanisms of Zn isotopes. The molecular-level structural information
revealed by EXAFS spectroscopy and DFT optimisation sheds light on the nature of surface
complex of Zn on birnessite and allows interpretation of the equilibrium isotopic
fractionation. Additionally, we use the adsorption complexes provided by EXAFS and DFT
to constrain the SCM modeling. SCM allows us to quantitatively constrain the site-specific

fractionation factors of Zn isotopes caused by adsorption on birnessite. These results offer
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a mechanistic understanding of the site-specific fractionation behaviour of Zn and
potentially new insights into the links between adsorption and fractionation of other similar

metals.
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Fig. 1 Schematic representations of possible surface complexes of metals on birnessite: (a)
metal-TCS complex in tetrahedral coordination and (b) metal-TCS complex in octahedral
coordination associated with vacancy sites; (c) incorporation of a metal cation into a
birnessite layer vacancy; (d) metal-DCS complex in tetrahedral coordination and (e) metal-
DCS complex in octahedral coordination associated with edge sites; (f) metal-DES
complex in octahedral coordination associated with edge sites. Or and On depict singly
coordinated and doubly coordinated oxygen atoms, respectively. Yellow octahedra: Mn;
white spheres: O; gray octahedra and green spheres: metals.

2. Materials and Methods
2.1. Synthesis of birnessite
Acid birnessite was synthesised following the procedure described by McKenzie

(1971). First, 500 mL of 0.4 mol/L KMnO4 solution was heated to boil in an oil bath. Then,
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a 35 mL mixed solution of 12 mol/L HCI and 15 mL doubly deionized water (18.2 MQ,
Milli-Q, Millipore) was added slowly to the KMnOs solution at a speed of 0.7 L/min. After
30 min, the crystal suspension was cooled at ambient temperature and then aged for ~12 h
at ~60 °C (Feng et al., 2007). The resulting precipitates were separated by centrifugation
and rinsed with deionized water until CI~ cannot be detected by 0.1 mol/L acidic AgNO3
solution and then freeze-dried. The background Zn concentration in the synthetic birnessite
was determined to be very low (i.e., 4.2 ppm). This low Zn concentration in the birnessite

has a negligible impact in our adsorption experiments and isotopic measurements.

2.2. Characterisation of birnessite

A Bruker D8 diffractometer (Mo Ka radiation) was employed to collect the powder
X-ray diffraction (XRD) patterns of the birnessite with an operation voltage of 40 kV/30
mA. Samples were analyzed over a 5°-80° 26 angular range with a step size of 0.02° and 1
s counting time per step.

Transmission electron microscopy (TEM) images of the synthetic birnessite were
collected on an FEI Tecnai (F20) microscope at an accelerating voltage of ~200 kV. For
imaging, finely ground sample powders were suspended and dispersed in ethanol using a
sonication bath. Holey carbon grids were used to load samples. The specific surface area
of the birnessite was measured by the N> Brunauer-Emmet-Teller (BET) method to be 30.7

m? g!. Using an oxalic acid/permanganate back-titration method (Feng et al., 2007), the
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average oxidation state (AOS) of Mn in our synthetic birnessite was measured to be 3.92.

2.3. Zinc adsorption experiments

Three different types of adsorption experiments were conducted: 1) kinetic adsorption
experiments at pH ~ 6 and Zn concentration of ~0.2 mM for a duration of 0.5 — 432 h; 2)
adsorption edge experiments at Zn concentration of ~0.2 mM in different ionic strength
solutions (I = 0.01 and 0.1 M NaNO3) at pH 3-9 for 120 h; and 3) adsorption isotherm
experiments (I = 0.1 M NaNOs) at pH ~3 and pH ~7 with Zn concentrations of 0.05—0.3
mM for 120 h.

Prior to Zn addition, ~0.065 g L™! birnessite suspension was equilibrated at a fixed pH
between 3 and 9 for ~24 h in I = 0.1 M NaNOs solutions (except for adsorption edge
experiments in [ = 0.1 M and 0.01 M NaNOjs solutions). After this hydration step, certain
amounts of ~35 mM Zn(NOs). stock solution were added to the birnessite suspension,
resulting in the desired Zn concentrations of 0.05—0.3 mM. These initial Zn concentrations
were selected because the concentrations of Zn adsorbed on birnessite (0.037 < Zn/Mn
molar ratio < 0.327) not only covered previously investigated Zn range, but also
complemented the higher Zn part, which is essential to elucidate the link between Zn
adsorption and fractionation on birnessite and further apply to natural systems with
different Zn concentration. The Zn stock solution was added dropwise over a period of

several minutes, while the suspensions were stirred vigorously to ensure no local
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oversaturation of any Zn solid phases (e.g., Zn hydroxides and hydrozincite) present in the
solution. Thermodynamic calculations from Visual MINTEQ.3.1 suggest that the
predominant Zn species was free Zn(H20)s>" across the pH range 3-8 in the adsorption
experiments (Fig. S1).

After the reaction (detailed in Table 1), the suspension was centrifuged to separate the
solid and solution phases. The solution was then filtered using ~0.22 pm polyethersulfone
membrane filters (Sartorius, Germany). The Zn concentration was analysed using an
inductively coupled plasma-optical emission spectrometer (ICP—OES) (iCAP 6000,
Thermo). Selected fresh paste solids were collected for EXAFS analysis. Procedural blank
experiments were included in each set of adsorption experiments (kinetic, adsorption edge,
and isotherm experiments) to monitor the potential Zn contamination. All experiments used
reagent grade chemicals, doubly deionized water, and purified acids (via double sub-
boiling distillation). Teflon labware was used to minimize potential Zn contamination for

both adsorption and isotopic experiments.

2.4. Zinc isotope measurements

After batch adsorption experiments, the supernatants obtained were dried and then
dissolved in ~11 M HCI prior to Zn isotope analysis. The birnessite samples (after
adsorption and centrifugation) were completely digested in ~11 M HCI to dissolve the

birnessite and release adsorbed Zn. Then the solution was evaporated to dryness and
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redissolved in approximately 2 M HCI, and the solution was loaded in Teflon columns
(height: 10 cm, diameter: 0.4 cm) containing AG MP-1 (100-200 mesh) anion-exchange
resin (Bio—Rad, USA). Zn was purified following the same protocol by Wang et al. (2022).
For each experimental run, the procedural blanks of Zn (< 20 ng) were negligible, because
~25 ng Zn was used for isotopic determination of each sample. After purification, the
sample was evaporated to dryness and redissolved in ~15 M HNOs to eliminate organic
resin residues. The solution was then evaporated to dryness again before the sample was
dissolved in ~0.05 M HNOj for Zn isotope analysis.

Zn isotopic compositions were measured using a Neptune Plus multicollector
inductively coupled plasma mass spectrometer (MC—ICP—MS) (Thermo Scientific). Both
empirical external normalization (EEN) (i.e., doping with ERM-AE647 Cu) and the sample
standard bracketing (SSB) methods were used for mass bias correction (Marechal et al.,
1999). Standard and sample solutions were diluted to ~0.2 ppm Cu and ~0.5 ppm Zn for
measurements. The Zn isotope analysis for each sample was performed for three blocks of
60 cycles. The introduction system was washed for 40 s before each isotopic ratio
measurement using a 0.05 M HNO3 solution to bring the Zn signal to the baseline value.
The take-up time was ~180 s for each measurement. The isobaric interference of **Ni on
647n was evaluated by collecting °Ni, but the impact was found to be negligible. The
measurements were run using wet plasma at low mass resolution modes.

The measured Zn isotope composition was provided in delta notation for ®Zn/%*Zn

13
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relative to our in-house standard (HPS) (Wang et al., 2022) as follows:
8%6Zn = ((°Zn/%*Zn)sampie/(**Zn/**Zn) wps) — 1) x 1000 (%0) (1)

We used the IRMM 3702 and JMC Lyon international standards to calibrate our in-house
standard which gave §°Znpups= -0.36+0.04%o and -0.07+0.04%o, respectively (Wang et al.,
2022). Over a 4-year period, the MC-ICP-MS achieved a long—term external
reproducibility better than 0.03%o (2SD) for 5°Zn based on a record of repeated analyses
of geological rock standards and synthetic solutions. Several geological rock standards,
such as Nod-P-1 and BCR, were analysed to assess the accuracy of the analytical procedure,
which is comparable to previously reported values within error (Wang et al., 2022).
Zn isotopic fractionation (A%Znadsorbed-aqueous) between the adsorbed and aqueous phases
and the mass balance offset (O) were calculated using the following two equations:

A% Zn,gsorbed-aqueous =0°ZNadsorbed — 0°°ZN agueous 2)

0 = 8%Znsiock — (8%Znadsorbed X £ +8%°Zn aqueous (1 — 1)) 3)
where O and fare the mass balance offset and the percent of Zn adsorption, respectively.
The mass balance values are considered acceptable, if they are within the 0.06%o

uncertainty (2SD) of the initial Zn stock (8°Znstock = 0.28 £ 0.06 %o).

2.5. EXAFS data collection and analysis
The Zn K-edge EXAFS data were collected at Beijing Synchrotron Radiation Facility

(BSRF) and Shanghai Synchrotron Radiation Facility (SSRF) on 1WI1B beamline and
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14W1B beamline, respectively. For both beamlines, the beamline monochromator consists
of two parallel Si(111) crystals. Higher-order harmonics were rejected by detuning the two
parallel Si(111) crystals by 30%. Experimental spectra were recorded by scanning energy
from about 9570 eV t010200 eV. Energy steps were of 10 eV for the pre-edge range, lev
for the absorption edge, 0.05A for the post-edge range and counting time for each point
varied from 2 s to 5s depending on the signal sensitivity. Calibration of the energy was
performed against a Zn foil (~9659 eV). Solid samples were prepared as fresh pastes from
adsorption experiments, and were mounted into plastic holders in both sides sealed using
Kapton tape to prevent from sample dehydration. Samples with high Zn loading (e.g., >2%
by weight) were analysed in transmission mode and otherwise in florescence mode. Three
to five scans were collected for each sample to achieve a good signal/noise ratio. In addition
to the adsorption samples, a series of Zn reference samples were also examined including
Zn hydroxide, hydrozincite, chalcophanite, and tetrahedral Zn on birnessite (Table 2).

The IFEFFIT 1.2.11 program was used to process the EXAFS data. The (k) function
was extracted and weighted by &’ to enhance the oscillation in higher k range. In Fourier
transform, k range of 3-11 A-! and the Hanning window function was used. For all samples,
shell-by-shell fitting was performed in R-space in the range of 1.0-3.6 A-l. The Zn-O, Zn-
Zn and Zn-Mn paths were calculated using a chalcophanite structural model. Fitting of the
spectrum of Zn(NOs), solution returned an amplitude reduction factor (So?) of ~0.97 (Wang

et al., 2022) and this value was then applied to other samples. In each sample, the single
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energy shift AEg was set to be equivalent for all shells.

2.6. DFT geometry optimization

Model Zn surface complexes were constructed based on an edge-sharing Mn
octahedral nanodisk with a diameter of approximately 1.5 nm (i.e., Mn19Os4H30). For TCS
species, a Mn(IV) vacancy was created by removing one Mn ion, and two Zn ions were
placed above and below the vacancy site. Each Zn was coordinated with one or three H,O
molecules to represent a tetrahedral or octahedral coordination, respectively. DCS Zn was
initially coordinated to two singly coordinated O atoms at the lateral edge of the vacancy-
free nanodisk, and four or two H>O molecules were added to the Zn cation to represent an
octahedral or tetrahedral complex. For the DES Zn complex, Zn-3H>O was coordinated
either to one triply coordinated O or one doubly coordinated O of the vacancy-free
nanodisk as well as two singly coordinated O at the lateral edge. Each Zn complex model
placed in a large periodic cell of 40 x 40 x 30 A was geometry-optimized using CASTEP
code with the spin-polarized generalized gradient approximation using Perdew-Burke-
Ernzerhof functional and ultrasoft pseudopotentials (Vanderbilt, 1990; Perdew et al., 1996).
The expansion of the plane wave basis set was truncated at 500 eV, and the k-point grid
was 1 x 1 x 1 for the first Brillouin zone. See previous studies (Kwon and Sposito, 2015;
Simanova et al., 2015) for the convergence of calculated structural parameters in terms of

the supercell size and the kinetic energy cutoff. Geometry optimization was performed with
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all atomic positions relaxed using the Broyden, Fletcher, Goldfarb, Shanno (BFGS)
procedure (Pfrommer et al., 1997) until the total energy change was less than 5 x 107
eV/atom, and the force and atom displacement along any Cartesian component were less
than 0.01 eV/A and 0.0005 A, respectively. The magnetic ordering among Mn ions was set
to be ferromagnetic for simplicity. For some complex models, we used the dispersion

correction method (DFT-D) of Grimme (2006).

2.7. Surface complexation modeling

Layered birnessite has both internal surfaces and external surfaces (e.g., Peacock and
Sherman, 2007b). For the internal surfaces of birnessite, doubly coordinated oxygens (Orn)
were associated with vacancy sites (Fig. 1a). For birnessite external surfaces, there were
both singly coordinated and doubly coordinated oxygen atoms (Fig. 1b). Both doubly

13y showed

coordinated (=Mn,O%?) and singly coordinated oxygens (=MnOH"
incomplete oxygen coordination, and the resulting negative oxygen charges yielded a
natural tendency toward cation binding (Peacock and Sherman, 2007b; Li et al., 2020). The
triply coordinated oxygens (=Mn30%) on the internal surfaces were considered inert
because of the completely satisfied oxygen valence.

A two-site model was used to describe the birnessite surface by including both doubly

1/3 i

coordinated interlayer sites, =Mn,O %>, and singly coordinated edge sites =MnOH ' in

this model (Zhao et al., 2018). A constant capacity model (CCM) was chosen to describe
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the electrostatic effects of the internal surfaces because the interlayer space between two
opposing MnQOs surfaces is too small for a detailed electrical double layer model (Appelo
and Postma, 1999). The CCM model was based on the following two assumptions: 1)
mineral surfaces only hold one adsorption electrostatic plane, and 2) all surface species
were exclusively inner-sphere complexes. The capacitance for the internal sites in the CCM
model was optimised based on the adsorption data.

For the external surfaces, charge—distribution multisite ion complexation
(CD—MUSIC) combined with the triple-layer model (TLM) was used (Komarek et al.,
2015; Zhao et al., 2018; Li et al., 2020). Two adsorption electrostatic planes (0—, 1—plane)
and one diffusion plane (2—plane) are included in the TLM model. The capacitances of the
inner and outer layers in the TLM model were set equal (Ci = C2) based on previous
experimental observations (Sverjensky, 2005). It was supposed that charges of Zn surface
complexes distributed between the 1—plane and the 0—plane.

ECOSAT 4.9 and the associated fitting program FIT (Keizer and van Riemsdijk, 2009)
were used to model the adsorption reactions on the basis of the speciation data obtained
from EXAFS and DFT (which showed that the two most likely Zn species associated with
birnessite vacancy and edge sites were TCS and DCS configurations, respectively). Zn
affinity constants were calculated from the fitting of Zn adsorption data. The model
parameters were finally optimized to yield the best linear correlation between the modeled

and measured Zn concentrations (Fig. S2, R?=0.90 and p < 0.00001).
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3. Results

3.1 Characterization of synthetic birnessite

Synthetic birnessite (Fig. 2a) shows four broad XRD peaks at ~7.2 A (001), ~3.6 A
(002), ~2.4 A (100), and ~1.4 A (110), which match well with those of typical birnessite
(JCPDS 23-1239). The TEM image (Fig. 2b) shows that the particles of synthetic birnessite
consist of clusters or spheroidal aggregates with a size of approximately 200 nm, in
accordance with the morphology of balls of needles shown in previous studies (e.g., Atkins
et al., 2014). The measured interlayer thickness of the birnessite is ~5.7 A (Fig. 2c), which
is less than the 7.2 A d-spacing determined via XRD, indicative of the loss of interlayer
water that can occur under the high vacuum conditions required for TEM measurement
(Atkins et al., 2014). The characteristic diffraction peaks together with spheroidal

morphologies confirm that birnessite was successfully synthesized.
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Fig. 2. XRD patterns (a) and TEM images (b, c) of synthetic birnessite. PDF JCPDS-43-
1456 for birnessite is shown for visual comparison.

3.2 Batch adsorption experiments

The result of the kinetic experiment on Zn adsorption to birnessite is presented in Fig.
3a. Within the first 24 h, a relatively fast reaction occurs, accounting for ~35% of the total
adsorbed Zn. Following the fast adsorption stage, the reaction continues for ~120 h (~42%
of the total Zn). At longer reaction times, only a small amount of additional adsorption
occurs. After 432 h, ~49% of the initially added Zn is adsorbed. 120 h of reaction time is
selected for subsequent experiments.

The effects of pH and ionic strength on Zn adsorption on birnessite are shown in Fig.

3b. Typically, an increase in the Zn adsorption percentage from ~36% to ~96% occurs with
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increasing pH from 3-9. Zinc adsorption did not significantly vary at ionic strength of
either 0.01 or 0.1 M, suggesting the formation of an inner-sphere surface complex since
metal adsorption via this mechanism can occur regardless of background electrolyte
competition (Roberts et al., 2003).

Isotherm experiments of Zn on birnessite at pH 3 and 7 at ionic strengthen of 0.1 M
are shown in Fig. 3c. At pH 3, Zn adsorption slowly increases with Zn solution
concentration and reaches a plateau (~1.0 mmol g ') at high Zn concentrations. In contrast,
at pH 7, Zn adsorption shows a sharp increase with increasing Zn concentration in solution,
resulting in a large Zn adsorption that is more than 2.5 times higher than that at pH 3.
Mechanisms for the rapid increase of Zn adsorption at pH 7 is further discussed using the

surface complexation modeling described in the following section.
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Fig. 3. (a) Kinetics of Zn adsorption onto birnessite at pH 6; (b) Zn adsorption as a function
of pH and ionic strength (0.01/0.1 M NaNO3); (¢) Adsorption isotherm of Zn at pH 3 and
71in 0.1 M NaNOs solution. The Zn concentration was set to 0.2 mM except for the isotherm
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3.3 Isotopic fractionation of Zn caused by adsorption

Fig. 4a shows the changes in Zn isotopic compositions (§°°Zn) of the aqueous and
adsorbed Zn as a function of time (Table 1). Compared to the §°°Zn value of the initial Zn
solution (i.e., +0.28 * 0.06%o, 2 SD, n = 6), lighter Zn isotopes are preferentially adsorbed
onto the birnessite surface, resulting in heavier isotopes enriched in the aqueous phase.
During the first ~120 h of reaction, the §°°Zn value of the adsorbed phase increases rapidly
from -0.61%o to 0.08%o. Simultaneously, the 8°°Zn value of aqueous Zn decreases from
0.62%o to 0.44%o. As the adsorption experiment continues from ~120 h to ~432 h, the §°°Zn
values of the adsorbed (0.14 & 0.08%o) and aqueous phases (0.44 + 0.05%o) remain almost
constant. The corresponding isotopic fractionation value (A®®Znadsorbed-aqueous) changes from
-1.23%o0 to -0.36%o0 during the first ~120 h and then remains nearly unchanged as the
experiment proceeds (Fig. 4b and Table 2). This result indicates that fractionation
equilibrium is achieved after approximately 120 h of adsorption.

The pH—dependent changes in the isotopic compositions of Zn are shown in Fig. 5
and Table 1. The §%Zn value of the adsorbed phase increases gradually from -0.06%o to
0.28%o over a pH range of 3 to 9. The §°Zn value of the aqueous phase remains nearly
unchanged at approximately 0.45%o at pH 3 to 6 before it decreases to ~0.35%o and then
remains almost unchanged when the pH value of the starting solution increases from 7 to

9. The corresponding A®®Znadsorbed-aqueous TemMains almost the same, with an average value
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of —0.44 £ 0.05%o in the pH 3 to 5 range, while the A%**Znagsorbed-aqueous Value increases
from —0.25 £ 0.06%o to —0.09 £ 0.06%o in the pH 6 to 9 range (Fig. 5b).

The adsorption isotherm experiment was conducted to investigate the Zn isotopic
fractionation behavior during adsorption at pH 3 (Fig. 5 and Table 1). Continuous
enrichment of light Zn isotopes on the birnessite surface relative to aqueous solution is
observed (Fig. 5¢). As the initial Zn concentration increases, the 8°°Zn value of the
adsorbed phase changes from 0.05%o at [Zn]initia = 0.05 mM to -0.13%o at [Zn]initial = 0.3
mM. Aqueous compositions decrease correspondingly from 0.46%eo at [Zn]initiat = 0.05 mM
to 0.37%o at [Zn]miia = 0.3 mM. The corresponding A®Znadsorbed-aqueous remains nearly
constant at —0.45 £ 0.06%o0 (Fig. 5d). The mass balance offset is within + 0.05%o of the
isotopic composition of the starting solution (Table 1), suggesting the robustness of the

isotopic data.
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Fig. 5 Isotopic compositions and isotopic fractionation of Zn for adsorption edge
experiments at a total Zn concentration of 0.2 mM (a, b) and for adsorption isotherm
experiments at pH 3 (c, d).

3.4 Zinc bonding structure as determined by EXAFS

The k*-weighted EXAFS spectra of the Zn-birnessite samples and four Zn reference
compounds (i.e., chalcophanite (ZnMn307-3H0, a reference for octahedral Zn (V'Zn) on
birnessite), tetrahedral Zn (*YZn) on birnessite, hydrozincite (Zn3(OH)s(CO3)2)), and Zn

hydroxide (Zn(OH),) are shown in Fig. 6a. Chalcophanite consists of layered edge-sharing
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Mn*—O octahedra, where one in seven octahedra are vacancies (Post and Appleman, 1988).
In chalcophanite, Zn octahedrally coordinated to three O atoms of Mn vacancies and three
O atoms of interlayer waters (Fig. 1b). In the reference compound 'VZn on birnessite, Zn is
coordinated to three O atoms of the Mn vacancy and one water molecule (Fig. la)
(Manceau et al., 2002). For Zn hydroxide and hydrozincite, Zn exists in tetrahedral
coordination and in both tetrahedral and octahedral coordination to O atoms in polymerised
forms, respectively (Ghose, 1964; Christensen, 1969).

The EXAFS oscillations of three samples prepared for Zn concentrations of 0.05—0.2
mM at pH 3 are similar to those of chalcophanite (Fig. 6a). Correspondingly, Fig. 6b shows
the Fourier transformed spectra (phase shift uncorrected) of the three samples, where two
main peaks are observed. These two peaks can be assigned to O and Mn backscattering
based on the structure of chalcophanite. Shell-by-shell fitting results are shown in Table 2,
showing first-shell Zn—O bond distances of 2.03—2.04 A and 2.15-2.18 A. These distances
are in good agreement with those expected for the distorted octahedra of Zn on birnessite,
where Zn coordinates one side to three O atoms of the Mn vacancy (2.01-2.02 A) and on
the other side to three H,O molecules (2.15-2.16 A) (Manceau et al., 2002). The second
shell fitting returns a Zn-Mn distance of 3.50—3.52 A and coordination numbers of 6.3—7.7,
which are consistent with the coordination of Zn as the TCS complex (Fig. 1b) above Mn
vacancies in birnessite sheets (e.g., Drits et al., 1997; Toner et al., 2006). This configuration

involves coordination of Zn to three O atoms at the Mn vacancy, which are shared by 6 Mn
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atoms surrounding the vacancy, as occurs in chalcophanite. Previous work also found TCS
tetrahedral Zn on vacancies, indicated by relatively shorter Zn—O (~1.97 A) and Zn—Mn
(~3.35 A) interatomic distances (Marcus et al., 2004; Hinkle et al., 2017), which was not
observed in our samples.

In contrast, the samples prepared for Zn concentration of 0.2 mM at pH 6 and pH 8
exhibit slightly different features, with a “beat” pattern weakened at higher k between 7
and 8.5 A~!. This suggests that either the adsorption site or the bonding geometry of Zn
complexes varies with Zn surface coverage (Fig. 6a). The beat patterns of the spectra
prepared at pH 6 and 8 are obviously different from those of Zn hydroxide (Zn(OH)>) and
hydrozincite (Zns(CO3)2(OH)s) (Fig. 6a), indicating that polymerizing Zn as either Zn
hydroxide or hydrozincite is highly unlikely. Thus, only Zn surface complexes on birnessite
are considered in our systems. In the R-space, the first Zn-O shell shifts to lower values,
indicating that the average Zn-O bond length (Rzn..0) decreases. Significantly lower
amplitudes of the second shell for the Zn—Mn pair are observed. This low amplitude
indicates a lower proportion of Mn near-neighbors per Zn adsorbed on birnessite. The fit
of the first shell is employed using two sets of Zn-O shells, one corresponding to octahedral
Zn (V'Zn-0) and the other to tetrahedral Zn ("YZn-0O). Such a two-shell fitting approach has
been successfully used in previous studies (Lefkowitz and Elzinga, 2015). The fit yields a
bond length for VZn-O of 2.01-2.04 A and for Y'Zn-O of 2.17-2.18 A (Table 2). These

two-shell fit results are consistent with those of Manceau et al. (2002), who reported radial
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distances for 'VZn—0 in the range of 1.97-2.02 A and for ¥'Zn-O in the range of 2.15-2.20
A. Despite clear first-shell evidence for two Zn-adsorbed species, the second shell could
be well fitted using a single Zn—Mn pair, and the fit was not improved by the addition of a
second Zn—Mn pair. This fit yields an interatomic distance for Zn—Mn of 3.49 A and CN
of 3.5. This second shell Zn-Mn distance of 3.49 A is consistent with the coordination of
Zn as triple-corner-sharing complexes above Mn vacancies (Manceau et al., 2002; Hinkle
et al., 2017). The fitted CN of 3.5 is much smaller, however, than the CN values of 6 in
triple-corner-sharing complexes above Mn vacancies. Previous studies have shown that the
formation of bidentate corner-sharing and edge-sharing (i.e., DCS and DES) complexes of
metals (e.g., Pb, Ni and Zn) at birnessite edge sites results in CN values of ~2 (Villalobos
et al., 2005; Simanova et al., 2015). DES Zn complexes are unlikely to form because Zn is
observed to exist in octahedral coordination (average Rzn.o: ~2.15 A) based on our DFT
calculation (Fig. 7; Table 3), and the formation of DES octahedral Zn complexes
contradicts the relatively short Zn-O length. We thus propose that the Zn—Mn interatomic
distance, 3.49 A, is a weighted average between TCS octahedral and DCS tetrahedral Zn
complexes. The relatively large Debye-Waller factor o® of the second shell Zn-Mn
correlation (0.015 A%, Table 2) also indicates that more than one Zn—Mn pair is present in

the second shell.
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Fig. 6 (a) i’-weighted EXAFS spectra of the Zn-birnessite samples and model compounds;
(b) corresponding Fourier transforms in R space. Black solid lines and red dotted lines
depict experimental and fitting data, respectively. Chalcophanite and Zn tetrahedra are two
reference standards representing octahedral and tetrahedral Zn environment adsorbed on
birnessite vacancies (Manceau et al., 2002).

3.5 Geometry optimization of Zn surface species

Geometry-optimized structures of Zn surface species are presented in Fig. 7 and Table
3. At the vacancy site, Zn formed octahedral or tetrahedral coordination depending on
hydrating H,O molecules (Fig. 7a and b). Octahedral Zn TCS shows larger Zn-O and Zn-

Mn distances than tetrahedral Zn TCS (Table 3), which is consistent with previous work
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(Post and Appleman, 1988; Manceau et al., 2002) and current EXAFS results (Table 2). At
the lateral edge sites, however, we are not able to obtain six-fold coordinated DCS
complexes. During the geometry optimization of the initial six-fold coordinated Zn DCS
model (i.e., Zn-4H>0 in Table 3), two H20 molecules leave the initially coordinating Zn
cation and move to surface OH to form H-bonds with H>O and surface OH (Fig. 7c),
resulting in four-fold coordinated Zn DCS, just as in the geometry optimization of the
Zn-2H,0 DCS model (Fig. 7d). The structural parameters of the Zn-4H,O DCS model are
similar to those of the Zn-2H>O DCS model. In a recent DFT-based molecular dynamics
study of hexaaquo-zinc complexes, the GGA-PBE method that we use in this study favors
tetraaquo- and pentaaquo-zinc complexes, and a van der Waals correction method such as
DFT-D (McNellis et al., 2009) is required to obtain a hexaaquo-zinc complex, as observed
in experiments (Ducher et al., 2017). We further geometrically optimized the initial sixfold
coordinated Zn-4H>O DCS model using a DFT-D method; however, the DFT-D method
also predicts four-fold coordinated Zn DCS, similar to GGA-PBE (Table 3). In general, the
fully occupied 3d state of Zn** does not allow highly asymmetric coordination with
octahedral ligands and instead favors symmetric coordination, unlike transition metal
cations, whose 3d states are partially occupied (Jensen, 2003). Therefore, at the lateral edge
sites, octahedral Zn-DCS coordinated with two surface O and four water O atoms may be
electronically unstable to form. On the other hand, DES complexes exhibit six-fold

coordination regardless of whether Zn is coordinated with double-coordinated O or triply
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537  coordinated O, and the d(Zn-0) is similar to the d(Zn-O) of octahedral Zn TCS.

538
539  Fig. 7. DFT geometry-optimized (a) Zn-3H>0 and (b) Zn-1H>O TCS complex models, (c)
540 Zn‘4H>O and (d) Zn-2H>,O DCS complex models, and (e) Zn-3H,O (with doubly
541  coordinated oxygen) and (f) Zn-:3H>O (with triply coordinated oxygen) DES complex
542  models formed at a birnessite nanodisk. The insets are the magnification of the interested
543  area. See Table 3 for the structural parameters of each model.

544

545 3.6 Surface complexation modeling

546 Based on the results from EXAFS spectroscopy and DFT geometry optimization,
547  metals can bind to both the interlayer vacancies and external edges of birnessite, and the
548  surface speciation of Zn on birnessite is TCS complex on vacancies and DCS complex on

549  edges. The surface adsorption reactions of Zn are thus described as follows:
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Zn complex at internal surfaces:
3=Mn0O 22 + Zn*" = (EMn20);Zn°  log Krcs

Zn complex at external edges:
2 =MnOH 2 + Zn** + H,0 = (EMnOH),ZnOH"* + H" log Kpcs

The best-fit model parameters are summarized in Table 4. The fitting results using two
different species, (EMn,0);Zn’ and (=EMnOH),ZnOH''3: for the adsorption edge
experiments in 0.1 M NaNOs solution are shown in Fig. 8. The results show that
(=EMn20)3Zn’ is the dominant surface species, particularly at low pH values of 3 to 5, which
is consistent with previous work showing that vacancy sites play a dominant role in binding
metal ions due to their highly negative charge (e.g., Toner et al., 2006; Kwon et al., 2009;
Wang et al., 2018). The proportion of (EMnOH),ZnOH "' increases from 4.4% at pH 6 to
36.2% at pH 8, suggesting that edge sites become important under alkaline conditions
(Wang et al., 2018; Li et al., 2020). In general, for Zn on birnessite, the model describes a

two-step adsorption trend with increasing pH.
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Fig. 8 Experimental (pink points) and calculated (black line) Zn adsorbed on birnessite as
a function of pH in 0.1 M NaNOj solution. The model was fit based on the parameters in
Table 3. The calculated Zn resulted from various proportions of Zn on the birnessite
internal surface (blue dashed line) and Zn on the birnessite external surface (red dotted
line).

4. Discussion
4.1 Constraining the equilibrium fractionation factors of Zn
Zn 1sotopes show different fractionation behaviour according to pH values for the

adsorption edge experiments (Fig. 5a). Light Zn isotopes are observed to adsorb on the
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birnessite surface, with A®Znadsorbed-aqueous ranging from -0.54 = 0.05%o to -0.06 £ 0.04%o.
An equilibrium fractionation process can better describe the evolution of Zn isotopic
compositions, while a Rayleigh process is rejected (detailed in Fig. S3). In this process,
two distinct fractionation factors are involved: one for low pH values when Zn adsorption
is low and predominantly onto vacancy sites and the other for higher pH values when Zn
adsorption is higher and onto edge sites. For different pH values, the distinct isotopic
signatures of adsorbed Zn therefore result from different amounts of Zn adsorbed and
different proportions of vacancy and edge Zn species. The Zn isotopic fractionation factor
can be determined for each Zn species based on the changes in §°°Znagsorbed With pH.

In the experiments in the pH range 3 to 5, an average A®Znagsorbed-aqueous Of -0.46 +
0.06%o is observed. According to our EXAFS, at low pH values, only vacancy sites
contribute to Zn binding (Fig. 6). The isotopic fractionation factor for Zn adsorption as
TCS octahedral surface complexes on vacancy sites is thus the value that we measured
(A%SZnTCs-aqueous = -0.46 £ 0.03%o; Table 1). In adsorption experiments in the pH range of 6
to 9, isotopic fractionation magnitudes significantly decrease from -0.43 £ 0.03%o to -0.09
+ 0.05%o. As indicated by both the EXAFS results, at higher pH values (e.g., pH 8), binding
to edge sites appears and becomes increasingly important (Fig. 6). Vacancy site and edge
site adsorption both contribute to the measured Zn isotopic fractionation at high pH values.
A A%Znadsorbed-aqueous Of -0.06 £ 0.05%o is observed at pH 8 (Fig. 5), and the model predicts

39.9% Zn binding on edge sites and 59.9% Zn binding on vacancy sites (Fig. 8). Thus we
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calculated the isotopic fractionation value for Zn adsorption as DCS tetrahedral surface
complexes on edge sites based on a two end—member mixing equation:

A°®ZNgasorbed—aqueous = A°CZN1cs—aqueous * Pres + A°CZNpes—aqueous * Pres (4)
where prcs and ppcs are the respective proportions of vacancy and edge sites involved, and
A%Znpcs-aqueous 1S the estimated isotopic fractionation value for Zn adsorption onto edge
sites. The Zn isotopic fractionation factor associated with edge sites is thus A®*Znpcs-aqueous
=10.52 £ 0.03%0. We chose the sample obtained at pH 8 to calculate apcs-aqueous because the
EXAFS spectrum (Fig. 6) confirms that Zn adsorbed on both the vacancy and edge sites of
birnessite at pH 8, and the surface complexation modeling (Fig. &) fits the experimental
data at pH 8 very well.

The theoretical §%Znaqueous is calculated to verify the correctness of the two

fractionation factors when both binding sites are involved during adsorption:

o Znagues = o Insse = 1000 (e o) O
where 0Tcs-aqueous and 0DCS-aqueous are the isotopic fractionation coefficients associated with
vacancy and edge sites, respectively. The corresponding §°°Znagsorbea On the birnessite
surface is calculated from equation (6) as:

566znadsorbed = 666znaqueous + A66ZnTCS—aqueous * Prcs + A66277@CS—aqueous * Ppcs
(6)

Fig. 9a shows the theoretical calculations of 3°°Znadsorbed and °°Znagueous When both binding

sites contribute to Zn adsorption. The dashed line separates the fraction of Zn adsorbed as
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TCS octahedral surface complexes on vacancy sites (pink area) from those adsorbed as
DCS tetrahedral surface complexes on edge sites (blue area). The theoretical $°Znadsorbed
and 8°0Zn,queous are in good agreement with the measured Zn isotope compositions in the
adsorption edge experiments. The agreement between the theoretical calculations based on
the isotopic fractionation coefficients and the experimental results (Fig. 9) indicates the
robustness of the two Zn isotopic fractionation factors that we propose for Zn adsorption
on birnessite vacancies and edge sites. Furthermore, this good agreement between the
theoretical 8°Zn based on our surface complexation model and the measured §°°Zn
supports the evidence of control by vacancy sites at low pH and the contribution from both
the vacancy and edge sites at high pH.

In adsorption isotherm experiments at pH 3, the experimental data are better fitted by
the equilibrium fractionation model than by the Rayleigh model (Fig. 9b and Fig. S3). This
equilibrium fractionation process is consistent with previous studies on Zn fractionation
caused by adsorption on various minerals (e.g., Wasylenki et al., 2014; Wang et al., 2022).
Regression yields an Oadsorbed-aqueous factor of 0.99953, which is consistent with the result
(arcs-aqueous = 0.99954) for Zn adsorption on vacancy sites. The consistency between the
Oladsorbed-aqueous factor for adsorption isotherm experiments at pH 3 and orcs-aqueous for Zn
adsorption on vacancy sites is in accordance with our EXAFS results, which shows that the

vacancy sites contribute exclusively to Zn adsorption at low pH.
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Fig. 9. Aqueous and adsorbed Zn isotopic compositions with respect to the fraction of Zn
(a) for 0.2 mM adsorption edge experiments and (b) for pH 3 adsorption isotherm
experiments. The dotted line depicts the Zn isotopic composition of the stock solution.
Error bars are 2 SD from 3 replicate analyses. Solid lines show the theoretical evolution of
8%6Znadsorbed and 8%Znaqueous based on the two-site model. The dashed line separates the
fraction of A®Znadsorbed-aqueous €Xplained by Zn adsorption as TCS surface complexes on
vacancy sites (pink area) or DCS surface complexes on edge sites (blue area).
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4.2 Site-specific Zn structure controls isotopic fractionation

The different isotopic fractionation magnitudes of Zn at low and high pH (Fig. 10)
can be interpreted by the differences in adsorption complex structures of Zn on various
birnessite reactive sites because such differences in the bonding environments lead to
changes in Zn-O bond strength (Schauble, 2004). According to stable isotope theory, heavy
isotopes prefer to exist in stronger bonding environments (e.g., lower coordination numbers)
(Bigeleisen and Mayer, 1947; Schauble, 2004).

The TCS octahedral Zn complexes at pH 3 on birnessite vacancy sites concentrate
light Zn relative to the solution(A®$Znrcs-aqueous ~ -0.46  0.04%o) (Fig. 10). The octahedral
complexes of Zn on birnessite indicate that the coordination number of aqueous Zn does
not change during adsorption; however, significant isotopic fractionation occurs. Our
EXAFS results show that the Zn octahedra on birnessite are distorted, with each Zn
coordinate on one side to three oxygen atoms of the Mn vacancy (bond length: 2.03-2.04
A) and on the other side to three H,O molecules (bond length: 2.15-2.18 A) (Table 2).
Metal-oxygen polyhedral distortion is proposed as a factor driving isotopic fractionation
(Nakada et al., 2017; Wasylenki et al., 2014; Yan et al., 2021). For example, the distorted
structures of Ce-O coordination are speculated to be the main reason for the enrichment of
light isotope on 6-MnQO, (Nakada et al., 2017). Similarly, light Cd isotopes enriched in
birnessite with the formation of a distorted Cd-O octahedron is observed (Wasylenki et al.,

2014; Yan et al., 2021). In our Zn-birnessite system, the formation of Zn-O distorted
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octahedra on vacancy sites might lead to the enrichment of light Zn. In accordance with
theoretical predictions, because an average Zn-O bond length of ~2.09 A is obtained, this
longer bond length relative to aqueous Zn (~2.06 A) should lead to a weaker Zn-O bond
and thus preferential enrichment of light Zn isotopes on birnessite.

In this study, DCS complexes of Zn on birnessite edge sites occur at higher pH values
(6 to 9), and Zn adsorption on edge sites induces isotopic fractionation of A®Znpcs-aqueous
~ 0.52 + 0.04%o (Fig. 10). The fractionation factor of A®Znpcs-aqueous Of 0.52 £ 0.04%o
seems to be comparable to those observed for Zn adsorption onto several different minerals
(e.g., Juillot et al., 2008; Guinoiseau et al., 2016). Juillot et al. (2008) found that tetrahedral
Zn forms on ferrihydrite, yielding a fractionation factor of A®$Znadsorbed-aqueous Of 0.52 +
0.04%o. Similarly, a recent study found that tetrahedral Zn forms on Al oxide, leading to a
A®$ZNadsorbed-aqueous fractionation of 0.49 + 0.06%o (Gou et al., 2018). In these two systems,
lower coordination numbers (CN: 4) with shorter Zn-O bond lengths (Rzn.0: ~1.96 A)
relative to aqueous Zn (CN: 6, Rzn.0: ~2.06 A) were observed, which should induce a
stronger Zn—O bond for Zn adsorption, thus concentrating heavy Zn isotopes. It is
noteworthy that the adsorption of Zn to amorphous SiO; surfaces results in a much greater
Zn isotope fractionation (A%Znadsorbed-aqueous ~ 0.8—1.2%0) (Nelson et al., 2017). In this case,
for amorphous SiO>, EXAFS data show a tetrahedral complex but with a particularly short
Zn—O bond length (~1.93 A). In contrast, although a similar Zn isotope fractionation

(A®0Znadsorbed-aqueous ~ 0.49 £ 0.06%o) during adsorption is reported for kaolinite (Guinoiseau
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et al., 2016), Zn is observed to exist in octahedral coordination at the kaolinite surface, with
a Zn—0 distance (2.07 A) similar to that of aqueous Zn (2.06 A) (Nachtegaal and Sparks,
2004). In the kaolinite system, the CN and Zn-O bond lengths appear to remain unchanged
during Zn adsorption. The significant isotopic fractionation without a change in
coordinated structure (i.e., CN and Rzn0) is likely due, however, to a mismatch between
the isotopic fractionation and EXAFS spectra because EXAFS measurements are
performed at a much higher Zn concentration, and only one sample is analyzed (Nachtegaal
and Sparks, 2004; Guinoiseau et al., 2016). Unfortunately, additional EXAFS studies are
not available to further constrain the fractionation mechanism of Zn isotope fractionation
caused by adsorption on kaolinite. In our Zn-birnessite system, although we do not
experimentally obtain the end-member structure of DCS complexes of Zn on birnessite,
DCS Zn complexes always form along with TCS Zn complexes and the shorter EXAFS-
derived Zn-O bond distances of the mixed DCS and TCS octahedral Zn (as opposed to
exclusively octahedral Zn), and DFT calculations of Zn-DCS both confirm that DCS Zn
exists in tetrahedral coordination (Fig. 6, Table 3). This formation of DCS tetrahedral Zn
with shorter Zn-O length (1.97-1.98 A) relative to aqueous Zn (~2.06 A) seems to be
responsible for the observed isotopic fractionation during Zn adsorption to the edge sites
of birnessite.

At a given temperature and pressure, equilibrium isotopic fractionation factors of an

element are theoretically predicted to be controlled by the relative bond strengths between
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that element and its coordinating atoms (Bigeleisen and Mayer, 1947; Schauble, 2004),
which are jointly determined by multiple factors, including bond length, coordination
number, oxidation state and electronic configuration (Schauble et al., 2004; Young et al.,
2009). In general, longer bond lengths correspond to weaker bond strengths and have lower
vibrational frequencies, and thus elements in longer bonding environments should prefer
to incorporate lighter isotopes relative to those in shorter bonding environments. A
correlation between the average Zn—O bond lengths obtained from EXAFS spectroscopy
and their corresponding isotopic fractionation magnitudes caused by adsorption on a
variety of different mineral surfaces (Fig. 11) suggests that there is a general rule that Zn—
O bond lengths impart a first-order control on Zn isotope fractionation. Specifically, the Zn
with the longest Zn—O bond distance (2.10 + 0.02 A) is related to the enrichment of the
lightest Zn isotopes (A®®Znadsorbed-aqueous = ~ -0.46%o), while the Zn with the shortest Zn—O
length (1.93 A) is related to the enrichment of the heaviest Zn (A®**Znadsorbed-aqueous =

0.8—1.2%o0). In the work here Zn-O bond length is interpreted as a function of tetrahedral
vs octahedral complex, but in addition the extended bonding environment around adsorbed
Zn may also influence the first shell bond length, especially for Zn adsorption onto different

minerals.
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Fig. 10. Schematic representation of site-specific Zn isotopic fractionation caused by
adsorption on birnessite and the dominant Zn species on birnessite at different pH values.
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Fig. 11. Correlation of isotopic fractionation (A66Znadsorbed-aque0us) caused by sorption to various
minerals and the associated structural chemistry parameters (i.e., Rzn0). Plotted data refer to
those reported previously for goethite (Juilot et al., 2008), 2-line ferrihydrite (Juilot et al., 2008),
quartz (Nelson et al., 2017), amorphous silica (Nelson et al., 2017), Fe-Mn nodules (Little et al.,
2014a), y-Al>,03 (Gou et al., 2018), todorokite (Wang et al., 2022), silicate-y-Al,Os (Gou et al.,
2022), and birnessite (this study). The solid red fitting line was obtained by linear regression
analysis. The gray area depicts the 95% confidence band. The error bars represent an analytical
uncertainty of 2 SD.

4.3 Implications for understanding Zn isotope fractionation in natural birnessite-

44



741

742

743

744

745

746

747

748

749

750

751

752

753

754

755

756

757

758

759

760

containing settings

Birnessite is a major mineral phase in freshwater (Manceau et al., 2007) and many
soils (Hochella et al., 2005; Lanson et al., 2008), as well as an important component in
marine sediments and ferromanganese crusts (Post, 1999; Bodei et al., 2007). It is also
commonly found as a secondary product in metal ore deposits (Post, 1999; Spinks and
Uvarova, 2019). Due to its unusually high adsorption capacities and scavenging
capabilities, birnessite readily participates in adsorption and oxidation—reduction reactions
and therefore provides one of the primary controls on trace metal cycling in Earth’s surface
environments (Post, 1999; Peacock and Sherman, 2007b; Atkins et al., 2016).

Zinc, as an important micronutrient required by organisms (Sinoir et al., 2012) and at
elevated concentrations a toxic contaminant (Sandstead, 2014), has been shown to
commonly coexist with birnessite in natural environments, such as acid mine drainage sites,
soils, and marine sediments (Kay et al., 2004; Mayanna et al., 2015). Zinc isotopes may
fractionate during environmental interactions with birnessite (e.g., Bryan et al., 2015). In
this study, we show that light Zn isotopes are preferentially adsorbed on birnessite surfaces,
with a fractionation factor 0fA®Znadsorbed-aqueous = -0.46 * 0.04%o at acidic pH and a low
Zn/Mn molar ratio (0.037-0.170) compared to a less fractionation factor (A®Znadsorbed-
aqueous ~ -0.09 £ 0.04%o) at circumneutral pH and a high Zn/Mn molar ratio (0.170-0.327)
(Fig. 12). Combining our results with those in the literature, however, we can chart and

predict the evolution of Zn isotope fractionation with Zn speciation as a function of pH and
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Zn/Mn molar ratio (Manceau et al., 2002; Grangeon et al., 2012) (Fig 12). Specifically, in
hydrogenetic marine Mn crusts (birnessite as the main Mn mineral phase), pH and Zn/Mn
molar ratio appear to be decoupled, in that pH is high (pH~8) but Zn/Mn molar ratio is very
low (~0.004), yet Zn is reported to form TCS tetrahedral surface complexes on vacancy
sites of birnessite (Little et al., 2014a) with a fractionation between crusts and seawater of
~0.5%o (e.g., Marechal et al., 2000; Conway et al., 2013). This suggests that at low surface
coverage, the TCS tetrahedral complex on vacancy sites forms independently of pH
(vacancy tetrahdra Vi, Fig. 12). However, as the surface coverage increases, Zn isotope
fractionation should decrease because of the formation of TCS octahedral Zn at higher
Zn/Mn ratios (Manceau et al., 2002) (Vi and vacancy octahedra Vo, Fig. 12). Then, at
higher surface coverage, we still observe that at Zn/Mn ratios from ~0.037 to ~0.170, light
Zn isotopes are adsorbed at the birnessite surface, with a fractionation factor A°Znadsorbed-
aqueous Of ~-0.46%o0 where Zn forms fully TCS octahedral complexes (Voct, Fig. 12). Then,
as the surface coverage and pH further increase (i.e., 0.170<Zn/Mn <0.327, pH 6-9), we
observe that Zn isotope fractionation decreases with a fractionation factor A®$Znagsorbed-
aqueous Of ~ -0.09%o0, where Zn exists in both TCS octahedral and DCS tetrahedral
coordination (Voct and edge tetrahedra Ei, Fig. 12). It should be noted that the exact pH
and Zn/Mn molar ratios correlating to the associated Zn end-member structures (i.e., TCS
tetrahedral Vi, TCS octahedral Vo, and DCS tetrahedral Zn E), which are then used to

predict Zn isotope fractionation, may change with respect to different structural
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characteristics of birnessite (e.g., quantity of Mn vacancies and Mn AOS) (Manceau et al.,
2002; Kwon et al., 2009; Yin et al., 2018), but this should not change the overall predicted
evolutionary trend of Zn isotope fractionation as a function of pH and Zn/Mn ratios.
Simplified conditions are used in the adsorption experiments (absence of multiple
ligands and a focus on one mineral phase), and Zn isotopic fractionation may be influenced
by complexation with different ligands and by adsorption to other mineral surfaces (e.g.,
Fe oxides) in natural environments (Fujii et al., 2014; Spinks and Uvarova, 2019). The
exact fractionation magnitudes of Zn caused by natural birnessite adsorption could thus be
either slightly smaller (e.g., as influenced by chloride complexation) (Fujii et al., 2014) or
larger (e.g., influenced by ferrihydrite adsorption) (Juillot et al., 2008) than the values from
our experiments. Therefore, in natural conditions, multiple factors, such as
organic/inorganic ligands, different mineral surfaces, and solution conditions, should be
taken into consideration when studying the fractionation magnitudes of Zn isotopes caused
by birnessite adsorption. It is apparent, however, that Zn isotope fractionation caused by
adsorption on birnessite is significant and should be carefully considered when using Zn

isotopes to investigate processes in natural Mn-bearing environments.
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Fig. 12 Schematic illustration of the evolution of Zn speciation on birnessite and the
predicted isotopic fractionation (orange circles) as a function of pH values and Zn/Mn
molar ratios. Dashed lines and shaded areas are drawn based on Zn isotopic data and
EXAFS spectroscopic analyses. Vit and Voo refer to triple-corner-sharing TCS Zn
complexes, existing in tetrahedral and octahedral coordination on vacancy sites,
respectively. Eet refers to double-corner-sharing DCS tetrahedral Zn complexes on edge

sites. The arrows depict the predicted trend of Zn isotope fractionation according to Zn
speciation.

5. Conclusion
In this study, Zn isotope fractionation was quantified during adsorption onto synthetic
birnessite. Additionally, we constrain the fractionation mechanisms by coupling EXAFS
spectroscopy, DFT geometry optimisation, and SCM modeling. The results suggest that the
adsorbed Zn exhibits a preferential enrichment of light isotopes, with A%Znagsorbed-aqueous
ranging from —0.46 £ 0.04%eo at low pH to —0.09 + 0.05%o at high pH. The change in Zn

isotopic fractionation as a function of pH is described using a two-site adsorption model
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where two binding sites are included: interlayer vacancies and external edge sites.
According to this model, two distinct isotopic fractionation factors of Zn are calculated:
A®ZNadsorbed-aqueous = -0.46 + 0.04%o for adsorption onto vacancy sites and A®**Znadsorbed-
aqueous = 0.52 = 0.04%o for binding to edge sites. The site-specific Zn isotopic fractionation
can be explained by the local structures of Zn at molecular-level. Zn adsorbs to the vacancy
sites of birnessite in TCS octahedral coordination at low pH (average bond length: ~2.09
A) with the enrichment of light Zn on birnessite. In contrast, Zn begins to form a DCS
tetrahedral complex at higher pH values on edge sites at the birnessite surface with a
calculated fractionation factor (A®Znagsorbed-aqueous) Of 0.52 % 0.04%o. We assert that
differences in bonding structures result in the differences in isotopic fractionation factors
for binding to different reactive sites of the birnessite surface, as TCS octahedral Zn
formation on vacancy sites with a shorter bond length relative to DCS tetrahedral Zn on
edge sites is associated with a lower vibrational frequency and thus incorporates lighter
isotopes.

Site-specific isotopic fractionation is strongly dependent on solution pH, suggesting
the importance of isotopic fractionation of Zn caused by adsorption on birnessite in natural
environments with varying pH values. Because birnessite minerals are highly reactive and
control the concentrations and speciation of various trace metals, notably Zn, in both
terrestrial and marine environments (Post, 1999; Manceau et al., 2002; Koschinsky and

Hein, 2003), the chemical conditions of birnessite-rich environments should be carefully
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considered in any isotopic studies of biogeochemical cycling. Moreover, the site-specific
reactivity of birnessite provided by Zn isotopes in this study offers new insights into the
links between adsorption and fractionation, which can be useful for predicting the

fractionation behavior of other similar metals.
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Appendix A. Supplementary Material

The supplementary material for this article includes supplementary figures and a file
of Research Data. Supplementary figures contains speciation of aqueous Zn (Figure S1),
plots of the correlation between modeled and measured Zn adsorbed on birnessite (Figure
S2), Equilibrium or Rayleigh fractionation model (Figure S3). The file of Research Data

includes the raw data of Fig. 6 and 11.
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1152  Table 1. Isotopic data of Zn in the adsorption experiments.

Time Tl Adsorbed Zn/Mn A M
Experiments  (h) [ (El]f\l/l[lt)lal Z;(E;) ;3 (mol:mol) pH  §%Znaqueous 2SD  8%Znagsorred  2SD Znagsorbed. 25D bala?r?(s:e
aqueous

0.5 0.2 18.1 0.061 6 0.62 0.06 -0.61 0.03 -1.23 0.07 0.06
1 0.2 24.8 0.084 6 0.70 0.05 —0.53 0.03 -1.22 0.06 0.07
1.5 0.2 24.7 0.084 6 0.69 0.03 -0.48 0.05 -1.18 0.06 0.06
3 0.2 27.7 0.094 6 0.68 0.04 -0.41 0.01 -1.09 0.04 0.05
4 0.2 26.0 0.088 6 0.67 0.02 —0.44 0.03 —1.11 0.04 0.06
Birnessite 6 0.2 28.8 0.097 6 0.65 0.03 -0.36 0.07 -1.02 0.08 0.04
adsorption 12 0.2 28.9 0.098 6 0.62 0.02 -0.28 0.03 -0.90 0.03 0.05
kinetics 24 0.2 33.6 0.114 6 0.61 0.01 -0.21 0.01 —0.81 0.04 0.03
36 0.2 32.7 0.111 6 0.59 0.05 -0.14 0.04 —0.73 0.05 0.03
48 0.2 32.0 0.108 6 0.59 0.04 -0.16 0.02 -0.74 0.05 0.02
120 0.2 42.1 0.129 6 0.44 0.04 0.08 0.04 -0.36 0.06 0.01
264 0.2 47.0 0.159 6 0.47 0.01 0.10 0.04 -0.36 0.08 0.01
432 0.2 498 0.169 6 0.42 0.02 0.14 0.03 -0.30 0.05 0.01
120 0.2 40.0 0.105 3 0.43 0.02 —0.06 0.01 -0.49 0.02 0.00
Adsorption 120 0.2 36.1 0.122 4 0.44 0.02 0.03 0.00 -0.41 0.02 0.01
edges 120 0.2 50.3 0.170 5 0.49 0.02 0.06 0.03 —0.43 0.03 -0.01
0.2 M 120 0.2 554 0.187 6 0.47 0.03 0.22 0.04 -0.25 0.05 0.05
' 120 0.2 75.6 0.256 7 0.34 0.03 0.24 0.01 -0.10 0.04 -0.01
120 0.2 93.7 0.317 8 0.35 0.01 0.29 0.04 —0.06 0.04 0.00
120 0.05 43.9 0.037 3 0.46 0.00 0.05 0.04 -0.41 0.04 0.01
Adsorption 120 0.07 34.9 0.041 3 0.43 0.03 -0.02 0.04 —0.45 0.05 -0.01
isotherms 120 0.1 45.4 0.077 3 0.54 0.02 0.00 0.05 —0.54 0.05 0.01
pH 3 120 0.2 40.1 0.105 3 0.43 0.02 -0.06 0.01 —0.49 0.02 0.00
120 0.3 23.7 0.121 3 0.37 0.02 —0.13 0.02 —0.50 0.03 —0.03

1153 Note. ®*Zngock was 0.28 £ 0.06%o (2SD, n = 6). Each isotopic data was the average value calculated from three measurements. The 2 SD
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1155  Table 2. Fitting results of the EXAFS spectra for Zn-birnessite samples and model compounds
1156 (So*>=0.97)

Samples Shell no.  Path CN R (A) c’(A?) R-factor AEo (eV)
Zinc hydroxide 1 Zn—O 3.7 1.98 0.006 0.0009 5.16
2 Zn—7n 10.4 3.23 0.009
3 Zn—7n 3.8 4.62 0.004
Hydrozincite 1 Zn-0O 4.5 1.98 0.009 0.0082 -5.98
2 Zn—7n 1.4 3.12 0.012
2 Zn—7n 2.2 3.52 0.006
Zn tetrahedra 1 Zn-0O 33 1.97
2 Zn—Mn 2.9 3.35
2 Zn—Mn 2.0 3.50
Chalcophanite 1 Zn—0O 3 2.07
1 Zn—O 3 2.14
2 Zn—-Mn 3 3.49
2 Zn—Mn 3 3.50
pH 8 0.2 mM 1 Zn-0O 2.1 2.01 0.005 0.0007 7.24
1 Zn—O 2.3 2.17 0.015
2 Zn-Mn 3.5 3.49 0.015
pH6 0.2 mM 1 Zn—O 2.9 2.04 0.008 0.0005 5.86
1 Zn-0O 2.7 2.18 0.020
2 Zn—-Mn 7.1 3.49 0.016
pH3 0.2 mM 1 Zn-0O 2.5 2.03 0.006 0.0008 5.97
1 Zn—O 2.5 2.15 0.012
2 Zn—-Mn 6.3 3.50 0.011
pH3 0.1 mM 1 Zn—O 3.0 2.04 0.004 0.0041 3.02
1 Zn-0O 3.0 2.17 0.010
2 Zn—-Mn 7.5 3.52 0.012
pH3 0.05mM 1 Zn-0O 2.6 2.03 0.001 0.0011 5.72
1 Zn—O 2.6 2.18 0.003
2 Zn—-Mn 7.7 3.52 0.012

The parameters of Zn tetrahedra are from EXAFS fits for Zn adsorbed birnessite mainly in tetrahedral
coordination (sample ZnBi8) (Manceau et al., 2002). Chalcophanite values are from XRD (Post and
Appleman, 1988). Bir pH 3 0.2 means Zn local structure on birnessite at pH 3 and initial Zn concentration
of 0.2 mM.

1157

1158

1159
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1160  Table 3. DFT-calculated structure parameters of Zn surface complexes formed in the birnessite nanodisk model

1161

TCS DCS DES
Zn3H0  Zn1H,0 Zn4H,0  ZndH,0' Zn2H.O  Zn-3H,0° Zn-3H,O¢
d(Zn—O1y) 2.07 1.91 1.95 1.93 1.85 2.01 2004
2.09 1.95 1.96 1.95 1.90 2.08 2085
2.08 1.95 1.98 1.98 2.14 2.13 21056
2.18 2.09 2.03 2.03 2.10 2.20 2 e
2.17 2.20 2234
2.17 2.25 226,
<2.13> <1.98> <1.98> <1.97>  <2.00> 215> <2jpe
CN. 6 4 4b 4b 4 6 1
d(Zn—Mnis) 3.50 3.29 3.7 3.32 3.5 2.96 2.J?77 ,
3.51 331 3.36 3.36 3.16 2.98 3015
1173
3.50 3.33
3.50 3.32 1174
3.51 332 1175
3.50 331 1176
<3.50> <331> <3.32> 334> <321> <.97> <3pH
C.N. 6 6 2 2 2 2 5178
1179

1180  *Calculation with dispersion correction (DFT-D).
1181  °Initial octahedral arrangement always ended up with tetrahedral coordination.
1182  “Complex coordinated with terminal bridging oxygen.

1183 YComplex coordinated with bridging oxygen.
1184

1185
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1186  Table 4. Model parameters for protons and Zn adsorption to birnessite.

Protons complex on external surface Nzo Az JAV2) log K
=MnOH'* + H* = =MnOH, " 1 0 0 4.6"
=MnOH™"” + Na" ==MnOH '*...Na* 0 1 0 —0.6°
=MnOH"”? + H" + NO3~ = =MnOH,"**...NO3" 0 -1 0 3.92°
Protons complex on internal surface Nzo log K
=Mn,0 ** + H" = =Mn,OH""? 1 1.2
Zn complex on external surface JAVA) JAVA) JAV2) log K
2 =MnOH ' + Zn** + H,0 = (EMnOH),ZnOH""®  0.51 049 0 -3.54
+H"
Zn complex on internal surface JAVA) log K
3 =MnyO 22 + Zn?" = (EMn,0)3Zn° 2 -0.36
External surface: SSA® = 176 m? g !; site density® = 14.9 sites nm %; C; = C, = 2.5
Fm™.
Interlayer surface: SSA® =729 m? g'!; site density® = 8.34 sitesnm %, C =2.0 F

-2
m -,

@ From Li et al. (2020). ® The SSA of external and internal surfaces are assumed based
on the calculation of the crystal structure of birnessite (Zhao et al., 2018). ¢ The site
densities of birnessite are calculated according to Mn AOS and the crystal structure
based on Zhao et al. (2018).
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