0N N kW~

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

Competitive and Cooperative Effects of Chloride on Palladium(II) Adsorption
to Iron (Oxyhydr)oxides: Implications for Mobility During Weathering

Emily G. Wright', Xicheng He?, Elaine D. Flynn!, Daniel E. Giammar?, Jeffrey G. Catalano'”

'Department of Earth, Environmental, and Planetary Sciences, Washington University in St.
Louis, Saint Louis, MO 63130, USA

’Department of Energy, Environmental, and Chemical Engineering, Washington University in
St. Louis, Saint Louis, MO 63130, USA

*Corresponding author: catalano@wustl.edu

Submitted to Geochimica et Cosmochimica Acta
September 2024
This paper is a non-peer reviewed preprint submitted to EarthArXiv



42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

ABSTRACT

In surface and near-surface weathering environments, the mobilization and partial loss of
palladium (Pd) under oxidizing and weakly acidic conditions has been attributed to aqueous
chloride complexation. However, prior work has also observed that a portion of Pd is retained by
iron (oxyhydr)oxides in the weathering zone. The effect chloride has on the relative amount of
Pd mobilization versus retention by iron (oxyhydr)oxides is currently unclear. We studied the
effect of chloride complexation on Pd(II) adsorption to two iron (oxyhydr)oxides, hematite and
2-line ferrihydrite, at pH 4. Increasing chloride concentration suppresses Pd adsorption for both
hematite and ferrihydrite, which display similar binding affinities under the conditions studied.
Thermodynamic modeling of aqueous Pd speciation indicates that greater suppression of binding
to iron (oxyhydr)oxides should occur than is observed because of the strength of Pd-Cl
complexation, implying that additional interactions at the mineral surface are counteracting this
effect. While increasing dissolved chloride concentration does not measurably impact mineral
surface charging, extended X-ray absorption fine structure (EXAFS) spectra indicate that ternary
Pd-Cl surface complexes form on both hematite and ferrihydrite. The number of Cl ligands in the
surface species increase at greater chloride concentration. A mixture of bidentate and
monodentate surface species are indicated by the EXAFS spectra, although the fitting
uncertainties precludes determining whether these vary in relative abundance with chloride
concentration. In order to offset the effect of strong aqueous Pd-Cl complexation and align with
our EXAFS results, a surface complexation model developed for Pd adsorption to hematite
involves a mixture of three ternary surface complexes containing 1, 2, and 3 chloride ligands.

Our results show that Pd is mobilized as a chloride complex in platinum group element-rich
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weathering zones. Porewater chloride concentrations are thus a dominant control on Pd retention

by iron (oxyhydr)oxides in these weakly acidic environments.

Keywords: Adsorption, Palladium, Iron oxides, Weathering

1. INTRODUCTION

The platinum-group elements (PGEs) are vital to many industrial applications yet are rare
in the natural environment, concentrated and mined mostly in a few magmatic sulfide deposits
(Zientek et al., 2017). The vulnerability of the PGE supply chain has led to them recently being
designated as critical minerals (Nassar and Fortier, 2021). One potential resource to meet
demand for PGEs are weathering zones that develop above ultramafic rock, including the
oxidized zones that overlie world-class PGE deposits (Evans and Spratt, 2000; Evans, 2002;
Oberthiir and Melcher, 2005; Oberthiir et al., 2013; Becker et al., 2014; Kraemer et al., 2017;
Sefako et al., 2019; Dzingai et al., 2021). However, the fundamental processes that control the
distribution and mobility of PGEs broadly, and palladium (Pd) more specifically, during oxic
weathering are poorly constrained.

Palladium is primarily mined from reef, conduit, and contact-type deposits that are
associated with large igneous intrusions, although several other types of deposits also contain
elevated levels of PGEs, including hydrothermal and sedimentary deposits (Pasava, 1993; Wilde,
2005; Zientek et al., 2017). Recent work has focused on oxide-rich deposits formed by the
weathering of mafic and ultramafic rock. These deposits include both the zones that develop
above world-class PGE deposits (Evans et al., 1994; Hey, 1999; Evans and Spratt, 2000;

Oberthiir et al., 2000; Stribrny et al., 2000; Oberthiir et al., 2003; Oberthiir and Melcher, 2005;
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Locmelis et al., 2010; Oberthiir, 2018; Junge et al., 2019) and other laterites that develop above
ultramafic rocks that are not substantially enriched in PGEs (Traor¢ et al., 2006; Ndjigui et al.,
2008; Ndjigui and Bilong, 2010; Suarez et al., 2010; Aiglsperger et al., 2014; Oppermann et al.,
2017; Al-Khirbash and Ahmed, 2021; Ito et al., 2021). Weathering zones may be a substantial
future source of PGEs, with oxidized ores from the Great Dyke deposit in Zimbabwe alone
having estimated total resources of up to 250 Mt (Oberthiir et al., 2013). Even in laterites that are
not associated with a PGE-rich intrusion, Pd concentrations are far in excess of the estimated
average upper continental crustal abundance of 0.8 ng/kg (Traoré et al., 2006; Ndjigui et al.,
2008; Ndjigui and Bilong, 2010; Suérez et al., 2010; Aiglsperger et al., 2014; Chen et al., 2016;
Oppermann et al., 2017; Al-Khirbash and Ahmed, 2021; Ito et al., 2021). Weathering zones thus
represent a promising resource for PGEs (Zientek et al., 2017). However, processes during
weathering result in PGEs being redistributed among different minerals (particularly oxides) and
displaying distinct depletion patterns not observed in primary deposits (Fuchs and Rose, 1974;
Evans et al., 1994; Hey, 1999; Evans and Spratt, 2000; Oberthiir et al., 2000; Stribrny et al.,
2000; Oberthiir et al., 2003; Oberthiir and Melcher, 2005; Traoré et al., 2006; Ndjigui et al.,
2008; Locmelis et al., 2010; Ndjigui and Bilong, 2010; Suarez et al., 2010; Oberthiir et al., 2013;
Oppermann et al., 2017; Oberthiir, 2018; Junge et al., 2019; Ito et al., 2021).

In oxidized weathering zones, Pd is frequently associated with secondary iron
(oxyhydr)oxides at concentrations of up to 3,100 mg/kg (Oberthiir et al., 2003; Oberthiir and
Melcher, 2005; Locmelis et al., 2010; Suarez et al., 2010; Oberthiir et al., 2013; Becker et al.,
2014; Oberthiir, 2018; Junge et al., 2019). While Pd is also associated with several alteration
phases in these weathering zones (Evans et al., 1994; Evans and Spratt, 2000; Oberthiir et al.,

2003; Oberthiir and Melcher, 2005; Locmelis et al., 2010; Suarez et al., 2010; Oberthiir et al.,
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2013; Oberthiir, 2018; Junge et al., 2019), iron (oxyhydr)oxides are one of the major weathering
products by volume and a key reactive mineral in laterites (Marsh and Anderson, 2011). Despite
this relative enrichment in iron (oxyhydr)oxides, Pd also shows greater mobility in these deposits
compared to platinum (Pt) and appears to be preferentially lost during weathering (Fuchs and
Rose, 1974; Evans et al., 1994; Oberthiir et al., 2003; Oberthiir and Melcher, 2005; Traor¢ et al.,
2006; Ndjigui et al., 2008; Locmelis et al., 2010; Sudrez et al., 2010; Ito et al., 2021). Aqueous
chloride complexation under weakly acidic, oxidizing conditions is hypothesized to be
responsible for this difference in mobility (Fuchs and Rose, 1974); Pd forms strong aqueous
complexes with chloride while chloride complexation with Pt dominates only at very low pH
(Wood et al., 1992; Colombo et al., 2008). However, the specific mechanisms and systematics
involved in Pd mobilization by chloride in weathering environments are currently not well
understood and the hypothesized mechanism behind Pd leaching during weathering has not been
experimentally investigated.

Adsorption is known to play a key role in controlling the mobility of many metals in the
environment (e.g., Brown et al., 1999; Violante et al., 2010). Pd adsorption to iron
(oxyhydr)oxides could be an important process involved in retaining this critical element and
may explain the frequent association of Pd with these minerals during weathering. Researchers
have previously demonstrated that various inorganic Pt, Pd, and rhodium complexes adsorb to
many different materials, including shale (Koshcheeva et al., 2016); kaolinite (Takahashi et al.,
1999); 8-MnO: (Tanaka et al., 2017); and various iron (oxyhydr)oxide phases (Uheida et al.,
2006; Kubrakova et al., 2011; Koshcheeva et al., 2016; Tyutyunnik et al., 2016). However, most
prior work has not examined the effect of common environmental ligands on adsorption nor the

specific mechanisms of binding to mineral surfaces, limiting our understanding of fundamental
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processes controlling retention and hindering our ability to predict the behavior of Pd during
weathering.

The effect of chloride complexation on Pd adsorption to iron (oxyhydr)oxides under
conditions relevant to surface and near-surface weathering of PGE deposits has not been
previously investigated. The relative roles of competitive and cooperative processes, such as
solution versus ternary surface complexation, are currently unclear. Chloride has been previously
found to inhibit the adsorption of other metals like mercury (Kim et al., 2004), cadmium
(Benjamin and Leckie, 1982), and silver (Davis and Leckie, 1978), due to the formation of
highly stable aqueous chloro-complexes. In contrast, Bargar et al. (1998) found that chloride
enhances lead uptake onto goethite through the formation of Pb(II)-chloro ternary surface
complexes under acidic conditions. Of most relevance to our work, both Uheida et al. (2006) and
Tanaka et al. (2017) found that Pd uptake on Fe3O4 nanoparticles and 3-MnOz, respectively,
decreased at higher chloride concentrations. However, these experiments were performed at
elevated chloride concentrations (up to 0.5 M) more relevant to marine environments and under
pH conditions that were either more acidic or basic than those displayed by terrestrial weathering
zones.

In order to determine the role of chloride in enhancing Pd(II) mobility, we investigated
adsorption to hematite and 2-line ferrihydrite at pH 4. Pd adsorption isotherms were constructed
at a series of chloride concentrations (0.5 to 10 mM) to study the impact of changing Pd
speciation on uptake. Hematite was studied because it is a common iron oxide that is frequently
observed in relevant weathering zones (e.g., Gray et al., 1996; Traor¢ et al., 2006; Ndjigui et al.,
2008; Ndjigui and Bilong, 2010; Suarez et al., 2010; Aiglsperger et al., 2014; Al-Khirbash and

Ahmed, 2021; Ito et al., 2021). Similarly, 2-line ferrihydrite was investigated because it is a
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metastable phase that is commonly the first formed iron (oxyhydr)oxide in the environment
(Fischer and Schwertmann, 1975; Torrent et al., 1982; Johnston and Lewis, 1983). We modeled
Pd speciation in solution to assess the specific impacts of chloride on adsorption. We also
assessed the impact of chloride on the surface charge of iron (oxyhydr)oxides using zeta
potential measurements. Extended X-ray absorption fine structure (EXAFS) spectroscopy was
used to investigate Pd binding mechanisms and possible ternary surface complexation. We
developed a surface complexation model of our hematite data to further assess the reaction

mechanisms underlying the impact of chloride on Pd binding.

2. MATERIALS AND METHODS
2.1. Mineral Synthesis and Characterization

Hematite was synthesized following a modified version of a previously described forced
hydrolysis procedure (Schwertmann and Cornell, 2000). 300 mL of 1 M NaOH was slowly
added to 500 mL of a 0.2 M Fe(NO3)3-9H20 solution that was continuously stirred, after which
50 mL of I M NaHCOs was also slowly added. The suspension was then aged at 98°C for 5
days. The resulting solids were rinsed with 450 mL ultrapure water (18.2 MQ cm) using a
vacuum filtration setup (0.45 um MCE filter) to remove excess ions and then resuspended and
stored in a constantly stirred aluminum-foil wrapped polypropylene bottle. Multiple batches of
hematite were synthesized for use in experiments (see Table S1).

Two line ferrihydrite was prepared following an adapted version of a previously
described method (Schwertmann and Cornell, 2000). 73.5 mL of 5 M NaOH was slowly added
to 125 mL of a 1 M Fe(NOs3)3-9H20 solution that was continuously stirred. The pH was

monitored to ensure that the solution did not exceed pH 8 (to prevent the formation of goethite).
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The resulting suspension was dialyzed for at least 3 days in ultrapure water, changing the water
at least 2 times a day to remove excess ions. The final suspension was stored in an aluminum
foil-wrapped polypropylene bottle that was constantly stirred. Each batch of 2-line ferrihydrite
was used for experiments within 2 months of synthesis (see Table S1) to avoid transformation to
more stable phases.

A subsample of each mineral suspension was dried solely for mineral characterization.
The remaining suspension was used for experimental samples. All hematite batches and the first
batch of 2-line ferrihydrite (F1) were dried overnight in a convection oven (70°C for hematite
and 40°C for ferrihydrite). A subsample of the second batch of 2-line ferrihydrite (F2) was
frozen and freeze-dried. We collected N2 gas adsorption isotherms with a Quantachrome Nova
2000e instrument to determine the Brunauer-Emmett-Teller (BET) specific surface area of each
mineral batch (Table S1). X-ray diffraction patterns were collected of each mineral batch on a
Bruker d8 Advance Diffractometer using Cu Ka radiation to ensure that no other minerals were
present (Fig. S1). Suspension concentrations were determined gravimetrically. The results of

mineral characterization are reported in the Supplementary Material.

2.2. Macroscopic Binding Experiments

Palladium adsorption to hematite and 2-line ferrihydrite at up to four different chloride
concentrations (0.5, 2, and 10 mM total chloride for both minerals, plus additional data for
hematite at 5 mM total chloride) was studied in batch experiments. We chose these
concentrations to reflect the chloride concentrations measured in waters interacting with relevant
PGE deposits and tailings piles, which can be less than 0.3 mM to greater than 20 mM

(McGregor et al., 1998; Alexander et al., 2017; Ahokpossi et al., 2018; Molekoa et al., 2019).
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While Pd in natural waters is likely in the tens of pg/kg (sub pM range) and as high as 2 ng/kg
(~19 pM) in the vicinity of a PGE deposit (Coker et al., 1991; Cobelo-Garcia et al., 2021), we
performed our experiments at higher concentrations of Pd because available analytical
techniques cannot quantify dissolved Pd at such low levels when experimentally measuring
adsorption isotherms. In order to ensure that the high amounts of Pd used were still soluble, we
performed experiments at pH 4, which is within the range of pH values expected in relevant
weathering environments where aqueous chloride complexation dominates Pd speciation (Baas
Becking et al., 1960; Thompson and Rodgers, 1977; Colombo et al., 2008; Fandeur et al., 2009;
Galey et al., 2017; van der Ent et al., 2018; Ito et al., 2021).

A 5 mM PdCl: stock solution containing approximately 50 mM HCl was prepared from
reagent-grade chemicals. A portion of this stock was diluted with ultrapure water to 1 mM Pd for
select low chloride experiments (all 0.5 mM chloride experiments; experiment with hematite in 2
mM chloride). In the experiments, solutions of 10 mL total volume containing 0 to 400 uM
dissolved Pd were reacted with suspensions of hematite or ferrihydrite at pH 4+0.1 for 24 hours.
Experiments with hematite in 2, 5, and 10 mM chloride used a mineral loading of 4 g/L. The
experiment with hematite in 0.5 mM chloride was conducted by keeping a constant Pd
concentration (10 pM) in all samples and varying the mineral loading from 0.5 to 8 g/L. This
distinct approach was used to avoid losses of Pd to sample tube walls and during filtration, which
preliminary measurement showed were only substantial when working at much lower initial
dissolved Pd concentrations, as would have been required for an experiment using a constant
mineral loading. The experiments with hematite in 5 and 10 mM chloride used a batch of
hematite with a BET surface area of 24.7 m?/g; the hematite experiments in 0.5 and 2 mM

chloride used a different batch of hematite with a BET surface area of 23.8 m?/g (Table S1). The
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experiments with 2-line ferrihydrite in 0.5, 2, and 10 mM chloride used mineral loadings of 0.05,
1, and 1 g/L (measured BET surface area of 133 m?/g), respectively, due to the greater amount of
adsorption anticipated (Table S1). A supplementary experiment was conducted in 10 mM
chloride with 1 g/L hematite (BET surface area: 23.9 m*/g) at pH 3+0.05 to evaluate the pH-
dependence of Pd adsorption in chloride-bearing fluids (Table S1). Mineral-free blanks and
triplicate samples were also prepared. Total chloride in each set of samples was kept constant
through the addition of dissolved NaCl stock solutions (10 and 100 mM). All samples were
prepared in polypropylene tubes that were wrapped in aluminum foil to inhibit photochemical
reactions. After preparation, the samples were continuously mixed using end-over-end rotators.

Prior to and after adding the Pd stock solution, as well as at 2 and 21 hours into the
experiments, pH was measured and adjusted using HNO3 and NaOH. For initial experiments
(hematite in 2, 5, and 10 mM chloride), the pH was measured with a semi-micro single junction
pH electrode filled with a commercial 3.5 M KCl and AgCl solution. However, this was found to
add additional chloride to samples via leakage from the porous junction. In order to minimize
contamination, the pH in subsequent experiments was measured with a Thermo Scientific™
Orion™ semi-micro double junction pH electrode. The outer chamber electrolyte was changed
from 3 M KCl to 3 M KNO3 and the electrode was stored in the same solution during
experiments to prevent input of excess chloride in our samples. After 24 hours, the final sample
pH was recorded and samples were centrifuged (3901 x g for a minimum of 20 minutes) and
filtered using disposable 0.22 ym MCE syringe filters. A portion of the filtrate was immediately
acidified to 2% HNOs (trace metal grade) for analysis of final aqueous Pd. A separate portion of
the filtrate was later diluted with ultrapure water for total chloride determination by ion

chromatography using a Thermo Dionex Integrion Ion Chromatograph. We report the chloride
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for each set of samples as the average of measured final chloride concentrations in experimental
samples + 1 standard deviation.

The concentration of Pd in samples and blanks was measured by inductively-coupled
plasma optical emission spectroscopy (ICP-OES) using a Thermo iCAP 7400 DUO ICP-OES
(10 ppm Sc internal standard) or by inductively-coupled plasma mass spectrometry (ICP-MS)
using a NexION 2000 PerkinElmer ICP-MS (20 ppb Sc internal standard). Adsorbed Pd was
calculated as the difference between starting Pd concentration and measured Pd in solution,
normalized to available surface area in each experiment. Mineral-free blanks were used to
correct for losses to tube walls and during filtering by assuming a linear relationship between
target starting concentration and measured final aqueous Pd in mineral-free blanks to use for
calculating initial Pd in mineral-containing samples. Error was calculated by adding in
quadrature the sample relative standard deviation from triplicate instrumental measurements, the
average error from the weighted calibration curve, and the relative standard deviation from
triplicate samples. Any samples for which precipitation was suspected were removed from
further data analysis. Single and dual Langmuir adsorption isotherms were fit to each

experimental curve using a non-linear least squares method (Levenberg-Marquardt algorithm).

2.3. Thermodynamic Modeling of Pd Speciation

Aqueous Pd speciation for all adsorption experiments was calculated using The
Geochemist’s Workbench®. We used an altered version of the standard thermodynamic database
from the pyGeochemCalc Python package (Awolayo and Tutolo, 2022), which uses the B-dot
model for activity coefficients. We updated the formation constants for Pd-OH and -CI species

(Table S3) to align with newer values from Rai et al. (2012), including adding PdC13(OH)*" and

11
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Pd(OH)3™ and removing Pd(OH)*. While there is considerable uncertainty and disagreement with
regards to the formation constant of Pd(OH)2(q), which affects predictions of how Pd speciation
will change as a function of chloride concentration, we used the lower bound of log K = 5.42 (for
the dissociation reaction) suggested by Rai et al. (2012).

The fluid composition of each sample was individually modeled. Speciation was
calculated using the measured Pd, chloride, and final pH. Sodium, which was never directly
measured, was used as the charge balance. We replotted the adsorption isotherms in terms of the
activity of Pd*" to assess the role of aqueous chloride complexation and activity coefficients in

driving changes in adsorption.

2.4. Surface Charge

Zeta potential measurements were collected to indirectly assess the effect of chloride
uptake on surface charge. Pd-free samples with 0.1 g/L 2-line ferrihydrite or 1 g/L. hematite were
prepared with 0.5, 2, and 10 mM NaCl at pH 4 + 0.1 in the same manner as described in Section
2.2, although sample sizes were scaled up to 50 mL. Zeta potential was measured with a Malvern
ZEN 3600 Zetasizer. A dilution factor of 5 was used for the hematite samples; samples were
diluted with pH-adjusted NaCl solutions of the same concentration as the sample. Samples were

measured at least in triplicate to account for instrument measurement error.

2.5. EXAFS Spectroscopy
We studied the effect of chloride on Pd binding to iron (oxyhydr)oxides using EXAFS
spectroscopy. Samples of Pd adsorbed to hematite and 2-line ferrihydrite were prepared at

multiple chloride concentrations (0.5-10 mM) following the same general procedures as the

12
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macroscopic binding experiments (Table S4). Two samples were prepared with hematite in 10
mM total chloride to determine whether the surface species varied as a function of the adsorbed
Pd concentration. EXAFS samples were prepared in a similar manner as described in Section
2.2, but sample sizes were scaled up to 50 or 100 mL total volume in order to produce enough
solids for analysis. Sample H10h was made with a 30 mM PdClz stock solution containing
approximately 0.1 M HCI, prepared from reagent-grade chemicals. This sample was also
prepared before the discovery that our initial pH electrode setup added excess chloride to
samples. All other EXAFS samples were prepared with the 5 mM PdClz stock solution and the
chloride-free pH electrode setup described in Section 2.2. After 24 hours, the solids were
collected and packed as a wet paste for analysis using only plastic tools to prevent reduction of
Pd by contact with stainless steel or other metals. The solids were packed using two different
methods. Hematite samples were centrifuged and the supernatant decanted; the solid was
collected and sealed in Delrin sample holders using Kapton tape. For ferrihydrite samples, where
the total amount of mineral was too low to permit this approach, the solids were concentrated in
solution by centrifuging and decanting a portion of the supernatant and then resuspending the
centrifuged solids. A small volume of the concentrated solution was filtered using a reusable
syringe with a 0.22 um MCE membrane. The wet mineral paste collected on the filter membrane
was then packed between two layers of Kapton film and sealed with Kapton tape. Prepared
samples were immediately stored at -80°C and transported to the beamline in a liquid N2 dry
shipper to prevent them from desiccating or reacting further. The remaining liquid from the
supernatant for both sample packing methods was filtered using 0.22 um MCE syringe filters
and analyzed for total dissolved Pd and chloride (Table 3,S4) using methods described above.

The adsorbed concentrations (Table 3,S4) were estimated by measuring aqueous Pd and
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calculating the theoretical equilibrium adsorbed Pd using the Langmuir isotherms constructed in
our macroscopic binding experiments.

EXAFS spectra were collected at beamline 4-1 at the Stanford Synchrotron Radiation
Lightsource (SSRL), SLAC National Accelerator Laboratory. The incident beam energy was
scanned using a cryogenically-cooled Si (220) double-crystal monochromator, with the second
crystal detuned by 25% to reduce harmonic contributions. Data were collected in fluorescence-
yield using a 32-element solid-state Ge energy-dispersive detector. All data were collected at 77
K by cooling in a liquid N2 cryostat to prevent beam-induced Pd reduction. Preliminary X-ray
absorption near-edge structure (XANES) spectroscopy measurements revealed progressive
reduction of Pd(II) to metallic Pd when hydrated samples were measured at room temperature.
This was observable within 25 minutes of beam exposure. Cryogenic measurements showed no
scan-to-scan variation in the XANES spectrum. Data from multiple scans were averaged and
corrected for deadtime using the SixPACK interface to IFEFFIT (Newville, 2001; Webb, 2005).
Refinement of local structural models to the EXAFS spectra were conducted in SixPACK.
Backscattering phase and amplitude functions for fitting were generated in FEFF8L (Ankudinov
et al., 1998) with Larch (Newville, 2013) using a modified version of the crystal structure of
Pd>OClz (Dannecker and Thiele, 1986), where two Pd atoms were replaced with Fe. Preliminary
structural model fitting of the spectrum of Pd foil obtained an amplitude reduction factor (So?) of
0.87, which was then applied for all analyses of samples. The o? value for the Pd-Cl scattering
path was set to equal that of the Pd-O scattering path to reduce parameter correlations during
fitting. The coordination number of the Pd-ClI path was set to 4 minus the coordination number
of the Pd-O path, explicitly assuming a square planar coordination for Pd(Il). The FEFF

calculation indicated that three multiple scattering paths occurred when Pd was coordinated to O
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or Cl. These include Pd-O-O’-Pd, Pd-O-Pd-O’-Pd, and Pd-O-Pd-O-Pd scattering paths or their
Cl equivalents (e.g., Pd-CI-CI’-Pd), where O’/CI” indicate an O or Cl backscatter distinct from
the initial anion backscatterer in these multiple scattering paths. The coordination numbers for
these paths were equal to the coordination number for the corresponding Pd-O or Pd-Cl single
scattering. The interatomic distances and o* values were set to be double the values of the
corresponding single scattering paths. These constraints required no additional fitting parameters.
A single o value was fit for all second-shell Fe neighbors. A single AEo was refined for all
paths. Spectra were fit in R-space from 1.1 to 4.5 A using the Fourier transform from a k-range

of3to 13.5 AL,

2.6. Surface Complexation Modeling

We developed a surface complexation model (SCM), which considers both chemical and
electrostatic energetics of reactions at mineral-water interfaces, to evaluate the chemical
processes and surface species controlling the impact of chloride on Pd adsorption to hematite.
We implemented a diffuse layer model (DLM) (Stumm et al., 1970; Davis et al., 1978; Dzombak
and Morel, 1991) in Visual MINTEQ 3.1 (Gustafsson, 2014). The hematite density was set at 2.3
sites/nm?, a commonly used value for iron oxides (Hwang and Lenhart, 2008; Han et al., 2023).
Our model included reactions for the formation of aqueous Pd complexes, surface protonation-
deprotonation, and the formation of Pd surface complexes. For aqueous reactions, chloride and
hydroxide complexes of Pd were considered using equilibrium constants updated as described in
Section 2.3 (Table S3). Equilibrium constants of surface protonation-deprotonation reactions
were sourced from Han et al. (2023) (Reactions 1 and 2 in Table 4). Electrolyte ion (Na” and CI"

) binding reactions had only a subtle impact on Pd adsorption and were thus not included in the
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model. The equilibrium constants of reactions sourced from references were adjusted in order to
be integrated into this study, which accounted for variations in hematite concentration, surface
area, and site density (Sverjensky, 2003, 2006). Detailed procedures for these adjustments can be
found in previous work (He et al., 2024). The selection of Pd surface complexation reactions was
guided and constrained by our EXAFS results. We simulated adsorption of Pd to hematite under
different chloride concentrations. Our modeling approach accounted for multiple combinations
of surface complexation reactions with varying stoichiometry. The equilibrium constants for the
Pd surface complexation reactions were optimized by minimizing the residual sum of squares
between model-generated outputs and experimental data (expressed as pmol/m?). A forward
search for log K values from -30 to 30 in 0.1 increments was performed, followed by fine-tuning

with 0.01 increments.

3. RESULTS

3.1. Effect of Chloride on Macroscopic Pd(II) Binding

Progressively increasing dissolved chloride concentrations from 0.5 to 10 mM suppresses
Pd(IT) adsorption to both hematite and 2-line ferrihydrite (Fig. 1). For the same final aqueous Pd
concentration, greater adsorption is consistently observed under lower chloride concentration
across the full range of final dissolved Pd concentrations. The obtained surface area-normalized
Pd coverages calculated were substantially greater for ferrihydrite than for hematite (Fig. 1).
However, the surface area of ferrihydrite obtained from BET (133 m?%/g) was likely an
underestimate caused by particle aggregation during drying, which decreases the measurable
surface area (Schwertmann and Cornell, 2000). In contrast, the theoretical surface area of 2-line

ferrihydrite nanoparticles, assuming a perfectly spherical particle shape, is approximately 600
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m?/g (Schwertmann and Cornell, 2000). The reported Pd coverages (Fig. 1b) are thus likely
substantially overestimated by a factor of 4 to 5 and would be similar to those obtained for

hematite if the true ferrihydrite surface area is similar to the idealized value.

We found that for all experiments, the adsorption data were generally reproduced well
with an unweighted single Langmuir isotherm (Fig. 1). Initial fits to the 0.5 and 2 mM total
chloride experiments for hematite obtained substantially lower surface-area normalized
absorption capacities than for higher chloride concentrations. However, the binding capacities in
those experiments were poorly constrained by the data because Pd solubility limits prevented
extending the measurements to conditions that produce an adsorption plateau. For the
experiments with ferrihydrite as well as with hematite at higher chloride concentrations, we
observed no systematic shift in the binding capacity as a function of chloride concentration
(Table 1). In addition, there is no clear mechanism through which the adsorption capacity of
hematite would substantially decrease when total dissolved chloride concentration changed from
5 mM to 2 or 0.5 mM. The reported Langmuir isotherm fits (Table 1) thus employed a fixed
binding capacity for the two lower-chloride hematite experiments, using the same value as the

other hematite experiments at pH 4 (1.3 pmol/m?).

For both ferrihydrite and hematite, the decreasing favorability of adsorption with
increasing chloride is reflected in the smaller apparent affinity constant (K) from the Langmuir
isotherm fits (Table 1). Additionally, despite the apparent differences in binding capacity
between minerals, the affinity constants of the Langmuir fits for the ferrihydrite data are similar
to values for the hematite data at the same chloride concentrations (Table 1), indicating that Pd
has a similar adsorption affinity for hematite and 2-line ferrihydrite at all chloride concentrations.

When the adsorption data are normalized to the calculated maximum binding capacities,
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hematite and ferrihydrite data at the same chloride concentrations nearly overplot (Fig. 2). This
indicates that the two minerals display similar binding affinities but different binding capacities
(resulting from different surface site abundances on a per-mass basis), which is reflected in the

obtained Langmuir isotherm parameters (Table 1).

3.2. Aqueous Complexation and Surface Charge Effects on Pd Adsorption

The observed suppression of Pd adsorption to iron (oxyhydr)oxides by aqueous chloride
has multiple potential mechanisms, including changes in aqueous speciation, activity
coefficients, surface charge, and surface speciation. We used aqueous speciation calculations and
measurement of surface charging phenomena to assess potential thermodynamics effects on
adsorption. Assuming equilibrium controls, all adsorption reactions will respond to changes in
the activity of the Pd*" aqua ion. Increasing total dissolved chloride concentration from 0.5 mM
to 10 mM across our primary experiments at pH 4 substantially shifts Pd aqueous speciation
from being dominated by Pd(OH)2@q) to a series of Pd-chloro complexes (Fig. 3a). At all
chloride concentrations investigated, Pd>" is predicted to be a minor species (Fig. 3b). When
replotted in terms of the activity of Pd*" rather than total dissolved Pd, adsorption isotherms for
hematite and ferrihydrite shift to more similar values but do not overplot, especially at higher
total chloride (Fig. 4). This suggests that shifts in aqueous speciation are partially responsible for
the effect of chloride but do not fully explain the observed behavior. These calculations account
for changes in activity coefficients for dissolved species, which for Pd*" is 0.89 at in 0.5 mM
NaCl and 0.66 in 10 mM NaCl, a decrease of 26%. The other species present are lower-charge or

neutral, and thus have smaller or no change in their activity coefficients. This shows that activity
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corrections for solution species have negligible effects on Pd adsorption behavior under the
conditions studied.

The inability to fully account for shifts in adsorption behavior via aqueous speciation and
activity corrections suggests that additional effects are at play, such as the formation of Pd-Cl
ternary surface complexes or changes in surface charge. That the isotherm behavior appears to
invert when replotted as a function of ap 2+ (adsorption appears more favorable for the higher
chloride concentrations) suggests ternary surface complexes may form. For hematite, the 0.5 mM
and 2 mM chloride isotherms appear to overlap when replotted in this way, but this effect is not
observed for the ferrihydrite isotherms (Fig. 4). At higher total chloride, the isotherms clearly do
not overlap (Fig. 4), indicating that variations in aqueous chloride complexation cannot explain
the differences in adsorption observed. We acknowledge that this assessment relies on the
accuracy of the thermodynamic data for aqueous Pd speciation, and errors in such data would
thus shift this assessment.

In order to assess the relative role of surface charge effects due to chloride adsorption,
zeta potential was measured for Pd-free samples containing varying amounts of NaCl. At all
chloride concentrations, the measured zeta potential for all minerals was positive (Table 2),
indicating a positive surface charge. The measured zeta potential values at all chloride
concentrations for ferrihydrite were within 1 standard deviation (Table 2). While there was more
variation in the measured zeta potential with changing chloride concentration for hematite, the
measured zeta potentials were all still within 2 standard deviations (Table 2). This similarity
suggests that surface charge for each mineral was likely constant despite changing chloride
concentrations. This is consistent with negligible chloride adsorption to hematite and ferrihydrite

at pH 4. In all but one experiment, the difference in average chloride concentrations between our
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mineral-free controls and experimental samples is within one standard deviation, although in
some experiments this may also be affected by contamination effects from our initial pH
electrode setup. Note that we do not report numerical values for the amount of adsorbed chloride

because this could not be quantified.

3.3. Surface Binding Mechanisms

We assessed the impact of chloride on Pd binding mechanisms using EXAFS
spectroscopy because correction for changes in aqueous speciation cannot explain the variability
in the adsorption behavior alone, implying that ternary surface complexation occurs. The set of
EXAFS spectra for Pd adsorbed to hematite and ferrihydrite under varying chloride
concentrations and Pd surface coverages display isosbestic points (Fig. 5) which suggests two-
component mixing. Notably, oscillations in the EXAFS spectra weaken/flatten between k =9 to
12 A at low chloride concentration (Fig. 6a). For all samples, the Fourier transform magnitudes
of the spectra have two overlapping features at approximately 1.5 and 1.8 A (Fig. 6b), which are
consistent with those previously obtained for O and CI neighbors at ~2.0 and ~2.3 A,
respectively (Bazarkina et al., 2014; Tanaka et al., 2017). This suggests that the primary spectral
variations are caused by changes in the coordination number of O and CI neighbors. Principal
component analysis (PCA) indicates that 98.8% of the variance in the spectra are describes by
two components, and the indicator (IND) parameter minimizes at two components (Table S5).
All spectra are generally reproduced well with two components, although reproduction of spectra
from low chloride conditions are improved by the addition of a third component (Fig. S4). The

improvement from adding the third component may reflect slight variations in coordination
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environmental on hematite versus ferrihydrite or shifts in weak second shell features that do not
fully correlate with changes in O and Cl neighbors.

A FEFF-based structural model was developed to evaluate the systematic variations in
the coordination and binding configuration of Pd on hematite and ferrihydrite surfaces. The first
coordination shell was modeled as a mixture of oxygen neighbors at ~2.0 A and chlorine
neighbors at ~2.3 A. The total coordination number of this shell was fixed to 4, reflecting the
square planar nature of Pd(II). The mean-square displacement (%) was set to be identical for the
O and ClI neighbors because the overlap of the spectral features from these backscatterers
introduces substantial correlations that prevent distinct values from being refined. Second-shell
features between ~3.2 and ~4.0 A (R+AR) in the Fourier transform spectra (Fig. 6b,c) appear to
vary systematically with the intensity of the feature from Cl neighbors appearing at ~1.8 A
(R+AR), suggesting a possible origin from multiple-scattering. Analysis of the FEFF calculation
for Pd20Clz, in which Pd is coordinated to two O and two Cl neighbors, reveals a set of three
linear multiple scattering pathways of identical path length for each atom type, consisting of Pd-
X-Pd-X’-Pd, Pd-X-Pd-X-Pd, and Pd-X-X’-Pd, where X = O or Cl and the prime indicates a
distinct O or Cl neighbor. All three multiple scattering paths for both O and CI were added to the
model, with the coordination number (N) equal to N for the first-shell single scattering path for
that atom type and both the interatomic distance (R) and o? set to double their values for the
corresponding first-shell paths. This multiple scattering reproduced Fourier transform features at
3.6 t0 4.0 A (R+AR) but not at shorter distances.

Reproducing the Fourier transform features at intermediate distances required the
addition of three separate Pd-Fe paths with interatomic distance of ~2.95 A, ~3.15 A, and ~3.65

A. The first two distances require that Pd occupies an edge-sharing bidentate coordination to an
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iron octahedron, with the two distances possibly reflecting different Fe-O bond lengths (many
iron (oxyhydr)oxides have distorted octahedra with Fe-O bonds of ~1.95 and ~2.10 A), different
angular geometries of bidentate Pd relative to the edge of an iron octahedron, or shifts in bond
angles for complexes with and without distal CI ligands (Fig. S3a,b). The longer Pd-Fe distance
is consistent with Pd in either a monodentate or corner-sharing bidentate configuration, the latter
bridging between two octahedra (Fig. S3¢,d). Preliminary fitting revealed the presence of this
longer Pd-Fe shell in spectra where the coordination number of Cl was >2. If a species occurs
with 3 Cl ligands, then this longer Pd-Fe path must correspond to a monodentate complex since
Pd could only form one Pd-O bond. The complex corresponding to each of the three Pd-Fe
distances should thus each have 1 Fe neighbor. Assuming these neighbors represent all Pd
species, their N values for these three Pd-Fe paths must sum to 1 and their individual values
correspond to the fractional coverage of each complex type. We thus constrained the N values
for these paths to equal 1 in our model. To decrease parameter correlations, the model also fit a

single 6° value for the three Pd-Fe paths.

Our structural model fits reproduce the data well (Fig. 6) and yields between 1.3 and 2.6
Cl neighbors and between 1.4 and 2.7 O neighbors (Table 3). While the Pd-O and Pd-Cl
interatomic distances are essentially identical in all samples (the variations of ~0.02 A are within
the expected accuracy of EXAFS spectroscopy), the adsorbed Pd becomes coordinated to a
greater number of Cl atoms with increasing aqueous chloride. This trend is observed for both 2-
line ferrihydrite and hematite, although the Pd adsorbed to ferrihydrite is coordinated to fewer Cl
atoms compared to hematite at the same aqueous chloride concentration.

The observed range of coordination numbers for CI (1.3 to 2.6) requires that at least two

species are present, one having 1 or fewer Cl ligands and a second having 3 or more such
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ligands. However, the invariance of Pd-O and Pd-CI bond length as well as their 6> values with
the number of O and CI neighbors precludes unambiguous determinations of the number of
surface species. For example, a mixture of three surface species contain 1, 2, and 3 Cl neighbors,
each having similar Pd-O and Pd-Cl bonds properties, would produce the same isosbestic points
(Fig. 5) and PCA results (Table S5, Fig. S4) as observed here. Surface species with 0 or 4 CI
ligands are not needed to explain the data but we cannot exclude their occurrence. Evaluating
their occurrence may be technically challenging because of the low solubility of Pd in the
absence of a complexing ligand like chloride and the anticipated low amount of adsorption at the
very high Cl concentrations required to possibly form a PdCls surface species. The EXAFS
results thus suggest that there are two to three Pd surface species forming on hematite and
ferrihydrite as dissolved chloride concentration varies.

The addition of three Fe neighbors to the model resulted in generally consistent
interatomic distances. The three Pd-Fe distances varied little among the samples, averaging
2.93+0.01, 3.11£0.02, and 3.64+0.03 A (Table 3), indicating consistent coordination geometries
on both minerals under varying chloride concentration. This agrees with the PCA results (Table
S5, Fig. S4) finding limited variation among the spectra. The 6 values (0.002 to 0.005) indicate
low disorder in the Pd-Fe coordination, consistent with the distance indicating inner-sphere
binding. The two shorter Pd-Fe interatomic distances, associated with bidentate edge-sharing
complexes, do not show clear trends with dissolved chloride concentration or the number of Cl
neighbors, but trends may be masked by the large relative uncertainty in the coordination
numbers. The longest Pd-Fe path around 3.64 A is likely associated with monodentate bonding
because the coordination number of Cl is often >2, requiring some complexes with three CI

neighbors. Since Pd can only form four bonds in square planar coordination, a species bound to
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three chlorines may only form one bond to a surface oxygen. The two shorter Pd-Fe paths can
only be explained by an edge-sharing bidentate geometry, and so the longer distance must
correspond to a monodentate species. The fractional abundance of this species may weakly
correlate with the number of Cl neighbors (R* = 0.56), although this correlation is primarily
induced by the ferrihydrite sample in 0.5 mM dissolved chloride (F0.5h), with no clear trend

among the other samples (R? = 0.12 with F0.5h removed; Fig. S5).

3.4. Surface Complexation Modeling

A surface complexation model (SCM) was developed to explore the impact of chloride
on Pd surface speciation within a thermodynamic framework. Only the hematite data were
modeled because of uncertainty in the surface area of ferrihydrite (Section 3.1) and the similar
adsorption behavior displayed by the two minerals (Fig. 2). Adsorption was modeled by
including three inner-sphere hematite-Pd-Cl ternary surface complexes with varying numbers of
Cl ligands: (>FeO)2PdCI', (>FeOHz)(>FeOH)PdCl>", and >FeOHPdCls" (Reactions 3-5 in Table
4). The SCM captures the variation in Pd adsorption as a function of dissolved chloride
concentration (Fig. 7). Adsorption is suppressed with increasing chloride because of decreased
Pd*" activity (Fig. 3b). However, higher chloride concentrations also promote the formation of
hematite-Pd-Cl ternary complexes with a higher number of Cl ligands (Fig. S6). At low chloride
concentrations (0.5 mM), the dominant adsorbed Pd species is predicted to be (>FeO)PdCI
(Fig. S6d). As chloride concentrations increase beyond 2 mM, the surface species with two Cl
atoms, (>FeOH2)(>FeOH)PdCl>", becomes dominant (Fig. S6). Our EXAFS fit results (Table 3)
indicated that a surface complex with at least 3 Cl atoms is present at high chloride

concentrations. We thus included a surface species containing three CI atoms, >FeOHPdCl3"
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(Fig. S6). This third complex must be a monodentate species because Pd is square planar and
thus can only make one bond to a surface oxygen group when bound to three chlorides.

The predictive capability of the developed SCM was evaluated by simulating Pd
adsorption at pH 3 in 10 mM chloride in comparison to measurements made under the same
conditions (Fig. S7). This additional dataset was collected for SCM testing (see Supplementary
Material) and was not used in the optimization of the log K values. Our model successfully
predicts the observed decrease in adsorption at pH 3 compared to pH 4 (Fig. S7). The predicted
decrease in the concentration of all modeled adsorbed Pd species results from the greater
protonation of surface groups. The dominant aqueous species change little from what is observed
at pH 4 (Fig. 3) because these are primarily Pd-Cl complexes in 10 mM chloride. The
Pd(OH)2(aq) complex decreases in concentration by 2 orders of magnitude but it only comprises
0.2% of aqueous species at pH 4, so this change has an overall negligible effect on aqueous
speciation. At pH 3 in 10 mM chloride, the predicted dominant adsorbed Pd species is

(>FeOH2)(>FeOH)PdCl>", with >FeOHPdCIs™ responsible for ~25% of Pd binding (Fig. S7b).

4. DISCUSSION
4.1. Impacts of Chloride on Macroscopic Pd Adsorption Behavior

The experimental results in this study (Fig. 1) consistently show that dissolved chloride
concentration strongly controls the adsorption behavior of Pd on the iron (oxyhydr)oxides
hematite and ferrihydrite under weakly acidic conditions. This effect is qualitatively consistent
with the strong complexation of Pd with chloride in solution (Rai et al., 2012). However,
quantitative prediction of the suppression of Pd adsorption by chloride based solely on aqueous

complexation behavior would have substantially overestimated this effect. Renormalization of
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measured adsorption isotherms to the activity of free Pd*" (Fig. 4), EXAFS spectroscopy (Fig.
6), and surface complexation modeling (Fig. 7,S4) all demonstrate that Pd adsorption involves
the formation of Pd-Cl surface species. Their formation partially offsets the solubilizing effects
of dissolved chloride, and failure to account for these species would lead to overprediction of
aqueous Pd concentrations (and underprediction of adsorption).

An additional challenge in predicting how chloride impacts Pd adsorption in the absence
of the new findings of this study are the lack of agreement regarding the favorability of
hydroxide and chloride complexes of palladium in solution. While there has been general
consensus regarding the formation constants for PdC1.>™ complexes (Tait et al., 1991; Boily and
Seward, 2005), uncertainties in the solubility of palladium hydroxide solids and stability of Pd
hydrolysis and hydroxy-chloro species in solution raise substantial challenges to accurate
prediction (Byrne and Kump, 1993; Van Middlesworth and Wood, 1999; Boily et al., 2007;
Koroleva et al., 2012; Rai et al., 2012). For modeling conditions in terrestrial weathering
environments, the largest challenge is posed by the relative balance of hydrolysis versus chloride
complexation. Specifically, continued uncertainty in the stability constant of the PA(OH)2(aq)
species (Rai et al., 2012) affects the predictions of Pd aqueous speciation. The SCM results in
this study are dependent on the specific formation constants used for aqueous complexation
(Table S3). Any future revisions to the hydrolysis constants for Pd will require re-optimization
of the SCM to the experimental data, which are independent of aqueous thermodynamic data.
Accurate prediction of the effects of chloride on Pd adsorption at higher pH based on the present
data would require greater certainty in the stability of the second hydrolysis product of Pd.

The results of this study also demonstrate that the binding affinity for Pd varies little

between highly crystalline (hematite) and nanoparticulate (ferrihydrite) minerals. The primary
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differences in the reactivity of these phases towards Pd are their surface site densities on a per-
mass basis. Phase transformation of ferrihydrite to hematite, such as during progressive stages of
weathering (Cornell and Schwertmann, 2003), would only alter the retention of Pd through a
decrease in the number of surface sites associated with particle size coarsening. In such systems,
iron (oxyhydr)oxide particle size, not mineralogy, would be the major solid-phase control on the
retention of Pd. However, the coarsening associated with iron (oxyhydr)oxide mineralogical
transformation may not appreciably affect net Pd retention because of the high solid:water ratio
of weathering environments as well as the low total dissolved Pd concentrations. Under such
conditions, a very high mass fraction of the total Pd in the system (>99.9%) would be adsorbed
and surface sites would be far from saturated, so the loss of surface sites from particle size

coarsening would increase dissolved Pd but negligibly impact the total amount of adsorbed Pd.

4.2. Mechanisms Controlling Pd Adsorption in Chloride-Bearing Fluids

The spectroscopic analysis in this study demonstrates that Pd-Cl ternary complexes
dominate Pd surface species on iron (oxyhydr)oxide surface under the conditions studied (Table
3). No experimental conditions provided evidence for a binary (i.e., Cl-free) Pd surface complex,
and only ternary complexes were required to construct a SCM that reproduces the macroscopic
Pd adsorption data (Fig. 7). A dominant feature of Pd surface speciation observed by EXAFS
and reproduced by the SCM is that the average number of CI ligands per Pd on hematite
increases with increasing dissolved chloride concentration. For ferrihydrite, the number of Cl
neighbors observed in the EXAFS spectra was systematically lower than for hematite at similar
dissolved chloride concentrations (Table 3). This may have resulted from the slightly lower

chloride concentrations inadvertently used when preparing the ferrihydrite EXAFS samples
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(Table 3), e.g., 9.7 — 10 mM chloride for hematite versus 8.9 mM chloride for ferrihydrite.
However, the macroscopic adsorption data for ferrihydrite are shifted slightly compared to
hematite under statistically identical chloride concentrations (Fig. 2). This indicate a slight
difference in binding affinity, which would be consistent with subtle difference in surface
speciation between the two minerals.

There is generally good agreement between the EXAFS spectral fits and the SCM. The
EXAFS spectra clearly require a Pd surface species with at most 1 ClI ligand and another with at
least 3 Cl ligands to reproduce the range of coordination numbers for CI obtained during fitting.
Similarly, the SCM utilizes a mixture of mono-, di-, and trichloro Pd ternary surface complexes
(Fig. S6). In addition, the weak variation in the number of CI neighbors with surface coverage at
10 mM dissolved Cl seem by EXAFS (Table 3) is in general agreement with the SCM, where
the relative proportion of mono-, di-, and trichloro species varies by <5% between these two
conditions (Fig. S6a).

However, while the EXAFS spectra and SCM have identical trends, there are some
quantitative differences. EXAFS consistently observes a greater number of CI neighbors, and
thus a greater percentage of di- and trichloro Pd surface species on hematite, than the SCM under
most conditions. For example, EXAFS identifies 1.9 CI neighbors for Pd adsorbed in 0.5 mM
chloride and 2.5-2.6 CI neighbors (samples H101 and H10h, Table 3) in approximately 10 mM
chloride, whereas the SCM predicts the average number of Cl ligands to be 1.05 and 2.07-2.13
under the same conditions.

This discrepancy between spectroscopy and surface complexation modeling has multiple
potential origins. Constraining the 6 values for the O and Cl shells to be identical during the

fitting of the EXAFS spectra would overestimate the number of Cl neighbors if 6> for the CI
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shell is actually smaller than for the O shell. Errors in the stability constants of aqueous species
(discussed in Section 4.1) would systematically shift the surface speciation predicted by the
SCM. Likewise, it is possible that a different set of ternary complexes, such as with different
protonation states, could also reproduce the data but differ slightly in the distribution of species
with 1, 2, and 3 Cl ligands. Finally, the freezing process during EXAFS sample preparation
could have increased dissolved chloride concentrations before complete freezing occurred,
shifting to a slightly greater number of CI neighbors. Notably, EXAFS analysis of the
ferrihydrite samples reveal a systematically lower number of Cl neighbors than for hematite
under the same chloride concentrations (Table 3), and in much better agreement with the SCM.
The ferrihydrite samples were thinner and likely froze more rapidly because of their different
preparation for EXAFS measurement, potentially decreasing artifacts associated with the
freezing process. Irrespective of these quantitative differences, the EXAFS results and SCM are
in overall good agreement and consistently demonstrate that Pd adsorbs solely as chloro ternary
surface complexes, with no evidence for a binary (i.e., Cl-free) surface species.

While no prior studies have investigated the mechanisms of Pd adsorption to iron
(oxyhydr)oxides, with or without chloride, investigation of Pd adsorbed to 6-MnO2 (Tanaka et
al., 2017) provides a point of comparison. Both our study and this prior work identified bidentate
edge-sharing complexes, with Pd-Fe/Mn distance around 2.95 A. This observation suggests that
edge-sharing is a common inner-sphere binding mode for Pd. Tanaka et al. (2017) also observed
longer Pd-Mn interatomic distances at ~3.5 A, which they interpreted as bridging bidentate
complexes. Our study observes even longer Pd-Fe distance of ~3.64 A. This difference may
reflect the larger size of Fe(IIl) octahedra compared to Mn(IV) octahedra. However, the clear

occurrence of trichloride Pd complexes on iron (oxyhydr)oxides requires that this distance

29



683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

originate from a monodentate complex, so the greater length may also reflect differences in
coordination to the surface. Surprisingly, the Pd surface complexes on 8-MnOz lack any Cl
neighbors, being fully coordinated to O, despite having been prepared in 0.1 M and 0.5 M NaCl
(i.e., 10 to 50 times the maximum chloride concentration in the present study). The higher pH of
those studies and negative surface charge of 8-MnO2 may inhibit formation of negatively-
charged Pd-Cl surface complexes (Tanaka et al., 2017). This lack of ternary complexation may
also explain the difference in the longer Pd-Mn/Fe distances between hematite and 6-MnO:a.
Further, the presence of two Pd-Fe distances (~2.93 A and 3.11 A) associated with bidentate
edge-sharing complexes on hematite may result from different numbers for Cl ligands on each
complex, an effect that would not occur on 3-MnO:x if it inhibits chloride ternary complexes from

forming.

4.3. Conditions Promoting Greater Mobility of Pd in Weathering Zones

In their study of Pd and Pt behavior in soils above the Stillwater Complex, Fuchs and
Rose (1974) proposed that chloride complexation was likely responsible for the depletion of Pd
relative to Pt. Studies of other weathering zones have found a similar depletion of Pd relative to
Pt (Evans et al., 1994; Oberthiir et al., 2003; Oberthiir and Melcher, 2005; Traor¢ et al., 2006;
Ndjigui et al., 2008; Locmelis et al., 2010; Suérez et al., 2010; Ito et al., 2021). However, even if
Pd is solubilized, adsorption could limit the mobility of this metal; the effect of chloride
complexation on adsorption in conditions relevant to these terrestrial environments had not been
previously investigated. Our experiments have shown that chloride, in addition to solubilizing
Pd, also inhibits Pd adsorption to two environmentally relevant iron (oxyhydr)oxides.

Observations of Pd enrichment in the iron (oxyhydr)oxide-rich zones of laterites (e.g., Gray et
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al., 1996; Ndjigui et al., 2008; Ndjigui and Bilong, 2010; Al-Khirbash and Ahmed, 2021; Ito et
al., 2021) may be the result of Pd retention through adsorption processes. Adsorption is also a
key intermediate step during coprecipitation, and conditions that affect Pd adsorption to iron
(oxyhydr)oxides will also thus impact its incorporation into the structure of weathering products.

While Fuchs and Rose (1974) suggested a concentration of 10 ppm (~0.28 mM) chloride
was a reasonable assumption for soil water in the Stillwater Complex, the relevant concentrations
of chloride in these environments may be substantially greater. Platinum-group element deposits
frequently contain elevated levels of halogens, thought to be a fingerprint of PGE mineralization
processes (e.g., Ballhaus and Stumpfl, 1986; Boudreau et al., 1986; Willmore et al., 2000;
Boudreau, 2016; Parker et al., 2022). These anomalies are likely responsible for the high
concentrations of chloride measured in tailings pore water (McGregor et al., 1998) and in
groundwater interacting with a PGE deposit (Alexander et al., 2017; Ahokpossi et al., 2018;
Molekoa et al., 2019), which are much greater than the estimate of Fuchs and Rose (1974). At
the more elevated chloride concentrations associated with many PGE deposits, Pd will be
partially mobilized as Pd-Cl aqueous complexes when the pH is below 5 to 6 (Colombo et al.,
2008; Rai et al., 2012). The fraction retained via adsorption to iron(oxyhydr)oxides will be
controlled by the dissolved chloride concentration as well as the abundances and surface areas of
mineral sorbents.

In laterites that develop above ultramafic rocks (representative of the oxidized zones
above PGE deposits), researchers have measured zones with low pH (3.5-5.5), which is also
where iron (oxyhydr)oxides are most abundant (Thompson and Rodgers, 1977; Mann, 1984;
Fandeur et al., 2009; Ndjigui and Bilong, 2010; Galey et al., 2017; van der Ent et al., 2018; Ito et

al., 2021). Additionally, local microenvironments around weathering sulfide grains may be much
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more acidic than the bulk system pH (e.g., Dockrey et al., 2014). Our experiments, conducted at
pH 4, demonstrate that chloride is a major control on the retention of Pd in these weakly acidic
weathering zones.

We also observed a lower apparent adsorption affinity for hematite at pH 3 (Fig. S2,
Table S2), a trend that is captured by our SCM (Fig. S7). This observation suggests that Pd will
be mobilized to a greater extent in more acidic environments. However, as discussed in Section
4.1, predicting the effect of pH on Pd adsorption, particularly an increase in pH, with our SCM is
challenging, given uncertainties in the formation constants for Pd species. Additionally, as pH
increases, other ligands, particularly ammonia and organic compounds such as oxalate and
acetate, are predicted to be more important for Pd speciation (Wood et al., 1989; Wood et al.,
1994; Colombo et al., 2008); chloride complexation is unlikely to play a substantial role in
mobilizing Pd and controlling speciation in these weathering zones under more neutral to basic
conditions. When Pd migrates from these weakly acidic, near-surface weathering zones to zones
of higher pH at depth, other ligands may begin to dominate Pd speciation or the lower solubility

of Pd under neutral conditions could lead to precipitation.

5. CONCLUSION

Chloride, a common ligand in waters during the weathering of PGE deposits, impacts Pd
adsorption to two environmentally relevant iron (oxyhydr)oxides via two distinct mechanisms.
Aqueous chloride complexation suppresses adsorption at high chloride concentrations. However,
this effect is partially counteracted by the formation of Pd-Cl ternary surface complexes that
enhance adsorption at high chloride concentrations. While we overall observe a net inhibition of

Pd adsorption as chloride concentration increases, predicting Pd behavior accurately requires
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accounting for these two competing mechanisms that control Pd adsorption. In the weakly acidic,
chloride-rich weathering zones that develop above PGE deposits, Pd will be transported as a
chloride complex. Chloride is thus a key control on Pd retention by iron (oxyhydr)oxides in

weakly acidic, near-surface weathering environments.
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Appendix A. Supplementary Material

The Supplementary Material contains additional information about mineral batches used in
experiments and sample preparation for EXAFS spectroscopy. Results from an experiment
conducted at pH 3 are presented. We also provide additional details about Pd surface speciation

in our surface complexation model.
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Table 1. Langmuir parameters from isotherms fit to the uptake data for the hematite and 2-line
ferrihydrite experiments at pH 4+0.1.

Mineral [C]] (mM)? K (uM1)P I'max (Lmol/m?)°
Hematite 0.47 +£0.02 0.29 + 0.03¢ 1.3¢
22+04 0.100 £+ 0.003 1.3
49+04 0.038 £ 0.003 1.30 £ 0.04
9.7+0.3 0.017 £ 0.002 1.30 £ 0.04
2-line ferrihydrite 0.48 £0.01 0.38 +0.06 42+03
1.85+0.02 0.14 +£0.02 4.8+0.2
9.87+0.01 0.023 £ 0.003 44402

aChloride is reported as the average final aqueous concentration in experimental samples, plus or
minus 1 standard deviation.

K is an affinity constant that represents the favorability of adsorption.

‘“T'max 1s the maximum surface area-normalized binding capacity

dUncertainties in K and I'max are reported as Io.

“I'max for the two lowest chloride conditions for hematite was fixed during fitting

Table 2. Measured zeta potential for hematite and 2-line ferrihydrite at pH 4+0.1 in the presence
of varying amounts of NaCl.

Mineral NaCl (mM) Zeta Potential (mV)
Hematite 0.5 (3)* 453 +£0.4°
2(3) 451+04
10 (6) 49 +2
2-line ferrihydrite 0.53) 372
2(3) 36.6 0.8
10 (6) 35+1
¥The number in parentheses reports the number of measurements collected from the same

sample.
®Zeta potential is reported as the average, plus or minus one standard deviation, of multiple
measurements.
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1078  Table 3. Pd K-edge EXAFS Fitting Parameters.

Sample* [Cl] Adsorbed Pd  Path CN¢ R (A)¢ o2 (A2)e AEy R factort %8
(mM)  (umol/m?)® (eV)f
HO.5h 0.43 0.50 Pd-O 2.1(1)" 2.012(9) 0.0027(4) 5(1) 0.013 23.9
Pd-Cl 1.9 2.293(6) 0.0027
Pd-Fel  0.3(1) 2.91(3) 0.003(2)
Pd-Fe2  0.4(1) 3.07(3) 0.003
Pd-Fe3 0.3 3.68(3) 0.003
H5h 4.7 0.88 Pd-0 1.7(1) 2.01(1) 0.0020(4)  6(1) 0.015 45.0
Pd-Cl 23 2.297(5) 0.0020
Pd-Fel  0.2(2) 2.92(7) 0.004(3)
Pd-Fe2  0.3(2) 3.10(6) 0.004
Pd-Fe3 0.5 3.65(4) 0.004
H101 9.7 0.29 Pd-O 1.5(1) 2.014(9) 0.0022(4)  6.3(8) 0.008 19.3
Pd-Cl 25 2.298(4) 0.0022
Pd-Fel  0.2(1) 2.92(5) 0.005(2)
Pd-Fe2  0.4(1) 3.12(4) 0.005
Pd-Fe3 0.4 3.67(3) 0.005
H10h 10 1.1 Pd-O 1.4(2) 2.02(2) 0.0025(4)  7(1) 0.011 63.5
Pd-Cl 2.6 2.303(5) 0.0025
Pd-Fel  0.4(1) 2.93(2) 0.002(2)
Pd-Fe2  0.3(1) 3.11(3) 0.002
Pd-Fe3 0.3 3.61(3) 0.002
F0.5h 0.43 1.4 Pd-O 2.72(6)  2.012(5) 0.0021(3)  6.3(9) 0.012 14.8
Pd-Cl 1.28 2.291(5) 0.0021
Pd-Fel  0.5(1) 2.95Q2) 0.004(2)
Pd-Fe2  0.3(1) 3.15(3) 0.004
Pd-Fe3 0.2 3.63(8) 0.004
F2h 1.6 2.6 Pd-O 2.14(7)  2.012(6) 0.0018(3) 5.9(7) 0.007 24.4
Pd-Cl 1.86 2.289(4) 0.0018
Pd-Fel  0.36(6)  2.94(2) 0.002(1)
Pd-Fe2  029(7)  3.10(2) 0.002
Pd-Fe3 035 3.61(Q2) 0.002
F10h 8.9 2.8 Pd-O 1.83(10)  2.014(8) 0.0017(3)  6.1(9) 0.009 30.0
Pd-Cl 2.17 2.293(4) 0.0017
Pd-Fel  0.33(8)  2.94(3) 0.002(2)
Pd-Fe2 0.3509)  3.10(3) 0.002
Pd-Fe3  0.32 3.62(2) 0.002

1079  *Sample names that start with “H” were hematite samples; Names that start with “F” were 2-line
1080  ferrihydrite samples.

1081  PEstimated by measuring aqueous Pd remaining and calculating adsorbed Pd using Langmuir
1082  isotherm values.

1083  “Coordination number.

1084  YInteratomic distance.

1085  °Debye-Waller factor.

1086  'Energy shift parameter.

1087  ®Goodness-of-fit parameters (Kelly et al., 2008)

1088  MThe estimated standard deviations as errors in the last digit are given in parentheses. Parameters
1089  that were constrained during fitting are listed with no uncertainties.

1090
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1091  Table 4. Surface reactions used for surface complexation modeling.

No. Reaction Log K Source
1 >FeOH + H' & >FeOHz" 7.60  Han et al.
2 >FeOH = >FeO + H" -9.20 (2023)
3 2>FeOH + Pd*" + CI" = (>Fe0):PdCI + 2H" -0.07  This study
4 2>FeOH + Pd*" + 2CI" + H" 2 (>FeOH2)(>FeOH)PdCl>" 21.19
5 >FeOH + Pd** + 3CI" 2 >FeOHPdCl3 11.66

1092
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1095  Figure 1. Pd adsorption to hematite (a) or 2-line ferrihydrite (b) at pH 4+0.1 compared to the
1096  final measured dissolved Pd at multiple different total chloride concentrations. Corresponding

1097  single Langmuir isotherms are shown as lines.
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Mineral Characterization

Minerals were synthesized as described in the main text. A subsample of each mineral
suspension was dried for characterization. Hematite samples were dried overnight at 70°C. Batch
F1 was dried overnight at 40°C. Batch F2 was freeze-dried. An unground portion of the dried
subsample was used for BET specific surface area measurements (Table S1), which were
collected with a Quantachrome Nova 2000e instrument. Prior to analysis, samples were degassed
under vacuum at 100°C (hematite) or 23°C (2-line ferrihydrite) for at least 18 hours. X-ray
diffraction (XRD) patterns were collected with a Bruker d8 Advance Diffractometer using Cu
Ka radiation to ensure no other mineral phases were present (Fig. S1). For most batches, XRD
pattern collection conditions were the same: 10-90° 20, 0.02° step size, and 0.2 second count
time. However, the XRD pattern of HI was collected with a 0.5 second count time and the XRD
pattern of H2 was collected with a 0.5 second count time over the range of 10 to 75° 26. We did
not observe any additional peaks in all but one of the collected XRD patterns. For batch H4, we
did observe an additional small peak around ~18° 20, which is consistent with
polytetrafluoroethylene (PTFE). While all other batches were subsampled and dried shortly after

synthesis, a portion of batch H4 was not dried until several weeks after synthesis, resulting in the
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presence of PTFE from rubbing of the PTFE-coated stir bar against the bottom of the bottle in

which the suspension was stored.

Pd Adsorption to Hematite at pH 3

We performed an additional macroscopic binding experiment at lower pH to provide a
comparison for predictions from the surface complexation model. Following the same
procedures as described in Section 2.2, solutions of 10 mL total volume containing 10 to 350 uM
dissolved Pd were reacted with 1 g/L hematite in approximately 10 mM total chloride at pH
340.05 for 24 hours. The pH was measured with our chloride-free setup (described in Section
2.2) to prevent the addition of excess chloride. At the end of the experiment, the samples were
processed in the same manner as the pH 4 samples.

We found that at the same aqueous chloride concentration, decreasing pH resulted in less
Pd adsorption (Fig. S2). Based on our Langmuir isotherm fit, this is due to both a decrease in the
surface area-normalized binding capacity and the adsorption affinity (Table S2). However, the
slight decrease in binding capacity may be due to differences between batches of hematite used

(Table S1).
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Table S1. Details about mineral batches used for various experimental samples.

. a Measured Surface Corresponding
Batch Name Mineral Area (m?/g)P Experiments
H1 hematite n.a.c EXAFS sample H10h
H2 hematite 24.7 > an.d 10 mM Cl
experiments at pH 4
H3 hematite 23.8 0.5 and 2 mM Cl
experiments at pH 4
EXAFS samples
H4 hematite n.a.c HO.5h, Hh, }.HOI;
zeta potential
measurements
. 10 mM Cl
HS hematite 23.9 experiment at pH 3
F1d 2-fine ferrihydrite 133 0.5, 2, and 10 mM Cl
experiments at pH 4
EXAFS samples
F2! 2-fine ferrihydrite 94.6 F0.5h, F2h, F10h,

zeta potential
measurements

aMineralogy confirmed with XRD (see Fig. S1).

PBET specific surface area.

“Surface area was not measured for select mineral batches only used for EXAFS samples.
dBatch F1 was dried in the oven at 40°C overnight while Batch F2 was freeze-dried for XRD and

surface area measurements.
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Figure S1. X-ray diffraction patterns of synthesized hematite (a) and 2-line ferrihydrite (b)
batches used in study. The variations in hematite line intensity reflect differences in sample
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Table S2. Single Langmuir parameters from isotherms fit to the uptake data for the hematite
experiment conducted at pH 3.
Mineral (pH) [C]] (mM)? K (uM1)P I'max (Lmol/m?)°
Hematite (3+0.05) 9.84 +0.08 0.008 + 0.002¢ 1.1+£0.1

Chloride is reported as the average final aqueous concentration in experimental samples, plus or
minus 1 standard deviation.

°K is an affinity constant that represents the favorability of adsorption.

‘T'max 1s the maximum surface area-normalized binding capacity

dUncertainties in K and I'max are reported as Io.

1.2 v v v

H®-  9.7¢0.3 mM Cl, pH 4.0:0.1
@4  9.84+0.08 mM CI, pH 3.0+0.05

Adsorbed Pd (umol/m?)

Aqueous Pd (uM)

Figure S2. Pd adsorption to hematite at approximately 10 mM CI compared to the final
measured dissolved Pd at pH 3+0.05 and pH 4+0.1. Corresponding single Langmuir isotherms
are shown as lines.
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Table S3. Equilibrium constants for Pd complexation reactions used in the study, from Rai et al.

(2012)
Reaction log K°
Pd(OH)2(aq) + 2H" = 2H20 + Pd** 542
Pd(OH);" + 3H' = 3H20 + Pd** 15.48
PdCI* = CI + Pd** -5

PdClZ(aq) = 2CI + Pd2+ -8.42

PdCls™ = 3CI + Pd* -10.93

PdCls* = 4CI + Pd* -13.05

PdCI3(OH)* + H = H»0 + 3CI + Pd* -3.77

Table S4. Details about EXAFS sample experimental conditions.
Mineral Mineral Sample Aqueous Final Adsorbed
Sample Batch Loading Volume Chloride = Aqueous Pd Pd
(/L) (mL) (mM) (@M) _ (umol/m??

HO.5h H4 2 100 0.43 17.2 0.50
H5h H4 4 50 4.7 55.7 0.88
H101 H4 4 50 9.7 2.18 0.29
H10h H1 1 100 10 273 1.1
F0.5h F2 0.1 100 0.43 1.27 1.4
F2h F2 0.4 100 1.6 8.30 2.6
F10h F2 0.8 100 8.9 75.7 2.8

aAdsorbed Pd (umol/m?) was estimated by measuring final aqueous Pd and calculating the
theoretical equilibrium adsorbed Pd predicted by the Langmuir isotherms (Table 1) fit to our

macroscopic binding data.
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Figure S3. Potential binding geometries for Pd surface complexes consistent with EXAFS
results and the coordination of octahedra in hematite: (a) edge-sharing bidentate complex with
short Pd-Fe distance; (b) edge-sharing bidentate complex with a long Pd-Fe distance; (c)
monodentate complex; (d) bridging bidentate complex. All Pd-O bond lengths are 2.01 A. Both
Fe-O bond lengths for the surface oxygens coordinating to Pd are the same in (a) and (b). Fe-O
bond lengths in (c) and (d) are 1.95 A, but similar Pd-Fe distances are possible for 2.11 A Fe-O
bonds with some lateral shifts in atom positions.

55



87
88

89
90
91
92
93

94

95
96
97
98
99

100

Table S5. Principal component analysis results for the EXAFS spectra of Pd adsorbed to
ferrihydrite and hematite.

Component Variance Cumulative Variance  IND

1 0.946970 0.946970 0.01763
2 0.041028 0.987998 0.00461
3 0.005522 0.993521 0.00492
4 0.002930 0.996451 0.00658
5 0.001618 0.998069 0.01197
6 0.001189 0.999258 0.03329
7 0.000742 1.000000 -

H10h H10h
60

H10l H10l
50

H5h H5h
— —~ 40
« «@
< <
S HO0.5h S HO0.5h
A A 30
—~ —~
5‘ F10h 5‘ F10h
> > 20
F2h F2h
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F0.5h F0.5h
O -
b c
2 4 6 8 10 12 2 4 6 8 10 12 2 4 6 8 10 12
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Figure S4. Results of principal component analysis of the EXAFS spectra of Pd adsorbed to
hematite and ferrihydrite. (a) Principal components derived from analysis. (b) Reconstruction of
the experimental spectra using two principal components. (¢) Reconstruction of the experimental
spectra using three principal components. Detailed sample information can be found in Table
S4.
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Figure SS. The coordination numbers (CN) for the Pd-Fe3 path versus the Pd-Cl path for the
structural model fits to our EXAFS spectra (see Table 3). An unweighted linear regression line
and associated R? value are shown for (a) all EXAFS samples and (b) all EXAFS samples
excluding sample F0.5h. The errors for the Pd-Cl path are taken from the errors for the
associated Pd-O path. The errors for the Pd-Fe3 path are calculated as the square root of the sum

of the squared errors for the Pd-Fel and Pd-Fe2 paths.
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109  Figure S6. Speciation of adsorbed Pd predicted by the surface complexation model with (a) 10
110  mM, (b) 5 mM, (c¢) 2 mM, and (d) 0.5 mM chloride for experiments conducted at pH 4+0.1.
111  Experimental data are shown as symbols and model-generated calculated adsorption (overall
112 predicted adsorption and contributions of specific surface complexes) as lines.
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Figure S7. (a) Surface complexation model for Pd adsorption with approximately 10 mM
chloride at pH 3 and 4. (b) Model predicted speciation of adsorbed Pd at pH 3+0.05.
Experimental data are shown as symbols and model-generated total calculated adsorption (a) or
overall predicted adsorbed Pd and the contribution of specific Pd surface complexes (b) as lines.
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