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ABSTRACT: The use of bismuth in the society has steadily increased during the
last decades, both as a substitute for lead in hunting ammunition and various
metallurgical applications, as well as in a range of consumer products. At the same
time, the environmental behavior of bismuth is largely unknown. Here, the binding
of bismuth(III) to organic soil material was investigated using extended X-ray
absorption spectroscopy (EXAFS) and batch experiments. Moreover, the capacity
of suwannee river fulvic acid (SRFA) to enhance the solubility of metallic bismuth
was studied in a long-term (2 years) equilibration experiment. Bismuth(III)
formed exceptionally strong complexes with the organic soil material, where >99%
of the added bismuth(III) was bound by the solid phase, even at pH 1.2. EXAFS
data suggest that bismuth(III) was bound to soil organic matter as a dimeric Bi**
ions, resulting in a unique
structural stability. The strong binding to natural organic matter was verified for

complex where one carboxylate bridges two Bi**
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SRFA, dissolving 16.5 mmol Bi per gram carbon, which largely exceeds the
carboxylic acid group density of this compound. Our study shows that bismuth(III) will most likely be associated with natural

organic matter in soils, sediments, and waters.

KEYWORDS: bismuth(III), metallic bismuth, fulvic acid, mor layer, EXAFS spectroscopy, dimeric bismuth(IIl) complex,

X-ray diffraction, electron microscopy

B INTRODUCTION

The annual worldwide production of bismuth has steadily
increased during the last decades, from 3020 tonnes in 1994'
to 19,000 tonnes in 2019.” Bismuth is generally considered as
non-toxic for humans and has therefore been used as a
substitute for lead in hunting ammunition® and in a wide
variety of metallurgical applications, including use as an
additive to enhance metallurgical quality in the foundry
industry and as a replacement for lead in brass, free-machining
steels, and solders.* However, the leading use of bismuth in the
United States is in chemicals, including cosmetic, industrial,
laboratory, and pharmaceutical applications, accounting for
about two-thirds of domestic bismuth consumption.” As the
use of bismuth in the society increases, there will also be an
increase in its flux to society’s end-products, such as sewage
sludge. A study of bismuth concentrations in sewage sludge in
Swedish wastewater treatment plants showed about a fivefold
increase during the period 2004—2013.° Household products
such as cosmetics and plastics were important sources (ca
40%) of bismuth in sewage sludge. A screening analysis of 40
cosmetic products revealed that bismuth was present in very
high concentrations (7000—360,000 mg kg™') in one-third of
the analyzed foundation and powder samples.” Elevated
concentrations in sewage sludge, compared to those of soils
(~20 times), were also found in a Japanese screening study.”
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Release from local industrial activities, such as mining, is
another source of bismuth in the environment.’

The chemical behavior of bismuth(III) in pure aqueous
solution is well understood. The bismuth(III) ion is hydrated
by eight water molecules in a square antiprismatic fashion in
strongly acidic aqueous solution.'” However, bismuth(III)
hydrolyzes very easily starting at pH values close to zero in
dilute solution, with the formation of the mononuclear
complex Bi(OH)(H,0),*"."" A hexameric complex, originally
described as Big(OH),,%, starts to form at slightly higher
pH."” Structural investigations in both aqueous solution'”'*
and solid state'>™"” of this complex have shown that its real
composition is BigO,(OH),*, which is indistinguishable from
Bis(OH),,%" in thermodynamic investigations. Stability con-
stants of bismuth(III)-hydroxide complexes are summarized in
Table S1. In contrast to hydrolysis reactions, complex
formation of bismuth(III) with organic ligands is less studied.
A compilation of stoichiometric stability constants for
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complexes involving bismuth(III) and organic ligands shows
that Bi** binds strongly to oxygen and nitrogen donor ligands
(Table S2). Comparison of conditional stability constants for
the structurally similar bismuth(IIl)-oxalate and -glycine
systems shows that oxalate complexes are stronger than the
corresponding glycine complexes at pH < 6 (Figure S1),
indicating a preference for oxygen donor functional groups. To
the best of our knowledge, no information exists on reaction
mechanisms involving natural organic matter.

The available information on the environmental behavior
and chemical reactions of bismuth(III) in natural environ-
ments is very sparse. However, a significant role of solid-phase
organic matter in binding of added bismuth(III) has been
illustrated in a soil column study.'® Dissolved organic matter
(DOM), on the other hand, might enhance the solubility of
bismuth, as was shown in a study with metallic bismuth."” The
strong binding of bismuth to DOM was confirmed with size-
exclusion chromatography in a study of metal mobilization
from compost.*’

Geochemical models, such as WHAM-Model VII,*' NICA-
Donnan,”> and SHM,* are useful tools to evaluate metal
binding experiments involving natural organic matter and to
predict the geochemical behavior of metals in soils and waters.
For many metals, extensive data sets for isolated humic and
fulvic acids (FAs) are available for calibration of these
models.”'~>* However, as recently noted by Tipping and
Filella,”* no such data are available for bismuth(III). Instead,
these authors used linear free-energy relationships with
hydroxide and fluoride ions to parameterize the WHAM-
Model VII for bismuth(IIl). Subsequent model predictions of
bismuth(III) speciation in some typical natural waters
indicated that bismuth(III) was bound strongly (>99.5%) by
DOM. However, due to the lack of proper calibration data,
these simulations are only indicative.

The general objective of this study is to increase the
knowledge on the interaction of bismuth(III) with natural
organic matter by using a combination of batch equilibration
experiments and EXAFS spectroscopy. Specific objectives were
to (i) quantify the binding of bismuth(III) to the organic soil
material as a function of pH and reaction time, (ii) structurally
characterize the binding of bismuth(III) to soil organic matter,
and (iii) quantify the capacity of isolated FA to enhance the
solubility of metallic bismuth in a long-term (2 years)
equilibration experiment.

B MATERIALS AND METHODS

Samples. Bismuth(III) complexation was investigated for
two different organic samples: an organic soil sample and the
IHSS Nordic lake reference FA (1R105F).>

The soil sample (Risbergshdjden Oe) was taken from a mor
layer of a Spodosol in central Sweden, which was previously
described and used in a number of earlier investigations.”*”>*
The sample was sieved through a 4 mm sieve to remove roots
and coarse particulates and homogenized. It was then stored in
its field-moist state at +4 °C until further use. The dry weight
of the soil sample was 33.6%. The sample contained 45.0% C
and 1.3% N on a dry-weight basis. The concentrations of 0.1 M
HNO; extractable Al, Ca, Cr, Fe, K, Mg, Mn, and Cu in this
sample were reported in a previous study on chromium
binding.** Selected soil properties are summarized in Table S3.

The elemental composition of the FA standard is 52.31% C,
45.12% O, 3.98% H, 0.68% N, and 0.46% S, and the charge
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density of carboxyl groups at pH 8.0 has been estimated to be
11.16 mequiv. g~ C.*°

B EXPERIMENTAL SECTION

Sorption of bismuth(III) to the organic soil sample was studied
in batch experiments as function of pH, initial bismuth(III)
concentration, competition from iron(III), and reaction time.
Briefly, 1.0 g of field-moist sample was mixed with 30 mL
solution of varying composition in 40 mL polypropylene tubes.
Stock solutions of 1.0 and 10.0 mmol L™ bismuth(III) were
prepared by dissolving Bi,O; (99.99%, Sigma-Aldrich) in 0.1
mol L™ HCIO,. To one set of samples, 3 mL of 1.0 mmol L™
bismuth(III) solution was added, and in another 3 mL of 10.0
mmol L7' bismuth(III) solution, giving intended final
concentrations of 0.1 and 1.0 mmol L™ bismuth(III),
respectively. A third set of samples contained a mixture of
0.1 mmol L™ bismuth(III) and 1.5 mmol L™" iron(III), with
iron(III) added as 10 mmol L™' Fe(ClO,); solution. The
actual final concentrations were somewhat (2%) lower than the
ones mentioned due to dilution from interstitial water in the
field-moist soil sample. In all series, pH was varied in the range
1 and S by additions of either HCIO, or NaOH solution. All
samples were made in duplicate.

The samples were equilibrated on an end-over-end shaker
(Heidolph Reax II) in darkness at 10 °C (to reduce the
biological activity) for different times to investigate the effect
of reaction time on the results. Thus, separate sets of samples
were equilibrated for 1, 5, and 30 days, except for the series
with added Fe(III) which was only equilibrated for 30 days.
After equilibration, the samples were centrifuged and filtered
through a 0.2 ym Acrodisc PF filter (Gelman Sciences). The
pH was measured on the unfiltered supernatant using a pH
M210 standard pH meter (MeterLab), equipped with a
combination electrode, at 10 °C. Filtered samples were divided
into two subsamples. One subsample was analyzed for major
cations and metals using ICP—MS with an ICP-SFMS
Thermo-Scientific instrument. In the second subsample,
dissolved organic carbon (DOC) was determined using a
TOC-5000a Analyzer (Shimadzu Corp.). Prior to ICP—MS
analysis, samples were acidified to 1% HNO;, except for a few
samples having a dark brown color (DOC > 50 mg L™"). Acid
addition to these samples resulted in precipitation of the
dissolved organic material together with its bound bismuth,
resulting in poor recoveries. A spiking experiment without
added acid revealed that recoveries of added bismuth(III) was
good (>98%), indicating that bismuth(III) was strongly
complexed in these samples and that addition of acid was
not needed.

Separate batch experiment samples were prepared for
EXAFS analysis as above, except that only samples with 3.0
mmol L' added bismuth(III) were prepared. The samples
were shaken for 24 days, and samples with final pH values of
12, 2.2, 3.6, 4.5 and 6.3 were included in the study. After
equilibration, the samples were centrifuged as described above.
The wet soil paste was stored at +4 °C, brought to the
synchrotron, and analyzed within 4 days after centrifugation.
Prior to EXAFS analysis, the soil paste was dewatered further
by squeezing the sample between two Whatman ashless grade
filter papers.

The ability of FA to dissolve metallic bismuth was
investigated in a long-term batch experiment. 20 mL of 100
mg L™ FA solution adjusted to pH 5.6 was added to 50 mg of
metallic bismuth beads (Aldrich, 100 mesh, 99%) in 20 mL
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polyethylene vials. As a reference, samples with deionized
water and bismuth beads were used. Samples were equilibrated
for 24 months at room temperature (20 °C) in darkness,
without agitation, but with access to air. One portion of
reacted solution was used for pH measurement, and the other
was filtered through a 0.2 ym Acrodisc PF filter and analyzed
for bismuth and DOC as described above. All samples were
made in duplicate. Reacted bismuth beads were freeze-dried
and characterized by a scanning electron microscope (SEM)
and X-ray diffraction.

X-ray Diffraction. Diffraction patterns for the samples
were recorded for grinded powders in an X-ray transparent
borosilicate glass capillary as 360° rotation photos using a
Bruker D8 SMART Apex-II CCD diffractometer operating
with MoKa-radiation, 4 = 0.71073 A with a sealed tube as a
radiation source. Bruker Apex-II software was used for data
collection and integration. The Eva-12 program package was
used for absorption correction and phase matching applying
the PDF-2 database.

Electron Microscopy. The images were taken with Hitachi
TM-1000-¢-DeX variable pressure SEM supplied by a Bruker
Nano energy dispersion spectroscopy detector for elemental
analysis using X-ray luminescence spectra.

X-ray Absorption Spectroscopy. EXAFS measurements
of soil samples treated with 3.0 mmol L' bismuth(III)
perchlorate in aqueous solution at pH 1.2, 2.2, 3.6, 4.5, and 6.3
were performed at the Bi L; X-ray absorption edge. The data
were collected in the energy range of 13,200—14,100 eV at the
wiggler beam line 1811 at MAX-lab, Lund University, which
operated at 1.5 GeV and a maximum current of 220 mA. The
data collection was performed in a step-scan mode with steps
of 5 and 0.25 in the pre-edge and edge regions, respectively,
and variable step size in the range 1.5—3.8 eV as function of
the k value in the EXAFS region. The EXAFS station was
equipped with a Si[111] double crystal monochromator.
Higher-order harmonics were reduced by detuning the second
monochromator crystal to reflect 60% of maximum intensity at
the end of the scans. The measurements on the soil pastes were
performed in the fluorescence mode using a PIPS (passivated
implanted planar silicon) detector.”” The spectrum of metallic
bismuth was recorded simultaneously in the transmission
mode as a reference; the first inflection point of metallic
bismuth was defined as 13422.0 eV.”’ For each sample, six
scans recorded in the continuous scanning mode were
averaged by means of the EXAFSPAK program package.’!
The collected spectra were carefully compared, and no
systematic change with radiation time could be seen, indicating
that no radiation damage occurred.

EXAFS Data Analysis. The EXAFS functions were
extracted using standard procedures for Iz)re—edge subtraction,
spline removal, and data normalization.”” In order to obtain
quantitative information, the k>-weighted EXAFS oscillations
were analyzed by non-linear least squares fitting of the model
parameters. All data treatment was made by the use of the
EXAFSPAK program package.”’ Model fitting was performed
with the theoretical phase and amplitude functions including
both single and multiple scattering paths using the ab initio
code FEFF (version 7.02).>* The standard deviations reported
for the refined parameters in Table 1 were obtained from k*-
weighted least-squares refinements of the EXAFS function y(k)
and do not include systematic errors of the measurements.
These statistical error values allow reasonable comparisons, for
example, of the significance when comparing relative shifts in
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Table 1. Structural XAS Parameters for bismuth(III)
Binding to the Organic Soil Sample”

sample interaction N d o
pH =12 Bi—O 3 2.116(6) 0.0078(6)
Bi—O 3 2.76(2) 0.017(3)
Bi--Bi 1 3.98(1) 0.007(1)
Bi--C 1 2.98(2) 0.008(3)
pH =22 Bi-O 3 2.115(4) 0.0048(3)
Bi—O 3 2.69(2) 0.016(2)
Bi---Bi 1 4.00(1) 0.0090(8)
Bi--C 1 2.94(2) 0.007(2)
pH = 3.6 Bi—O 3 2.148(4) 0.0074(5)
Bi-O 3 2.73(2) 0.023(2)
Bi-Bi 1 4.02(1) 0.006(1)
Bi--C 1 3.00(4) 0.014(3)
Bi—O-C 2 3.21(2) 0.018(3)
pH = 4.5 Bi—-O 3 2.153(3) 0.0055(4)
Bi—O 3 2.72(2) 0.020(2)
Bi---Bi 1 4.07(1) 0.006(1)
Bi--C 1 3.06(1) 0.014(2)
Bi—O-C 2 3.22(2) 0.017(3)
pH =63 Bi—O 3 2.143(3) 0.0070(3)
Bi—O 3 2.70(2) 0.021(2)
Bi--Bi 1 4.05(1) 0.0100(9)
Bi--C 1 2.98(1) 0.013(3)
Bi—O-C 2 3.20(2) 0.016(4)

“Mean bond distances, d/A, number of distances, N, and Debye-
Waller coefficients, ¢*/A2

the distances. However, the variations in the refined
parameters, including the shift in the E, value (for which k =
0), using different models and data ranges, indicate that the
absolute accuracy of the distances given for the separate
complexes is within +0.005 to 0.02 A for well-defined
interactions. The “standard deviations” given in the text have
been increased accordingly to include the estimated additional
effects of systematic errors. Morlet wavelet transforms (WT/s)
were used as a complementary method to investigate whether
the chosen EXAFS model was able to differentiate between
heavy and light backscatterers in the second shell.**** Hence,
WT/s of the EXAFS data (y(k)) was compared to those of the
corresponding EXAFS models. High-resolution plots of the
second shell (R + AR = 2—4 A) were made using a frequency
of 12 (the k parameter), with the half width of the Gaussian
envelope (o) set to 2, as this was found to provide sufficient
contrast of the second-shell Bi---Bi interactions.

B RESULTS AND DISCUSSION

Binding of Bismuth(lll) to the Organic Soil Sample.
The solubility of bismuth(III) was strongly pH-dependent with
a solubility minimum in the range 2—3.5 (Figure 1). There was
an exceptionally strong binding of bismuth(III) to the organic
soil material. At the lowest added dose (0.1 mmol L™" Bi) as
much as >99% of the added bismuth(II) was bound by the
solid phase, at all three equilibration times, even at pH 1.2. At
the highest dose (1.0 mmol L™" Bi), this figure was somewhat
lower, but still >94%. Although much of the reaction did occur
during the first 24 h, there was a slight change in equilibrium
conditions with time. The decrease in solubility with time was
most pronounced in the pH range 2—4 for the 0.1 mmol L™
bismuth(IIl) addition (Figure 1). The shape of the solubility

curve is similar to that for other cationic metals, such as
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Figure 1. Dissolved Bi(III) and DOC in soil suspensions as a function of pH at different equilibrium times after initial additions of 0.1 and 1.0
mmol bismuth(III) L™" or a combination of 0.1 mmol bismuth(III) L™ and 1.5 mmol iron(II) L™' (a—d). The experiment with and without the
addition of Fe(Ill), as shown in (e,f), was carried out using an equilibration time of 30 d.
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copper(Il), lead(Il), aluminum(IIl), and chromium(III),
having a high affinity for natural organic matter.”****® The
increased solubility with decreasing pH is usually ascribed to a
proton competition with the metal for complexation sites on
the solid phase, that is the metal ion in the solution phase
prevail as a hydrated or possibly partly hydrolyzed
cation.”**®*® The increase in solubility with pH in the upper
end of the pH scale is related to the increased concentration of
DOM, which solubilizes the metal by complex formation in the
aqueous phase.”**** Also in our study, there was a marked
increase in DOC concentrations for both bismuth(III)
additions with increasing pH in the range 3-S5, explaining
the increase in bismuth concentrations in this pH range
(Figure 1). However, there was also an increase in DOC
concentrations with decreasing pH values in the lower pH
range. Due to the exceptionally strong binding of bismuth(III)
by the solid-phase organic matter, it is likely that this increase
in DOM, as shown by DOC, was the main explanatory factor
for the increase in bismuth concentration with decreasing pH
in the low pH range. As evident from Figure 2, there was a
strong relationship between the bismuth(III) and DOC
concentrations over the whole pH range, in particular, for
the lowest bismuth(III) addition. For both additions, there was
a shift to lower Bi/DOC ratios with time. This shift is a result
of the combined effect of decreasing bismuth(III) concen-
trations and increasing DOC concentrations with time (Figure
1). No apparent change in quality of DOM with time could be
detected, as indicated by the specific UV absorbance (4 = 254
nm) of DOM (Figure S2). Thus, there seems to be a slow
transfer of bismuth(III) bound by the DOM to the solid-phase
organic material with time during the experiment.

No calibrated geochemical equilibrium model exists to be
able to confirm the predominance of organically complexed
bismuth(III) at pH < 3. However, in a previous study with this
soil sample, the geochemical equilibrium model Visual
MINTEQ was successfully calibrated for chromium(III).*®
Taking the 1 mM bismuth(IIl) addition as an example, the
measured solid-solution partitioning was 96.7% at pH 1.25 and
DOC concentration of 45.3 mg L™". In order to achieve the
same solid-solution partitioning for chromium(III), at the
same DOC concentration, a pH of 3.2 was required using the
calibrated Visual MINTEQ_ model. Under these conditions,
88% of the dissolved chromium(III) was complexed to organic
matter. This supports the hypothesis that dissolved bismuth-
(1II) was mainly organically complexed, also at the lowest pH
values.

As could be expected from the strong binding of
bismuth(III) to the solid phase, there was no apparent effect
of the addition of 1.5 mmol L™ of iron(III) on the
bismuth(III) solubility (Figure 1). Due to the higher binding
strength of bismuth(III) relative to iron(III), iron(III) is not
expected to be an efficient competitor. In Figure 3, we illustrate
the binding strength of bismuth(III), iron(11I), chromium(III),
and aluminum(III) by the Risbergshojden Oe soil, determined
at different occasions, but under similar conditions (added
concentration and ionic str<ength).26_28 Clearly, bismuth(III)
binds much more strongly than the other trivalent metal ions.
The relative binding strength decreases in the order bismuth-
(II1) > iron(III) > chromium(IIT) > aluminum(III). This order
follows a decreasing trend of log;, K values of the first
hydrolysis step of the metals, that is, —1.097, —2.02, —3.57,
and —4.997 for bismuth(III), iron(Il), chromium(III), and
aluminum(III), respectively.”” This is consistent with the
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Figure 3. Binding of bismuth(III), iron(III), chromium(III), and
aluminum(III) by the Risbergshojden Oe soil in dilute NaClO, (Bi)
or NaNO; solutions. The suspension density was ~10 g L™! on a dry
weight basis. Bismuth(III) data are from the present study, iron(III)
data from Gustafsson et al.,”” chromium(III) data from Gustafsson et
al,”® and aluminum(IIl) data from Gustafsson and van Schaik.*®
Bismuth and chromium(III) data were obtained using 30 d
equilibration times, whereas an equilibration time of 5 d was used
in iron(III) and aluminum(III) experiments.

expected trend based on the theory of linear free-energy
relationships for ligands with oxygen donor atoms.”

EXAFS. The refined mean Bi—O bond distances in the
samples were 2.12—2.16 A, with a weak but significant
contribution at 2.7 A (Table 1, Figure 4). The short Bi—O
bond distance strongly indicates three such bonds, in addition
to weakly bound ligands. The geometry of bismuth(III)
complexes with low coordination number includes a large gap
in the coordination sphere occupied with an anti-bonding
orbital, see Supporting Information “coordination chemistry of
bismuth(III)”. The short Bi—O bond distances for complexes
with a large gap in the coordination sphere, see 3 + 1
coordination in Table S4, is in excellent agreement with the
ones reported in Table 1. The number of long weak Bi—O
bonds may be different in solutions, where a maximum
number, from steric point of view, is expected to bind. One,
two, and three long Bi—O bonds were tested in the EXAFS
data refinements. Refinement with only one weakly bound
ligand resulted in a smaller Debye-Waller coefficient than the
three strongly bound oxygens, which is unreasonable, while
with three weakly bound ligands, the ¢* value become larger
than the strongly bound oxygens and of a reasonable value.”
Furthermore, Bi---C single scattering and Bi—O—C three-leg
scattering paths give significant contributions to the EXAFS
signal (Figure S3). In addition, there was also a contribution
from a heavy back-scatterer, most likely bismuth, around 4 A
with a slightly increasing Bi---Bi distance with increasing pH
(Table 1). The Bi--Bi distance in complexes with double
(—Bi(OH),Bi—) and triple (—Bi(OH);Bi—) hydroxo bridges
are much shorter, 3.75 and 3.45 A, respectively,40 which means
that such structural units can be excluded for the studied
samples. Thus, polynuclear hydroxy-Bi species do not seem to
be stable in the presence of natural organic matter, not even at
high pH values (6.3).

Instead, when a carboxylate group is bridging two bismuth-
(II1) ions (Bi—O—C—O—Bi), the Bi--Bi distance is around
3.85—4.12 A*'™* Based on the EXAFS data, we suggest that
bismuth(IIT) binds to soil organic matter as a dimeric Bi(III)
complex where one carboxylate bridges two Bi*" ions (Figure
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Figure 4. Left: stacked k*-weighted K-edge EXAFS spectra for bismuth for the organic soil obtained for different pH values. Right: Fourier
transforms (FT magnitudes) of the k*-weighted EXAFS spectra. Lines are raw data, and dashed red lines are model fits.

5). The model that provided the best fit to the EXAFS data for
the first coordination shell was a 3-legged stool with another

®
O
®
Figure S. Proposed structure of the dimeric bismuth(IIT) carboxylate
complex. “R” denotes continuation of the carbon chain.

three weakly bound O-ligands below the expected gap in the
bismuth(III) sphere due to occupied anti-bonding orbitals.
This model was also able to describe the wavelet-transformed
data very well (Figure S4). The suggested coordination
geometry is common for d'%” ions such as bismuth(III),
lead(I1), thallium(I), and tin(11).**** The two Bi** ions bind
only on one-half of the coordination sphere, while the other
half-sphere, facing the aqueous solution, consists of repelling
anti-bonding orbitals. Thus, the Bi** ions bind to the soil
surface, while at the same time not allowing any ligands,
including water, to bind in the volume around the anti-bonding
orbitals, which could explain the exceptional binding character-
istics of this complex. The proposed coordination chemistry is
different from other trivalent ions, such as iron(I1Il) and
chromium(III), which seem to form a five-membered chelate
rings with humic substances in which the coordination sites
facing the aqueous phase are available for hydration.”**’

The short mean Bi—O bond distances are slightly shorter at
low pH (1.2 and 2.2) than in the samples with pH > 3.6
(Table 1). It is expected that the two Bi** ions bind water and
hydroxide ions besides being coordinated to a carboxylate O
atom in the organic material. The shorter mean Bi—O bond
distance at low pH may be explained by the fact that the radius
of oxygen is smaller in coordinated water, 1.34 A,* than in the
hydroxide ion, 1.37 A,*® and that the number of hydroxide ions
bound to each Bi** ion increases (increased hydrolysis) with
increasing pH. The proposed structure of the bismuth(III)
complexes with soil organic matter explains the very strong
binding found in our batch experiments.

Dissolution of Metallic Bismuth. The experiment with
metallic bismuth showed that the added FA caused a
substantial fraction of the added metallic bismuth to dissolve.
The addition of 100 mg L™ FA, corresponding to 52 mg DOC
L7, resulted in an average concentration of 727 umol L™}
bismuth in the two replicates, that is 6.2% of the added Bi(0)
was dissolved during the two years of incubation (Table 2).
This figure was <0.01% for the deionized water systems. The
bismuth detected in one of the deionized water replicates
probably consisted of colloidal bismuth passing the 0.45 ym
filter. As evident from the SEM images, a fraction of the
oxidized metallic bismuth in both systems was transformed to
bismuth salts precipitated on surfaces (Figure 6), mostly Bi,O;
(PDF [00-050-1088] for omega-Bi,O; and PDF [00-047-
1058] for beta-Bi, O, respectively) and Bi,O,(CO;) (PDF [00-
041-1488]) as indicated by the X-ray diffraction pattern
(Figure SS). The oxidation of metallic bismuth by oxygen to
bismuth(III) oxides is in line with the information given in

Table 2. Dissolution of Metallic Bismuth in the Absence and Presence of 100 mg L' FA?

initial conditions

after 2 yrs of storage

sample Bi(0) added (mg) TOC (mg/L) pH Bi (uM)
H,0 47 nd 56 0.0
H,0 46 nd 56 1.1
FA 44 52.3% 5.49 665
FA 53 523" 5.49 789

TOC (mg/L) pH Bi(0) dissolved (%) mmol Bi/g C
nd® 8.64 <0.01
nd” 8.34 0.01
44.3 7.27 6.3 15.0
43.9 7.23 6.2 18.0

“The carboxylate group density of the FA was 11.16 mequiv. (g c)~H “Based on the carbon content given by IHSS.** “Not determined.
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Figure 6. SEM pictures of bismuth beads exposed to (a) deionized
water or (b) 100 mg L™' FA solution adjusted to pH 5.6 during 24
months.

“Redox chemistry of bismuth” presented in SI. In the FA
system, the amount of mineral precipitates was much lower
(Figure 6), probably because they had been transferred to the
solution phase via complex formation by added FA. This is in
agreement with the background corrected powder XRD
pattern for the two systems (Figure SS). Clear solutions
were obtained in the FA experiment, whereas solutions with
only deionized water easily became turbid when handling
(Figure S6).

One remarkable finding in this experiment is the very high
degree of bismuth binding per gram carbon obtained for the
FA solutions (Table 2). On average 16.5 mmol bismuth was
bound per gram carbon, which largely exceeds the carboxylic
acid group density of 11.16 mequiv. (g C)™" of this FA.>> This
further strengthens the interpretation of the XAS data obtained
for solid-phase organic matter, that is, two bismuth(III) ions
bind to one carboxylate group to maximize the bismuth
binding. By introducing two Bi** ions per carboxylic group, an
increase in the net charge of +5 would be expected, if one
assumes a release of one proton in the complexation reaction.
Such a large increase in the net charge due to complexation is
highly unlikely because it probably would have resulted in an
early charge neutralization of the FA molecules followed by
precipitation. This has been verified for other trivalent ions,
such as aluminum(III) and iron(III) at high metal-to-carbon
ratios. For example, Riedel and Biester*’ found that more than
50% of DOC in peat leachates had been precipitated (>0.45
pm) at a metal-to-carbon ratio of 8 mmol (g C)~' following
the addition of iron(III) and aluminum(III) salts, that is, at
about half the metal-to-carbon ratio of what we found in our
FA-bismuth system. Hence, it is likely that some, or all, of the
four strongly coordinated water molecules bound to the two
Bi’* ions were hydrolyzed, resulting in a smaller increase in net
positive charge as a result of complexation. As discussed above,
this is also in line with the EXAFS data, indicating the
hydrolysis of bound H,O at pH > 3.6. Hydrolysis of bound
H,O is also supported by the fact that the hydrated
bismuth(III) ion hydrolyzes very easily (pK, = 1.097).

Environmental Implications. Due to the very strong
binding by both solid-phase organic matter and DOM (FA),
bismuth(IIT) will most likely be associated with organic matter
in soils, sediments, and waters. Apparently, metallic bismuth is
not stable in the environment at oxic conditions, since DOM is
present in nearly all natural waters. Our EXAFS data show that
the binding mode of bismuth(IIl) is different from other
trivalent ions such as aluminium(III), iron(III), and
chromium(III) for which geochemical models, for example,
WHAM?7, SHM, and NICA-Donnan, have been calibrated.
Although bismuth(III) followed the expected trend based on
the theory of linear free-energy relationships between ligands
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with oxygen donor atoms (OH~ and R—CO(O)7), care
should therefore be taken when using such a relationship to
calibrate these geochemical models. Accordingly, additional
quantitative and qualitative studies on this topic are needed.
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