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Successful deployment of in situ subsurface remediation strategies requires knowledge of contaminant

geochemistry, and the impact of physicochemical sediment properties on remedy performance. Bismuth (Bi)

materials can sequester multiple contaminants that are present in the unsaturated zone and groundwater at

Department of Energy (DOE) legacy nuclear sites, such as the Hanford Site. Adsorption experiments for

individual contaminants (chromate, iodate, pertechnetate, and uranyl carbonate) were conducted with two

Bi materials: commercially available Bi-subnitrate (BSN); and laboratory synthesized Bi oxyhydroxide nitrate

(BOH). The structure and composition of the Bi material influenced hydrolysis and ion exchange interactions

in aqueous solution, with subsequent impacts on solution pH, contaminant speciation, and contaminant

uptake. X-ray diffraction revealed that the disordered BOH structure, initially containing charge balancing

nitrate and hydroxide anions, rapidly converted to bismutite, Bi2O2(CO3), in the presence of carbonate.

During this transformation, BOH removed most contaminant ions from solution. [Bi6O5(OH)3]
5+ clusters in

BSN underwent hydrolysis upon exposure to aqueous solutions, substantially reducing pH, and transforming

into several mineral phases, including a daubreeite (BiO(OH,Cl)) structure, and an unidentified mineral phase

(unk-Bi(NO3)x(OH)yOz). This transformation decreased uptake efficiency relative to BOH, except for

pertechnetate. The adsorption isotherms for the contaminants were fit with a Freundlich model that

describes adsorption to Bi materials with dissimilar binding sites. Solid phase characterization after reaction

confirmed structural rearrangement of the Bi materials and direct association of the contaminant ions with

Bi mineral structures via different mechanisms, including anion exchange or outer-sphere complexation for

pertechnetate, and inner-sphere adsorption for all other contaminants. Uranyl carbonate could substitute

between the [Bi2O2]
2+ layers, and some iodate was incorporated into a neo-formed d-Bi2O3 phase. This

remarkable versatility of Bi-based materials demonstrated here means that they are cost-effective materials

with the potential to sequester co-located contaminants at DOE legacy sites.
1 Introduction

Bismuth (Bi)-based materials are used in a wide variety of disci-
plines, including energy generation, medical applications, and
adsorbents for air and water treatment.1 Bi is a low-cost, envi-
ronmentally benign element with low toxicity, and it forms stable
. O. Box 999, 902 Battelle Boulevard,

earce@pnnl.gov

9, USA

Engineering, University of Washington,

tion (ESI) available. See DOI:

17350–17375
layered structures preserved during ion exchange processes with
several anions.2 For these reasons, Bi-based materials have
potential application to in situ subsurface remedies for seques-
tering multiple co-located contaminants.3

Different strategies for the synthesis of Bi-based materials can
be used to obtain a product with targeted composition,
morphology and particle size. By controlling the (i) physicochem-
ical properties of synthesis medium; (ii) nature and concentration
of Bi precursor and counterion; (iii) addition of templating
surfactants and capping agents; and (iv) time and temperature of
heating step, Bi-based materials with predictable structure-
composition functionality can be engineered for specic environ-
mental remediation applications.4 For example, the synthesis of Bi-
based materials can be tailored to incorporate radioiodine (129I) as
This journal is © The Royal Society of Chemistry 2025
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iodide in bismoclite BiOCl (I–BiOCl) microspheres,5 or as iodate in
Bi iodate, Bi(IO3)3,6 and BiO(IO3) with Aurivillius layers (Bi2O2)

2+

separated by IO3
− anions.7 Three-dimensional hierarchical Bi-

based materials have been successfully used for the sorption of
contaminants, e.g., uniform bismite (Bi2O3) nanotubes, synthe-
sized by a facile solvothermal method show high chromate
(CrO4

2−) removal rates over a pH range from 3 to 11.8

Layered Bi-based materials are structurally versatile and can
accommodate a range of environmentally important chemical
species, including uranium 238U, as uranyl carbonate complexes
(UO2(CO3)x

2−2x, iodine, 129I, as iodate (IO3
−) or iodide (I−), hex-

avalent chromium (Cr(VI) as chromate (CrO4
2−), selenite (SeO3

2−),
arsenate (AsO4

3−), and perchlorate (ClO4
−).9,10 Bi-based materials

sequester aqueous contaminants through multiple mechanisms
of interaction, including (i) outer- and inner-sphere adsorption of
contaminants; (ii) ion exchange and interlayer intercalation; and
(iii) precipitation and incorporation of different contaminants
within co-precipitated Bi-based neophases.11 Bismuth oxide
hydroxide materials intercalated with nitrate (NO3

−) and
carbonate (CO3

2−) can readily exchange interlayer anions for
contaminant anions such as CrO4

2−, pertechnetate (TcO4
−),

IO3
−, and I−. The layered structure of these Bi-based materials is

preserved during ion exchange processes and, depending on the
contaminant, the structure can undergo subsequent molecular
reorganization to generate a nal product in which the contam-
inant anions, e.g., IO3

− and I−, are structurally bound within the
Bi oxide layers (Leonard, Chatterjee et al. 2020). For cationic
aqueous species, such as the uranyl UO2

2+ ion, the uptake
mechanism is more complex, involving formation of negatively
charged uranyl carbonate complexes (UO2(CO3)x

2−2x), e.g.,
UO2(CO3)3

4−, with uptake driven by the presence of intercalated
CO3

2− in the layered structure.2b

During forty-ve years of plutonium production at the
Department of Energy's (DOE) Hanford Site, aqueous waste was
disposed to the ground, and the water under 168 km2 of the 1502
km2 site is contaminated beyond safe drinking water limits.12

DOE is currently evaluating and implementing actions to reme-
diate contaminated soil and groundwater at the Hanford Site.
Lawter et al.,10 assessed the potential for a Bi-based oxyhydroxide
material to sequester multiple contaminants of concern relevant
to contaminated soil and groundwater at the Hanford Site,
including TcO4

−, CrO4
2−, IO3

−, and UO2(CO3)x
2−2x, including the

effect of variable aqueous chemistry and the presence of sedi-
ment. Batch experiments were conducted using (i) a Hanford
synthetic groundwater containing combination of anionic
species of 99Tc, 238U, 129I, and Cr along with competing anions
such as carbonate (CO3

2−) and sulfate (SO4
2−); and (ii) a synthetic

perched water containing high concentrations of 99Tc, 238U, and
NO3

−. Removal efficiency was investigated when the contami-
nants were present individually and when they were comingled.
Successful removal from the aqueous phase was demonstrated
for the one-contaminant system (98 to > 99% aer 24 hours) and
when they were co-mingled, with 99Tc removal decreasing slightly
when all contaminants were present. In the high ionic strength
synthetic perched water, 99Tc removal decreased by a factor of
four, but 238U removal was largely unaffected. Although solid
phase characterization of the Bi oxyhydroxide demonstrated
This journal is © The Royal Society of Chemistry 2025
morphological and structural changes upon exposure to the
aqueous matrices containing the contaminants, the mechanisms
of interaction between the Bi-based materials and the different
contaminants were not identied.10

Hence, the objective of this work is to identify the mecha-
nisms of contaminant sequestration for Bi-based materials by
conducting a series of batch experiments with multiple
contaminants, e.g., CrO4

2−, IO3
−, TcO4

−, and UO2
2+-containing

species. Two Bi materials were targeted for investigation (i)
a commercially available bismuth subnitrate (BSN); and (ii) a lab-
synthesized bismuth oxyhydroxide nitrate (BOH). The inuence
of hydrolysis and CO3

2− exchange reactions upon exposure to
aqueous matrices on the structure of the Bi materials was
assessed. Adsorption isotherms were produced over a concentra-
tion range that is representative of Hanford Site eld conditions,
and the Bi materials were subsequently characterized to deter-
mine the nature of the uptake processes for the different
contaminants. Brunauer–Emmett–Teller (BET) specic surface
area analysis, X-ray diffraction (XRD), X-ray absorption spectros-
copy (XAS), X-ray photoelectron spectroscopy (XPS), total X-ray
scattering for pair distribution function analysis (XPDF), and
scanning electron microscopy-energy-dispersive X-ray spectros-
copy (SEM-EDS) were used to (i) characterize the Bi-based mate-
rials before and aer contaminant interaction; (ii) determine the
mechanisms of contaminant uptake; and (iii) compare removal
of co-contaminants by the two Bi-based materials.
2 Materials and methods

The experimental design involved a comparison of two mate-
rials: (i) a predominantly amorphous Bi oxyhydroxide nitrate
prepared in the laboratory by solvothermal treatment of Bi
nitrate and urea in ethylene glycol; and (ii) a more crystalline
commercial analogue of this material, Bi subnitrate, manufac-
tured by hydrolysis of an acidic solution of Bi nitrate through
the addition of alkali. The extent of further Bi hydrolysis,
accompanied by NO3

− exchange for CO3
2−, and associated

structural changes were investigated for each material. Labo-
ratory studies were conducted using contaminant and subsur-
face geochemical conditions representative of contaminated
soil and groundwater at the DOE's Hanford Site. The synthetic
groundwater (SGW) composition is based on the groundwater
chemistry beneath the Hanford Site and contains other
competing anions, predominantly, chloride (Cl−), CO3

2−, and
sulfate (SO4

2−). A range of concentrations of TcO4
−, CrO4

2−,
IO3

−, and UO2
2+-containing species were added to the experi-

ments, encompassing those measured in a highly contaminated
perched water zone at the Hanford Site,13 and within repre-
sentative Hanford Site contaminant plumes in the groundwater,
to measure adsorption isotherms and to understand Bi-based
material transformation as a function of contaminant uptake.
2.1 Materials

Caution! 99Tc and 238U are radioactive materials. Work with all
radioactive samples was performed by trained personnel inside
of a radiological fume hood.
J. Mater. Chem. A, 2025, 13, 17350–17375 | 17351
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Bi subnitrate (BSN) was obtained from Sigma-Aldrich (Stock#
B0426, Lot # MKCG7424). To synthesize Bi oxyhydroxide (BOH),
Bi(NO3)3$5H2O (0.75 mmol), and urea (2.7 mmol) were sus-
pended in 50 mL ethylene glycol with stirring. The mixture was
subjected to solvothermal treatment at 150 °C for 5 hours in
a Teon-lined autoclave. Aer the reaction mixture cooled to
room temperature, the ethylene glycol supernatant was dec-
anted, and the solid reaction product was collected via centri-
fugation. The solid was resuspended in ultrapure water (10 mL/
0.1 g sorbent), vortexed for 1 min, and collected by centrifuga-
tion. The washing procedure was repeated with ultrapure water
for a total of ve washes. The solid was then suspended in 100%
methanol (10 mL/0.1 g sorbent), vortexed for 1 min, and
collected by centrifugation. The methanol wash step was
repeated twice more, and the product allowed to dry at room
temperature.

Hanford SGW was prepared by addition of the reagents to
deionized water (DIW) in the order identied in Table 1.14 Once
the chemicals were dissolved, an excess of calcium carbonate
(CaCO3) was added to reproduce the carbonate-saturated Han-
ford groundwater, and the solution was stirred. Aer approxi-
mately 1 week, the solution was ltered to remove excess CaCO3

using a 0.45 mm lter. The pH of the Hanford SGW prior to
addition of Bi-based materials was 7.96.

The contaminant solutions were prepared as follows:
� Chromium (Cr) was added as potassium chromate

(K2CrO4) obtained from Fisher Scientic.
� Iodine (I) was added as sodium iodate (NaIO3), Acros

Organics, or potassium iodate (KIO3) obtained from Fisher
Scientic.
Table 1 Hanford simulated groundwater (SGW) composition

Constituent Concentration (mg L−1)

H2SiO3$nH2O, silicic acid 15.3
KCl, potassium chloride 8.20
MgCO3, magnesium carbonate 13.0
NaCl, sodium chloride 15.0
CaSO4, calcium sulfate 67.0
CaCO3, calcium carbonate 150a

a Above CaCO3 solubility, groundwater ltered prior to use.

Table 2 Target contaminant concentrations

Contaminant

Single contaminanta

Concentration (mg L−1 unless stated)

A B C

Tc 17.2 169 1630
U 38.4 382 3770
Cr 8.94 88.4 869
Ib — 213 1990

a For adsorption isotherms, contaminants were tested individually at conc
higher concentrations were used for solid phase characterization. b iodine
(B to D), and 1.5 × 10−3 mol L−1 (E).

17352 | J. Mater. Chem. A, 2025, 13, 17350–17375
� Technetium (99Tc, or Tc) was added as ammonium per-
technetate (NH4TcO4) obtained from in-house stocks available
at the Radiochemical Processing Laboratory, Pacic Northwest
National Laboratory.

� Uranium (238U, or U) was added as uranyl nitrate (UO2(-
NO3)2$6H2O) obtained from Alfa Aesar.

� Nitrate was added as NaNO3, obtained from Sigma-Aldrich.
For the adsorption isotherms, single contaminant solutions

were prepared by adding the appropriate amount of K2CrO4,
KIO3, NH4TcO4, and UO2(NO3)2$6H2O to Hanford SGW to
obtain concentrations around 1.70 × 10−7 mol L−1 (A), 1.70 ×

10−6 mol L−1 (B), 1.70 × 10−5 mol L−1 (C), and 1.70 ×

10−4 mol L−1 (D); 1.5 × 10−3 mol L−1 (E). K2CrO4 and NaIO3

solutions of 0.02 mol L−1 (S) were also prepared to produce Bi-
based materials with high contaminant loading for solid phase
characterization (Table 2).
2.2 Methods

2.2.1 Material restructuring and nitrate release upon
exposure to aqueous solutions. To determine the correlation
between structure and composition of the Bi-based materials
due to extended hydrolysis, uptake of CO3

2−, and concomitant
release of NO3

−, BOH and BSN samples were exposed to DIW
and to a CO3

2− solution (1.37 × 10−3 mol per L NaHCO3) at pH
8.29, approximating Hanford SGW conditions. BOH (0.1 g,
containing 2.4 × 10−4 mol NO3

−) or BSN (0.1 g, containing 2.74
× 10−4 mol NO3

−) was added to DIW (1 L) or to CO3
2− solution

(1 L). The solutions were shaken on a shaker table at ambient
temperature for 24 hours. Aer this time, the solution was
sampled (10 mL), ltered (0.45 mm lter) for ion chromatog-
raphy (IC) analysis, and the solid was separated for solid phase
characterization.

2.2.2 Adsorption isotherms. BSN or BOH (0.1 g) was added
to single contaminant solutions (100 mL) of K2CrO4, NaIO3,
NH4TcO4, and UO2(NO3)2$6H2O in Hanford SGW (Table 2) to
achieve a target solution-to-solid ratio of 1000. Process blanks
were prepared, including solution blanks (initial solutions
containing contaminants with no material) and material blanks
(BSN or BOH in Hanford SGW with no contaminants). The
125 mL bottles were sealed and shaken at 125 rpm to ensure the
suspensions remained well mixed for the required 24-hour
D E S

16.5 mg L−1 — —
37.7 mg L−1 — —
9.7 mg L−1 — 1040 mg L−1

21.6 mg L−1 190 mg L−1 2540 mg L−1

entrations ranging from 1.70 × 10−7 to 1.70 × 10−4 mol L−1 (A to D); the
concentrations were in the range from 1.70× 10−6 to 1.70× 10−4 mol L−1

This journal is © The Royal Society of Chemistry 2025
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period under ambient, aerobic conditions. Aer this time, the
bottles were removed from the shaker and allowed to settle for
15 min. A 10 mL sample from each reactor was ltered through
a 0.45 mm syringe lter. The rst 5 mL was used to prime the
lter and was discarded. The remaining 5 mL was used to
measure the pH and for inductively coupled plasma-mass
spectrometry (ICP-MS) analysis to measure total Cr, I, Tc, and
U. The experiments were conducted in duplicate. The adsorp-
tion–desorption distribution coefficient, Kd (mL g−1), was
calculated using eqn (1).

Kd = (Ci − Ct)/Ct × V/W (1)

where Ci is the initial concentration of analyte in the contact
solution; Ct is the concentration of analyte in the solution at
time t; V is the volume of the contact solution in mL; and W is
the weight of the dry material in grams.

Langmuir and Freundlich models were used to t the
experimental isotherms. The Langmuir model is commonly
applied to adsorption on a completely homogenous surface
with negligible interaction between adsorbed molecules. It
assumes surface monolayer sorption by identical binding sites15

and is given by eqn (2).

q ¼ qmaxKLC

1þ KLC
(2)

where q is the sorbed concentration at the time of equilibrium
(mg per g sorbent); KL – the Langmuir binding constant (L per mg
sorbate); C is the aqueous concentration, or equilibrium
concentration, of a sorbate (mg L−1); and qmax is the saturated
sorption capacity for a monolayer (mg g−1 of sorbent).

The Freundlich model describes sorption to a substrate that
has dissimilar binding sites, with the stronger binding sites
occupied rst,15 and is given by eqn (3).

q = KFC
1/n, (3)

where KF – the empirical Freundlich constant; n is the measure
of nonlinearity or Freundlich exponent. If n > 1, the binding
sites have been lled or are less attractive to the sorbate at
higher concentrations. If n = 1, sorption is the same for
different sorbed concentrations. If n < 1, the surface is modied
during the sorption process, favoring further sorption.

2.2.3 Solution phase analysis. Total Cr, I, Tc, and U
concentrations were analyzed on an ELAN DRC II ICP Mass
Spectrometer from PerkinElmer. Cation analysis was collected
on an Optima 8300 ICP Optical Emissions Spectrometer and
anion data were collected on a Dionex ICS-2000 Ion
Chromatograph.

2.2.4 Solid phase characterization
2.2.4.1 Brunauer–Emmett–Teller (BET) specic surface area

(SSA). The SSA of thematerials wasmeasured with an Accelerated
Surface Area and Porosity System (ASAP) 2020, from Micro-
meritics. The materials were degassed at 80 °C for 9 hours, with
a temperature ramp of 5 °C min−1. An aluminosilicate standard
(Micromeritics) with a known surface area of 214 ± 6 m2 g−1 was
analyzed immediately aer the sample. The measured surface
This journal is © The Royal Society of Chemistry 2025
area of the standard was 212m2 g−1, which is within the accepted
standard deviation range for the instrument.

2.2.4.2 X-ray diffraction (XRD). Materials were analyzed by
XRD to determine mineral phase composition and purity. Each
sample was prepared by crushing the sample into ne powder
using a mortar and pestle. Diffraction data were collected from
3 to 90° 2q, scanning at 0.5° min−1 and recording counts every
0.04° (5 s), using a Rigaku MiniFlex II Bragg–Brentano diffrac-
tometer with Cu-Ka radiation (l= 1.5418 Å) and a graphite post-
diffraction monochromator. Identication of material phases
was carried out using JADE® and TOPAS® XRD pattern pro-
cessing soware and reference patterns from the International
Centre for Diffraction Data (ICDD) powder diffraction database.

2.2.4.3 Total X-ray Scattering for pair distribution function
analysis (XPDF). Total XPDF analysis of BOH was completed at
beamline 11ID-B of the Advanced Photon Source (Argonne, IL
USA),16 using an incident photon energy of 58.6 keV (l = 0.2115
Å). Samples were measured using 0.8 mm ID Kapton® capil-
laries at a sample-to-detector distance of 16 cm. The scattering
patterns were acquired using an amorphous Si Perkin ElmerTM
detector system (2048 × 2048 pixels, 200 × 200 mm2 pixel size).
An empty capillary background was measured at identical
exposure parameters for each sample and subtracted aer
normalizing by beam intensity. A dilute ceria (CeO2) standard
(NIST diffraction standard set 674a) was used to calibrate the
sample-to-detector distance and orientation of the detector
relative to the incident beam path. Threshold, frame, spot, and
polygon masks were applied to the data to remove (1) the beam
stop (polygon mask), (2) over-/underexposed pixels (threshold
and spot masks), and (3) edge-related artifacts (threshold and
frame masks). Only two spots were specically masked. 2D
Scattering data were integrated from q= 0.55 to 25 Å−1 in GSAS-
II17 using a polarization correction of 0.99 to produce 1D
proles. PDFgetX3 18 was used to calculate the experimental pair
distribution proles. Instrument parameters for the calculation
were derived from a Rietveld-type renement for the PDF prole
of the CeO2 standard in PDFgui:19 qdamp = 0.03640, qbroad =

0.00118. The total structure factor and PDF proles of previ-
ously published structures were calculated in Discus20 and
PDFgui.

2.2.4.4 Scanning electron microscopy-energy dispersive X-ray
spectroscopy (SEM-EDS). SEM imaging and EDS elemental
distribution mapping were performed on thin sections
prepared by mixing an aliquot of material (∼100 mg) with epoxy
resin. The mixture was transferred into a 10-mm-base Plexiglas
mount, which was degassed and cured overnight under
vacuum. The dried mount was then cut and polished into 4-
mm-thin sections. The thin sections were carbon coated with
10 nm carbon layer by thermal evaporation using a 108 °C Auto
Carbon Coater (Ted Pella, Inc.), which improved sample
conductivity, reduced sample charging, and increased the SEM
image quality. SEM analyses were conducted with a FEI Quanta
3D eld emission electronmicroscope. Particle morphology was
examined using a secondary electron detector at acceleration
voltage of 5–10 kV and current of 0.17–0.34 nA. EDS elemental
mappings were collected using a X-Max 80 mm2 Silicon Dri
Detector from Oxford Instruments, at acceleration voltage of 30
J. Mater. Chem. A, 2025, 13, 17350–17375 | 17353
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kV and current of 4–6 nA. Elemental mapping acquisition time,
controlled with Oxford INCA soware, varied from 300 to 500 s.

2.2.4.5 X-ray absorption spectroscopy (XAS). The Advanced
Photon Source at Argonne National Laboratory was used to
determine the oxidation state and local coordination environ-
ment of the Bi-based material and the contaminants. The X-ray
absorption near edge structure (XANES) and extended X-ray
absorption ne structure (EXAFS) data at the Cr K-edge (5989
eV), I K-edge (33 169 eV), Tc K-edge (21 048 eV) and U LIII-edge
(17 166 eV) were acquired in uorescencemode on the beamline
20-BM. The incident beam energy was selected using a Si (111)
monochromator, and the X-ray beam was focused to a spot size
of∼400 mmusing a toroidal mirror. The uorescence signal was
monitored using a multielement, energy dispersive germanium
detector. Initial energy calibration was performed using
a chromium (Cr) foil and tin (Sn) foil for iodine. The XANES and
EXAFS data at the Bi LIII-edge (13 419 eV) were acquired in
transmission mode. Initial energy calibration was performed
using a lead (Pb) foil. The XANES and EXAFS data were analyzed
using the Athena and Artemis interface to the IFEFFIT program
package (version 0.9.26), respectively.21 The EXAFS t to the Bi
LIII-edge data for both BOH and BSN used the crystal structure
of tetraoxotetrahydroxohexabismuth(III) perchlorate heptahy-
drate, Bi6O4(HO)4(ClO4)6 (H2O)7 (ICSD 37147), and bismutite
(ICSD 94740) for BOH exposed to CO3

2−.
2.2.4.6 X-ray photoelectron spectroscopy (XPS). A Kratos AXIS

Ultra DLD system was used to acquire XPS spectra using
a monochromatic Al-Ka source (hn = 1486.7 eV). The samples
Fig. 1 SEM images at lower and higher magnification for (a and b) comm
(c and d) for synthesized bismuth oxyhydroxide nitrate (BOH), dis-BiOw(O
matching to the bismuth basic nitrate from Lazarini23 is in Fig. S1,† and (f)
are purple, O atoms red, N atoms grey.

17354 | J. Mater. Chem. A, 2025, 13, 17350–17375
were mounted in a powder form using a double-sided 3M
Scotch brand tape attached to a silicon substrate. The XPS
instrument work function was calibrated to give binding energy
of 84 ± 0.1 eV for the Au 4f7/2 line for metallic gold and the
spectrometer dispersion was calibrated to give a BE of 932.65 ±

0.1 eV for the Cu 2p3/2 line of metallic copper. Data acquisition
was carried out at normal take-off angle on an area of 300 mm ×

700 mm. Survey spectra were collected at a pass energy of 160 eV
with a step size of 1 eV, while high-resolution scans were at
40 eV at a step size of 0.1 eV (full width at half maximum,
FWHM, of Au 4f7/2 at 40 eV pass energy was 0.8 eV). During
analysis, a low-energy electron ood gun was used to minimize
surface charging, and the data were calibrated by referencing
the adventitious C 1s peak to 285 eV. All data processing was
performed using the soware CasaXPS. Wherever applicable,
a Shirley background correction was applied, and the peaks
tted using a Gaussian–Lorenztian (GL(30)) type curve.
3 Results and discussion
3.1 Characterization of Bi-based materials

The Bi-based materials investigated here, commercial bismuth
subnitrate, BSN, and synthesized bismuth oxyhydroxide nitrate,
BOH, were selected based on their ability to sequester chromate
(CrO4

2−), iodate (IO3
−), pertechnetate (TcO4

−), and uranyl
(UO2

2+) from synthetic Hanford groundwater and in the pres-
ence of Hanford sediments.3,10,22 BSN and BOH were charac-
terized by SEM-EDS, XRD, XPDF, BET, XAS, and XPS to
ercial bismuth subnitrate (BSN), clus-Bi12O10(OH)6(NO3)10$6(H2O), and
H)x(NO3)y(CO3)z; (e) XRD patterns for BSN (red) and BOH (black) – the
pairs of [Bi6O5(OH)3]

5+ clusters surrounded by nitrate groups. Bi atoms

This journal is © The Royal Society of Chemistry 2025
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determine their structural similarities and differences that
might affect subsequent mechanisms of interaction with
contaminants in solution.
Fig. 2 Bi LIII-edge XAS for BSN and BOH. (a) EXAFS and (b) transform
magnitude with imaginary part for BOH. (e) XANES for BOH and BSN sta

This journal is © The Royal Society of Chemistry 2025
The BSN starting commercial material was dened by
a vendor as “bismuth subnitrate” Bi5O(OH)9(NO3)4, but our
XRD analysis (Fig. S1(b)† showed that the diffraction pattern
magnitude with imaginary part for BSN; (c) EXAFS and (d) transform
rting materials with the inset of derivatives of normalized absorption.
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was consistent with the bismuth basic nitrate23 comprised of
[Bi6O5(OH)3]

5+ clusters linked in pairs through two bridging Bi–
O bonds and surrounded by charge-balancing NO3

− and H2O in
the arrangement shown in Fig. 1(f). The general formula for the
cluster can be written as clus-Bi12O10(OH)6(NO3)10$6(H2O).24

Renement of the structure to the XPDF data revealed only
a 0.2% discrepancy in unit cell volume (SI) compared to the
published structure and no signicant attenuation of the signal
at high r values (Fig. S1†). The t to Bi LIII-edge EXAFS data for
the BSN starting material showed two Bi–O paths at 2.14 ± 0.01
and 2.70 ± 0.03 Å and Bi–Bi path at 3.67 ± 0.03 Å (Table 4,
Fig. 2(a) and (b), which was in good agreement with XPDF peak
positions around 2.1 and 2.8 Å for O atoms and around 3.7 Å for
Bi atom (Fig. S1†). The Bi LIII-edge XANES data for BSN starting
material and its derivative (Fig. 2(e) with inset) was indicative of
asymmetrical coordination caused by the lone electron pair, as
investigated earlier by Tooth et al.;25 and described in more
detail for Bi aqueous solutions by Driscoll et al.26 Bi LIII-edge
XANES data did not provide information on coordination
geometry due to spectral broadening.25 The SEM images
(Fig. 1(a) and (b)) show that BSN has a densely packed physical
structure ordered into large crystalline domains. Thus, the BSN
material can be considered macro-crystalline and phase-pure.

The BOH starting material has a broad diffraction pattern
(Fig. 1(e) and S1(a)†) similar to that for the metastable delta (d)-
polymorph of bismite (Bi2O3). Compositional analysis conrms
that NO3

−, OH−, and CO3
2− are also present in this disordered

material. Here we use a prex “dis-” to indicate a high degree of
structural disorder of this material, dis-BiOw(OH)x(NO3)y(CO3)z.
XPDF analysis, with renement of the published structure of d-
Bi2O3,27 suggests the material is coherent to approximately
2.6 nm, with an average particle size below 3 nm (Fig. S1†).
Comparison of unit cell parameters to the published values is
difficult because the phase has previously only been observed at
high temperature (>1000 K). Hence, the rened unit cell volume
is only 92% of the published value, despite the increased
disorder commonly observed for materials with particle sizes <
Table 3 BET specific surface area (SSA) for Bi-based materials

Bi-based material

Commercial bismuth subnitrate
Synthesized bismuth oxyhydroxide nitrate

a Ranges capture variability in different batches of purchased BSN and sy

Table 4 EXAFS fit to Bi LIII-edge data for BSN and BOH (k-range: 3–12.

Sample Path Coordination number, CN Bond distance, R

BSN Bi–O 2.6 � 0.3 2.14 (1)
Bi–O 0.8 � 0.3 2.70 (3)
Bi–Bi 4.8 � 1.9 3.67 (3)

BOH Bi–O 2.3 � 0.3 2.13 (1)
Bi–O 0.5 � 0.2 2.67 (3)
Bi–Bi 1.6 � 1.0 3.66 (3)

17356 | J. Mater. Chem. A, 2025, 13, 17350–17375
10 nm. The residual of the XPDF renement suggests the
presence of some BSN-like material at approximately 5 vol%
(Fig. S1(c)†). The small crystallite size observed is supported by
BET measurements with BOH having a SSA two orders of
magnitude greater than that for the macro-crystalline BSN
(Table 3). The pore size distribution calculated from the
desorption curve for BOH (Fig. S1(e)†) shows that it is composed
of mesopores ranging from 3 nm to 8 nm. The non-overlapping
adsorption and desorption curves form a hysteresis loop (Fig.-
S1(f)†) and, based on the shape of hysteresis loop, the pores are
aggregates of plate-like shaped pores (Fig. S1(F),† inset).22 As
with BSN, the Bi LIII-edge EXAFS data for BOH could be t with
two Bi–O paths at 2.13 ± 0.01 and 2.67 ± 0.03 Å, and a Bi–Bi
path at 3.66 ± 0.03 Å (Table 4, Fig. 2(c) and (d)), which is in
reasonable agreement with the XPDF data. Depsite the coordi-
nation numbers from the t to the EXAFS data having relatively
large errors due to the noise in the data at high k, the coordi-
nation number for Bi–Bi in BOH was smaller than in BSN (Table
4). The wider Bi peak in the XPDF data for BOH, also signies
disorder (Fig. S1(c)†). The Bi LIII-edge XANES spectrum for BOH
was similar to that for BSN (Fig. 2(e) with inset), which also had
a stereochemically active lone pair and distortion in the
geometry.25 The similar coordination environment is also
conrmed by XPS analysis, in which the Bi 4f peaks for BSN and
BOH are at the same binding energies (Fig. 3). The SEM images
for BOH (Fig. 1(c) and (d)) show amore open structure than BSN
(Fig. 1(a) and (b)), supporting the higher SSA from the BET data.

Overall, BSN and BOH have different long range order
(crystalline vs. disordered, respectively) and morphology, but
have similar local coordination environments.
3.2 Hydrolysis and carbonate exchange

Bi-based materials are under evaluation for use in subsurface
remediation of contaminated groundwater; therefore, their
structural transformation due to hydrolysis upon exposure to
groundwater, and the effect of dominant ions present in the
Abbreviation BET SSAa (m2 g−1)

BSN 0.69–0.86
BOH 11.64–38.39

nthesized BOH.

5 Å−1; R-range: 1.2–4.2 Å; S0
2 = 0.85; E0 = 13 422 eV)

(Å) Sigma squared, s2 (Å2) DE0 (eV) Chir
2 R-factor

0.004 (1) −4.3 � 1.5 45.5 0.02
0.004 (1)
0.014 (3)
0.005 (1) −5.4 � 1.6 25.8 0.02
0.005 (1)
0.007 (4)

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 Bi 4f XPS for BSN (red) and BOH (green).
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groundwater on the composition of the material must be
considered. Hanford SGW (Table 1) is slightly alkaline (initial
pH = 7.96) and contains predominantly bicarbonate (HCO3

−)
Fig. 4 XRD patterns for (a) BOH and (b) BSN before and after exposure to
hours. Conversion of BSN and BOH starting materials to clustered bis
Bi2O2(CO3) in different aqueous media (bottom). Bi atoms are purple with

This journal is © The Royal Society of Chemistry 2025
species (Fig. S2†). It is hypothesized that some of the NO3
−

present in the structure of both BSN and BOH will be released
via exchange for CO3

2−, as well as via hydrolysis with subse-
quent incorporation of OH−. The extent of CO3

2− incorporation
will be signicantly affected by pH, due to the change in relative
speciation of carbon dioxide (CO2), bicarbonate (HCO3

−), and
carbonate (CO2

3−).28 At low pH the dominant species is aqueous
CO2, denoted on the diagram as H2CO*

3ðH2CO*
3 ¼

CO2ðaqÞ þH2CO3; where CO2ðaqÞ[H2CO3Þ, and concentra-
tions of CO3

2− species are negligible.29 At higher pH, the
dominant species is HCO3

−, and CO3
2− becomes the second

dominant carbonate species at pH > 8.3.
Samples of BSN and BOHwere exposed to: (i) DIW to assess the

effect of aqueous hydrolysis; and (ii) a solution contaning NaHCO3

at pH 8.29 to assess the effect of carbonate exchange. To investi-
gate structural transformation of BOH and BSN, the solid phases
were collected and analyzed by XAS (Fig. S3†) and XRD (Fig. 4).

When BSN is added to DIW, the pH decreases to 4.14 due to
aqueous hydrolysis (Table 8). This signicant drop in pH indi-
cates that BSN undergoes further incorporation of OH−, leading
to the formation of a clustered structure of Bi basic nitrate
described in Henry et al.30 clus-Bi6O4(OH)4(NO3)6, as conrmed
DIW and carbonate (1.37 × 10−3 mol per L NaHCO3 at pH 8.29) for 24
muth basic nitrate clus-Bi6O4(OH)4(NO3)6 and layered bismutite lay-
polyhedral faces shown, O atoms red, C atoms brown, N atoms grey.

J. Mater. Chem. A, 2025, 13, 17350–17375 | 17357
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by XRD (Fig. 4). The intercalation of NO3
−, in addition to OH−,

between the [Bi2O2]
2+ layers has been demonstrated in the

literature at pH # 5.4.31

When BOH is added to DIW, the presence of CO3
2− in BOH

structure (from its synthesis with ethylene glycol) partially acts
as a buffer, and the pH only decreases to 5.48 (Table 8). BOH
undergoes hydrolysis and incorporation of OH− upon exposure
to DIW, but the XRD pattern is dominated by bismutite, lay-
Bi2O2(CO3), due to the amount of CO3

2− in the BOH structure,
(Fig. 4), although the peaks are broad, suggesting a disordered
structure. The broad background is evidence that some of the
disordered BOH starting material remains aer 24 hours
exposure to DIW. The XANES spectrum for BOH changes
slightly upon exposure to DIW (Fig. S3(a)†), and the t of the
EXAFS data (Table S1†) shows an increase in the number of
coordinating Bi atoms, implying a more ordered structure.

BSN and BOH were also contacted with a solution containing
more HCO3

− (1.37× 10−3 mol per L NaHCO3, with a starting pH
of ∼8.3) than the estimated quantity of NO3

− present. Table 8
shows that the buffering capacity of carbonate species is suffi-
ciently high to maintain the pH range where HCO3

− dominates
Table 5 Theoretical and measured CO3
2− exchange for NO3

− in Bi-bas

Bi-based material Theoretical structural NO3
−(

BSN 0.272
BOH 0.240

Fig. 5 SEM images of BOH before (A and B) and after (C and D) exposu

17358 | J. Mater. Chem. A, 2025, 13, 17350–17375
(pH 7.71 for BSN and pH 8.57 for BOH). Table 5 shows that
NO3

− in Bi materials had been exchanged for HCO3
−/CO3

2−,
which leads to formation of bismutite (Fig. 4).

Hydrolysis and HCO3
−/CO3

2− uptake had a signicant effect
on the crystal structure of both BOH and BSN, resulting in
transformation to bismutite,32 in which CO3

2− coordinates the
[Bi2O2]

2+ layers such that the Bi atoms are regularly stacked on
top of each other along the c-axis (Fig. 4 and S4†). Conversion to
bismutite requires disruption of the initial structure and reas-
sembly to form [Bi2O2]

2+ layers of 8-coordinate Bi polyhedral,
with a high affinity for CO3

2− in the interlayer. Such trans-
formation of the [Bi6O5(OH)3]

5+ cluster to the bismutite struc-
ture was observed by Afonina et al.33 during exposure of the
crystalline [Bi6O5(OH)3](NO3)5$3H2O material to a carbonate
solution at pH 8. The XANES and EXAFS spectra for BOH (also
representative of BSN), show an increase in the intensity of the
white line and an increase in the Bi–Bi coordination number to
4.3 ± 1.4, conrming an increase in structural order (Table S1
and Fig. S3†). The Bi–Bi distance of 3.72 (±0.02) Å closely
matches the shortest Bi–Bi distance in the bismutite crystal
structure (3.717 Å). The XANES spectra for BOH in HCO3

−/
ed materials

mM g−1) Measured removed NO3
−(mM g−1)

0.279
0.126

re to Hanford SGW.

This journal is © The Royal Society of Chemistry 2025
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CO3
2− solution (Fig. S3(a)†) resembles literature data for bis-

mutite nanosheets.34

Hydrolysis and incorporation of anions also changes the
morphology of BOH and BSN, with Fig. 5 showing the swelling
of BOH structure aer exposure to Hanford SGW.

These results demonstrate that BOH and BSN have signi-
cant exibility, exhibiting different structural motifs, crystal-
linity, and anion interactions, depending on the nature of the
startingmaterial, the presence of HCO3

−/CO3
2− in solution, and

the presence of other ions. In the environment, CO2 from the air
will dissolve in water to form carbonate, which will result in the
transformation of both BOH and BSN into bismutite. However,
the difference in localized pH change for BOH vs. BSN may
inuence their interaction with other ions present in solution,
and the buffering capacity provided by carbonate present in the
BOH structure may offer an advantage. These interactions will
have implications for the use of BOH and BSN in remediation
strategies to remove ionic contaminants (CrO4

2−, IO3
−, TcO4

−,
UO2(CO3)x

2−2x) from groundwater and porewater at contami-
nated sites such as the Hanford Site; this is discussed in the
following sections.
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3.3 Adsorption isotherms

Batch experiments were used to investigate the adsorption
behavior of CrO4

2−, IO3
−, TcO4

−, and UO2(CO3)x
2−2x with BOH

and BSN. The maximum concentrations of groundwater
contaminants in the Central Plateau are 463 mg per L Cr(VI), 0.14
mg per L 129I, 1.80 mg per L 99Tc, and 3520 mg per L 238U.12 Thus,
adsorption behavior of these contaminants was tested at
concentrations in the ∼1–200 000 mg L−1 range to give a wide
range of loading values on the BOH and BSNmaterials (Table 6).
BOH exhibited almost quantitative uptake for CrO4

2− and
UO2(CO3)x

2−2x (>97%), with reasonable uptake for IO3
− (>76%)

up to 21.6 mg L−1 (sample D), but limited uptake for TcO4
− (9–

18%) over all concentrations tested (Table 6). Sorption capacity
for the highest contaminant concentration (sample D) ranged
from 1.5 mg g−1 for TcO4

− to 36.4 mg g−1 for UO2(CO3)3
4−

(Table 6). BSN also exhibited good uptake capacity for CrO4
2−

and IO3
− (>94%), but only up to ∼0.9 mg L−1 for CrO4

2− and up
to ∼2 mg L−1 for IO3

− (samples C). Uptake of UO2(CO3)3
4− by

BSN (37–83%) was lower than that for BOH, while uptake for
TcO4

− was two times higher for BSN across all initial concen-
trations. Sorption capacity for the highest concentration
(sample D) ranged from ∼3.0 mg g−1 for TcO4

− up to almost
20 mg g−1 for UO2(CO3)x

2−2x (Table 6). The similar adsorption
behavior of BOH and BSN is surprising, given that the nano-
crystalline BOH has a SSA two orders of magnitude greater
than that for the macro-crystalline BSN (Table 3). This high-
lights that the mechanism of interaction between bismuth-
based materials and contaminants is not just sorption but
involves more complex transformations that require investiga-
tion through solid phase characterization of the materials aer
the adsorption experiments.

The adsorption–desorption distribution coefficients (Kd) for
the experiments (Table 7) demonstrate that BOH and BSN have Kd
values > 1000 for most of the conditions tested, except for TcO4

−

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 17350–17375 | 17359
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with bothmaterials, for UO2(CO3)3
4−with BSN (sample C), and for

BSNwith the highest concentration of contaminants (sample E, S).
The presence of both the BOH and BSN materials (“Test”

results in Table 8), and the higher concentrations of contami-
nants, had a signicant inuence on pH of the experiments. As
discussed in Section 3.2, carbonate species concentrations in
solution are affected by pH, and HCO3

−/CO3
2− is no longer the

dominant species below pH ∼6.3 for Hanford SGW (Fig. S2†).
Addition of BSN lowers the pHmore than BOH due to hydrolysis
and exchange reactions. Compared to BOH and BSN tests in
DIW, the pH did not decrease as much for BOH in contaminant
solutions, except for TcO4

− solutions, implying some effect of
Table 7 24 Hours Kd values for uptake of CrO4
2−, IO3

−, TcO4
−, and UO

ratio of 1000a

Initial concentration, mg L−1

Cr I Tc U

BOH
A 8.94 — 17.2 38.4
B 88.4 213 169 382
C 869 1990 1630 3770
D 9680 21 600 16 500 37 700
E — 190 000 — —
S 1 030 000 2 540 000 — —

BSN
A 8.94 — 17.2 38.4
B 88.4 213 169 382
C 869 1070 1630 3770
D 9680 1990 16 500 37 700
E — 21 600 — —
S 1 030 000 2 110 000 — —

a “—” = experiments that were not performed.

Table 8 pHmeasurements in the presence (test) and absence (blank, no
L−1, C = 1.7 × 10−5 mol L−1, and D = 1.7 × 10−4 mol L−1, E = 1.5 × 10−3

Sample

H2O CO3
2−

Hanford SGW

CrO4
2−

Blank Test Blank Test Blank Te

BOH 6.45 5.48 8.24 8.57
A 7.99 6.
B 7.87 6.
C 7.93 6.
D 7.89 7.
E — —
S 8.29 6.

BSN 6.45 4.14 8.24 7.71
A 7.99 3.
B 7.87 3.
C 7.93 3.
D 7.89 4.
E — —
S 8.29 7.

a n.m. = not measured. b “—” = experiments that were not performed.

17360 | J. Mater. Chem. A, 2025, 13, 17350–17375
the other ions on BOH mineral transformation and their
possible exchange with structural CO3

2−. As described in
Section 3.2, BSN undergoes more hydrolysis than BOH, and the
presence of the contaminants did not signicantly affect this
except at high concentration of CrO4

2− (sample E). This high-
lights that (i) the extent of hydrolysis and interlayer substitution
in BOH and BSN strongly inuences solution pH; (ii) the pH-
dependent CO3

2− concentration plays an important role in
determining the structure of the BOH and BSN; and (iii) the
structure of BOH and BSN dictates the mechanism of interac-
tion with the different contaminants.
2(CO3)x
2−2x by BOH and BSN in Hanford SGW with a solution-to-solid

Kd, mL g−1

Cr I Tc U

32 107 — 221 1 837 190
284 193 5225 178 18 300 302
521 358 5256 123 6 624 724
3 537 285 3036 100 652 672
— 322 — —
100 396 43 894 — —

45 000 — 509 4551
451 579 63 094 434 1384
4 426 834 14 797 307 574
1337 1693 215 1136
— 34 — —
8 63 — —

Bi) adsorption experiments (A = 1.7 × 10−7 mol L−1, B = 1.7 × 10−6 mol
mol L−1 (IO3

−) and S = 0.02 mol L−1 concentration of contaminant)a,b

(pH 7.96)

IO3
− TcO4

− UO2(CO3)x
2−2x

st Blank Test Blank Test Blank Test

53 — — n.m. n.m. n.m. n.m.
64 7.90 6.60 7.92 5.56 6.62 6.73
57 7.95 6.39 n.m. n.m. n.m. n.m.
07 7.95 6.98 7.92 5.13 7.76 5.18

7.88 7.58 — — — —
97 5.67 5.83 — — — —

97 — — n.m. n.m. n.m. n.m.
96 7.90 3.95 7.92 5.02 6.62 6.47
96 7.95 3.97 n.m. n.m. n.m. n.m.
53 7.95 4.29 7.92 4.90 7.76 4.27

7.88 5.81 — — — —
07 5.67 4.45 — — — —

This journal is © The Royal Society of Chemistry 2025
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Table 9 Influence of Bi-based materials on groundwater constituents at highest contaminant loading (D = 1.7 × 10−4 mol L−1) and a solution-
to-solid ratio of 1000

Ca uptake (mg L−1) Mg uptake (mg L−1) K uptake (mg L−1) Na uptake (mg L−1) S uptake (mg L−1)

BOH
CrO4

2− 1.0 0.0 0.3 0.0 4.1
IO3

− −0.3 0.0 −0.2 −0.1 3.6
TcO4

− 0.6 −0.1 −0.4 −0.3 5.8
UO2(CO3)3

4− 0.1 0.1 0.5 −0.2 8.8

BSN
CrO4

2− 0.6 0.0 0.1 0.0 1.1
IO3

− 0.2 0.0 1.2 0.1 1.3
TcO4

− −2.2 −0.2 −0.3 −0.3 8.7
UO2(CO3)3

4− −0.6 0.0 0.6 −0.2 14.3
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To determine the inuence of the other competing ions in
the Hanford SGW, the uptake of calcium (Ca), magnesium (Mg),
potassium (K), sodium (Na), and sulfur (S) was measured by
subtracting the concentrations in the test solutions from the
Fig. 6 Linear fits to Freundlich sorption isotherms (linear form of eqn (3):
the time of equilibrium (mg per g Bi material) andC is the equilibrium conc
(a) Cr, (b) I, (c) Tc, and (d) U anionic species with BOH (blue) and BSN (red)
Hanford SGW.

This journal is © The Royal Society of Chemistry 2025
solution blanks containing the contaminant but no BOH or BSN
material (Table 9).

Ca+, Mg2+, K+, and Na+ cations are not signicantly taken up or
released by the BOH or BSN materials. Sulfur, present as anionic
log(q) = log(Kf) +(1/n) × log(C)), where q is the sorbed concentration at
entration, of a sorbate (mg L−1), for concentrations up to 1.7× 10−4 M of
obtained at a solution-to-solid ratio of 1000, contacted for 24 hours in
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sulfate (SO4
2−), is taken up by both BOH and BSN and likely

competes with the other contaminants for active sorption sites.
The most SO4

2− uptake occurs in the presence of TcO4
− and

UO2(CO3)x
2−2x, with more uptake by BSN than BOH, suggesting

that SO4
2− has a similar mechanism of interaction with Bi-based

materials and competes with these species for available sites.
The sorption data for contaminants concentrations up to 1.7

× 10−4 M (sample D) were t with both Langmuir and
Freundlich models, and showed better correlation (R2 $ 0.90)
with the Freundlich isotherm model (Fig. 6). The Freundlich
isotherm describes sorption onto substrates with dissimilar
binding sites, with the stronger binding sites occupied rst. A
comparison of the sorption behavior of BOH and BSN revealed
important trends. Sorption of CrO4

2− was difficult to quantify as
both BSN and BOH exhibited highly efficient sorption such that
the residual Cr concentration in solution was at the detection
limit for ICP-OES (except at the highest concentration). BSN
demonstrated higher uptake and only one data point was above
detection limit. The parameter n was >1 for most of the
isotherms, suggesting that sorption sites become less attractive
for the contaminant at higher concentrations. In one instance,
CrO4

2− sorption to BOH, the n parameter was < 1 (n = 0.41)
suggesting that BOH favored further sorption at high concen-
trations. The pH of most of the contaminant solutions was
signicantly lower with BSN than with BOH, but the pH of the
TcO4

− solution decreased to a similar value for both BSN and
BOH (Table 8). TcO4

− uptake by BSN and BOH also showed very
similar isotherms, implying similar sorption mechanisms.
TcO4

− sorption by BSN was two times more efficient, with
higher Kf value (Kf = 7.4 × 10−4 for BSN vs. 3.1 × 10−4 for BOH).
Isotherms for UO2(CO3)x

2−2x sorption by BSN and BOH also had
similar slopes, but BOH exhibited nearly three orders of
magnitude higher uptake (Kf = 2.7 for BOH vs. 5.2 × 10−3 for
BSN). The improved sorption with BOH is attributed to the
difference in pH of solutions equilibrated with BOH (8.45 at
highest U concentration) in comparison with BSN (4.98 at
highest U concentration) (Table 8). The lower pH solutions
contained less CO3

2− and resulted in the conversion of nega-
tively charged UO2(CO3)x

2−2x complexes to other U-bearing
species with less affinity for the positively charged BSN
binding sites. BSN and BOH exhibited comparable uptake effi-
ciency for IO3

−, but the sorption isotherms had drastically
different slopes, suggesting different incorporation mecha-
nisms. This is investigated further by solid phase character-
ization in Section 3.4.
Fig. 7 XRD patterns for BOH (a) and BSN (b) after exposure to different
concentrations of chromium for 24 hours, with inset highlighting key
structural changes. Layered bismuth oxide chloride hydroxide struc-
ture lay-BiO(OH,Cl) shown as inset in (b), Bi atoms are purple with
polyhedral faces shown, O atoms red, Cl green.
3.4 Adsorption experiment solid phase characterization

Solid phase characterization by XRD, XAS, and XPS was used to
investigate the interactions between the contaminants and the
Bi-based materials as a function of contaminant concentration,
and changes in pH. These interactions are evaluated for the
individual contaminants in the next sections.

3.4.1 Chromium. BOH exhibited almost quantitative
uptake for CrO4

2− under all experimental conditions, but the
XRD patterns in Fig. 7(a) show that the transformation of BOH
to bismutite was not the same at the different Cr
17362 | J. Mater. Chem. A, 2025, 13, 17350–17375
concentrations. The pH of the Cr-solution in contact with BOH
increases from ∼6.5 at low Cr concentrations to ∼7.0 at high Cr
concentrations, and, as the solutions were exposed to air, the Cr
speciation will be CrO4

2−, according to the Eh-pH diagram35

and experimental observations with Hanford groundwater.36

The broad peaks in the XRD patterns for BOH up to 9.7 ppm Cr
(or 0.19mM, sample D) correspond to bismutite, indicating that
BOH reassembled to form [Bi2O2]

2+ layers with CO3
2− in the

interlayer. The (004) peak corresponding to the distance
between the [Bi2O2]

2+ layers did not change, but the intensity of
the (011), (013), and (110) peaks decreased. This indicated that
while bismutite structure was preserved due to CO3

2− interca-
lation in the [Bi2O2]

2+ interlayer, the stacking order may have
been modied. The large size of the CrO4

2− ions (0.256 nm)37

compared with CO3
2− (0.178 nm)37 is not favorable for interlayer

incorporation; instead, CrO4
2− ions sorb onto the external (001)

plane as BOH reassembles into the [Bi2O2]
2+ layers, capping
This journal is © The Royal Society of Chemistry 2025
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active Bi sites and preventing their stacking in that direction,
but not limiting growth along the c direction. This causes the
morphology of the bismutite crystals formed in the presence of
higher CrO4

2− concentrations to become more platy and prone
to preferred orientation (Fig. 7(a), inset). At the highest Cr
concentration (1040 ppm, 0.02 M, sample S), CrO4

2− ions
outcompete the CO3

2− in Hanford SGW, and interact with the
NO3

− and CO3
2− present in the disordered BOH superstructure,

largely preventing it from reassembling, so that the diffraction
pattern is consistent with the BOH starting material (Fig. 7(a),
inset, and S5†). This is conrmed by XPDF analysis, which
shows Cr-reacted BOH has a similar short-range order and
coherence as the starting material (Fig. S6†). Aer sorption of
CrO4

2−, a small peak appears at 1.64 Å, consistent with the Cr–O
distance in CrO4

2−. The reacted BOH also has shorter average
Bi–Bi distances (3.77 Å), which are closer to the distances in
bismutite. The differential pattern (grey) in Fig. S6† highlights
four additional peaks consistent with bismutite short-range
order at 4.36, 5.50, 6.84, and 7.22 Å. This likely is evidence of
some reactivity of BOH with carbonate to form short-ranged
bismutite-like structural environments. The longest bismutite-
like distance (7.22 Å) corresponds to intralayer Bi–Bi correla-
tions, indicating formation of some bismutite layers.

Due to the hydrolysis reactions discussed in Section 3.2, the
pH of Hanford SGW and Cr samples A–D with concentrations
below 9.7 ppm, decreases to ∼4 upon contact with BSN (Table
8), and there is insufficient HCO3

− at this pH to promote the
transformation to bismutite. The speciation of Cr is also
different in the acidic pH regime, forming HCrO4

− species.35

The structure changes from clus-Bi12O10(OH)6(NO3)10$6(H2O)
starting material to a crystalline compound that did not match
any reference patterns in the ICDD database. However, the XRD
pattern did resemble that for the product formed when bismuth
was oxidized in dilute nitric acid, which has a reported stoi-
chiometry of Bi6(NO3)4(OH)2O6$2H2O (ICDD reference 00-028-
Fig. 8 (a) Cr K-edge XANES spectra; (b) k2-weighted c(k) spectra and
associated with BOH (black line), BSN (red line) and for a 1.45 molal solu

This journal is © The Royal Society of Chemistry 2025
0654).38 This stoichiometry suggests Bi clusters of the general
formula Bi6Ox(OH)8−x charge-balanced by NO3

−, referred to
here as unknown or unk-Bi(NO3)x(OH)yOz. Another structure in
these samples resembled clus-Bi6O4(OH)4(NO3)6 and a layered
structure similar to daubreeite lay-BiO(OH,Cl) (Fig. 7(b)),
incorporating Hanford SGW constituents, e.g. Cl−. Sample D
(9.7 ppm or 0.19 mM) also had some initial BSN, clus-Bi12O10(-
OH)6(NO3)10$6(H2O). At the highest Cr concentration
(1040 ppm or 0.02 M; sample S), CrO4

2− inhibits the hydrolysis
reaction with the pH remaining at 7.07, and BSN remaining as
clus-Bi12O10(OH)6(NO3)10$6(H2O) (Fig. 7(b) and S5†). Removal of
Cr by this crystalline BSN material is much less than with the
disordered BOH, dis-BiOw(OH)x(NO3)y(CO3)z, under the same
high Cr conditions (24% vs. 100%, Table 6).

At the highest Cr concentration, the amount of CrO4
2−

removed by BOH and BSN (Table S2†) and the structure of the
materials before and aer uptake (Fig. S8†) were the same in
DIW and Hanford SGW, implying that groundwater constitu-
ents cannot compete with CrO4

2− at high concentrations.
To conrm Cr speciation, and to assess any potential coor-

dination between Bi-based material and CrO4
2−, the BOH

sample aer contact with the highest Cr concentration in water
(1040 ppm) was analyzed by Cr K-edge and Bi LIII-edge XANES
and EXAFS (Fig. 8 and S9†). The pre-edge features in the Cr K-
edge XANES are similar and very sharp, as would be expected
for the regular tetrahedral CrO4

2− oxyanion, and as suggested
by the XPDF data (Fig. S6†). There are differences in the Cr K-
edge EXAFS and Fourier transform (Fig. 8(b)) showing higher
amplitude for Cr–O rst shell in BOH (black line) and sug-
gesting preferable formation of bidentate over monodentate
complexes on the BOH surface, which are characterized by the
increased rst shell Cr–O coordination numbers with higher
surface coverage.40 This is supported by the higher Cr uptake by
BOH compared to BSN (sample S, Table 6).
Fourier transform magnitude for Cr (1040 ppm or 0.02 M; sample S)
tion of CrO4

2− at pH 13 (green line).39
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The XPS survey scans for sample D (∼10 ppm Cr) for both the
BOH and BSN materials show that the concentration of Cr was
too low to detect on the surface. Only peaks for O 1s, Bi 4p, 4d
and 4f, and C 1s were present, therefore none of the compo-
nents fromHanford SGW became associated with the BOH/BSN
surface in quantities greater that 1 atomic % (Fig. S11 and
S12†). The Cr concentration on BOH and BSN exposed to
1040 ppm Cr in Hanford SGW and in DIW was high enough to
obtain Cr 2p XPS spectra (Fig. 9). The binding energies for the
Cr 2p3/2 and Cr 2p1/2 regions were 578.8 and 588.1 eV for BOH in
Hanford SGW (Cr–BOH-2), and 579.0 and 588.3 eV for BOH in
water (Cr–BOH-4), respectively. Similar results were obtained
for BSN in Hanford SGW (Cr-BSN-1) and BSN in water (Cr-BSN-
4), where the Cr 2p3/2 binding energy was 579.2 eV in both cases.
These binding energies correspond to the presence of Cr(VI)
species on the surface of the samples, in agreement with Cr K-
edge XAS results. The Cr 2p3/2 binding energies are 0.3–0.7 eV
lower than that for the starting K2CrO4 material, which may
indicate a slight increase in electron density on the Cr atoms
associated with the Bi material compared with K2CrO4. This
effect is more pronounced for Cr associated with BOH than for
Cr associated with BSN. To conrm that Cr did not undergo X-
ray beam induced reduction, Cr 2p XPS spectra were collected
for both BSN and BOH with an increasing time of acquisition
(Fig. S15†), and no change in Cr 2p3/2 binding energy was
observed.

SEM analysis of BOH aer exposure to ∼10 ppm Cr
(0.19 mM, sample D) in Hanford SGW reveals∼50 mmbismutite
Fig. 9 Cr 2p XPS spectra for (a) BOH exposed to 1040 ppmCr (0.02M; sa
exposed to 1040 ppm Cr in Hanford SGW (Cr-BSN-1) and DIW (Cr-BSN

17364 | J. Mater. Chem. A, 2025, 13, 17350–17375
particles with a ‘ower-like’ morphology oen associated with
Bi-based materials.41 This structure is very different from the
morphology of BOH exposed to Hanford SGW in the absence of
Cr (Fig. 5), suggesting specic interactions between Cr and the
BOH material. EDS maps showed that the Cr was more
concentrated on the outer edges of the particles than in the
center (Fig. 10).

In contrast to BOH, SEM analysis of the BSN particles
exposed to∼10 ppm Cr (sample D) in Hanford SGW reveals that
they are smaller in size (1–5 mm) and have an irregular
morphology, consistent with the disordered and crystalline
phases identied by XRD. EDS maps showed that the Cr was
more evenly distributed over the smaller BSN particles (Fig. 11).

BOH and BSN samples exposed to the highest Cr concen-
tration (1040 ppm, 20 mM, sample S) were used for solid phase
characterization and preserved their initial structure in DIW
and in Hanford SGW. The contact time for these experiments
was relatively short (24 hours) and mineral transformation of Bi
materials is expected to continue over longer exposure times;
the dynamics of these transformations in the environment will
be studied in future publications. XAS and XPDF analyses
showed that Cr was taken up by the Bi materials as CrO4

2−. BOH
showed quantitative uptake of CrO4

2− (1040 ppm, 20 mM,
sample S), while BSN removed only around 24%. This supports
EXAFS data showing higher surface coverage of CrO4

2− on BOH
than BSN, possibly as a bidentate complex, even though
coverage was not uniform (Fig. 10). At lower Cr concentrations
(0.17 to 17 mM, samples A to C), CrO4

2− uptake by BOH was
mple S) in Hanford SGW (Cr–BOH-2) and DIW (Cr–BOH-4) and (b) BSN
-4) for 24 hours.

This journal is © The Royal Society of Chemistry 2025
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Fig. 10 SEM images and EDS maps for BOH exposed to 10 ppm Cr (0.19 mM, sample D) in Hanford SGW for 24 hours.

Fig. 11 SEM images and EDS maps for BSN exposed to 10 ppm Cr (0.19 mM, sample D) in Hanford SGW for 24 hours.

This journal is © The Royal Society of Chemistry 2025 J. Mater. Chem. A, 2025, 13, 17350–17375 | 17365
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Fig. 12 XRD patterns for BOH (a) and BSN (b) after exposure to
different concentrations of iodine for 24 hours, including the crystal
structure for d-Bi2O3. Bi atoms are purple with polyhedral faces shown,
O atoms red.
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quantitative and BOH transformed into bismutite with modi-
ed stacking of the [Bi2O2]

2+ layers. At lower Cr concentrations,
CrO4

2− uptake by BSN was also near quantitative, and BSN
underwent different mineral transformation, resulting in the
unidentied structure unk-Bi(NO3)x(OH)yOz. These observations
are supported by pH data (Table 8), implying changes in the
extent of hydrolysis affected mineral transformation. Relatively
small quantities of BOH and BSN can quantitatively remove
Cr(VI) from solution at concentrations relevant to remediation of
contaminated sites, and in the presence of common competing
anions present in groundwater and porewater.

3.4.2 Iodine. BOH exhibited reasonable uptake for IO3
−

(>76%) up to ∼22 ppm (0.17 mM; sample D), and the XRD
patterns in Fig. 12(a) show that the BOH structure undergoes
different transformations as a function of IO3

− concentration.
The pH of the solution in contact with BOH increases from∼6.4
to∼7.0–7.6 at high IO3

− concentrations. The broad peaks in the
XRD patterns for BOH aer IO3

− uptake correspond to bismu-
tite. As the IO3

− concentration increases, the relative intensities
of the bismutite peaks change and the patterns indicate
increasingly less long-range order. The (004) peak correspond-
ing to the distance between the [Bi2O2]

2+ layers decreases,
relative to the intensities of the (011), (013), and (110) peaks.
This could be because some IO3

−, which has a radius (0.181
nm)37 similar to that of CO3

2−, is substituting for CO3
2− between

the [Bi2O2]
2+ layers, but the [Bi2O2]

2+ layer structure remains the
same. At the highest IO3

− concentration (190 ppm, or 1.5 mM;
sample E), the intensity of all peaks is reduced, but the breadth
of the (110) peak, corresponding to the width of the platelets,
remains relatively sharp. This suggests that the disorder is
primarily in the direction perpendicular to the [Bi2O2]

2+ planes
and the lateral dimensions of the platelets are not signicantly
altered. XPDF analysis of the reacted BOH conrms the
appearance of distances around 1.92 Å, consistent with the I–O
distance in the iodate anion (Fig. S7†). As with CrO4

2−, the
highest IO3

− concentration stabilized smaller particle sizes of
BOH, with some bismutite distances present in the short-range
order (grey bands). However, the bismutite formed at the
highest IO3

− concentrations exhibits medium- and long-range
peaks beyond the 3 nm size expected for BOH. This is consis-
tent with bismutite, which is conrmed by its presence in the
XRD data due to its high crystallinity and high electron density
[Bi2O2]

2+ layers, despite being a minority constituent.
BSN also exhibited good uptake capacity for IO3

− (>94%) up
to 2 ppm (16 mM; sample C). Hydrolysis reduced the pH of IO3

−

samples B, C, and D to ∼4.0–4.3 upon contact with BSN (Table
8). There is insufficient HCO3

−/CO3
2− content for trans-

formation to bismutite under these acidic conditions, but the
crystal structure does change from clus-Bi12O10(OH)6(NO3)10-
$6(H2O) to the unidentied layered structure, unk-Bi(NO3)x(-
OH)yOz, to lay-BiO(OH,Cl) and to clus-Bi6O4(OH)4(NO3)6
(Fig. 12(b)), incorporating Hanford SGW constituents, e.g., Cl−.
Clus-Bi6O4(OH)4(NO3)6 was not found in sample D. At the
highest IO3

− concentration (sample E, 190 ppm, 1.5 mM), the
solution pH decreased from 7.9 to 5.8, and the XRD for the
solids exhibited sharp peaks corresponding to a face-centered
cubic (FCC) structure with a 5.7 Å lattice parameter. A reliable
17366 | J. Mater. Chem. A, 2025, 13, 17350–17375
match with Bi-containing reference patterns was not found, but
the metastable d-Bi2O3 has an FCC structure with a similar
lattice parameter (Fig. 12(b) inset). Consequently, the material
formed at 190 ppm of IO3

− may be a compound related to d-
Bi2O3 with IO3

− substitution. This structure was not as efficient
at IO3

− uptake (around 3%) as the structures formed at lower
pH (∼4.0–4.3).

To determine IO3
− speciation, and assess any potential

coordination between Bi and IO3
−, the BOH sample with the

highest IO3
− concentration (2540 ppm or 0.02 M; sample S) in

water was analyzed by I K-edge and Bi LIII-edge XANES and
EXAFS (Fig. 13 and S10†). The main I K-edge XANES absorption
edge for I associated with BOH (black line) and BSN (red line)
differs from that for the KIO3 standard (Fig. 13(a)), including
a reduction in the intensity of the white line, and a shi to lower
energy, corresponding to IO3

− reduction. There are also differ-
ences in the I K-edge EXAFS (Fig. 13(b)), and a reduction in
intensity in the rst oxygen shell of BSN, as well as slight
This journal is © The Royal Society of Chemistry 2025
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Fig. 13 (a) I K-edge XANES spectra; (b) k2-weighted c(k) spectra and Fourier transform magnitude for I (2540 ppm or 0.02 M; sample S)
associated with BOH (black line), BSN (red line), and for KIO3 (blue line).
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amplitude reduction for the rst shell in BOH. This may suggest
that one of the three I–O bonds of IO3

− became elongated,
reducing the number of oxygens at the shorter distance. XPDF
data show a very small peak right by the peak at 1.92 Å, sup-
porting this observation (Fig. S7†). A similar elongation of the
I–O bond length from 1.81 Å to 1.94–1.95 Å was also observed
for IO3

− adsorbed on chalcopyrite.42

Surface sensitive XPS was performed to investigate the
nature of the I species associated with BOH and BSN. The survey
Fig. 14 I 3d XPS spectra for (a) BOH exposed to 190 ppm I in Hanford SG
Hanford SGW (BSN–I-D) for 24 hours.

This journal is © The Royal Society of Chemistry 2025
scans for sample E (190 ppm or 1.5 mM of I) for BOH and BSN
show peaks for I 3d, O 1s, Bi 4p, 4d and 4f, and C 1s, but none of
the other components present in Hanford SGW (Fig. S11 and
S12†). The binding energies for the Bi 4f7/2 and Bi 4f5/2 regions
show a slight shi to higher energies for BOH and BSN exposed
to IO3

−, compared to BOH and BSN exposed to Hanford SGW
only (Fig. S13 and S14†), suggesting slightly lower electron
density around Bi in the presence of IO3

−. The I 3d XPS spectra
for BOH shows two sets of peaks (Fig. 14). The rst set of I 3d5/2
W (BOH–I-D) and (b) BSN exposed to 190 ppm (1.5 mM; sample E) I in

J. Mater. Chem. A, 2025, 13, 17350–17375 | 17367
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and I 3d3/2 peaks at binding energies of 619 and 630.5 eV,
respectively, correspond well to an I− species. The second set of
I 3d5/2 and I 3d3/2 binding energies are at 624 and 635.5 eV,
respectively, which correspond to an IO3

− species. To determine
if IO3

− underwent X-ray beam induced reduction, I 3d XPS
spectra were collected for both BSN and BOH with an increasing
time of acquisition (Fig. S16†). For BOH, the X-ray beam
induced the slow reduction of IO3

− to I− with increasing
acquisition time (Fig. S16(a)†). Such beam induced reduction
was not observed in the I K-edge XANES analysis, but at the high
energy of the I K-edge (33 keV), it is likely that this would have
occurred immediately upon beam exposure and before collec-
tion of the rst XANES spectrum. For the BSN, there is only one
Fig. 15 SEM images and EDS maps for BOH exposed to 190 ppm I (1.5

Fig. 16 SEM images and EDS maps for BSN exposed to 190 ppm I (1.5 m

17368 | J. Mater. Chem. A, 2025, 13, 17350–17375
set of peaks in the I 3d XPS spectra for I 3d5/2 and I 3d3/2 at
624 eV and 635.5 eV, respectively, corresponding to IO3

−

(Fig. 14). No beam induced reduction of IO3
− occurred with BSN

(Fig. S16(b)†), which may imply that the IO3
− is bound more

rigidly.
SEM analysis of BOH aer exposure IO3

− in Hanford SGW
revealed ∼50 mm bismutite particles, some with an irregular
morphology, and some with a ‘ower-like’ morphology like
those for BOH aer exposure to Cr, but with thinner ‘petals’
(Fig. 15). As shown by XRD in Fig. 12(a), IO3

− sorbs onto
surfaces of the crystallites as they grow, interfering with crystal
growth in the (001) plane, resulting in thinner stacks of
[Bi2O2]

2+, and changing the aggregate morphology from thicker
mM; sample E) in Hanford SGW for 24 hours.

M; sample E) in Hanford SGW for 24 hours.

This journal is © The Royal Society of Chemistry 2025
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Fig. 17 XRD patterns for BOH (a) and BSN (b) after exposure to
different concentrations of technetium for 24 hours.
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‘petals’ with CrO4
2− (Fig. 10) to thinner ‘petals’ with IO3

−

(Fig. 15), but differences in the initial concentrations (1.5 mM
IO3

− vs. 0.19 mM CrO4
2−) should be considered. This structure

is very different from the morphology of BOH exposed to Han-
ford SGW only (Fig. 5), conrming specic interactions between
IO3

− and BOH. EDS maps showed that the I was evenly
distributed over the Bi particles (Fig. 15).

SEM analysis showed that the BSN particles exposed to IO3
−,

identied by XRD as a related to d-Bi2O3 structure with IO3
−

substitution, have an irregular morphology very different from
bismutite. EDS maps showed that IO3

− was closely associated
with BSN and evenly distributed over the particles (Fig. 16).

The data imply substantial differences between the mecha-
nism of uptake for IO3

− by BOH and BSN. At low IO3
−

concentrations, BOH formed bismutite, with IO3
− substituting

for CO3
2−in the interlayer due to their similar ionic radii. At

high concentrations, 25.3% of the IO3
− was removed from

solution by BOH, and reduction of IO3
− to I− occurred during

XPS data collection. Only 3.4% of the IO3
− was removed from

solution by BSN under the same conditions, and only IO3
− was

detected by XPS. This might be because IO3
− is more rigidly

bound in the d-Bi2O3 structure formed by the transformation of
BSN. Both BOH and BSN remove IO3

− (around 84 and 98%,
respectively) from solution at lower concentrations (1.7 and 16
mM, samples B and C, respectively) in the presence of common
competing anions, but the different uptake mechanisms may
affect IO3

− retention over longer timescales, and under
changing geochemical conditions.

3.4.3 Technetium. Uptake of TcO4
− by BOH in Hanford

SGW was limited and decreased with increasing concentration
from 18% at 0.017 ppm Tc to 9% at 17 ppm Tc. The pH of the
solution dropped to 5.1–5.6 in the presence of BOH (Table 8).
The XRD patterns for BOH samples B and D (0.17 ppm, 1.7 mM,
and 17 ppm, 170 mM Tc, respectively) in Fig. 17(a) are very
similar and correspond to bismutite, indicating that the CO3

2−

present in solution was sufficient to convert all of the BOH to
[Bi2O2]

2+ layers with CO3
2− in the interlayer. The bismutite

peaks are sharper with the higher Tc concentration.
Uptake of TcO4

− by BSN under these conditions was twice
that for BOH; 34% with 0.017 ppm Tc dropping to 18% with
17 ppm Tc. The pH of the solution dropped to 4.9–5.0 in the
presence of BSN (Table 8). The XRD patterns for samples B and
D (0.17 ppm, 1.7 mM, and 17 ppm, 170 mM Tc, respectively), are
very similar and show that BSN converted into crystalline
compounds unk-Bi(NO3)x(OH)yOz and lay-BiO(OH,Cl).

Although the Tc concentration in these solid phases was too
low for Tc K-edge XANES and EXAFS, data were collected for
BOH with 100 ppm Tc and a lower solution-to-solid ratio, and
compared with that for NH4TcO4 (Fig. S17, S18 and Table S3†).
The Tc K-edge XANES and EXAFS spectra were very similar, with
the prominent pre-edge peak corresponding to tetrahedral
TcO4

−. There is no indication of any signicant differences in
the EXAFS data beyond the rst shell that might suggest coor-
dination with Bi.

The BOH and BSN sample D (17 ppm, 170 mM Tc) was
analyzed by XPS, but the survey scans show that the Tc
concentration at the surface was below detection, and peaks
This journal is © The Royal Society of Chemistry 2025
were only present for O 1s, Bi 4p, 4d and 4f, and C 1s (Fig. S11
and S12†). However, the binding energies for the Bi 4f7/2 and Bi
4f5/2 regions do shi to higher energies for BOH and BSN in the
presence of Tc, compared to BOH and BSN exposed to Hanford
SGW (Fig. S13 and S14†).

SEM analysis of BOH aer exposure to 17 ppm Tc in Hanford
SGW (Fig. 18, top) showed a morphology that resembled the
‘ower-like’ morphology for BOH exposed to Cr (Fig. 10) and I
(Fig. 15). SEM analysis of BSN aer exposure to 17 ppm Tc in
Hanford SGW (Fig. 18, bottom) showed an irregular
morphology that had ner nano-scale structure than BSN
exposed to Cr (Fig. 11) or I (Fig. 16). It was not possible to obtain
an EDS map for Tc as the Bi Ma line at 2.423 KeV and Mb at
2.526 keV overlaps with Tc La at 2.424 KeV and Lb at 2.537 keV.

The isotherms for BOH and BSN have the same slope and t
(Fig. 6), suggesting that both materials interact with TcO4

− by
the same, non-specic adsorption mechanism. TcO4

− is a large,
charge-diffuse anion and only forms outer sphere complexes (as
implied by the EXAFS data in Fig. S18†); therefore, the mecha-
nism of interaction involves exchange for the charge balancing
J. Mater. Chem. A, 2025, 13, 17350–17375 | 17369
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Fig. 18 SEM images for BOH (top) and BSN (bottom) exposed to 17 ppm (170 mM; sample D) Tc in Hanford SGW for 24 hours.
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NO3
− on the surface. Because this is a non-specic interaction,

the efficiency of uptake is correlated with the number of avail-
able exchange sites, and directly linked to the amount of
bismuth in the system. This non-specic interaction also means
that TcO4

− is susceptible to release from BOH and BSN if there
are signicant concentrations of competing exchangeable
anions in solution.

3.4.4 Uranium. BOH exhibited quantitative uptake (100%)
for U under all experimental conditions. The pH of the U
solution was 6.73 at lower U concentrations (0.4 ppm, 1.6 mM,
sample B), but decreased to 5.2 at higher U concentrations
(40 ppm, 160 mM; sample D) (Table 8). At low U concentrations
(#0.4 ppm), there is sufficient CO3

2− in solution to convert BOH
to bismutite (Fig. 19(a)). At high U concentrations (4 and 40
ppm), there is sufficient UO2

2+ to form complexes, e.g., UO2(-
CO3)x

2−2x,43 with all of the remaining CO3
2− in solution.28 This

prevents the transformation of BOH to bismutite, and the XRD
pattern for BOH at the highest U concentration (40 ppm) is
consistent with the dis-BiOw(OH)x(NO3)y(CO3)z starting material
(Fig. 19(a)).

BSN exhibited lower capacity for UO2
2+, taking up 83% at low

U concentrations (0.04 ppm), but with uptake decreasing by
variable amounts to 59% at 0.4 ppm U, 37% at 4 ppm U, and
54% at 40 ppm U. Solution pH decreased to 4.27 in sample D
(40 ppm, 160 mM U), and there was insufficient CO3

2− in solu-
tion to complex with positively charged UO2

2+, resulting in the
formation of neutral UO2SO4 or UO2(NO3)2 species that have
poor affinity for positively charged binding sites on BSN (Table
8). The XRD pattern for BSN with 0.4 ppm U shows that it
converted from ordered [Bi6O5(OH)3]

5+ clusters in the starting
17370 | J. Mater. Chem. A, 2025, 13, 17350–17375
material to dis-BiOw(OH)x(NO3)y(CO3)z. The XRD pattern for
BSN at the highest U concentration (40 ppm) is consistent with
that for unk-Bi(NO3)x(OH)yOz, the unknown crystalline
compound formed aer exposure of BSN to CrO4

2−, IO3
−, and

TcO4
− (Fig. 19(b)).

Surface sensitive XPS was performed to investigate the
nature of the U species associated with BOH and BSN. The
survey scans for sample D (40 ppmU) for both the BOH and BSN
materials show peaks for U 4f, O 1s, Bi 4p, 4d and 4f, and C 1s
(Fig. S11 and S12†). Peaks for N 1s are present in the survey scan
for BSN-U-D, but not for BOH-U-D, suggesting that in the higher
pH solution with BOH, the U is complexed with CO3

2−, and in
the lower pH solution with BSN, the U is complexed with NO3

−.
The binding energies for the Bi 4f7/2 and Bi 4f5/2 regions show
a shi to higher energies for BOH and BSN in the presence of U,
compared to BOH and BSN exposed to Hanford SGW (Fig. S13
and S14†). Upon deconvolution of the high-resolution scan of
the U 4f region (Fig. 20), the U 4f7/2 peak for both BOH and BSN
was best t with a single component, with binding energies of
383.7 and 383.6 eV for BOH and BSN, respectively. These
binding energies suggest the presence of U(VI) species. Satellite
intensities at about 4 eV and 10 eV above the main peaks are
known to be characteristic features for U(VI) compounds.44 The
high resolution scans conrmed the presence of signicant
amount of NO3

− associated with the BSN sample, but no NO3
−

associated with the BOH sample. To determine if U underwent
X-ray beam induced reduction, U 4f XPS spectra were collected
for both BSN and BOH with increasing acquisition time
(Fig. S19 and S20†). As observed previously for IO3

−, the BOH
sample showed signs of beam-induced reduction from U(VI) to
This journal is © The Royal Society of Chemistry 2025
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Fig. 19 XRD patterns for BOH (a) and BSN (b) after exposure to
different concentrations of uranium for 24 hours.

Fig. 20 U 4f XPS spectra for (a) BOH and (b) BSN exposed to 40 ppm U (
399.7 eV (in green) is assumed to be a reduced nitrogen species. Data are
and Tables S4 and S5† for details).

This journal is © The Royal Society of Chemistry 2025
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U(V) (Fig. S19†). No beam-induced reduction was observed with
the BSN sample (Fig. S20†). These results were also conrmed
by bulk XANES spectroscopy at the U LIII-edge (Fig. S21†). For
the BOH sample, the intensity of the synchrotron X-ray beam
rapidly reduced U(VI) to U(IV), as shown by comparison with the
derivative for UO2, but the BSN sample remained as U(VI), with
the energy of the derivative shied to a higher energy corre-
sponding to UO3.

SEM analysis of BOH aer exposure to 40 ppm U in Hanford
SGW (Fig. 21) showed a morphology that resembled the ‘ower-
like’ morphology for Cr (Fig. 10) and I (Fig. 15), but with much
ner nano-scale structure. This nano-scale structure is very
different from themorphology of BOH exposed to Hanford SGW
in the absence of U (Fig. 5), suggesting specic interactions
between U and the BOH material that are different from those
between both Cr and I and BOH. EDS maps showed that the U
was evenly distributed over the Bi particles (Fig. 21).

SEM analysis of BSN aer exposure to 40 ppm U in Hanford
SGW (Fig. 22) showed an irregular morphology that also had
much ner nano-scale structure that was more similar to BSN
with Tc (Fig. 18, bottom) than BSN with Cr (Fig. 11) or I (Fig. 16).
EDS maps showed that the U was evenly distributed over the Bi
particles (Fig. 22).

In Fig. 6, the isotherms for both BOH and BSN have
comparable slopes, but BOH exhibited higher efficiency for
UO2

2+ uptake. The mechanism of UO2
2+ uptake by BSN involves

specic interactions between Bi6O4(HO)4
6+ clusters and UO2(-

CO3)x
2−2x species present in solution. The pH in solutions

containing BSN is too low to retain CO3
2− and the U is

predominantly present as neutral species, including UO2(NO3)2
and UO2SO4, consistent with the removal of 14.3 ppm of SO4

2−

from solution in sample D (Table 9). These neutral species will
have lower affinity for the layered [Bi2O2]

2+-containing structure
that forms upon reaction between BSN and Hanford SGW, than
the negatively charged UO2(CO3)x

2−2x species.
0.16 mM; sample D) in Hanford SGW for 24 hours. The small feature at
shown in black, fit of individual components to spectra in red (see ESI
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Fig. 21 SEM images and EDS maps for BOH exposed to 40 ppm U (160 mM; sample D) in Hanford SGW for 24 hours.

Fig. 22 SEM images and EDS analyses for BSN exposed to 40 ppm U (160 mM; sample D) in Hanford SGW for 24 hours.
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4 Conclusion

A systematic study of commercially available bismuth sub-
nitrate (BSN) and laboratory synthesized bismuth oxyhydroxide
nitrate (BOH) was conducted to evaluate structural and func-
tional relationships between these materials and different
aqueous environments, increasing in complexity from water, to
aqueous solutions containing carbonate, to common ground-
water constituents and contaminants.

The bismuth-based starting materials undergo hydrolysis
and carbonate exchange reactions upon exposure to aqueous
solutions over 24 hours. Disordered BOH (dis-BiOw(OH)x(NO3)-

y(CO3)z) transforms into layered bismutite (lay-Bi2O2(CO3)) in
both water and carbonate-containing solutions. The
[Bi6O5(OH)3]

5+ clusters surrounded by nitrate in BSN (clus-
17372 | J. Mater. Chem. A, 2025, 13, 17350–17375
Bi12O10(OH)6(NO3)10$6(H2O)) transform into another clustered
compound (clus-Bi6O4(OH)4(NO3)6) in water, and into layered
bismutite (lay-Bi2O2(CO3)) in carbonate-containing solutions.

The mechanisms of reaction between contaminants and
BOH depend on the contaminant ion and its concentration in
solution. At low concentrations of CrO4

2− and IO3
− (<200 mM),

removal efficiency by BOH was high, and the mechanism
involved sorption onto the (00l) plane of bismutite as it forms
from BOH, limiting crystal growth in the direction perpendic-
ular to [Bi2O2]

2+ planes. At higher concentrations (>1 mM),
CrO4

2− removal by BOH remained high, but IO3
− removal

decreased. The high concentrations of CrO4
2− and IO3

− ions
limited the transformation of the starting material into the
layered bismutite structure, and uptake efficiency was depen-
dent on availability of sorption sites on the BOH starting
This journal is © The Royal Society of Chemistry 2025
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material. TcO4
− removal from solution by BOH was low, with

the mechanism involving non-specic adsorption and ion
exchange for charge-balancing NO3

−, making TcO4
− susceptible

to release back into solution if high concentrations of other
exchangeable anions, e.g., SO4

2−, are present in solution.
Removal of UO2

2+ species from solution by BOH was near
quantitative at all concentrations tested, and occurred via
specic interactions between UO2(CO3)x

2−2x and CO3
2− present

in the interlayer of bismutite as it formed from BOH.
Hydrolysis of BSN, composed of paired [Bi6O5(OH)3]

5+ clus-
ters, substantially reduced solution pH and resulted in the
formation of several unidentied phases, including unk-
Bi(NO3)x(OH)yOz. At low concentrations of CrO4

2− and IO3
− (<20

mM), removal efficiency by BSN was high, but CrO4
2− and IO3

−

uptake decreased substantially at higher concentrations (>∼200
mM). At higher IO3

− concentration, a new phase related to d-
Bi2O3 formed, with possible incorporation of IO3

− into its
structure. Uptake of TcO4

− by the BSN transformation product,
unk-Bi(NO3)x(OH)yOz, was higher than for the BOH trans-
formation product, bismutite. However, uptake of UO2

2+ species
by BSN was not as high as for BOH. Bismuth-based materials
uptake UO2

2+ species by specic interactions between negatively
charged UO2(CO3)x

2−2x species that form in solution in the
presence of CO3

2−, and positively charged binding sites in the
bismutite interlayer as it forms from the starting material.
Therefore, uptake of UO2

2+ species by BSN was inhibited as
there was insufficient CO3

2− present in solution at the lower pH
for UO2(CO3)x

2−2x species or bismutite to form.
These results of this study demonstrate that bismuth-based

materials exhibit different particle sizes and shapes, structural
motifs, crystallinity and anion interactions, depending on the
nature of the starting material, the pH of the solution, and the
presence of other ions. The remarkable versatility of bismuth-
based materials means that they are cost-effective candidates
for sequestering co-located contaminants (CrO4

2−, IO3
−, TcO4

−,
UO2

2+) in situ under a wide range of aqueous geochemical
conditions. Additional work will be conducted to assess the
long-term stability of these bismuth-based materials under
eld-relevant conditions, including the inuence of changing
groundwater chemistry, and the impact of sediment
interactions.
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