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ARTICLE INFO ABSTRACT
Keywords: Understanding the behaviour of uranium waste, for disposal purposes, is crucial due to the correlation between pH
Ads‘).fl?tiofl values and the disposal of distinct types of waste, with low level waste typically associated with acidic pH values, and
Precipitation higher and intermediate level waste commonly related to alkaline pH values. We studied the adsorption of U(VI) on
g}r;n;;m sandstone and volcanic rock surfaces at pH 5.5 and 11.5 in aqueous solutions with and without bicarbonate (2 mM
FTIR HCO3) using XAS and FTIR. In the sandstone system, U(VI) adsorbs as a bidentate complex to Si at pH 5.5 without

bicarbonate and as uranyl carbonate species with bicarbonate. At pH 11.5 without bicarbonate, U(VI) adsorbs as
monodentate complexes to Si and precipitates as uranophane. With bicarbonate at pH 11.5, U(VI) precipitated as a
Na-clarkeite mineral or remained as a uranyl carbonate surface species. In the volcanic rock system, U(VI) adsorbed to
Si as an outer sphere complex at pH 5.5, regardless of the presence of bicarbonate. At pH 11.5 without bicarbonate, U
(VI) adsorbed as a monodentate complex to one Si atom and precipitated as a Na-clarkeite mineral. With bicarbonate
at pH 11.5, U(VI) sorbed as a bidentate carbonate complex to one Si atom. These results provide insight into the
behaviour of U(VI) in heterogeneous, real-world systems related to the disposal of radioactive waste.
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1. Introduction

Radioactive wastes are stored at or near the surface, with long term
plans of eventual deep geologic storage for some of the wastes (inter-
mediate-level waste (ILW) and high heat generating wastes) [50]. Un-
derground storage of wastes will be coupled with further cement
backfill, which will lead to high pH values (pH 10-13.5) in the near field
of the wastes for thousands of years [30]. Radioactive low-level waste
(LLW) and ILW will be disposed of in drums filled with cement, which
will solidify and fill voids within the waste while reducing radiation
exiting the drum. In deep geologic storage where reducing conditions
exist, uranium (U) is likely to be present as U(IV) species, which may
subsequently precipitate to form uraninite [13]. However, there remains
uncertainty around potential re-oxidation of U(IV) to U(VI) if the system
is exposed to a future influx of oxidising groundwaters or from oxidants
produced by the irradiation of water by radioactive waste [19]. There-
fore, consideration of U(VI) species remains important in developing an
environmental safety case in the deep geologic disposal of radioactive
waste, as they tend to be more mobile than U(IV) species.

LLW will be disposed of in high pH generating vaults, as well as in
trenches - some with no cement [30]. The degradation of cellulosic
materials and corrosion of metals would lead to lower pH environments
(pH 3-6) in those systems [17]. The disposal of LLW will likely be in the
vadose zone, where U is likely to be present as a U(VI) species.
Depending on the disposal regime, U may be present as a range of uranyl
(hydr)oxide and carbonate species over a pH range of 3-13.5, with U
minerals expected to form at high pH [37,8,4,47,40,40]. Therefore, if U
becomes mobilised in one of the above disposal scenarios, it is important
to understand how it may interact with the surrounding rocks to aid in
predicting potential contamination of aquifers or surface waters.

Many studies have investigated the removal of U from solution via
single mineral systems [60,22,46,6,56,60,15] and less with complex
heterogeneous real rocks and sediments or complex mixtures of minerals
[22,59,51,5,39]. Two significant modes of uranium (U) removal from
solution have been generally observed in the presence of a range of rocks
and minerals, as the pH is varied from 2 to 12. Kenney et al. [39] re-
ported there to be a sorption envelope in the range of pH 4-8 and an
envelope controlled by U(VI) precipitation between pH 10-12, and saw
little removal between pH 8-10 for sandstone and crystalline volcanic
rock. This dip between pH 8-10 was believed to be due to the persistence
of the negatively charged uranyl species which interact with predomi-
nantly negatively charged surfaces (e.g., [59,46,51,23,31,11,39]). For
example, when high concentrations of carbonates are found in, or are
added to, the U-containing solution, U forms negatively charged species
that include UO»(CO3)3~ in alkaline solutions which does not readily
sorb to rocks or minerals [37,29,40,40].

Ensuring the safe and effective disposal of radioactive waste is a
matter of utmost importance, but the way to achieve it is often a subject
of controversy [7]. There have been numerous debates in various
countries regarding the optimal geological and geographical locations
for storing such hazardous materials. It is increasingly crucial to un-
derstand how the geology of a disposal site may interact with any po-
tential release of radionuclides. In our previous work [39], we
investigated the crystalline basement rock (Borrowdale Volcanic Group)
and a potential aquifer rock (St. Bees Sandstone), which have been
extensively studied and discussed in the context of the United Kingdom,
in terms of their suitability to act as areas that may be at risk of
contamination in the event of waste leakage from a future Geological
Disposal Facility or near-surface storage of waste [30]. Specifically, we
[39] studied the removal of U from solution as a function of pH, U
concentration, and bicarbonate content onto the sandstone and volcanic
rock. We found that when bicarbonate was added to the system, U was
removed from solution in a bimodal manner, as explained above. When
bicarbonate was not added to the system, U was assumed to be removed
solely through adsorption over a broader pH range of 4 to 12 via the rock
surface or precipitation of a sodium uranate mineral suspended in
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solution, based on aqueous speciation modelling. While we [39] were
able to determine the extent of U removal from solution by the two rocks
with and without the addition of bicarbonate, the molecular bonding
environment of U was not determined.

The objective of our current research is to advance the understanding
of molecular-level interactions by which sandstone and volcanic rock
are capable of removing U from solution, building upon our previous
study [39]. Specifically, our goal is to investigate the adsorption (at pH
4-8) and precipitation (at pH 10-12) regimes identified in the previous
study, aiming to provide a comprehensive understanding of the intricate
processes, whether adsorption or precipitation reactions, involved in U
removal from solution by these geological materials. To do this, the
rocks were first characterised by modelling potentiometric titration data
to develop surface complexation models to quantify the proton-active
surface sites available for U binding. Batch experiments were subse-
quently conducted and the rocks with were analysed using extended X-
ray absorption fine structure (EXAFS) spectroscopy to understand how
the U is bound to functional groups on the rocks and/or if there is U
precipitation. Experiments were conducted at pH 5.5 and 11.5, to test
the assumptions in Kenney et al. [39], that at pH 5.5 U was adsorbed to
the surface of the rocks and at pH 11.5 U was precipitated as a sodium
uranate mineral. Fourier transform infrared (FTIR) spectroscopy was
used to confirm that there was no change in the mineralogy of the rocks
over the course of the experiments.

2. Materials and methods
2.1. Solution and rock preparation

St. Bees Sandstone, which is an iron-coated sandstone, and volcanic
rock from the Borrowdale Volcanic group were collected from Cumbria,
UK, as they were rocks from a site that was previously considered for
disposal of wastes in the UK [30]. The rocks were crushed and sieved to
between 128 and 700 mm before being washed, using the same pro-
cedure as Kenney et al. [39], to remove surface contaminants. Briefly,
this washing procedure employed a 1 M NaOH wash, lasting less than 2
min, followed by a rinse with 18.2 MQ water, repeated two times. This
procedure was used to ensure the same methods were followed as in
Kenney et al. [39] and because it has been shown to be an effective way
to remove surface impurities to ensure the rock particles are cleaned
prior to experiments [66,42,32]. Following the washing, the sandstone
and volcanic rocks were dried at 45 °C for 24 h. The rocks used in this
study are the same as those used in Kenney et al. [39], with a specific
surface area (BET) of 1.3496 mz/g for the sandstone and 0.7549 Inz/g
for the volcanic rock. Kenney et al. [39] determined from X-ray
diffraction (XRD) analyses that the sandstone was comprised of mostly
quartz with some microcline and mica, with an iron coating, which was
assumed to be hematite. The volcanic rock consisted of quartz, chlorite,
mica, plagioclase, and calcite.

Uranium solutions of 10 ppm were prepared using a 1000 ppm
standard U(VI) nitrate stock solution (VWR). This concentration of U
was chosen to better compare our results to the study by Kenney et al.
[39]. All solutions were diluted with 0.1 M NaCl, to buffer the ionic
strength and mimic a mild groundwater salinity, to reach the desired U
concentrations in this study. Sodium bicarbonate stock solutions (Sigma
Aldrich) of 0.1 M were prepared and used to spike bicarbonate-
containing solutions and suspensions to a NaHCOs3 concentration of 2
mM.

2.2. Potentiometric titrations

Potentiometric titrations were conducted on suspensions of sand-
stone and volcanic rock (15-90 g/L) using a method similar to Kenney
et al. [38]. The suspensions were buffered for ionic strength using 0.1 M
NacCl, which was bubbled with N5 for 30 min prior to titration. Titrations
were conducted under an N3 atmosphere and were continuously stirred
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with a magnetic stir bar to ensure the crushed rock remained suspended.
Each titration was carried out a minimum of two times in each direction
(2x forward and reverse titrations) on the sandstone and the volcanic
rock suspensions, using a Metrohm 888 Titrando automated burette
assembly and pH measurements were conducted with a ROSS SLS semi
micro glass combination electrode filled with 0.1 M NaCl. The rock
suspensions were first acidified to pH 2.5 using 1.0 M HCl and aliquots of
1.0 M NaOH were added to raise the pH of the suspensions to approxi-
mately pH 10.5 (forward titration) before being lowered again to pH 2.5
(reverse titration) using 1.0 M HCI, to test the reversibility of proton
binding and to ensure that the minerals did not undergo significant
dissolution during the titrations.

2.3. Surface complexation modelling

Titration data from the sandstone and volcanic rock were modelled
using a discrete proton-active site surface complexation model,
following the approach developed by Fein et al. [26]. The functional
groups on the rocks are represented by distinct sites that deprotonate
according to the following reaction:

R — SitexH < R — Sitey +H* @

where R represents the rock surface to which each type of functional
group, Sitey, is attached. The equilibrium constant (K,) for this reaction
is expressed as:

K, = [R — Siteg]*ay. /[R — SitexH' 2

where R is the bulk rock, [R-Sitex] and [R-SitexH°] represent the
concentrations of the deprotonated and protonated form of site type
Sitey, respectively, and ay represents the activity of protons in solution.
Experimental data for proton sorption to the rocks were modelled with a
non-electrostatic surface complexation model using the computer pro-
gramme FITEQL 2.0 [64]. The non-electrostatic model (NEM) approach
has been applied to describe the surface sites of multi-components sys-
tems such as mineral assemblages [18,49,1], bacterial cells [10,35,38],
and organic-mineral composites [2]. The resulting models allow for
prediction of the sorption of actinides to the surfaces of these rocks
under dynamic environmental conditions.

2.4. EXAFS and FTIR sample preparation

Batch experiments were conducted in a in the same manner to those
described in Kenney et al. [39]. Briefly, we used suspensions of crushed
sandstone or volcanic rock (~5 g/L), with initial U(VI) solution con-
centrations of 10 ppm in 0.1 M NaCl electrolyte solution, with and
without the addition of 2 mM NaHCOj3. The uranyl solutions were made
by diluting the 1000 ppm U(VI) stock solution with 0.1 M NacCl, after
which the pH of the solutions was adjusted to 5.2-5.7 or 11.3-11.6
(referred to as 5.5 of 11.5 throughout), and those ranges chosen from
areas of increased removal from solution noted by Kenney et al. [39].
The total mass of rock for each sample was 1.0 g. Following the protocol
outlined in Kenney et al. [39], each sample was left to react for a period
of three days. Samples were divided into subsets, part of which was used
for EXAFS measurements and part for FTIR analysis. Aliquots were also
taken to measure total U concentration by inductively coupled plasma
mass spectroscopy (ICP-MS) analysis, to later calculate U removal from
solution by the rocks. The details of the experimental conditions for each
of the samples are outlined in Table 1.

2.5. FTIR spectroscopic data collection and analysis

FTIR spectroscopy was used to ensure that mineralogical changes to
the rocks (e.g. dissolution or precipitation of secondary minerals) did
not occur during the experiments and, insofar as possible, to detect the
adsorption or precipitation of U at the mineral surface. Samples were
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Table 1
Sample conditions for the U-removal batch experiments.
Sample Rock type U(vD HCO3 pH after Amount of rock in
name M) (mM) reaction suspension (g/L)
SS 5 Sandstone 4.20E- 0 5.2 4.23
05
SS5 Sandstone 4.20E- 2 5.2 4.57
HCO3 05
SS11.5 Sandstone 4.20E- 0 11.3 5.61
05
SS11.5 Sandstone 4.20E- 2 11.3 4.66
HCO3 05
BVG 5.5 Volcanic 4.20E- 0 5.5 4.94
rock 05
BVG 5.5 Volcanic 4.20E- 2 5.7 4.58
HCO3 rock 05
BVG 11.5 Volcanic 4.20E- 0 11.6 5.09
rock 05
BVG 11.5 Volcanic 4.20E- 2 11.4 4.78
HCO3 rock 05

analysed on a Nicolet 5700 Spectrometer using a diamond ATR crystal.
A background spectrum, with 128 scans and a spectral resolution of 4
cm™!, was taken of the empty ATR crystal before spectra were recorded
of the subset of dried samples. The dried samples were pressed onto the
ATR crystal and 128 scans with a spectral resolution of 4 cm™! were
recorded for each sample. The spectra were baseline corrected using
asymmetric least squares fitting [25] with parameters A = 20,000 and p
0.001, smoothed using a Savitzky-Golay filter [55] and area-
! using a previously developed

normalized from 1200 to 800 cm™
script [27].

2.6. EXAFS spectra collection and data analysis

EXAFS spectra were collected at the U Ly-edge (17.116 keV) at
Beamline 4-1 of the Stanford Synchrotron Radiation Lightsource (SSRL),
USA. Approximately 10 mg of each dry sample was loaded without
dilution into Al X-ray cells (1 mm thick) with Kapton windows. Samples
were mounted at the cold finger of a liquid N2 cryostat. U LIII-
fluorescence spectra were collected using a typical beam size of 5-10
mm, using detuned Si (220) double-crystal monochromators calibrated
with an Y foil (K-edge at 17038.4 eV).

The EXAFS spectra were processed using SIXPACK and the Horae
program suite [63]. Backscattering phase and amplitude functions
required for fitting of spectra were obtained from FEFF8. Data were fit
using Artemis, using the Fourier transformed signal of the EXAFS spectra
(R-space).

3. Results
3.1. Characterisation of sandstone and volcanic rock

3.1.1. Fourier transform infrared spectroscopy

FTIR spectroscopy was used to monitor changes in the sandstone and
volcanic rock before and after reacting for three days with the 10 ppm U
(VI) solution, at pH 5.5 and 11.5, with and without the presence of
HCO3. The FTIR spectra for sandstone, volcanic rock, as well as quartz,
chlorite, and goethite reference materials, are given in Fig. 1. Kenney
et al. [39] found that the sandstone is predominantly made up of quartz,
using XRD analysis. FTIR spectroscopy in this study noted the presence
of quartz with dominant peaks at 1195, 1161, and 1078 cm™ !, which
match those peaks for the Si-O bonds in the quartz standard. Further
peaks were identified in the sandstone at 1054 and 1006 cm ™}, which
were assumed to be those of microcline [58]. The goethite standard had
a peak at 890 em ™!, which represents the Fe—O—H band, and which is
lower than the peak we observed at 912 cm ™ for the sandstone. The
Fe—O—H band appearing at 916 cm ™! is consistent with hematite [53]
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Fig. 1. FTIR spectra of U(VI) adsorbed on St. Bees Sandstone (SS) and Borrowdale Volcanic Group (BVG) in 0.1 M NaCl solution at pH 5.5 and pH 11.5 with or

without of additions of 2 mM HCO3.

and therefore it is likely that hematite is the iron oxide mineral that is
coating the sandstone. This hematite-coating is in line with previous
assumptions made in Kenney et al. [39], as they were unable to deter-
mine the mineralogy of the iron mineral in the St. Bees Sandstone with
XRD due to the low relative concentration of the iron.

There is little change in the sandstone spectra after the 24-hour
equilibration of U(VI) solutions at pH 5.5 and 11.5, with and without
the addition of HCO3, except for some variation in the shoulder at 912
cm !, This may relate to variations in the amount of iron oxide on the
surface of the sandstone with respect to the quartz concentration. It is
unlikely that this peak relates to the precipitation of a uranyl mineral in
the pH 11.5 solution, since there is a decrease in the peak at 912 cm™! at
pH 11.5, where we would expect to see precipitation. However, there is
an increase in the peak at 912 cm™! in the experiment conducted at pH
5.5 with HCO3 added, in line with expected peaks due to the formation
of surface complexes. If U was adsorbing to Fe-O, we would expect a shift
to lower wavenumbers, which is not observed. The peak at 912 cm™?
only shows changes in magnitude; therefore, differences are primarily
due to variations in the amount of Fe-O in the system, and thereby in the
iron oxide coating thickness- potentially from dissolution. This is espe-
cially likely since Kenney et al. [39] observed small amounts of Fe in
solution following experiments above pH 8. If there is precipitation of U
on the surface of the sandstone, it is likely a minor phenomenon, because
the concentration of U is below the detection limits of FTIR.

The infrared spectra of the volcanic rock exhibit the same peaks
belonging to quartz (1195, 1161, and 1078 cm™!). Furthermore, peaks
at 1222, 935, and 900 cm~! were observed. The peak at 1222 em s
likely a contribution from the C—O bonds within calcite, the peak at
935 cm™! from chlorite, which has a peak at 935 cm™! in our standard,
and the peak at 900 cm ! is likely a contribution from the Fe—O—H
bonds in the chlorite and mica, with a possibility of trace amounts of
iron oxide minerals in the volcanic rock due to weathering. The spectral
variations among the sandstone samples were small, whereas the vol-
canic rock samples did not show any changes during the experiments (as
shown in Fig. 1). Like the sandstone, the concentration of U associated
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with the surface of the volcanic rock was too low to be detected.
Therefore, analysis of the EXAFS data was used to interpret the surface
coordination of uranium.

3.1.2. Potentiometric titrations

The results from the potentiometric titration experiments for sand-
stone and volcanic rock appear in Fig. S1A and S1B, respectively (Sup-
plementary material). The data show three separate “forward” titrations
of rock materials. The data are presented as the buffering capacity,
which is defined as the concentration of acid [a] minus the concentra-
tion of base [b] normalised to the mass of rock (g) at each step of the
titration, as a function of pH (Fig. S2; see Supplementary material). The
buffering capacity of the rocks between pH 3-10 is (1.64 £+ 0.22) x 102
mol/g for the sandstone and (1.13 £ 0.34) x 1072 mol/ g for the volcanic
rock. This buffering capacity is like what has been measured for clay-
rich soils [48]. A comparison between the forward and the reverse ti-
trations is shown in Fig. S2. We observed no significant hysteresis in the
sandstone or volcanic rock systems. With the volcanic rock, there was a
very small difference between the forward and reverse titrations.
However, the differences observed in the forward and reverse titration
were generally smaller than the differences between the replicates,
confirming this hysteresis to be insignificant. With insignificant hys-
teresis between the forward and reverse titrations, and the lack of
changes in the FTIR spectra between pH 5.5 and 11.5 for either the
sandstone or the volcanic rock over the course of the experiments, we
can therefore assume that our washing procedure removed any loosely
bound surface contamination and that there was no observed dissolution
of the rocks over the course of our experiments.

3.1.3. Surface complexation modelling

The potentiometric titration data in our study were modelled using a
NEM to determine the proton binding constants and site densities for the
sandstone and volcanic rock (Fig. 2). The NEM approach was chosen as
it accurately describes surface sites of complex multi-site systems (e.g.
[18,49,2,38,12], and enables comparison with other studies using SCM.
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The goodness of fit for each of the models was calculated using the re-
sidual V(Y) function, with V(Y) values between 0.1 and 20 indicating a
good fit [64]. These values are determined for aqueous species in solu-
tion, and the range of acceptable error can be higher for multi-mineral
suspensions [33]. Sandstone and volcanic rock were modelled so that
the lowest V(Y) value could be achieved, using the minimum number of
sites required to fit the model as to prevent over-fitting the data, which
provided average V(Y) values of 23.09 + 23.11 and 14.20 + 6.11 for
sandstone and volcanic rock, respectively. The sandstone was modelled
with 2 surface sites and the volcanic rock with 3 surface sites. Attempts
to model the data with less sites resulted in worsening V(Y) values (V(Y)
> 40).

To model proton sorption onto the sandstone, two different sites are
required, with pK, values of 5.08 + 0.12 and 8.81 + 0.14, with site
concentrations of (9.14 + 4.83) x 10° and (4.00 + 2.09) x 10 mol
of sites/mz, respectively (Table 2). To model proton sorption onto the
volcanic rock, 3 sites are required, having pK, values of 4.83 + 0.07,
6.51 £ 0.16. and 8.89 + 0.14, with site concentrations of (4.41 & 0.46)
x 10°°, (3.15 & 1.26) x 10 and (3.60 % 0.46) x 10" mol of sites/m?,
respectively (Table 2).

3.2. Speciation of uranium

Speciation calculations of the aqueous solutions were previously
conducted using Andra’s SIT database in PHREEQC using the method
outlined in Kenney et al. [39] (more details given in the Supplementary
materials). We included the major element data collected in Kenney
et al. [39] from sandstone and volcanic rock equilibrated in 0.1 M NaCl
for 24 h, as a function of pH (Fig. S3). Therefore, in our equilibrated
system the dominant species in solution at pH 5.5 were U0,COJ and
(U04)2(CO3)(OH)3 when 2 mM HCOj3 was added to solution, and UO3+
and (UO5)3(OH)Z when it was not added. At pH 11.5 the dominant
species in solution were UO2(OH)3 and UOZ(OH)Z;2 when 2 mM HCO3
was not added to solution, and UO5(OH)3, UOZ(OH)Q;Z, and UOZ(CO;,»)g'
when HCO3 was added. Despite the differing major element concen-
trations in the sandstone and volcanic rock equilibrated solutions,
similar species of U were present in solution over the pH range of this
study (see [39] and Fig S3). Therefore, we expect that at low pH, dif-
ferences will be dependent on uranyl carbonate/hydroxyl speciation,
whereas at high pH, differences would be controlled by interaction with
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Fig. 2. Potentiometric titration data showing the data for sandstone (open di-
amonds) and volcanic rock (open squares) and the best model fits for each
dataset (black line) in 0.1 M NaCl solutions. Data is plotted as the buffering
capacity ([acid]-[base]) normalised to the mass of rock in suspension (g), as a
function of pH.
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Table 2
Acidity constants and site concentrations determined from modelling the
potentiometric titrations for the sandstone and volcanic rock.

Rock pKal PKa2 pKa3 Site 1* Site 2* Site 3* Total
sites*
Sandstone 5.08 8.81 — (9.14 (4.00 — (1.31
+ + + + +
0.12 0.14 4.83) 2.09) 0.69)
x 10 x10°® x 10°
Volcanic 4.83 6.51 8.89 (4.41 (3.15 (3.60 (1.12
Rock + + + + + + +
0.07 0.16 0.14 0.46) 1.26) 0.46) 0.22)
x 10  x10® x10°  x10°

*Concentration in moles of sites/m? of rock.

the mineral surfaces instead of from carbonate added to solution.

3.3. Uranium retention by sandstone and volcanic rock

The extent of U removal from solution by sandstone and volcanic
rock, from a starting solution of 10 ppm U(VI) in 0.1 M NaCl, with and
without the presence of carbonic acid, was described by Kenney et al.
[39]. The pH values chosen for our experiments, 5.5 and 11.5, lie within
the pH ranges of the two modes of removal of U from solution by both
the sandstone and volcanic rock. The method details from the experi-
ments are detailed in Table 1 and the percent of U removed from solu-
tion is illustrated in Fig. 3 along with the percentage of U removal from
solution as observed by Kenney et al. [39]. Data from Kenney et al. [39]
are reproduced with permission from the Royal Society of Chemistry.
The extent of U removal from solution in this study is similar to what was
removed in our previous work [39].

The raw and fitted Kg—weighted U Lyj-edge EXAFS data are shown in
Fig. 4, with the fitting parameters presented in Table 3 for sandstone and
volcanic rock, respectively. The signal to noise ratio decreases as pH is
increased to pH 11.5, with the best spectra being fit up to 12 A~'. The
low signal is likely related to the higher U loading since the U was likely
precipitating on the rock surface. The sandstone and volcanic rock
samples at pH 11.5 (with and without HCO3 added) show a broad double
peak between 6 and 9.5 A~ whereas the sandstone and volcanic rock
samples at pH 5.5 (with and without HCO3 added) have a single peak
between 6 and 9 A~'. This indicates that there are different U bonding
environments between the high and low pH samples. The presence of
two or more additional pair contributions that would interfere either
constructively or destructively will produce similar spectra. The
different combinations of these are generated by each of contribution of
the local atomic environment around the U atoms. The exception to this
trend may be the sandstone at pH 11.5 with added HCO3, where there is
significant noise and modelling may not capture the true bonding
environment. This is discussed in detail in section 4.2.

4. Discussion
4.1. Characterisation of sandstone and volcanic rock surfaces

From the surface complexation modelling, the pK, values for sand-
stone were 5.08 and 8.81 and for volcanic rock were 4.83 and 8.89,
which are like what has been previously determined for the deproto-
nation of Fe-OH3 to Fe-OH (4.3-6.1) and Fe-OH to Fe-O™ (8.1-9.8) in
iron oxides and iron-coated sands [24,57,3,36]. For the volcanic rock,
the pK, value that was not seen in the sandstone system (6.51) may be
related to the deprotonation of the H,CO3 surface species to Hcog for
carbonates [65]. The pK, value of 6.51 in the volcanic rock may be
attributed to the silanol group (pK, of 6.4-7.7; [41,54,9,44,21,34]) and
thereby both silanol and carbonate groups may be active functional
groups at the surface of the volcanic rock. The reason this site is not seen
in the sandstone titrations is likely due to the surface coating of iron
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(SS) in air equilibrated aqueous 0.1 M NacCl solution at pH 5.5 and pH 11.5 with
or without of additions of 2 mM HCO3.

oxide.

XRD analysis conducted in our previous study [39] was unable to
detect an iron oxide coating on the sandstone due to it being present as a
very thin coating on the quartz-rich sand. In this study, the FTIR spec-
troscopic analysis shows that Si-OH and Fe-OH groups in the volcanic
rock had little variability throughout the experiments. In the sandstone
system, however, we found that the layer of iron oxide on the surface
(which we identified as hematite) varied in thickness across different
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samples. The surface complexation modelling mainly reflects the in-
teractions of the outermost functional groups with the solution. In
contrast, XRD and FTIR analyses provided information about the bulk
properties of the sample, including its overall composition and structure.

4.2. Uranium speciation at the water—rock interface

The modelling parameters for the interaction of uranyl species with
sandstone and volcanic rock are tabulated in Table 3. Errors in distance
(+0.02 10\) and coordination numbers (£20%) are estimated from the
deviation between fitting results from models of known structures and
their values. For sandstone, the axial U-O distances were 1.78 A for pH
5.5 and pH 5.5 with HCO3. The pH 5.5 samples with and without HCO3
had equatorial U-O distances at 2.45 A and at 2.49 A, respectively,
consistent with U(VI). The pH 5.5 sandstone sample with HCO3 had a U-
Si distance of 3.25 A, whereas the pH 5.5 sandstone sample without
HCO3 had a U-Si distance of 3.33 A. The pH 5.5 sandstone sample with
HCO3 had a U-C bond distance of 3.05 A. U was expected to be present in
solution as a uranyl carbonate based on the speciation calculations in
Fig. S3, itself based on the water chemistry provided in Kenney et al.
[39]. In the sandstone pH 5.5 experiment without HCO3 added, the
fitting indicates that U is adsorbed as a bidentate species to a single Si
atom, most likely to quartz. In the case of the sandstone pH 5.5 exper-
iment with HCO3 added, the fitting indicates that U is adsorbed to quartz
as a bidentate carbonate species. Sylwester et al. [56] described similar
U bonding environments where U was bound to silicate as a bidentate
species to Si atoms. This is also like what was seen by Wang et al. [62]. A
generalised conceptual model for our interpretation of these two
adsorption complexes, as well as the rest of the U binding structures
from this study, is given in Fig. 5.

For the sandstone experiments at pH 11.5, the axial and equatorial
oxygen distances in the absence of HCO3 (1.81, and 2.41 A, respectively)
and with HCO3 (1.81, and 2.40 A, respectively) were similar. For the pH
11.5 sample without bicarbonate, the Si coordination was split, with one
Si coordinated at 3.24 A and three Si coordinated at 4.11 A. Addition-
ally, there were three U-U distances at 4.19 A. This is indicative of the
formation of a U-Si mineral, likely soddyite with a U-Si distance of 3.14
A [20] or an amorphous coffinite as was seen in lake sediments by
Lefebvre et al. [43], having Si distances at 3.13 and 3.83 A and a U-U
distance at 3.83 A. In addition to this U-Si precipitate, U exists as a
sorbed bidentate species, like what was seen in the pH 5.5 sample
without bicarbonate.

For the sample at pH 11.5 when bicarbonate was added, U may be
present as a combination of a precipitated U-Na mineral and an
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Table 3
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EXAFS structural results for (UO3") complexes at surfaces of the sandstone (SS) and volcanic rock (BVG) using experimental conditions from Table 1. For Debye-Waller

factor (c2 (1082)) results see Table S2.

Rock type BVG BVG BVG BVG Ss ss ss SS
pH pH=55 pH=55 pH =115 pH =115 pH=55 pH=5.5 pH =115 pH =115
HCOs- added N/A 2 mM HCO3- N/A 2 mM HCO3- N/A 2 mM HCO3— N/A 2 mM HCO3-
U-0 N 2 2 2 2 2 2 2 2
D (A) 1.80 + 0.01 1.78 + 0.01 1.81 + 0.02 1.82 + 0.01 1.78 + 0.01 1.78 + 0.01 1.81 + 0.01 1.81 + 0.02
U-0 N 5 5 5 5 5 5 5 5
D (A) 2.38 + 0.03 2.32 + 0.02 2.40 + 0.03 2.38 + 0.01 2.45+ 2.49 + 0.01 2.41 + 0.04 2.40 + 0.01
U-Si N 1 1 1 0.5 1/3
D (A) 3.26 + 0.03 3.26 + 0.09 3.33 + 0.07 3.25 + 0.08 3.24 £ 0.03 / 4.11 + 0.03
U-c N 2 1 1
DA 3.05 + 0.2 3.05 + 0.05 3.81 + 0.10
U-Na N 3 3
D (A) 3.77 + 0.02 3.81+
U-U N 3 3
D (A) 418 £ 0.08 3.88 + 0.06
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Fig. 5. Simplified conceptual model of uranyl sorption/precipitation onto sandstone (left) and volcanic rock (right), as a function of pH (pH 5.5 and 11.5) and

bicarbonate content (none and 2 mM added).

unbonded uranyl carbonate species. The U-Na mineral may be Na-
clarkeite with a U-Na distance of 3.78 A [14], the same as was pre-
dicted to form in our previous study [39] and has been observed at the
Hanford site [52]. Studies investigating U mineralogy at the Hanford site
in Washington found that Na-boltwoodite was often found precipitated
at the surface of and within fractures of feldspar minerals, where the
dissolution of feldspar freed Si for the precipitation of the mineral
[16,45]. Kenney et al. [39] noted Al in solution above pH 9; therefore, it
is possible that the dissolution of the potassium feldspar in the sandstone
(KAISi3Og) led to the precipitation of Na-boltwoodite.

The modelling parameters for the interaction of uranyl species with
volcanic rock are shown in Table 3. The axial U-O and equatorial U-O
distances are 1.80 and 2.38 A for pH 5.5 without HCO3 and 1.78 and
2.32 A for pH 5.5 with HCO3. The EXAFS data fits of these two samples
could not be improved by the addition of another shell. Therefore, we
conclude that both samples at pH 5.5 sorb U as an outer sphere complex,
as can be seen in the conceptual model in Fig. 5.

For the high pH (11.5) volcanic rock experiments, the axial and
equatorial oxygens were modelled with distances of 1.81 and 2.40 A
without HCO3. The modelled U-Si distance was 3.26 A and U-Na
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distance was 3.77 A. The U-Si distance resembles that of bidentate U
sorption to a single Si atom. The U-Na distances in this sample are like
what was observed for the sandstone experiment at pH 11.5 with car-
bonate present. Therefore, we assume that either Na-clarkeite pre-
cipitates in the presence of the volcanic rock [28], or Na-boltwoodite,
which may have precipitated via the dissolution of plagioclase.

The modelled axial and equatorial oxygen distances for the volcanic
rock experiment at pH 11.5 with HCO3 were 1.82 and 2.38 A, respec-
tively. In addition, a U-Si distance of 3.26 A and two U-C distances of
3.05 A were calculated. Uranium binding is therefore attributed to the
adsorption of U-carbonate species at the volcanic rock surface, like the
binding environment in the sandstone experiment with HCO3 added at
pH 5.5. This suggests adsorption of U-carbonate complexes to silicate
minerals is important when interacting with rocks that have higher
carbon content.

The conceptual models to depict these interpretations are shown in
Fig. 5.
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5. Conclusions

In this study we determined the mode of uranyl removal from solu-
tion by the St. Bees Sandstone and rocks from the Borrowdale Volcanic
group, after first characterising the solid and aqueous components.
Surface complexation modelling of potentiometric titration data
revealed that the sandstone had two functional group types available for
binding U based on the pH range of our modelling, both from the
deprotonation of iron oxide surface coatings on the sand. Volcanic rock
had three functional group types available for binding based on the pH
range of our modelling, two from the amphoteric iron oxide functional
group and one from silicates. The presence of these groups in the ma-
terials was confirmed via FTIR spectroscopy. EXAFS modelling deter-
mined that sorption of U onto silicate minerals at the rock surface was
the primary means of U-removal from solution from both the sandstone
and volcanic rock systems. At low pH, most U removal was due to
adsorption. In the sandstone systems U was removed as uranyl or uranyl
carbonates when bicarbonate was absent or present, respectively. In the
volcanic rock system at low pH, the presence of bicarbonate did not
affect U coordination, with uranyl species adsorbing as an outer sphere
complex. In the high pH and no bicarbonate systems, uranyl both sorbed
as a bidentate species to the silicate surface and precipitated. The min-
eral that precipitated in the bicarbonate-free high pH systems depended
on the rock type present, with a U-Si mineral such as coffinite precipi-
tating in the sandstone system and a mineral such as Na-boltwoodite in
the volcanic rock system. The presence of bicarbonate changed the U-
bonding environment in both the sandstone and volcanic rock systems at
high pH. In the sandstone system, U existed as a U-carbonate species as
well as precipitating as a mineral such as Na-clarkeite or Na-
boltwoodite. In the volcanic rock system at high pH, the presence of
carbonate halted the mineralization of U and instead it sorbed to Si as a
uranyl carbonate species. These experiments strengthen the assumption
in Kenney et al. [39] that uranyl sorption to the rocks was controlled by
adsorption at low pH, but that U removal processes are more complex at
high pH, with multiple U-removal processes controlling the chemistry.
Furthermore, our results offer novel constraints on how heterogeneous
rock material retains U, which reduces the number of assumptions
required when modelling potential U transport at contaminated sites
and potential long-term U storage facilities.
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