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del to predict uranium removal
from aqueous solutions in water–rock systems
associated with low- and intermediate-level
radioactive waste disposal†

Janice P. L. Kenney,*a Matthew E. Kirby,a Javier Cuadrosb and Dominik J. Weissa

Global stores of radioactive waste are housed in surface stores where actinides are susceptible to

environmental release. It is imperative that waste disposal facilities are built to safely contain this waste.

However, to do this we must ensure that the engineered and natural barriers are sufficient to prevent the

buried materials from migrating through to the surface. Solutions migrating from repositories (ILW and

LLW) will have a wide range of chemical compositions and conceptual models constraining the key

mineral-water interactions with realistic lithologies are urgently needed. To this end, we conducted

experiments to study U removal from solution via mineral-surface interactions with quartz, sandstone,

and volcanic rock over a pH range of 2–12, with varying concentrations of U (10 ppb, 0.1 ppm, 1 ppm,

and 10 ppm) and with and without bicarbonate added (2 mM) with 0.1 M NaCl electrolyte. We observed

that the U concentration in solution had little effect on the extent of U removal from solution as

a function of pH or bicarbonate concentration with quartz and sandstone but was important for volcanic

rocks, where removal of U, due to adsorption, decreased with increasing U concentration between pH 4

and 8. When bicarbonate was added to solution then the quartz, sandstone, and volcanic rock

geomaterials acted similarly in their abilities to immobilize uranium, with an adsorption envelope from

pH 4–8 followed by an increase in U removal, likely via precipitation, at high pH. When bicarbonate was

not added, the removal of U from solution was more controlled by the geomaterial. Bicarbonate addition

at pH 6–10 lowered adsorption. However, the addition of bicarbonate in experiments with 10 ppm U at

pH 10–12 allowed for precipitation of U at the rock surface, making bicarbonate an immobilizing factor.

Therefore, our conceptual model shows that U is immobilised from radioactive waste-like solutions in

a bimodal distribution, both at low (6) and high (11) pH.
1 Introduction

A successful radioactive waste facility prevents the escape of
aqueous actinides and other hazardous and non-hazardous
pollutants from the waste and migration into the biosphere.
Intermediate- and low-level radioactive waste (ILW and LLW,
respectively) will be encapsulated in steel containers within
a cementitious grout. While a denitive repository site waits to be
determined in many countries around the world, the canisters
with the waste remaining in temporary repositories at the surface
or just below the surface. Once buried, the steel canisters,
whether LLW emplaced near the surface or ILW in the deep
subsurface, will eventually fail (predicted life of 1k years in best
case scenario) and groundwater will enter the canisters. The
ng, Imperial College London, London, UK

Museum, London, UK

tion (ESI) available. See DOI:
groundwater passing through the cemented ILW and LLW
systems will likely have a high ionic strength and bicarbonate
content.1,2 The cement will evolve in 5 stages.3 In stage 1 sodium
and potassium oxides will be leached leading to high pH of 13.5.
In stage 2 calcium hydroxide will dissolve and the pH will be
buffer at 12.5. Then in stages 3–4 dissolution of calcium silicate
hydrate (CSH) gel will take place that will eventually buffer the pH
at 10.5. The 5th stage is a result of the dissolution of the
remaining cement minerals such as calcite that will cause no pH
buffering to the system and buffering from the local host rock
would prevail. How long each stage lasts will depend greatly on
the rate of groundwater ow through the cement system, but it is
assumed that in the pore waters surrounding the canisters, the
pH would remain above 10.5 for several hundred thousand
years.4 LLW could also be stored in trenches without cementi-
tious grout, wheremore acidic conditions would result due to the
degradation of cellulosic waste and corrosion of the metal
canisters.5 Therefore it is important to understand how both
alkaline and acidic conditions can affect U mobility.
This journal is © The Royal Society of Chemistry 2017
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If the waste is stored near the surface in crystalline rock, oxic
groundwaters will enter the site. Since crystalline rocks are
likely fractured, if the fracture network connects with the
surface, buried canisters may see an inux of young and
potentially oxic groundwaters. These waters react with U and
produce mobile U(VI). It is, therefore, imperative to understand
how a U-rich, high pH uid at different stages of maturation
(between pH 12.5 and 10) or low pH from cellulosic degradation
interacts with the rocks in and around the repository. The pH of
the actinide-containing solution will equilibrate with the
groundwater of the aquifer and shi to circumneutral values.

In order to better understand how uranium, one of the most
prevalent radionuclides in the radioactive waste, willmigrate in the
subsurface once the integrity of the container is compromised, we
must understand how it will interact with the potentially fractured
rocks around the repository and with fracture sealing minerals.
The adsorption of U to quartz and silica gel is well studied in the
pH range between 3 and 9, with the result that the majority of
adsorption occurs at neutral pH with the specic adsorption
edges/envelopes changing with surface area, U concentration, and
ionic strength.6–9 As a specic example having similar experimental
conditions as our study, Huber and Lützenkirchen9 equilibrated U
solutions with 10–30 ppb U(VI) with seven different quartz samples
and found that nearly all U(VI) was adsorbed at pH above 5 via
surface silanol groups. Other geomaterials have been studied for
their potential to immobilize soluble U(VI), such as granite, iron
oxides, clays, aquifer sediments, and volcanic rock.10–13 However,
most of these studies only examine the sorption of U(VI) under
circumneutral pH values. Bots et al.14 noticed that at pH 13, solu-
tions with 10 and 50 ppm U contained nano-sized precipitates,
likely clarkeite ((Na, Ca, Pb)(UO2)O(OH)(H2O)0�1). This may be the
same mineral that formed in the granite batch experiments con-
ducted by Fan et al.15 at pH 9–12. Little is known about howmobile
those precipitates can be in the environment, and if they change as
a function of water chemistry.

The chemical composition of the aqueous solution affects
the mobility of radioactive elements.8,15–18 Wazne et al.18

demonstrated that the addition of carbonate to an aqueous
system decreased the sorption of U to ferrihydrite. Since
carbonate tends to form strong complexes with U,19–21 this is
a crucial groundwater component that must be considered
when studying U mobility in fractured rocks. It is still unclear
what effect carbonate species can have on the precipitation of U
or how carbonate could affect the mobility of precipitates.

In this study we develop a conceptual model for Umobility in
fractured rocks using a set of designed batch experiments. We
examine sorption of U(VI) as a function of pH and U concen-
tration onto quartz, a common rock-forming and fracture-
sealing mineral,22 low permeability volcanic rocks from the
Borrowdale Volcanic Group (BVG) and an iron-coated sand-
stone from the St. Bees Sandstone (SS). These two rock types are
from Cumbria in the UK. The volcanic rock represents rocks
which may be host to a repository and the sandstone may be
a potential aquifer rock in which a contaminant plume may
traverse. Since bicarbonate will be produced via cement degra-
dation in many groundwaters,1 sodium bicarbonate is used to
better represent the system and understand how varying
This journal is © The Royal Society of Chemistry 2017
groundwater chemistry affects the retention of U by the
geomaterials.
2 Experimental details
2.1 Materials

The geomaterials used in this study are quartz, purchased from
Sigma Aldrich, St. Bees sandstone (iron oxide coated sandstone)
and volcanic rock from the Borrowdale Volcanic group collected
from Cumbria, UK.23 All geomaterials were crushed and sieved
to between 128 and 700 mm. The geomaterials were washed
according to the procedure developed by Yee and Fein24 in order
to remove any loosely bound surface contaminants, using a 1 M
NaOH wash, then rinsed with 18 MU water, then washed again
with 1 M HNO3, then rinsing the acid from the minerals with 18
MU water. Following the washing procedure, the quartz was
dried at 60 �C for 24 hours and the sandstone and volcanic rock
were dried at 45 �C for 24 hours. The specic surface area (BET)
was measured, aer being washed, with a TriStar 3000 instru-
ment, using the adsorption of N2 at the liquid nitrogen
temperature. The BET surface area of the quartz, sandstone,
and volcanic rock were 0.0325, 1.3496, and 0.7549 m2 g�1,
respectively. Aliquots of the geomaterials were then crushed to
a ne powder in order to carry out X-ray diffraction (XRD), at the
Natural History Museum of London. The XRD analyses were
carried out using an Enraf-Nonius FR590 PDS120 system, with
an Inel position sensitive detector covering 120� 2q. Cobalt
radiation was used, at 40 kV and 40 mA, with a primary Ge
monochromator (allowing only CoKa1 radiation). Two perpen-
dicular slits of 0.14 and 5 mm focused the incident beam at an
angle of �4� with the surface of the sample. In this system, the
diffracted radiation is collected at the same time in the entire
120� range. The time of analysis varied between 10 and 17 min.
The diffraction patterns were calibrated with Ag-behenate and
Si standards.

Solutions were prepared using a U(VI) stock solution ob-
tained from VWR as a 1000 ppm standard solution. This solu-
tion was diluted with 0.1 M NaCl to buffer the ionic strength,
mimic groundwater salinity, and to achieve the desired U
concentrations in this study. Sodium bicarbonate stock solu-
tions were prepared by adding 0.8 g of powder (Sigma Aldrich)
to 100 mL of DI water. This stock solution was then used to
spike the desired solutions and suspensions to a nal NaHCO3

concentration of 2 mM. Due to the open nature of the system
there was uctuation between the total alkalinity as a function
of pH since high pH systems have higher alkalinity. However
even at pH 12 the system with bicarbonate added consistently
had 2 mM higher alkalinity than the system where bicarbonate
was not added. The alkalinity of the system at high pH was
measured with potentiometric titrations, data not shown.
2.2 Batch uranium(VI) experiments

Batch adsorption experiments were conducted using suspen-
sions of quartz, sandstone, or volcanic rock with initial U
concentrations of 10 ppb, 0.1 ppm, 1 ppm, and 10 ppm. To
investigate how sodium bicarbonate affects the sorption of U to
RSC Adv., 2017, 7, 7876–7884 | 7877
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all geomaterials, these experiments were reproduced with an
addition of sodium bicarbonate solution to a nal concentra-
tion of 2mM. This concentration was chosen to be similar to the
carbonate solutions present in a groundwater system previously
investigated as a potential repository host.1 Adsorption experi-
ments were conducted in polypropylene test tubes in a 0.1 M
NaCl electrolyte matrix. An aliquot of the prepared solution was
taken in order to determine the precise starting concentration
of U in solution, called hereaer the parent solution. Weighed
sorbent was added to each test tube so that the nal suspension
of geomaterials contained 5 g L�1. The pH of each suspension
was readjusted to targeted pH values ranging between 2 and 12
using aliquots of 1 M HCl or NaOH as needed. Experiments
were mixed via end over end rotation for 3 days. Following the
experiments the solutions were centrifuged at 4000 rpm to
separate them from the geomaterials and the solutions were
HNO3–acidied in preparation for analysis. These measure-
ments provided the concentration of U as well as information
about the dissolution of the rock materials. The elements ana-
lysed for rock dissolution were Na, Mg, Al, P, S, K, Ca, and Fe.
Huber and Lützenkirchen9 found that as pH increased so did
the concentration of Si in solution. They postulated that the
increase in Si would complex U and possibly affect binding of U
to quartz. Fox et al.,8 in contrast, studied differences in U
sorption to ferrihydrite and quartz, and found that there was no
change in the removal of U(VI) from solution at high pH values
associated with Si dissolution, but instead found sorption
decreased at lower pH values. Therefore if there is only disso-
lution of quartz at high pH and the presence of Si only affects U
adsorption at low pH, then Si would not be an issue in our
study. Experiments were conducted at least twice to ensure
reproducibility; therefore all datasets represent at least two
experiments. Samples from experiments conducted with
10 ppm U were also analysed with and without ltration with
a 0.45 mm nylon lter to determine if there was a lterable
precipitate forming that was remaining suspended aer the
experiments.

Additional experiments were conducted to determine if
a precipitate formed and determine how mobile it is (i.e.,
remaining suspended in solution or dropping our of solution)
at pH values where U was expected to precipitate without
a geomaterial present. These were done in the exact same was as
the batch experiments but with no geomaterials added to
ensure that any removal of U(VI) from solution was directly
related to the precipitate. The experimental systems were
shaken via end-over-end rotation and allowed to equilibrate for
3 days. Aer the nal pH was measured, the supernatant was
collected and half of it was ltered through a 0.45 mm nylon
lter. Both the ltered and unltered supernatants were then
diluted and acidied using HNO3 for ICP-MS measurements. At
all U concentrations studied there was virtually no U removed
from solution via the vessel walls. Samples were taken from the
experiments without geomaterials (pH 10) to image any
precipitates formed using Transmission Electron Microscopy
(TEM) along with Energy Dispersive X-ray Spectroscopy (EDS) to
analyse their elemental composition (details below).
7878 | RSC Adv., 2017, 7, 7876–7884
The parent solutions and the supernatants from the
adsorption experiments were measured using ICP-MS. Samples
were analysed together with matrix-matched multi-element
standards, with concentrations ranging from 0 to 10 ppm.
The standards were periodically analysed during the measure-
ments to verify that there was no machine dri or systematic
analytical error. In addition, Bi was monitored as an internal
standard.
2.3 Modelling uranium(VI) speciation

The aqueous speciation of U(VI) of the aqueous solutions were
constrained using the sit.dat database in PHREEQC using the
experimental conditions of pH range 2–12.5, U concentrations
of 10 ppb, 0.1 ppm, 1 ppm, and 10 ppm, in 0.1 M NaCl, with and
without the addition of 2 mM NaHCO3.
2.4 Transmission electron microscopy

The TEM study was conducted on precipitates from
geomaterial-free experiments using a JEOL 2100-plus TEM.
Samples were prepared by evaporating a droplet of 10 ppm U
solution at pH 10 onto a forvard lm Cu-TEM grid. Energy
dispersive spectroscopy (EDS) was used to assess the identity of
the precipitate. The analyses were carried out with an operating
voltage of 200 kV, and the detection limit on the EDS for each
element was 1 wt%.
3 Results and discussion
3.1 Characterisation of geomaterials

The quartz standard was conrmed to consist of quartz,
possibly with traces of plagioclase or feldspar (very low intensity
peak at �3.2 Å that cannot be observed in Fig. 1A). The sand-
stone (Fig. 1B) was composed of quartz with subordinate
microcline and mica (probably muscovite, peaks at 10 and 4.5 Å
which cannot be observed in Fig. 1B). The colour of the surface
of the sandstone was red, indicating a thin mineral coating.
This was too small for identication with XRD but is likely
hematite, as this was determined to be the coating on samples
from the St. Bees Sandstone observed in other studies.24,25 The
volcanic rock was the mineralogically most complex of the
geomaterials.26 It consisted of approximately 50 wt% quartz,
with chlorite, mica (probably muscovite; Fig. 1C), plagioclase,
and calcite (apparently with some Mg content because the main
peak is displaced from 3.03 to 3.024 Å; Fig. 1C). This mineralogy
is consistent with previous observations on the volcanic rocks of
the BVG.11,27,28

The extent of element release into solution via dissolution of
the rock was studied in the sandstone and volcanic rock
experiments. In the sandstone experiments 2–8 ppm of Fe, Na,
Al, and S were released into solution, with increasing release as
pH increases (Fig. 2A). In the volcanic rock experiments,
between 0.5 and 8 ppm of K, S, Fe, P, and Ca were released
between pH 2 and 12, with more Ca, P and Fe being released
below pH 3.5 (Fig. 2B).
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 XRD diagrams of the three geomaterials: quartz (A), sandstone
(B), and volcanic rock (C). The figures in the plot are d-spacing values in
Å. The sandstone contains quartz (Q) and microcline (M). The volcanic
rock consists of quartz, chlorite (Ch; specifically clinochlore), mica
(Mc; most probably muscovite), plagioclase (P), and calcite (Ca; with
someMg as indicated by the peak position at 3.024 Å). The 3.34 Å peak
of quartz is truncated in (A).

Fig. 2 Concentration of major elements (in ppb) in solution after the U
adsorption experiments with (A) sandstone and (B) volcanic rock.
Samples were measured using ICP-MS.

Fig. 3 Speciation diagram showing the relative concentrations of the
important U species in solution at 10 ppb and 10 ppm (the end-
member U concentrations in this study) as a function of pH and the
presence/absence of sodium bicarbonate. The species fractions do
not add up to 1 above pH 12 because the species that predominates at
pH 13 reached 0.5 at pH 12.5, and was removed for clarity from the
graph.
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3.2 Theoretical uranium(VI) speciation

Theoretical concentrations of U in solution can be seen in Fig. 3.
When 2 mM of sodium bicarbonate was added to solution the
species that dominate at pH values of 2–12.5 include UO2

2+,
This journal is © The Royal Society of Chemistry 2017
UO2CO3
o, UO2(CO3)2

2�, UO2(CO3)3
4�, UO2(OH)3

�. The relative
percentage of each species in solution does not change as
a function of U concentration if bicarbonate is present. If no
sodium bicarbonate is added, there are signicant changes in
the evolution of the system with pH depending on U concen-
tration. UO2

2+, and UO2(OH)3
� are the dominant species at low

and high pH values, respectively, in all cases. At lower U
concentrations UO2OH

+ and UO2(OH)2
o are important species

between pH 5 and 10. However, as U concentration increases
the dominant species between pH 5 and 10 shi to (UO2)3(OH)5

+

and (UO2)3(OH)7
�. Therefore an important variable affecting U

removal from solution with changing U concentration should
be the different electric charge of the U-species between pH 6
and 8. This will be examined below.

Speciation modelling predicts the supersaturation of U
minerals at high pH, however, the specic pH at which these
minerals are predicted to precipitate change as a function of U
concentration and bicarbonate addition (Fig. 4). Overall, the
range of pH at which some species are expected to precipitate is
wider when bicarbonate is added. In the absence of bicarbonate
species, precipitation is mainly expected at pH 10–12. The
compounds are all sodium uranate species and their chemical
formulae are sodium diuranate (Na2U2O7), sodium clarkeite
((Na)(UO2)O(OH)(H2O)0�1), schoepite (UO2)8O2(OH)12(H2O)12,
and sodium compreignacite (Na2(UO2)6O4(OH)6(H2O)7).

While model calculations predict U-minerals to precipitate
under our experimental conditions, Lefèvre et al.29 performed
turbidimetric measurements of U(VI) solutions across a range of
pH and U concentrations in line with our experimental condi-
tions and found no evidence of U precipitation. Equally, Syl-
wester et al.30 and Bargar et al.31 found no precipitates in
supersaturated 10 ppm uranyl samples at circumneutral pH
RSC Adv., 2017, 7, 7876–7884 | 7879
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Fig. 4 Speciation diagram showing the saturation index of each U-
mineral predicted to precipitate in the experimental conditions with no
geomaterials, with and without bicarbonate added and 10 ppb and
10 ppm U.

Fig. 5 Control experiments showing the percentage of U filtered out
of the solutions as a function of pH, U concentration, and the addition
of sodium bicarbonate. Open symbols denote the percentage of U
removed from solution after filtration with a 0.45 mm nylon filter.
Closed symbols denote the percentage of U removed from solution
without filtration. Since most precipitation was expected above pH 7,
these experiments were confined to areas of U supersaturation. At
lower U concentrations (10 ppb and 0.1 ppm) there was interaction of
the U with the filters (see text).
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values, with precipitation of schoepite only occurring at
17 ppm,31 observed using EXAFS. Bots et al.,14 observed
precipitation of nanoparticulate U colloids with a clarkeite-type
crystallographic structure at pH > 13, which was one of the
predicted minerals in our thermodynamic calculations. The
lack of detection of precipitated minerals in some of the above
studies may be due to their very small size fraction andmobility.
Fig. 6 Representative TEM images of the sodium uranate minerals
precipitated in a geomaterial-free 10 ppm solution of U at pH 10
without the addition of sodium bicarbonate. (A) Shows the low-
magnification image of particles with twomorphologies, flaky and gel-
like. (B) Shows a high-resolution image of a few flaky particles, with
layered structure. (C) Shows spectra of the corresponding spots on the
TEM image. Spectra from spots A and B, C are significantly different.
Spectrum D is from the carbon film in the Cu grid.
3.3 Precipitation of U-minerals in high pH solutions

To investigate whether the precipitation of the U minerals,
predicted in our thermodynamic calculations, occurred in
solution, without the presence of minerals as a possible
nucleation point, we conducted experiments as a function of pH
and U concentration (10 ppb, 0.1 ppm, 1 ppm, and 10 ppm;
Fig. 5). With and without added bicarbonate, less than 20% U
was removed from solutions with 10 ppb, 0.1 ppm or 1 ppm
solution above pH 8 using a 0.45 mm lter. Below pH 8 there was
a decreasing percentage of U removed from solution as the total
initial concentration of U increased. Since there was no U
removed from solution via the vessel walls, this removal must
be due to adsorption to the lter papers, therefore. There was up
to 100% precipitation in the 10 ppm experiment at pH 10.5
where bicarbonate was not added. When bicarbonate was
added 0–30% of the U was collected on the lters. In all cases it
is possible that precipitates with size < 0.45 mm passed through
the lter.

Fig. 6 shows representative TEM images of the precipitates
forming in the geomaterial free experiments without added
bicarbonate. Two morphologies were observed, a gel-like
morphology and another in which individual particles were
more apparent. EDS analysis indicates these different
morphologies may be two distinct stoichiometries coherent
with sodium uranates (Fig. 6C). Chemical analysis of the gel-like
area revealed higher Na/U ratios compared to areas with more
distinct particles. The gel-like areas produced a Na/U ratio of 1
7880 | RSC Adv., 2017, 7, 7876–7884
(A in Fig. 6A), which is consistent with sodium diuranate and
clarkeite, whereas the aky particles (B and C in Fig. 6A) had
ratios that more closely resembled sodium compreignacite (Na/
U 0.33). Since calculations predict the precipitation of the same
phases, it is likely that these sodium uranate minerals precipi-
tate in our systems. Similar morphologies and Na/U ratios were
observed in the minerals formed in the systems with bicar-
bonate added.
3.4 Batch uranium(VI) experiments

Batch experiments were conducted as a function of pH, U
concentration, bicarbonate concentration, and type of geomaterial
This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Batch adsorption data showing the percentage of U(VI) removed
from solution in contact with quartz (Qtz), sandstone (SS), and volcanic
rock (BVG) as a function of pH, U concentration, and addition of
sodium bicarbonate (denoted with HCO3

� in the figure).
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(Fig. 7). Fig. S1 and S2† show different congurations of the data
to more easily understand the effects of bicarbonate content and
geomaterial, respectively, on U removal. Across all experimental
conditions, we observe an adsorption envelope of U onto the
geomaterials between pH 4 and 7–10 and in some cases (quartz
and sandstone with bicarbonate, and in all BVG experiments)
a second “envelope” between pH 10 and 12 is seen. Therefore, we
identify two regions of U removal for discussion. Region 1 is
adsorption, occurring between pH 4 and 7 (or 10 in the case of
sandstone without bicarbonate addition). Below pH 4 there is little
adsorption in all experiments. This most likely relates to the
positively charged minerals repelling the positively charged UO2

2+

species. Region 2 is between pH 9 and 12 and may either be
adsorption or precipitation.

The point of zero charge (pzc) of quartz is 2.5–3.5,32 therefore
as pH increases above the pKa values the charge of the quartz
surface becomes increasingly negatively changed. Since the
sandstone is coated with hematite, the pzc of hematite is
approximately 8.5, therefore the hematite coating on the
sandstone would allow the surface of the sandstone to be
positively charged until over pH 8.5, where the surface would
begin to be more negatively charged. The pzc of the minerals
predominating in the volcanic rock are below 3.5, similar to the
quartz only system,32 and therefore the surface charge would act
similarly to that of quartz. Therefore, the adsorption in region 1
follows the electrostatic attraction of U in solution to the surface
of the geomaterials, whereby as the surface and the U become
negatively charged at the same time, they repel each other,
limiting adsorption. Wainipee et al.33 saw As adsorbed to clays
at pH 8 via adsorption to Na+ at the negatively charged clay
mineral surface. Therefore, since U would act as a similar oxy-
anion as As, region 2 in our study may result in adsorption via
bridging Na+ or K+ cations (K+ cations in the sandstone or
volcanic rock experiments). Bridging adsorption occurs when
cations sorb to the negatively charged mineral surface, which
This journal is © The Royal Society of Chemistry 2017
produces a positively charged bridge onto which the negatively
charged U species may sorb. This would also explain the results
in the experiments with bicarbonate, since the adsorption in
region 1 decreases when the UO2(CO3)3

4� species becomes
prevalent due to its high negative charge. As UO2(OH)3

� become
prevalent above pH 10.5 the negative charge is signicantly
lessened and this would allow the bridging adsorption.

Saturation index calculations (Fig. 4), previous studies,14,31

and TEM-EDS analysis of experiments with no geomaterial
(Fig. 6), indicate that the removal in region 2 is due to precipi-
tation rather than adsorption onto the geomaterials surface.
This is corroborated by the fact that removal of U in region 2 is
oen only observed when the U concentration is 10 ppm,
thereby indicating a threshold concentration for precipitation.
If bridging adsorption were taking place it would occur at all
concentrations. It is possible that the precipitation is controlled
by sodium compreignacite when no bicarbonate is added since
the peak between pH 10–12 matches the saturation index of the
sodium compreignacite (Fig. 4B). However this may not be the
case with bicarbonate added since there is a much wider pH
range for the precipitation of sodium compreignacite in those
experiments (Fig. 4C). Therefore it is possible that precipitation
and adsorption occur, depending on the geomaterials studied,
as discussed below.

3.4.1 Initial uranium concentration. While the speciation
of U changes drastically with changing concentration when no
bicarbonate is added, there is little differences in the percentage
of U removed from solution as a function of U concentration for
the quartz and sandstone experiments (Fig. 7). In the volcanic
rock experiment, the total percentage of adsorbed U between
pH 2 and 8 decreases with increasing initial concentration,
possibly indicating that the surface is saturated. Above pH 8,
a second peak appears, likely relating to the precipitation of the
sodium uranate-type minerals noted above in the speciation
modelling and observed in our TEM experiments. The
percentage of U precipitated is similar for U solutions of 10 ppb,
0.1 ppm, and 1 ppm experiments, and signicantly increases
when the concentration is raised to 10 ppm. This spike in
precipitation at solution with high pH (�11) and 10 ppm of U is
also observed in the experiments with quartz and volcanic rock
when bicarbonate is added (Fig. 7). Bargar et al.31 detected
precipitation that was dependent on concentration in solution,
in agreement with our results.

3.4.2 Addition of bicarbonate. The addition of bicarbonate
to the system shows two effects. First, bicarbonate addition
decreases the extent of the adsorption envelope in region 1
(Fig. 7, S1, and S2†). Second, the addition of bicarbonate
produces a retention spike at pH 10.5–12. This spike is likely
related to U speciation, which changes from UO2(CO3)3

4� to
UO2(OH)3

� as pH increases (Fig. 3). Cation bridging adsorption
would occur only once the UO2(OH)3

� becomes prevalent since
UO2(CO3)3

4� would be too negatively charged to allow for the
bridging adsorption. However, sodium uranate minerals clar-
keite, sodium compreignacite and sodium diuranate are ex-
pected to precipitate in this region (Fig. 4). Furthermore, when
sodium bicarbonate is added to the system, sorptive percent-
ages of the different geomaterials is expected to change little.
RSC Adv., 2017, 7, 7876–7884 | 7881
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The reason is that the predicted species at low pH is UO2
2+ and

UO2(OH)3
� at high pH regardless of bicarbonate addition, and

therefore they should interact with the rock surface in the same
manner.

3.4.3 Effect of geomaterial. The extent of U removal from
solution without bicarbonate is strongly pH dependent, with
a sharp increase from pH 2 to 5, regardless of the geomaterial
(Fig. 7, S2A†). At higher pH values, U removal decreases. The
sandstone adsorbs themost U between pH 4 and 10, followed by
quartz and nally the volcanic rock with the greatest differences
occurring in the pH range of 6–10. This is because the sand-
stone, when bicarbonate was not added, adsorbed U over
a wider pH range than the rest of the geomaterials. The speci-
ation modelling suggests precipitation of sodium uranate
minerals at pH 10–12 (Fig. 4B and D). However, the extent of U
removal as a function of pH follows the deprotonation of iron
oxide (pzc � 8.5). As the sandstone is coated with hematite, the
shape of the increase in U removal at pH 8–12 is attributed to
adsorption on hematite, with possible cation bridging adsorp-
tion between pH 9 and 12. Partial dissolution of the sandstone
releases K that can act as the bridging cation along with Na (Na
comes from adjusting the pH; Fig. 2). The K is being released via
the dissolution of microcline.

The removal of U from solution in the volcanic rock experi-
ments at pH values greater than 10 (region 2) may be a result of
adsorption via bridging Na+ or K+ or via precipitation at the
surface of the volcanic rock as one of the sodium uranate-type
minerals, which are predicted to be supersaturated at high pH
for all U concentrations studied (Fig. 4). There is the same
percentage of U removed from solution in the pH 10–12 region
for the volcanic rock for the 10 ppb, 0.1 ppm, and 1 ppm U
experiments, but a signicant increase in the 10 ppm experi-
ment. Therefore, it is assumed that bridging adsorption is
responsible for signicant U removal in both regions 1 and 2 at
the lower U concentrations and that either precipitation or
a combination of adsorption and precipitation is responsible
for removal in region 2 of the volcanic rock experiments.

All the geomaterials remove similar percentages of U from
solution at pH 7–10 when bicarbonate was added (Fig. 7, S2B†).
This is mostly controlled by the negative charge of UO2(CO3)3

4�

at this pH range (Fig. 3) that impede adsorption.
All geomaterials studied consist of at least 50% quartz,

therefore surface silanol groups will account for a signicant
proportion sites for U adsorption. Deprotonated silanol groups
readily adsorb metal cations and positively charged U species
would be adsorbed. These results have been echoed by studies
looking at U sorption to silica gels and quartz,6,8,9 where U
sorption increased with increasing pH from no adsorption at
pH 2 to nearly 100% adsorption by pH 7.

Fox et al.8 examined the sorption of U onto quartz and ferri-
hydrite in equilibrium with air and noted that as pH increased
above pH 7.75 signicant less U sorbed and there was no sorption
above pH 8.75. This is similar to what was observed in our quartz
and volcanic rock experiments. However, the sandstone experi-
ments had substantially more sorption above pH 7. Lef̀evre et al.29

found that the U sorption envelope on hematite was shied to
higher pH values, with respect to that on ferrihydrite. The wider
7882 | RSC Adv., 2017, 7, 7876–7884
sorption envelope observed in sandstone in our study is likely
a combination of the adsorption on hematite above pH 6 and the
sorption to silanol groups between pH 4 and 7. Contribution to
the removal of U from solution by hematite requires adsorption of
the neutral and negatively charged U species (Fig. 3) to hematite
on the sandstone. The iron oxide component in the St. Bees
sandstone becomes negatively charged above pH 8.5.34 Sorption of
U above 8.5 decreases as the concentration of negatively charged
U species increases. The removal of U between pH 8.5 and 10 is
possibly due to cation bridging as shown to occur with As,33 likely
Na+ or K+ in the case of sandstone (Fig. 2). In addition, a signi-
cant amount of iron (up to 6 ppm) is released into solution,
especially at high pH (Fig. 2A). Uranium tends to co-precipitate
with Fe,35,36 and therefore there may also be an effect of Fe–U
co-precipitation at the surface of the sandstone. However ther-
modynamic modelling including the concentrations of elements
released into solution does not predict the precipitation of any Fe–
U minerals. Because Fe release increases above pH 9 (Fig. 2A)
adsorption on hematite is likely the main cause of U retention
envelope below pH 10 as compared with quartz and volcanic rock.

In the experiments with volcanic rock, the sorption envelope
of U below pH 8 (region 1) is similar to that of quartz. Of these
two, U removal is higher in the volcanic rock between pH 8 and
12. A similar bimodal adsorption pattern has been reported for
adsorption of U between pH values of 3 and 11 onto granite.18

Wazne et al.18 assigned this second region of U removal to
precipitation of sodium diuranate on the surface of the granite.
We see a combination of what we believe is at least two different
sodium uranate minerals, according to TEM-EDS analysis,
precipitating in our system at high pH. This increase in removal
of U from solution onto the volcanic rock at high pH would
signicantly reduce the mobility of U at high pH values asso-
ciated with near surface radioactive waste disposal.

Between pH 10.5 and 11.5, at low U concentrations the
presence of sandstone leads to more removal of U from
bicarbonate-rich solutions than the other rock types (Fig. 7). In
contrast, at high U concentrations, volcanic rock and quartz
immobilise more U from solution between pH 10.5 and 11.5
(Fig. 7). Regardless of the addition of bicarbonate or type of
geomaterial, no U is removed from solution at pH > 12.

To test if U precipitates were remaining dispersed in solu-
tion, i.e. were highly mobile, we ltered the solution through
a 0.45 mm lter aer the 10 ppm batch adsorption experiments.
These were chosen as the most likely to produce precipitation.
When bicarbonate was added to the system little U was removed
from solution as a precipitate larger than 0.45 mm (Fig. 8B).
However, when no bicarbonate was added in the range of pH 9–
11.5 precipitates contained from nearly 100% to a few % of U,
depending on the geomaterial (Fig. 8A). Therefore when bicar-
bonate was not added to the system there was a signicant
percentage of highly mobile U precipitates remaining in
suspension between pH 8 and 12.
3.5 Uranium mobility in the near surface environment

Uranium exhibits a bimodal immobilization as a function of
pH; with adsorption accounting for most of the immobilization
This journal is © The Royal Society of Chemistry 2017
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Fig. 9 Conceptual diagram showing U immobilised for each geo-
material (quartz, Qtz; sandstone, SS; and volcanic rock, BVG) as
a function of pH and bicarbonate addition. The lines on the diagram
represent when U is immobilised, with dashed lines representing when
U immobilised is concentration dependent.

Fig. 8 Percentage of U that was removed from solution by filtration
through a 0.45 mm nylon filter after the 10 ppm U batch adsorption
experiments with quartz (Qtz), sandstone (SS), and welded tuff (BVG).
Sodium bicarbonate not added (A) and added (B).
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at pH 4–7 and a mixture of adsorption and precipitation
between pH 10.5 and 12. While U is predicted to precipitate in
high pH environments, it is important to understand the
potential mobility of the precipitates. Bots et al.14 saw the
precipitation of nano-sized U minerals. These nanomaterials
may remain suspended in solution and if so they would be
highly mobile in the environment. In our experiments, we
observed the precipitation of similar sodium uranate-type
minerals, whose aggregation may be pH dependent, with
virtually no precipitation observed in our system at pH 12.
Modelling of the solutions indicate that precipitation decreases
steeply above pH 12 (Fig. 4). If there are any precipitates at pH
12 they may be small enough to pass through our 0.45 mm
lters. In the case of sandstone and quartz when no bicarbonate
is added, the precipitates remained in water as highly mobile
colloids between pH 9 and 12 (Fig. 8). The precipitates in the
sandstone experiments may also be co-precipitating as (Na, K)
compreignacite, as noted above since there is K released into
solution during the batch experiments (Fig. 2). In the case of the
volcanic rock there are only minor precipitates collected on the
lters between pH 8 and 11, regardless of the addition of
bicarbonate to the system. Additionally, phosphate is released
into solution at low pH from the volcanic rock, and therefore
there may also the precipitation uranyl phosphates. However we
see no removal of U from solution in this region, meaning that
if a precipitate is formed it is too small to be ltered and
remains in solution.

Fig. 9 shows a conceptual model of U immobilisation onto
quartz, sandstone, and volcanic rock with and without the
addition of bicarbonate, as a function of pH. Our model shows
that in the immediacy of the repository aer the waste material
is leached, volcanic rock would perform the best at immobilis-
ing U at the expected high pH caused by leaching of the cement.
This immobilisation would occur also in the presence of
bicarbonate if concentrations of U are $10 ppm, despite
predictions that U would be more mobile as a carbonate
species.8,15,21 In the case of LLW disposal in trenches, where pH
is buffered below pH 6 due to cellulose decomposition, the U
This journal is © The Royal Society of Chemistry 2017
would adsorb to all geomaterials regardless of U concentration
or bicarbonate addition and would therefore be immobile.

As the uids travel away from the repository, the pH would
approach the typical pH values of aquifers, which in the case of
sandstone and volcanic rocks range between pH 6 and 8.37,38 In
this pH range sandstone and volcanic rock would successfully
immobilise U from solution, and volcanic rock less so, regardless
of the concentration of U. However, if bicarbonate was present in
values similar to that in brines (2 mM) there would only be
amore limited U immobilisation, high only close to pH 6. At high
pH, however there would be U precipitates suspended in solution
and it is necessary to assess if these precipitates would be
mobiles in the subsurface. Most pores will be larger than 0.45 mm
and, in principle, it should be expected that U precipitates are
mobile. It is possible, though, that connectivity between pores is
low which would reduce some mobility. When bicarbonate is
present and the concentration of U is$10 ppm, U is more likely
to precipitate at the mineral surface further impeding mobility.
4 Conclusions

In our study we examined how variations in pH, concentration,
type of geomaterial, and bicarbonate content affect U removal
from solution. Quartz, sandstone, and volcanic rock adsorb U
onto their surfaces between pH 4 and 8 in sufficient concentra-
tions to be efficient at retaining radioactive U aer the failure of
a LLW or ILW repository. They are also efficient at retaining U at
pH 10–12 where U concentrations are$10 ppm, mainly through
U precipitation as Na (and sometimes K) precipitates. The pres-
ence of bicarbonate, a common ion in groundwaters reduces U
retention only in the pH range 8–10, but enhances it at pH 10–12
when U $ 10 ppm. These results are important to the under-
standing of how U may interact and be immobilised in areas
where U may escape into environments with similar lithology,
and important to predicting the fate of this contaminant.
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