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ABSTRACT

A growing body of research supports widespread future reliance on apatite for radioactive waste
cleanup. Apatite is a multi-functional radionuclide sorbent that lowers dissolved radionuclide
concentrations by surface sorption, ion exchange, surface precipitation, and by providing
phosphate to precipitate low solubility radionuclide-containing minerals. Natural apatites are
rich in trace elements, and apatite’s stability in the geologic record suggest that radionuclides
incorporated into apatite, whether in a permeable reactive barrier or a waste form, are likely to
remain isolated from the biosphere for long periods of time. Here we outline the mineralogic
and surface origins of apatite-radionuclide reactivity and show how apatites might be used to

environmental advantage in the future.

I ntroduction

Calcium phosphate apatites, Ca;o(PO4)s(F,OH,Cl),, including fluorapatite, hydroxyapatite, and
chlorapatite are collectively the tenth most abundant mineral on earth and its most abundant
phosphate mineral (Hughes, 2015). While it is a common mineral, Hughes (2015) observes it is

uncommonly versatile. It is the primary source of phosphate for fertilizer to feed human
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populations and it makes up human bone and teeth. For these reasons alone it is one of the most
important materials to mankind. Apatite is a key component in fluorescent lighting, a source
material for phosphate detergents, a gechronometer, a gemstone and a laser material (Rakovan
and Pasteris 2015). With a capacity to hold more than half of the long-lived elements of the
periodic table in its structure (Hughes and Rakovan, 2015), and a structure that allows both
cationic and anionic solid solutions and substitutions, apatite is also a versatile material for the

field of environmental remediation (Rakovan and Pasteris, 2015).

Apatite can be used in permeable reactive barriers (PRBs) to isolate groundwater radionuclides,
and as a waste form in planned nuclear waste repositories. Table 1 identifies the most common
environmental radionuclides of concern and their sources. Phosphorous from dissolving apatite
can remove a significant number of these radionuclides from solution by forming insoluble
radionuclide-containing solids. Apatite surfaces sorb/exchange dissolved radionuclides,
particularly cationic radionuclides including Sr, U, Pu, and Np, removing them from solution
(Moore et al., 2002). In addition, U and Th are also known to be incorporated into apatites
through a coupled substitution with SiO4* and PO,> (Terra and Audubert., 2006; Terra and
Dacheux., 2006 and Terra et al., 2007). Apatite surfaces can also exchange anionic
radionuclides for surface phosphate and/or hydroxyl groups to significantly lower dissolved
levels of anionic radionuclides including '*’IO;™ (Campayo et al., 2011; Coulon et al., 2014; and

Laurencin et al., 2014) and **TcO4 (Moore et al., 2002 and Duncan et al., 2012)

Apatite PRBs are presently used to remove dissolved uranium and *’Sr (see below). PRBs are a
relatively simple, passive treatment technology for separating and immobilizing contaminants
from groundwater. A reactive or sorptive media is placed perpendicular to the path of

contaminated groundwater and down-gradient. Contaminants are removed upon contact with the
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barrier. Conventional construction methods for permeable reactive barriers include trenching

followed by backfilling with a reactive media, or high pressure injection of the media.

Because it can incorporate both anionic and cationic radionuclides, apatite has potential as a
radioactive waste form (Boyer et al., 1997; Ewing 2001; Ewing and Wang, 2002; Guy et al.,
2002; Dacheux et al., 2004; Duncan et al., 2012) or an engineered barrier in a nuclear waste
repository (Krejzler, 2003 and Omel’yanenko, et al., 2007). Cationic radionuclides exchange for
Ca®" in apatite waste forms (e.g. Montel, 2011), in apatite formed in situ by phosphate
amendments (Oelkers and Montel, 2008), and in phosphate-based cements (Leroux and Lacout,
2001). The fact that apatite has been stable for millions of years in numerous near surface
environments (Gorman-Lewis et al. 2009) suggests that it can maintain radionuclide isolation
from the environment for long periods of time (Horie et al, 2008). Furthermore, apatites
demonstrate self-annealing and chemical durability to the damage resulting from a-decay events
emitted from actinide radionuclides (Ochani et al., 1997; Ewing, 2001; Soulet et al., 2001;

Chaumont et al., 2002; Livshits 2006; and Lu et al., 2013).

Our goals here are to: describe the solubility and sorptive behavior of apatite, identify the
specific mechanisms of apatite uptake of individual radionuclides; and review the application of

apatites for environmental radionuclide control.

Mineralogy and Solubility

Apatite is made up of a three dimensional network of PO, tetrahedra linked with a column of
nine-fold coordinated Ca atoms (Cal site) (McConnell, 1938; Frank-Kamenetskaya, 2008).

There are channels passing thru the phosphate network that have axes coinciding with six fold
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screw axes and contain the triangles of seven fold coordinated Ca atoms (Ca2 site) and OH', F',
or Cl ions (Frank-Kamenetskaya, 2008). Apatite forms hexagonal crystals and belongs to the

P63/M space group.

The chemical composition, and solubility, of apatite varies; CI" and/or OH™ can substitute for F".
Divalent cations such as Mg, Sr%, and Ba™ are able to substitute for Ca™. For example,
strontiapatite, Sr10(PO4)s(OH)2, which is formed by the substitution of calcium by strontium is
approximately 10’ times less soluble than hydroxyapatite (Verbeeck et al., 1977). Strontium
substitution in natural apatites is as high as 11% (Belousova et al. 2002) and can be as high as 13%
and potentially higher in biologically precipitated apatite (Szecsody et al., 2009). In fact, biological
precipitation is critical to the formation and performance of an in situ apatite barrier deployed on the
Hanford reservation to prevent a S’ plume from reaching the Columbia River (discussed in detail

below).

Paired substitutions allow incorporation of cationic rare earth elements (REE) into the apatite
structure (Hughes and Rackovan, 2015). In other words, a trivalent REE cation must be paired
with another substitution in order to maintain charge balance. This can occur in two ways: (1)
Na"+ REE* ¢> 2Ca*" and (2) Si*" + REE’" <> P*" + Ca”". Such substitutions are common in
natural apatites and significant because they can occur to the extent that apatite deposits
(phosphates) approach ore grades for REEs. Further, natural REE-bearing mono-silicate-apatites
(britholites) are stable for geologically significant periods of time (Carpena et al., 2001) and are

also potential radioactive waste forms (Dacheux, et al., 2004).
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Silicate, sulfate, carbonate, vanadate, arsenate, chromate, and several other oxyanions can
substitute for PO4~ in apatite. (Pan and Fleet, 2002)". Carbonate can substitute for both
phosphate and OH". Furthermore, carbonate substitutions into apatite structure can increase the
reactivity of apatites (Frank-Kamenetskaya, 2008). Table 2 lists end-member metal phosphate

solubilities.

Figure 1 shows pH-dependent hydroxyapatite solubility and aqueous phosphate speciation.
Metal phosphate minerals in general have a minimum solubility at high pH where aqueous
phosphate groups are highly anionic. The Y-coordinate of the solubility curve for the particular
metal phosphate depends on the free energy of formation of the particular solid. The X-axis pH
trend largely reflects aqueous speciation of the phosphate ion. Figure 2 shows the solubility of
uranium (VI) phosphates, Na-Autunite (Nay(UO;)2(POy),), Autunite (Ca(UO,)2(POs),), and
UO;,)3(P0O4)2-4H,0, as a function of pH. It should be noted that Chernikovite
(H30)2(UO2)2(PO4),26(H,0), a uranium phosphate phase that can form in the presence of
calcium phosphate apatite PRBs is not represented in Figure 2 but is discussed below. The very
low solubilities of many metal phosphates make phosphate and phosphate minerals good
stabilizing agents for contaminant metals in soils (e.g. Zhang and Ryan, 1998, Manecki et al.
2000; Conca and Wright, 2006). The stability of the metal phosphate formed depends on the
crystallinity and minor element chemistry of the metal phosphate solid formed and occasionally

on the presence of a seed (Conca and Wright, 2006).

Surface Chemistry
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The apatite surface is mostly made up of exposed Ca"™ and phosphate groups whose pH-
dependent speciation parallels that of the respective aqueous species. Hydroxyapatite surfaces
are anionic above pH ~ 8 and cationic below (e.g. Bengtsson, et al. 2008). A preliminary model
of pH-dependent apatite surface speciation is shown in Figure 2. Figure 2 was constructed using
the results of Bengtsson et al. (2008) using the surface complexation constants listed in Table 3.
The model predicts that >CaOH,", >PO;H’, and >PO;HCa" are the dominant apatite surface

species.

Cation and anion exchange reactions are obviously also important, e.g.
>CaOH," + Sr™? <> >SrOH," + Ca™ [Cation Exchange]
>PO;H + CO;? < >CO;H + PO,” [Anion Exchange]

There appears to be a link between apatite surface charge and the extent of exchange. For
example, Smiciklas et al. (1999) showed that Sr** exchange on hydroxyapatite is greater at
high pH where the surface is negatively charged. Historically, apatite research has focused on
establishing the chemistry of specific contaminants at the apatite surface for particular

applications — PRBs, waste forms, and so on. The review below does likewise.

Apatite and Radionuclide Cations
Uptake of U and Sr by apatite has recieved the most attention; less so Np, Am, Pu, Co and other
radionuclides. However, members of this latter group are also readily taken up by apatite as

described below.

Uranium
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Uranium concentrations in phosphate rock range from 3 to 400 mg/kg (e.g. Altschuler et al.
1958, Mortvedt, 1991). Additionally, uranium phosphates such as autunite are common in rocks
and sediments as they are insoluble and stable under most environmental conditions (Gorman-
Lewis et al. 2009). Although indirect, the examination of these analogs clearly suggest uranium
apatites and uranium phosphates are stable for geologically significant periods of time and point
to the long-term sequestration of uranium in these matrices. Direct experimental (Dacheux et al.,
2004 and Terra, et al., 2006) and theoretical (Raicevic et al., 2006) studies demonstrate the
stability of uraniferous apatites. In addition to the chemical stability of uraniferous apatites, their
resistance to radiation damage as a result of the ability to self-heal also renders these apatites

stable and able to hold uranium for long periods of time (Ouchani et al. 2007).

Uranyl ion, UO, ™, uranyl hydroxides, and uranyl carbonates are the primary forms of dissolved
uranium in many soil solutions and waste environments. Apatite uptake of uranyl species
apparently involves sorption, surface complexation (e.g. Bowie and Atkins, 1956), substitution
into the apatite structure by ion exchange, and the formation of sparingly soluble uranium
phosphates through various dissolution-precipitation mechanisms (Jeanjean et al. 1995).
Dissolution-reprecipitation is the most important of these mechanisms and uptake depends upon
pH, solution composition and the presence of other substitutions in the apatite (Smiciklas et al.

2008).

Chatelain et al. (2014) proposed a dissolution-reprecipitation mechanism in the formation of an
amorphous uranium phosphate phase by the reaction of uranyl ions in the presence of biomimetic
apatite. Krestou et al. (2004) observed dissolution-reprecipitation uptake of uranium by apatite
dissolving to form CaUO,PO4 and/or CaUO,(COs),, both of which are stable in acidic and

neutral media. In addition, their kinetic experiments demonstrated rapid uptake of uranium by
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apatite, occurring in minutes to hours. Arey et al. (1999) showed that addition of hydroxyapatite
to uranium-contaminated sediment (1703 - 2100 mg/kg U) reduced dissolved uranium
concentrations to below the drinking water standard (30 pg/L). Seaman et al. (2001)
demonstrated similar hydroxyapatite immobilization of U in uranium-contaminated sediment.
Raicevic et al. (2006) measured U uptake by soil amendments of hydroxyapatite, North Carolina
Apatite, Lisina Apatite and Apatite II (a product made from fishbone) and showed that U
immobilization depends on the chemical composition of the apatite. Simon et al. (2008)
measured U uptake with long-term and radiotracer column experiments showed that uranium
phosphate uptake altered the apatite structure but resulted in a stable solid phase. Wellman et al.
(2008) showed that U was immobilized through surface complexation followed by formation of

uranium phosphates.

Moore et al. (2002, 2004) grew apatite in soils using a calcium citrate and sodium phosphate
solution to form finely distributed apatite. Citrate is a strong and stable chelator for calcium in
the presence of phosphate and prevents the immediate formation of apatite from in calcium
citrate and sodium phosphate solutions. Once the solution is placed in sediment, the indigenous
soil microogranisms degrade the citrate and then the calcium reacts with the phosphate to
precipitate apatite in the sediment. Phosphate serves two roles; it buffers solution pH to ~7.2
which favors formation of apatite over other calcium phosphates that sorb less. Figure 4 shows
the formation of apatite in a solution inoculated with soil bacteria. Moore (2002, 2004) showed
that soils containing in situ precipitated apatite decreased dissolved U by 89 to 99% whereas
dissolved uranium concentrations decreased by 62 to 91% in apatite-free soils. However apatite-
containing soil desorbed 1% or less of the sorbed uranium while apatite-free soil released 31 to

35% of the sorbed uranium.
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Strontium

Dissolved Sr exists as Sr™> below pH ~ 9 in soil solutions and waste environments. Under
alkaline conditions SrCO;"? is more abundant. Lazic and Vukovic (1991) showed Sr adsorption
onto synthetic hydroxyapatite occurs by ion exchange between Sr™” and Ca™. Ravicevic et al.
(1996) determined a maximum sorption capacity of 3.8 + 0.3 x 10> mol Sr/mol P for a poorly
crystalline hydroxyapatite. Moore et al. (2002) measured 90Gr sorption by hydroxyapatite
formed in sediment using the apatite-forming solution described above and demonstrated that
average Sr uptake ranged from 19.5 to 94.7% for a treated soil and 34.2 - 4.8% for an untreated
soil. Smiciklas et al. (2005) measured Pb, Cd, Sr, and Zn uptake capacities to be Pb > Cd >
Zn > Sr independent of apatite composition, crystallinity, specific surface area, points of zero
surface charge and sorption capacities. The same order was obtained for both single metal
solutions and their mixture. A linear relationship between the amount of metals sorbed and
Ca”" released from HAP was observed for all the metal ions. The work of Smiciklas et al.
(2005) also suggests that apatite could also be effective at remediating heavy metal soil and

sediment contamination in addition to radionuclides.

Kurgan et al. (2005) used electron microscopy, x-ray analysis, IR-spectroscopy, proton nuclear
magnetic resonance and radiometry, to demonstrate that nanosize and poorly crystalline
hydroxyapatite crystals have a high sorption capacity for HO and *Sr. The distribution
coefficient (Ky), defined as the amount of *°Sr distribution between the apatite and the solution,
does not depend on the radionuclide concentration within the range of 4.2-61 Bg/ml. However,
%St desorption was directly proportional to the radionuclide concentration in solution. It was

demonstrated that desorption of **Sr could be reduced by a factor of 30 with a negligible reduction
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of Kq4. simply by annealing the poorly crystalline hydroxyapatite at 650° C to transform it to a

highly crystalline state.

Sasaki et al. (2012) measured *’Sr sorption by calcined catfish bones treated at 400 - 1100°C to
remove organic matter (87.1 mg/g). Bone treated at higher temperatures exhibited an increase
in crystallinity as indicated by a decrease in lattice strain, 0.0098 to 0.00135, together with an
increase in crystallite sizes, 5.0 x 10® to 7.7 x 10® m. A decrease in the specific surface area
from 98.9 to 0.99 m*/g and an increase in the particle size, 50 to 1000 nm were also observed.
The sorption densities of Sr** decreased with increasing calcination temperatures, from 0.34 to
0.05 mmol/g. Lower calcination temperatures produced amorphous hydroxyapatite, which

released more aqueous phosphate, resulting in the precipitation of strontium phosphates.

Park et al. (2002) measured apatite formation of by precipitation in the presence of dissolved Sr
and Cs. Sr and Cs are both taken into the apatite structure. Even while Sr was removed from
solution more effectively than Cs, this has important implications for treating Cs and Sr-bearing

waste streams and contaminated soils.

Other Cationic Radionuclides

Thomson et al. (2003) measured sorbent removal of low levels of actinides, particularly Pu, U,
and Am, and hazardous metals. Nine sorbents were tested including natural and synthetic
apatites, tri-calcium phosphate, and bone char. Moderate sorption of As, Se, Sr, Cs, and Tc and
very good removal of U and Pu by the phosphate adsorbents were observed. The Am results
were inconclusive. The authors also established that synthetic apatites had higher capacities for

the radionuclides studied than natural apatites (phosphate rock and fish bones).
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Moore et al. (2005) measured sorption of Pu(VI) by synthetic hydroxyapatite in NaClO4 media
to be rapid with equilibrium attained in 2 hours. Sorption was pH dependent with distribution
constants, log Kq values (in ml/g), ranging from 4.11 at pH 6 to 5.92 at pH 8.5. Data collected at
pH 8.0 with varying total Pu(VI) were fit well with a Langmuir isotherm and yielded Langmuir
constants of Ca = 0.0147 mole/mole and K = 1.71'10® I/mole. Although varying ionic strength
did not have an effect on Pu(VI) sorption, a decrease in sorption was evident at high calcium and

phosphate concentrations.

NpO," to synthetic hydroxyapatite is also fast with sorption of initial concentrations of Np(V)
concentration of 1 x 107 to 1 x 10 M reaching equilibrium in ~ 3 hours (Moore et al. 2003).
Sorption is strongly pH dependent with distribution coefficients increasing from 123 L/mole at
pH 6 to 69,200 L/mole at pH 8.5. Data collected at pH 8.0 over a range of Np(V) concentrations
were well fit with a Langmuir isotherm model for simple adsorption. Langmuir parameters were
determined to be C,= 0.032 mole/mole and K = 1.22 x 10° L/mole, indicating the high affinity of

hydroxyapatite for Np(V) adsorption.

Thakur et al. (2006) measured NpO, " sorption on hydroxyapatite as a function of the amount of
sorbent, initial NpO, " concentration, ionic strength and pcH. At ionic strengths of 0.10 to 5.00M
NaClQy, sorption increased with increased pcH to a maximum between pcH 8-8.5, then
decreased as the pcH increased. The kinetics of NpO," sorption on hydroxyapatite followed
Lagergren first order kinetics. The temperature dependence of sorption was small in the range of
273-283 K, but increased more sharply at higher temperatures of 298-333 K. The heat of
sorption of NpO," was endothermic and the free energy values were exothermic indicating large,
positive entropy. The activation energy for the sorption process was calculated to be 29.5 + 1.2

kJ/mole.
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Smiciklas et al. (2006) measured the sorption of Co®" by synthetic hydroxyapatite in batch
experiments as a function of initial metal concentration, equilibration time, solution pH and
presence of EDTA. The sorption process followed pseudo second-order kinetics with 24 hours
required to reach equilibrium. Co”" uptake was quantitatively evaluated using the Langmuir and
Dubinin—Kaganer—Radushkevich (DKR) model. The Langmuir adsorption isotherm constant
corresponding to adsorption capacity was found to be 20.92 mg/g. Sorption of Co" was
constant in the initial pH range 4-8. However, in the presence of EDTA, sorption of Co*"
decreased due to the formation of Co-EDTA complexes with lower sorption affinities for

hydroxyapatite.

Th is a common substituent in natural apatites and is stable in its structure. Th can be retained
within apatites for geologically significant periods of time. For example, it is present in the
hydrothermal apatites associated with the 2Ga old Oklo natural reactors. (Bros et al., 1996). It
has been established that it incorporates into synthetic apatites, in particular the silicate-bearing
apatite known as britholite (Terra, et al., 2006). In this study dry phase incorporation of Th was
achieved into the britholoite structure. This was achieved through a process of mechanical
grinding of a thorium oxide- or thorium phosphate-britholite mixture followed by a heat
treatment at 1400 C for 6 hours.

A study by Bostick (2003) demonstrated that apatite has a strong ability to remove soluble
thorium, in part by the formation of a thorium phosphate particulate phase. Thorium, as hydrous
thorium nitrate, Th(NO3)4nH20, was added to synthetic groundwater in the presence of bone
apatite. The resulting solution had a pH of 3.3 and a fine silt-like precipitate formed on the
surface of the apatite. X-ray Spectroscopy (SEM-EDS) established that this precipitate was an

unidentified Th-rich calcium phosphate solid phase.
12
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With respect to Ra®", it is present in apatite in secular equilibrium with uranium (Menzel, 1968).
While there are few studies of Ra uptake by apatite in the literature, a study by Neuman et al,
1955 demonstrated that Ra*" will readily substitute for Ca®" in hydroxyapatite. It has also been
shown to remediate Ra. When typical waste effluents from a uranium mine are treated with
apatite, radium-leach values are reduced to levels below 0.1 pCi/L (Murray et al., 1983). In light
of the recent concerns associated with significant quantities radium in produced and fracking
waters, (Benevides et al., 2015), apatite sorbents and PRBs should be investigated for their

potential to remediate this radionuclide.

Apatite and Radionuclide Anions

Pertechnetate, TcO4, and iodide, I', are problematic radionuclide anions in soil fluids and waste
environments because they are less likely to sorb to anionic mineral surfaces. Tc exists as TcO4
under oxidizing conditions while under reducing conditions Tc¢ forms insoluble solids. Under
highly oxidizing conditions I forms iodate, IO;". Other radioactive anionic species such as those
of Se include selenate, SeO42', and selenite, 86032', and are of lesser radiochemical concern. The
apatite mineral group is one of the rarer examples of a mineral group that allows for anion solid
solutions and substitutions (Hughes and Rakovan, 2015), and there is considerable evidence that
both anions and oxyanions sorb to apatite surfaces. Oxyanions including COs>, SO4*, VO,
AsO43 ’, Seng', SeO42', 1057, and TcOy4 can sorb and potentially even replace PO43 " 1in the apatite
structure (Narasaraju and Phebe 1996; Moore et al. 2002; Duc et al. 2003; Bostick, 2003; Lee et

al. 2009; Lee, 2010; Campayo et al. 2011; Duncan et al., 2012).

Pertechnetate
Because it is an abundant fissiogenic isotope and it has a long half-life (2.1 x 10’years) *Tc is

the major driver for the long term dose risk at both the DOE Hanford and Savannah River
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nuclear reservations. A chemically modified hydroxyapatite known as stannous hydroxyapatite
has proven to be extremely effective at reducing, capturing and sequestering pertechnetate
(TcOy4’) (Moore et al. 2002). Combined reduction and incorporation causes permanent
sequestration of Tc into the apatite lattice (Duncan et al. 2012, Cooke et al. 2008). Furthermore,
the reoxidation of the Tc appears to be inhibited by the presence of tin in the apatite structure
(Duncan et al. 2012). The authors also report that phosphate is released into solution during the
process of Tc incorporation suggesting TcO4™ can sorb and potentially replace PO4” in the apatite
structure. Although the mechanism is uncertain, it is presumed that an exchange reaction takes
place and the captured technetium is sequestered within the stannous hydroxyapatite and is

therefore very resistant to re-oxidation.

| odide/l odate

Phebe and Narasaraju (1995) demonstrated that a solid solution exists between hydroxyapatite
Cayp(PO4)s(OH), and iodoapatite Cajp(PO4)s(1), establishing that iodide will readily substitute for
hydroxide in the hydroxyapatite structure. Other related apatite compositions such as the lead
vanadophosphate iodine apatite, Pbo(VO4)43(PO4); 2(1),, synthesized by Campayo et al. (2015)
are known to exhibit high chemical durability making them attractive as a waste form for the

immobilization of radioactive iodine.

Laurencin et al. (2014) measured incorporation of iodate in Ca-hydroxyapatite and Sr-
hydroxyapatite lattices. On one hand, I K and L-3-edge X-ray Absorption Near Edge
Structure spectra are indicate that while the local structure around the iodate is similar in the
two substituted hydroxyapatite lattices, it differs significantly from the one observed in a
series of model compounds including NalOs, KIO3, and Ca(103),°H,0. I K-edge Extended X-

ray Absorption Fine Structure spectra were analyzed and revealed a lack of order around the
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iodate, and also the absence of local clustering of the iodates along the hydroxyl columns of

the apatite.

Coulon et al. (2014) describes a cementation synthesis process for iodate-substituted
hydroxyapatite. The material is obtained from a mixture of tetracalcium phosphate (TTCP),
tricalcium phosphate (aTCP) and sodium iodate (NalOs), taken in a molar ratio of 1/2/0.5.
Sodium iodate acts as a set retarder, by leading to the precipitation of non-cohesive transient
phases, which are then destabilized when the massive precipitation of hydroxyapatite occurs.
The setting time of the waste form was controlled by adding hydroxyapatite seeds to the cement
paste. This cementitious system leads to a porous material composed of iodine-substituted
hydroxyapatite needles covering residual TTCP and aTCP particles. Iodine is present in the
hydroxyapatite structure as iodate anions only and the authors conclude that it substitutes
primarily for hydroxyl groups as opposed to phosphate groups. An iodine incorporation rate of

6.5 wt% was obtained using the authors system.

Selenate/Selenite

Besides its presence in natural systems, selenium is also present in small quantities in high level
waste as the long-lived radionuclide ”’Se with a half-life of 6.5 x 10* years. Sorption and
incorporation behavior of selenite species on hydroxyapatite has been repeatedly observed
(Montiel-Rivera et al. 2000; Duc et al. 2003; Lee, 2010; Ma et al. 2013; Kolmas et al. 2014;
Kolmas et al. 2015; Moore et al. in review ). Monteil-Rivera et al. (2000) showed that selenite
substitutes into the apatite structure for phosphate and that substituted selenium is located at the
surface as well as diffused into the structure of the hydroxyapatite. Duc et al. (2003) measured
sorption of selenium by hydroxyapatite, fluorapatite and iron oxides and found sorption of

selenite by hydroxyapatite to be pH-dependent with the highest uptake occurring at a pH of
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approximately 8. Sorption by fluorapatite was not significantly affected by pH but the total
uptake of selenium was 2 to 3 orders of magnitude less than that measured for hydroxyapatite.
The mechanism for selenium uptake is adsorption of selenite followed by substitution for
phosphate in the hydroxyapatite. However, the kinetics of selenite uptake by hydroxyapatite are
very slow requiring more than 100 hours to reach equilibrium suggesting that for systems with
rapid groundwater flow, a permeable reactive barrier would not be practical as a remediation
option. More recently, Moore et al. (in review) have demonstrated that carbonated
hydroxyapatite can accelerate the rate of sorption of selenite and its substitution into the apatite
structure. They demonstrated selenite uptake can reach equilibrium in as little as 5 hours.
Together these studies suggest that the rate, amount and perhaps even the mechanism of selenite
uptake by hydroxyapatite can be significantly affected by changing or ‘tuning’ the composition

and structure of the hydroxyapatite sorbent.

Fewer studies have examined sorption and incorporation of selenate on hydroxyapatite (Montiel
et al. 2000; Duc et al. 2003; Lee 2010; Kolmas et al. 2014; Kolmas et al. 2015). When compared
to selenite, selenate uptake appears to be much less significant and some cases negligible (Duc et
al. 2003). While hydroxyapatite shows little affinity for selenate it may be possible to dope
hydroxyapatites with a redox sensitive cation such as Sn (II) for calcium to increase uptake. The
stannous hydroxyapatite could potentially take up selenate by (1) reduction to selenite by the
incorporated Sn (II) followed by (2) uptake of the arsenate as arsenite. Such a mechanism has

been proposed for pertechnatate uptake by stannous apatite as described above.

Apatite-Radionuclide Field Applications
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Apatite has been incorporated into several permeable reactive barriers, most notably ones at: Fry
Canyon, UT, for U; at the Hanford 100-N area for QOSr; and at Fukushima in Japan for 90Sr, each

using a different form of apatite.

Fry Canyon

Fry Canyon is located in southeastern Utah and is a former site where uranium and copper ores
were processed. A plume of contaminated groundwater lies beneath the Fry Canton site
containing concentrations of dissolved uranium of 1,000 to 20,000 micrograms/L (Otton et al,
2010). Six permeable reactive barriers were installed at Fry Canyon and operated from
September 1997 through December 1999. Two methods for deployment of the barriers and three
reactive media, including bone char phosphate, were investigated for their ability to sequester
uranium in the groundwater. The main constituent of the bone char was apatite. The bone char

was effective at removing 88.1% of the uranium passing through the barrier (Naftz et al. 2000).

Fuller et al. (2003) examined bone char samples retrieved from the permeable reactive barrier by
EXAFS. The analysis indicated U(VI) uptake by the bone char phosphate was through surface
complexation for sorbed concentrations of <5500 pg U/g apatite. At sorbed uranium
concentrations of > 5500 pug U/g apatite, the uranyl phosphate chernikovite
((H30)2(U0,)2(PO4),+6(H,0) ) with a solubility constant of 1.8 x 10 (Haverbeke et al. 1996).
was formed. However, the presence of carbonate at a concentration of 4.8 mM in the
groundwater suppressed the formation of chernikovite and at sorbed uranium concentrations of

up to 12,300 pg U/g apatite and reduced the effectiveness of U uptake.

Hanford 100-N Site
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The Hanford 100-N site is adjacent to the Columbia River in Western Washington on the
Department of Energy Hanford Reservation where plutonium for nuclear weapons was produced
in large quantities. The primary source of *°Sr contamination is from liquid waste disposal in a
trench near the Columbia River. The 100-N site is located on a plateau slightly above and
adjacent to the river and is contaminated with **Sr. The Vadose zone at the 100-N site is 0 to 23
m thick and is composed of gravels and sands of the Hanford and Ringold Formation. The
unconfined aquifier is approximately 6.5 to 14 m thick. When the Columbia River stage is high
the water table can rise into the Hanford formation. A 90 meter permeable reactive barrier was
placed in sediment adjacent to the Columbia River. The barrier was constructed over a two year
timeframe from 2006 to 2008 using the previously described apatite-forming solution (Moore et
al. 2003). Sixteen wells were used to inject the solution into the sediment creating an
overlapping, continuous permeable reactive barrier. As of 2014, the barrier is meeting or
exceeding the treatment objective of a reduction in Sr’° concentrations of 90% as measured down
gradient of the barrier (Vermuel et al., 2014). As of 2016 the DOE has plans to expand the

barrier to protect a 300 m stretch of the Columbia River.

Fukushima

The Fukushima site is located on the east coast of Honshu Island in northeastern Japan on
Cenozoic sedimentary rock. It is separated from the adjacent Abukuma granite plateau by the
Futuba fault. The plant sits on “mudrock” type sedimentary rock which is muddy rock
composed of clay and silt. (Fetet, 2011). Groundwater contaminated with *’Sr and "*’Cs has
been continuously removed from the site, the '*’Cs is being removed by ion exchange while the
St contaminated water is being stored until the %Sr can be removed. The contaminated water

is currently being held in large above ground tanks. There have been several leaks from the
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tanks resulting in the release of *°Sr-contaminated water. In response to the spills, a permeable
reactive barrier was placed in the path of the contamination. The barrier was constructed using a
mixture of zeolite and processed pig bones (composed primarily of apatite). However, because
the soil at Fukushima highly retards migration of Sr, it will be years before the Sr reaches the

barrier and its performance can be evaluated (Ijiri 2014).

Research is ongoing for the construction of a second permeable reactive barrier at Fukushima.
The proposed barrier will be constructed as a biogenic in situ apatite barrier through injection of
a glycerol phosphate into the subsurface in the path of contaminated groundwater. Similar to the
in situ barrier technology developed by Moore (described above) the indigenous soil
microorganisms will be relied upon to degrade the glycerol phosphate allowing the phosphate to
react with calcium in the sediment to produce apatite (Japan Association of Mineralogical

Sciences, 2015)

Discussion

Apatite is capable of isolating a number of radionuclides that are of environmental concern, and
has the potential application as a PRB and a waste form. Apatite PRBs have been successfully
demonstrated in the field and they have several advantages over most other groundwater
remediation approaches. Once a groundwater plume has been remediated by passing completely
through a PRB, the PRB and contaminant can be removed and disposed of elsewhere.
Alternatively, a PRB that has remediated a radionuclide plume can be left in place until the

radionuclide has decayed.
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424  Furthermore, construction of an apatite PRB using the apatite-forming solution developed by

425  Moore et al., 2002 has many advantages over other conventional construction including:

426 e The barrier is simple and inexpensive compared to trenching and uses nonhazardous
427 chemicals

428 e With the exception of monitoring, there are no operational expenses for the barrier once
429 in place

430 e  Worker exposure to contaminants is minimal as compared to above-ground ex situ

431 treatment technologies, and

432 e Disposal costs for contaminated soil generated by removal are eliminated and no waste
433 streams are generated.

434  Physical and chemical conditions advantageous for use of the apatite-forming solution to create a

435  permeable reactive barrier include:

436 e Sufficiently high soil permeability to permit the apatite-forming solution to spread out
437 both horizontally and vertically
438 e A pH between 6.9 and 9.0
439 e A relatively slow groundwater flowrate to allow apatite formation before the apatite
440 forming solution can be washed out of the injection site. The specific flow rate will
441 depend on the particular site since many site-specific factors affect apatite formation
442 including groundwater temperature, microorganism activity, and groundwater
443 composition.
444 e An active microbial population for degradation of the citrate.
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Implications

Apatite PRBs are poised to play an ever larger role in radionuclide removal from the
environment. In particular, an apatite PRB might be used as part of the multi-barrier concept that
most nuclear waste repositories use. Not only does apatite sorb/sequester long-lived
radionuclides, it is also redox insensitive, and its presence does not notably alter the bulk

geochemistry of the repository environment.

Apatite has a special advantage over “advanced waste forms” assembled of exotic materials and
methods. The persistence of apatite in the geologic record allows its effectiveness as a waste
form to be qualitatively predicted. Conversely, advanced waste forms for which there is no long
term “track record” cannot be relied on heavily for long-term radionuclide isolation. That being
said, greater confidence in apatite performance requires answering the following questions

through more extensive research.

How do multiple radionuclidesinteract at the apatite surface? Most experiments have
focused on single radionuclides because they were often designed to test a PRB sorbing a single
radionuclide. Apatite in a repository backfill will “see” many radionuclides simultaneously,
along with the dissolved species in the ambient groundwater. Developing an experimental and
theoretical understanding of how multiple species interact at the apatite surface is needed. This

effort will also help sort out the relative contributions of surface complexation and exchange.

What arethe chemical controlsover apatite dissolution-reprecipitation? Dissolution-
reprecipitation particularly in surface layers is a strong control over apatite uptake of U. It has
been established that autinite (CaUO,) ; (PO4) 2) (Ohnuki et al., 2004) and chernikovite

((H30)2(U0O7)2(PO4),°6(H,0)) (Fuller et al., 2003) can form on the surface of apatite most likely
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through dissolution-reprecipitation mechanisms. The precise reaction pathway (e.g. sorption,
incorporation or co-precipitation) is determined by numerous factors associated with
groundwater chemistry (Mehta et al., 2016). Dissolution-reprecipitation probably plays an
important role in other contaminant-apatite interactions well (e.g. Th as discussed above).
Working out how the bulk apatite surface, and the species adsorbed/exchanged onto it, responds

to groundwater chemistry is the key.

How does apatite react over the medium term? Lab experiments with apatite say something
about 1 year chemical processes; natural apatites give information about > 1 million year
processes. PRBs and nuclear waste backfills perform over time spans in between a year and a
million years. Long-term tests, or short-term tests accelerated by temperature, are needed to give

greater confidence in apatite performance over the medium term.
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739  Figure 1. Hydroxyapatite solubility at 25°C in a 100 ppm Na, 100 ppm CI, 1 ppm P, 10 ppm Ca

740  solution.
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744 Figure 2. Solubility of U(VI) as a function of pH and in the presence of phosphate (107-),
745  sodium (107), and calcium (107). Dashed lines show the metastable extensions of aqueous U(VI

746 ) species (from U.S. Environmental Protection Agency, 2007).
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Figure 3. Calculated hydroxyapatite surface speciation in a 2.25 mmol/L Ca and 0.95 mmol/L P
solution. The net hydroxyapatite surface charge is plotted in dashed-dot blue. Ca and P surface
site densities were assumed to be respectively 4.3 and 3 sites/nm” (Bengtsson, Shchukarev

Persson, P, and Sjoberg, S 2008).
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Figure 4. Crystals of apatite formed using an aqueous

solution of sodium phosphate and calcium citrate in
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Table 1. Common Soil/Radwaste Radionuclides (after Zhang et al. 2002)

Radionuclide  Half-life(yrs) Notes
0S¢ 29 Fallout, nuclear processing, accidental releases
B¢ 30.2 Fallout, nuclear processing, accidental releases
12 16,000,000 Nuclear processing
226 :
Ra 1600 Uranium decay
24235238 250,000,700 Natural, spent fuel & processing
million, 4.5
billion
239.240.241p, 24000, 6560, Fallout, accidental releases
14.4
Co 53 Low-level radioactive waste
*Am 4322 Spent fuel & processing, sealed sources (e.g. smoke
detectors)
PTe 213,000 Fission product, nuclear processing
Th several Radioactive decay, processing
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787

788  Table 2. Metal- and radionuclide-phosphate hydrolysis reactions (from the data0.ymp.R2

789  thermodynamic database).

Mineral Formula Log K s

Hydroxyapatite ~ Cas(OH)(PO,); +4H" «> 5Ca™ + 3HPO,~ + H,O 0.5251

SrHPO, <> Sr™* + HPO,™ -8.5400

(UO,)3(POy), +2H" < 3U0, "™ + 2HPO,™ -11.5914

(UO,)3(PO4),:4H,0 + 2H™ > 3U0,™ + 2HPO, ™ + 4H,0 -24.2808

(UO,)3(PO4),:6H,0 + 2H™ > 3U0,™ + 2HPO, + 6H,0 -25.4205

U(HPO,),:4H,0 « U™+ 2HPO,? + 4H,0 -30.4577

UO,HPO,:4H,0 « U0, + HPO,™ + 4H,0 -2.2729

UPOs + H,0 <> UO," ++ H + HPO, -18.3752

Pu(HPO,)s amphya <> Pu™ + 2HPO,> -30.4500

PuPOy,pyq + H <> Pu™ + HPO,™ -12.2500

Tho7sPO4 + H <> Th™ + HPO,™ -15.6495

AmPO, . + H > Am™ + HPO,> -12.4399

Co3(POy),+ 2H" < 3Co™ + 2HPO,> -10.0036

CoHPO, <> Co™ + HPO,4? -6.7187
790
791
792
793
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794 Table 3. Hydroxyapatite surface complexation model (Brady et al., 2014).
Surface Reaction Log Kasc
>CaOH + H' ¢> >CaOH," 8.41
>PO3H, > >PO;H +H’ -1.11

>CaOH + HPO,? + H & >CaPO4H + H,O  11.63

>PO;H, + Na" <> >PO;Na +2H" -5.1
>PO;H, + Ca™ <> >PO;HCa" + H' -0.7
>PO;H, + Mg < >PO;HMg" + H" -0.7
795
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