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ABSTRACT

The goal of this work was to evaluate the immobilization of uranium (U) through crystallization of calcium
phosphate minerals (phosphates), which have a strong ability to absorb and retain dissolved uranyl, and
therefore, are useful in various geological and environmental applications. To date, most of the experimental
studies have been conducted at room temperature and high temperature assessments on uranium immobilization
rely on the extrapolation procedure, which is not always accurate. To evaluate uranium partition coefficients
between phosphates and hydrothermal fluid, we performed a series of crystallization experiments at 25-350 °C
and various aqueous uranium concentrations.

Crystallization occurred through the transformation of brushite to monetite or/and apatite in aqueous solu-
tions doped with uranium aliquots. Solid products were extracted and characterized with X-ray diffraction (XRD)
and scanning electron microscopy (SEM). The local bonding environment and valence state of uranium in apatite
were determined via X-ray absorption spectroscopy (XAS). Uranium concentration in crystals and coexisting
solutions were measured with inductively coupled plasma mass spectrometry (ICP-MS). Apparent partition co-
efficients were calculated as Nernst partition coefficients (DU) and Doener-Hoskins partition coefficients (Kgf C;
(to account for closed reservoir effect). Experimental DV values were compared with those calculated using the
lattice strain model. Results showed that >92% of U added to solutions was extracted via this crystallization
method and Kgi f_f decreases with increasing phosphate crystallization temperature. Thus, phosphates, especially
apatite, has a strong potential to immobilize uranium under hydrothermal conditions and can be used in the
development of engineering barriers to further improve the efficiency of existing backfill materials in the disposal
of nuclear waste.

1. Introduction

and their varieties are widely known not only for being abundant but
also, for their versatility (Hughes and Rakovan, 2002; Hughes, 2015;

The knowledge of the behavior of radionuclides in natural waters is a
key factor in assessing contamination risks resulting from U mining and
milling, accidents in nuclear power plants (e.g., Fukushima 2011), and
waste repository sites. Moreover, there is an urgency for the develop-
ment of a safe, cost-effective way to dispose of this nuclear waste.
Phosphate minerals have been shown to be promising host repositories
for enhancing the immobilization of radionuclides (Hughes, 2015; Rigali
et al., 2016). Calcium phosphates such as brushite, monetite, apatite,
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Rigali et al., 2016). For example, apatite is used for rock age determi-
nation, as a soil fertilizer, and in environmental remediation (Chew and
Spikings, 2015; Hughes, 2015). In environmental remediation, apatite
can be used as a permeable reactive barrier (PRBs), as a phosphate-
induced metal stabilization (PIMS), or as a potential waste form phase
for the immobilization of radionuclides, a wide range of water con-
taminants, and metals (Carpéna et al., 1997; Soulet et al., 2001; Ewing
and Wang, 2002; Wright and Conca, 2002; Hughes, 2015; Rigali et al.,
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U- Bearing Solution

Fig. 1. Experimental setup for brushite to apatite recrystallization. U was
added via the addition of U aliquots.

2016). Apatite is known to have a high affinity for the absorption of
radionuclides, such as uranium, and it is not only stable at hydrothermal
conditions but also in near-surface environments (Carpéna et al., 1997;
Soulet et al., 2001; Chaumont et al., 2002; Hughes and Rakovan, 2002;
Rigali et al., 2016). Surface adsorption is common at low temperatures,
but at high temperature crystallization rate is high and therefore, nu-
clides can be trapped into crystal lattices. Once radionuclides are fixed
into the crystal structures of phosphate minerals, they can remain iso-
lated for hundreds of thousands to million years (Jerden and Sinha,
2003; Gorman-Lewis et al., 2009; Horie et al., 2008; Rigali et al., 2016).
This idea becomes attractive since incorporating uranium and other
radionuclides into low solubility solid phases represents a more effi-
cient, cost-effective, and less invasive environmental remediation
strategy (Gorman-Lewis et al., 2009; Horie et al., 2008; Rigali et al.,
2016).

In nature, U is commonly found in oxidized form as U%*and in
reduced form as U*'. It is established in the literature that U in its
oxidized state is mobile in aqueous solutions while its reduced state is
immobile (Hoeve and Sibbald, 1978; Romberger, 1984; Jefferson et al.,
2007). However, recent studies have demonstrated that U*" can be
mobilized (up to 1 ppm) at elevated temperatures (200-350 °C) under
low pH and neutral pH using NaCl and Na;SO4 solutions, respectively
(Timofeev et al., 2018; Migdisov et al., 2019). Although U incorporation
into the crystal structures of phosphate minerals has been extensively
studied, those investigations are limited to ambient conditions,
uranium-contaminated soils, and mineral surface ion exchange. The
thermal peak of nuclear waste canisters can be up to 300 °C (Greenburg
and Wen, 2013). However, U incorporation by phosphate minerals at
elevated temperatures (>25 °C) remains poorly investigated., It is
imperative that U entrapment by phosphate minerals at elevated tem-
peratures is evaluated to shed light into the potential usage of phosphate
minerals as an engineer barrier system. Thus, this is the goal of this
study, to evaluate U entrapment at temperatures >25 °C.
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2. Methodology
2.1. Experimental setup

The brushite precipitation method was modified from Moreno and
Varughese (1981). The initial solutions were acquired by the dissolution
of 62.39 g of calcium chloride dihydrate [CaCly- 2H20] and 34.76 g of
sodium phosphate monobasic monohydrate [NaH;PO4 H3O] into
reverse osmosis (RO) water. Each solute was separately placed into a
500 ml beaker. To both beakers, 400 ml of RO water was added, and
both beakers were placed on a magnetic stirrer for approximately 15 min
to dissolve the solute entirely to form an initial solution of 1.06 M of
CaCly- 2H,0 and 0.63 M of NaH,PO4- H20. Once the solutes were dis-
solved, both solutions were poured into a 900 ml plastic container. The
solution was stirred at room temperature with a Teflon coated stir bar
operated by magnetic stirrer and was left for 2 days, to enable nucleation
and growth of brushite crystals. After 2 days, the precipitated phosphate
mineral was filtered, collected, and left to dry at room temperature.

Teflon-lined hydrothermal steel autoclaves were used to achieve
brushite to apatite recrystallization. A total of 67 experiments were
conducted using U aliquots. Approximately 0.2 g of brushite powder was
placed at the bottom of the autoclave (autoclave volume: 100 ml; 50 ml;
15 ml) together with a 0.5 M NaCl solution (Fisher Scientific, A.C-S)
(Fig. 1). The amount of solution added was set to occupy approximately
60% of the total autoclave volume. After placing these materials, ali-
quots of 1000 ppm U standard solution were introduced to our system to
make total concentrations ranging from 0.01 to 10 ppm. The autoclaves
were then sealed and loaded into a furnace preheated to 80, 120, 160,
200, 220 and 350 °C. Six autoclave experiments were conducted at room
temperature (i.e., 25 °C). Three experiments were performed in large
plastic containers with continues stirring of growth media using sub-
mersible magnetic stir plate at 400 rpm. Temperature was controlled by
the water circulating bath at 39 °C. Experimental conditions are listed in
Table 1.

2.2. Sample characterization

The solid experimental products were analyzed with X-Ray Diffrac-
tion (XRD) and Scanning Electron Microscopy (SEM) at Mississippi State
University (MSU). XRD analysis was conducted using a Rigaku Ultima III
X-Ray Diffraction System. MDI Jade 2010 software was used for data
analysis and interpretations. The powder sample was mounted on a
sample holder and loaded into the instrument. XRD runs were performed
from 10 to 50° 20 at a velocity of 4°/min and a sampling interval of
0.02°. SEM imaging was used to analyze solids to determine the
morphology of the mineral phases. The powder was placed on a sample
mount containing carbon tape. After placing the powder on the mount,
the sample was coated with platinum shielding a 10 pm thickness.
Uranium L3-edge X-ray absorption spectroscopy (XAS), including both
near-edge region X-ray absorption near edge structure (XANES) and
extended region X-ray absorption fine structure (XAFS), was conducted
at the Advanced Photon Source (Argonne National Laboratory), beam-
line 20-BM, for some experimental products. Uranium concentrations in
fluids and solids after treatment were measured with inductively
coupled plasma mass spectrometry (ICP-MS) (PerkinElmer SCIEX, ELAN
DRC II, Department of Chemistry at MSU). After treatment, fluid and
solid samples were collected from the hydrothermal reactor (autoclave).
Approximately 10 mg of each solid sample were digested in 10 ml of 3%
trace metal HNOs. Fluid samples were collected and filtered with 0.45
pm nylon Whatman syringe filter. Standard solution of uranium (1000
ppm) was used to generate a calibration curve. All samples, fluids, and
solids were diluted according to the initial U concentrations added to fall
under the calibration curve generated. All dilutions, including stan-
dards, were prepared using 3% trace metal HNO3 to maintain a ho-
mogenous matrix solution.



Table 1
Initial experimental conditions; confirmed mineralogy; U in solids and fluids (measured and calculated), and partitioning values using Nerst (DY) and Doener-Hoskins (Kgf ff .
Run T U(in) Bru. A, Fl, pH pHr pHy XRD Unneas Upneas(fin) U(in) Calc. UO3™ Calc.(in) Ca DY(in) DY(fin) DY(in) KY/ca
°C ppm mg Vol Vol 25°C (calc) solids Solids mol/kg mol/kg mol/kg Calc. Uog* (D—H)
ml ml mol/kg mol/kg
Y1 25 1 200 25 15 4.44 4.44 3.94 Monetite 7.92E-04 5.47E-09 4.20E-06 3.71E-06 1.29E-02 1.89E+02 1.45E+05 2.14E+02 7.20
Y2 25 1 200 25 15 4.48 4.48 3.94 Monetite 1.62E-04 8.69E-09 4.20E-06 3.71E-06 1.29E-02 3.85E+01 1.86E+04 4.36E+01 5.83
Y3 25 5 200 25 15 4.81 4.81 3.89 Monetite 2.69E-03 5.48E-07 2.10E-05 1.85E-05 1.47E-02 1.28E+02 4.90E+03 1.45E+02 7.11
Y4 25 5 200 25 15 5.32 5.32 3.89 Monetite 3.94E-03 6.82E-08 2.10E-05 1.85E-05 1.47E-02 1.88E+02 5.78E+04 2.13E+02 10.02
Y5 25 10 200 25 15 5.12 5.12 3.84 Monetite 6.29E-03 6.06E-08 4.20E-05 3.71E-05 1.69E-02 1.50E+4-02 1.04E+05 1.70E+02 9.44
Y6 25 10 200 25 15 5.08 5.08 3.84 Monetite 6.11E-03 6.19E-08 4.20E-05 3.71E-05 1.69E-02 1.45E+02 9.88E-+04 1.65E+02 9.94
WB1 39 1 1000 900 800 4.9 4.99 4.7 Apatite 3.81E-03 7.31E-09 4.20E-06 3.01E-06 2.48E-03 9.06E+02 5.20E+05 1.27E+03 16.42
WB2 39 5 1000 900 800 4.8 4.89 4.52 Apatite 1.72E-02 6.22E-08 2.10E-05 1.59E-05 4.03E-03 8.21E+402 2.77E+05 1.09E+03 35.86
WB4 39 1 1000 900 800 5.02 5.1 4.7 Apatite 5.74E-03 8.69E-09 4.20E-06 3.01E-06 2.48E-03 1.37E+03 6.61E+05 1.91E+03 14.99
1C 80 0.04 203 100 60.23 4.31 4.3 3.91 Apatite 7.85E-05 2.41E-09 1.68E-07 1.14E-07 5.34E-03 4.67E+02 3.26E+04 6.91E+02 8.72
2C 80 0.1 248 100 60.58 4.38 4.37 3.87 Apatite 5.85E-04 6.67E-09 4.20E-07 2.87E-07 5.59E-03 1.39E4+03 8.77E+04 2.03E+03 10.01
3C 80 0.3 200 100 61.02 4.59 3.58 3.92 Apatite 1.93E-04 2.92E-09 1.26E-06 8.51E-07 5.31E-03 1.53E4+02 6.63E+04 2.27E+02 6.90
4C 80 0.6 211 100 60.82 4.45 4.44 3.88 Apatite 1.16E-03 6.18E-09 2.52E-06 1.72E-06 5.70E-03 4.59E+02 1.87E+05 6.74E+02 9.45
5C 80 1 207 100 60.47 4.78 4.77 3.88 Apatite 1.92E-03 2.48E-08 4.20E-06 2.86E-06 5.77E-03 4.56E+02 7.74E+04 6.70E+02 8.91
6C 80 10 208 100 61.62 4.48 4.47 3.78 Apatite 5.29E-03 7.22E-08 4.20E-05 2.91E-05 7.35E-03 1.26E4+02 7.32E+04 1.82E+02 12.49
Z1 120 1 200 25 15.19 3.35 3.37 3.21 Mon-Ap 7.24E-04 4.69E-07 4.20E-06 2.48E-06 7.58E-03 1.72E+02 1.54E+03 2.92E+02 4.09
72 120 2 200 25 15.24 3.35 3.38 3.2 Mon-Ap 1.17E-03 4.94E-07 8.40E-06 4.96E-06 7.85E-03 1.39E4+02 2.37E+03 2.36E+02 4.29
Z3 120 5 200 25 15.23 4.29 4.32 3.16 Mon-Ap 3.21E-03 2.51E-06 2.10E-05 1.25E-05 8.71E-03 1.53E4+02 1.28E+03 2.58E+02 3.89
74 120 7 200 25 15.21 4.29 4.32 3.14 Mon-Ap 2.57E-03 2.65E-06 2.94E-05 1.75E-05 9.30E-03 8.74E401 9.69E+02 1.47E+02 3.78
Z5 120 10 200 25 15.43 4.12 4.15 3.82 Mon-Ap 3.23E-03 2.67E-06 4.20E-05 2.50E-05 1.01E-02 7.68E+01 1.21E+03 1.29E+02 4.04
1CL 120 0.01 206 100 60.34 3.95 3.98 3.82 Apatite 4.32E-05 8.20E-10 4.20E-08 2.05E-08 2.75E-03 1.03E4+03 5.27E+04 2.11E+03 5.80
2CL 120 0.02 213 100 60.83 3.88 3.91 3.78 Apatite 5.67E-05 6.34E-10 8.40E-08 4.17E-08 2.94E-03 6.75E+02 8.95E+04 1.36E+03 6.16
3CL 120 0.04 204 100 60.54 3.85 3.88 3.83 Apatite 7.98E-05 9.04E-10 1.68E-07 8.16E-08 2.73E-03 4.75E+02 8.83E+04 9.78E+02 6.06
4CL 120 0.1 204 100 61.28 3.84 3.87 3.83 Apatite 2.35E-04 1.22E-08 4.20E-07 2.04E-07 2.73E-03 5.60E+02 1.93E+04 1.15E+03 5.37
6CH 120 0.1 219 100 63.67 3.86 3.89 3.82 Apatite 2.36E-04 8.67E-09 4.20E-07 2.05E-07 2.80E-03 5.61E402 2.72E+04 1.15E+03 5.60
5CL 120 0.3 201 100 60.96 3.82 3.85 3.82 Apatite 6.51E-04 1.13E-08 1.26E-06 6.13E-07 2.78E-03 5.16E+02 5.76E+04 1.06E+03 5.94
6CL 120 0.6 204 100 61.29 3.95 3.98 3.8 Apatite 1.67E-03 1.22E-08 2.52E-06 1.24E-06 2.92E-03 6.61E+02 1.36E+05 1.35E+03 6.71
1CH 120 1 207 100 60.68 3.91 3.94 3.77 Apatite 2.02E-03 2.45E-08 4.20E-06 2.10E-06 3.13E-03 4.80E+02 8.22E+04 9.63E+02 6.49
2CH 120 2 201 100 60.62 3.82 3.85 3.74 Apatite 4.30E-03 8.95E-08 8.40E-06 4.25E-06 3.44E-03 5.12E+02 4.81E+04 1.01E+03 6.68
3CH 120 5 210 100 62.73 3.75 3.78 3.62 Apatite 4.39E-03 1.30E-07 2.10E-05 1.11E-05 4.59E-03 2.09E+02 3.37E+04 3.95E+02 7.90
4CH 120 7 208 100 61.3 3.92 3.95 3.56 Apatite 5.13E-03 8.83E-08 2.94E-05 1.59E-05 5.37E-03 1.74E+02 5.80E+04 3.23E+02 8.96
5CH 120 10 208 100 60.52 3.86 3.89 3.48 Apatite 5.34E-03 1.16E-07 4.20E-05 2.31E-05 6.51E-03 1.27E402 4.61E+04 2.31E+02 10.63
1B 160 0.04 200 50 30.36 3.15 3.21 3.38 Apatite 4.77E-05 4.18E-09 1.68E-07 2.05E-08 3.13E-03 2.84E+02 1.14E+04 7.37E+02 3.95
2B 160 0.1 202 50 30.58 3.22 3.29 3.37 Apatite 8.12E-05 1.30E-08 4.20E-07 6.47E-08 3.15E-03 1.93E+02 6.27E+03 5.01E+02 3.78
3B 160 0.3 203 50 31.85 3.19 3.25 3.38 Apatite 3.17E-04 9.86E-09 1.26E-06 1.62E-07 3.14E-03 2.52E+02 3.22E+04 6.55E+02 4.42
4B 160 0.6 196 50 30.36 3.18 3.24 3.37 Apatite 6.25E-04 1.61E-08 2.52E-06 4.84E-07 3.24E-03 2.48E+02 3.87E+04 6.43E+02 4.56
5B 160 1 199 50 30.44 3.24 3.31 3.35 Apatite 5.92E-04 5.67E-08 4.20E-06 9.73E-07 3.36E-03 1.41E+02 1.04E+04 3.63E+02 4.03
6B 160 10 204 50 30.57 3.3 3.39 3.16 Apatite 3.36E-03 2.06E-07 4.20E-05 1.63E-06 5.74E-03 8.00E+01 1.63E+04 1.97E4+02 5.39
U-A 200 0.1 1 25 15 2.57 2.69 2.87 Mon-Ap 2.14E-04 2.70E-07 4.20E-07 1.26E-07 2.97E-03 5.10E+02 7.93E+02 1.70E+03 1.37
U-B 200 0.1 1 25 15 2.53 2.65 2.87 Mon-Ap 4.14E-04 3.11E-07 4.20E-07 1.26E-07 2.97E-03 9.86E+02 1.33E+03 3.30E+03 1.48
U-Al 200 1 1 25 15 2.85 2.97 2.86 Mon-Ap 1.98E-03 3.71E-06 4.20E-06 1.26E-06 3.01E-03 4.71E+02 5.34E+02 1.58E+03 1.24
U-B1 200 1 1 25 15 2.8 2.92 2.86 Mon-Ap 1.77E-03 1.58E-06 4.20E-06 1.26E-06 3.01E-03 4.22E+02 1.13E+03 1.41E+03 1.49
1CL 200 0.01 210 100 60.92 3.22 3.34 3.56 Apatite 1.61E-05 1.02E-09 4.20E-08 8.64E-09 1.38E-03 3.83E+02 1.58E+04 1.86E+03 3.89
2CL 200 0.02 222 100 60.04 3.26 3.38 3.54 Apatite 3.61E-05 6.50E-10 8.40E-08 1.75E-08 1.43E-03 4.30E+02 5.56E+04 2.06E+03 4.51
3CL 200 0.04 240 100 61.2 3.2 3.32 3.56 Apatite 7.17E-05 1.34E-09 1.68E-07 3.54E-08 1.48E-03 4.27E+02 5.37E+04 2.03E+03 4.44
4CL 200 0.1 220 100 60.21 3.25 3.37 3.56 Apatite 1.63E-04 2.26E-09 4.20E-07 8.75E-08 1.44E-03 3.87E+02 7.19E+04 1.86E+03 4.17
6CH 200 0.1 210 100 65.09 2.5 2.62 3.59 Apatite 3.24E-04 1.42E-08 4.20E-07 8.75E-08 1.36E-03 7.70E+02 2.27E+04 3.70E+03 4.61
5CL 200 0.3 260 100 60.35 3.44 3.56 3.48 Apatite 1.46E-03 1.77E-08 1.26E-06 2.70E-07 1.60E-03 1.16E4+03 8.22E+04 5.39E+03 5.85
6CL 200 0.6 210 100 60.6 3.17 3.29 3.54 Apatite 4.31E-04 1.32E-08 2.52E-06 5.27E-07 1.52E-03 1.71E+02 3.26E+04 8.18E+02 4.02
1CH 200 1 230 100 61.02 3.31 3.43 3.49 Apatite 2.51E-03 1.16E-07 4.20E-06 8.97E-07 1.66E-03 5.97E+02 2.16E+04 2.80E+03 4.38
2CH 200 2 220 100 61.27 3.33 3.45 3.46 Apatite 5.64E-03 1.59E-07 8.40E-06 1.81E-06 1.86E-03 6.71E+02 3.54E+04 3.10E+03 4.98
3CH 200 5 210 100 61.39 3.34 3.46 3.36 Apatite 1.55E-02 1.67E-06 2.10E-05 4.70E-06 2.54E-03 7.38E+02 9.30E+03 3.30E+03 5.43

(continued on next page)
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Table 1 (continued)

KU/ Ca

DY(in)
uo3 ™

DY(in) DY(fin)

Ca

UO3 ™ Calc.(in)
mol/kg

U(in) Calc.
mol/kg

Umeas(fin)
mol/kg

Umeas

pH pHr pHr XRD

U(in) Bru. Fl,
ppm mg

T

Run

(D—H)

Calc.

Solids

solids

(calc)

25°C

Vol

Vol
ml

°C

mol/kg

mol/kg

ml

5.43
6.13
1.94
2.75
2.38
2.76

4.15

2.29E+03
2.18E+03
3.07E+02
8.19E+01
3.06E+02
3.54E+02
2.43E+03
2.52E+03
2.88E+03
3.23E+03
2.81E+03
2.12E+03
2.05E+05
3.94E+04
1.51E+05

1.11E+04
2.21E+04
1.28E+03
4.77E+03
2.53E+03
8.69E+03
3.50E+04
2.30E+04
5.11E+04
9.92E+04
3.14E+04
2.42E+04
9.08E+02
3.30E+03
4.60E+03

5.21E+02
5.05E+02
7.75E+01
2.08E+02
7.79E+01
9.02E+01
3.60E+02
3.71E+02
4.27E+02
4.84E+02
4.23E+02
3.50E+02
4.00E+02
7.95E+01
9.82E+01

3.03E-03
3.78E-03
2.58E-03
2.58E-03
3.62E-03
3.62E-03

6.69E-06
9.73E-06
1.06E-06
1.06E-06
1.07E-05
1.07E-05
2.49E-08
6.20E-08
1.87E-07
3.77E-07
6.33E-07
6.93E-06
8.22E-10

2.94E-05
4.20E-05
4.20E-06
4.20E-06
4.20E-05
4.20E-05

1.38E-06
9.58E-07
2.55E-07
1.84E-07
1.29E-06
4.36E-07
1.73E-09
6.78E-09
1.05E-08
1.23E-08
5.67E-08
6.08E-07
1.85E-07
1.01E-07
2.20E-06

1.53E-02
2.12E-02
3.26E-04
8.76E-04
3.27E-03
3.79E-03
6.05E-05
1.56E-04
5.38E-04
1.22E-03
1.78E-03
1.47E-02
1.68E-04
3.34E-04
1.01E-02

Apatite

3.3

2.99
2.45
2.81

2.87
2.33
2.69
2.44
2.81
2.65
3.72
3.83
3.93
3.96
3.65
3.46
2.97
2.88
2.66

60.23
62.77
10
10
10
10

100
100

25

200
200
200
200
200
200
218
213
211

200
200
200
200
200

4CH

Apatite

3.23
3.

10

5CH

Apatite

08
08

LANL1
LANL2
MSU1

Apatite

3.

2.56
2.93
2.77
3.81

25
25
25

Apatite

2.98
2.98

3.

10
10

Apatite

200

MSU2
1C
2C
3C
4C
5C
6C
4C
5C

1.11E-03
1.11E-03
1.14E-03
1.21E-03
1.28E-03
3.19E-03
1.02E-04
1.16E-04
1.18E-04

1.68E-07
4.20E-07
1.26E-06
2.52E-06
4.20E-06
4.20E-05
4.20E-07
4.20E-06
3.34E-05

Apatite

55

60.24

100
100
100
100
100
100
40
40
40

0.04
0.1

220
220
220
220
220
220
350
350
350

3.86
4.08
4.

Apatite

3.56
3.55

3.

3.98
4.09
4.11
3.8

60.25
60.5

Apatite

0.3
0.6

37

Apatite

53
51

60.57

217
217
226

4.02

Apatite

3.

61.7

6.22
1.40

1.59

Apatite

3.2

3.62
3.99
3.9

60.77
10.2

10
0.1

Apatite

4.04
4.

25.4

8.48E-09
6.68E-08

Apatite

04

10.2

36.4
32

1.91

3.97 Apatite

3.68

10.2

25

16C

(*) Indicates experimental batch were conducted in a water bath (WB) using plastic containers instead of autoclaves. U(in) corresponds to uranium concentration adjusted by addition of U-aliquot; (Bru) is Brushite added
to our system (mg); A., Vol indicates volume of the autoclave; Fl, Vol indicates amount of solution added to our system; pHas:¢ - pH measured at room temperature after experimental run. pHr — temperature corrected pH;

pHr (calc.) - pH calculated via Gibbs free energy minimization. Thermodynamic calculations predicted apatite to be the only stable phase in all experiments. Upe,s s0lids and Upeas (fin), are concentrations measured in

solids and final fluids, respectively, via ICP-MS. U (in) Calc., total initial uranium in the system calculated (calculated using Gibbs free energy minimization) while UO3 *(in) is uranyl ion concentration in the initial fluid
corrected to uranyl fraction (Gibbs free energy minimization) Ca Calc. is Ca concentration in solutions calculated using Gibbs free energy minimization. DV(in) indicates Nerst partitioning of U between solids and fluid
calculated as U in solids over initial U added to our system. DV(fin) indicates Nerst partitioning of U between solids and fluid calculated as U in solids over U measured in fluids. DY UO3 " indicates partitioning of U between

solids and fluid calculated as U in solids over uranyl ion concentration.
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2.3. Thermodynamic calculations

Uranium (U) aqueous speciation and its total concentration in
equilibrium with apatite were calculated by minimizing the Gibbs free
energy under experimental conditions, such as solution composition,
solid phase, oxygen fugacity, temperature, and saturated vapor pressure.
Since aliquots of U standard solution with a matrix of 2% HNO3 were
used, the amount of mol of UO2(NO3), was adjusted based on the initial
amount added (i.e., 1 ppm = 4.20-10°° mol/kgH>0). Subsequently,
5.5.10 > mol of HCI (for the case of 1 ppm of U), 0.5 mol of NaCl, and 1
kg of water were included in the calculations. The mol of brushite used
in the calculations were determined from the amount of initial brushite
and solution added (i.e., ~0.2 g of brushite in 60 ml of solution is
equivalent to ~0.02 mol/kg of brushite).

The thermodynamic properties of water and its dissociation constant
used in these calculations were from the Haar-Gallagher-Kell model
(Kestin et al., 1984) and the Marshall and Franck model (Marshall and
Franck, 1981), respectively. Aqueous complexes and their references
were as follows: Ht, OH™, Og, Hy, Na™, Ca®*, CO,, CI~ (Johnson et al.,
1992); NaOH, CaCl", CaCly, NaCl, CaOH* (Sverjensky et al., 1997); U3+,
U*, UOJ, UOZ*(Shock et al., 1997); UOH?*, UO*, U0, HUO,, UO**,
UOH3*, UO,0H, HUOj , HUO3, UO3, UO3, UO%~, HUO, , UO,OH*, UO,
(Shock et al., 1997); SiO (Shock and Helgeson, 1988); H3SiO, (Busey
and Mesmer, 1977); HCI (Tagirov et al., 1997); UCl4 (Timofeev et al.,
2018); (UOz),(OH)3", (UO2),(OH)**, (UO2);(OH)3", (UO,)5(OH)S,
(UO3)3(OH),, (UO2),(OH); (Plyasunov and Grenthe, 1994); NaCOg3,
NaHCO;3 (Smith and Martell, 1976); UO2 (Guillaumont and Mompean,
2003); UO,Cly, UOLCIT (Migdisov et al. (2018).

Since the thermodynamic data on aqueous speciation for uranium
phosphate complexes at high temperatures are unknown, calculations
were performed without phosphate complexes. Calculations with
phosphate complexes (Shvarov and Bastrakov, 1999) yielded unrealis-
tically high concentrations of dissolved uranium. The calculation used
the extended Debye-Huckel model modified for NaCl-dominated solu-
tions (Helgeson et al., 1981; Oelkers and Helgeson, 1990, 1991),

Ae[Z]) oI
logy; = ———————

+I+b,d @
1+Bean/I

where v; is the activity coefficient of i, A and B are the Debye-Huckel

parameters, Z;, I, and a are the individual molal activity coefficient, the
charge, a molarity to molality conversion factor, and the distance of the
closest approach of an ion i, respectively. I is the effective ionic strength
calculated using the molal scale and b, is the extended-term parameter
for NaCl-dominated solutions.

3. Results
3.1. Results for thermodynamic calculations

Results of calculations (pHr) are presented in Table 1. All calcula-
tions yielded apatite as a solid phase. U concentrations (Uga)) Were
controlled by setting it to U added as an aliquot and vary between
4.201078 to 4.20-107> (mol of U per kg of Hy0). The predominant
aqueous species of uranium were UO3", UOs, UO,Cl", UO,0H™, and
UO4Cl,. As UO3* has been previously suggested to be incorporated into
apatite structure (Rakovan et al., 2002), it was used to evaluate parti-
tioning along with total U concentration. The molar ratio of aqueous
U0%" /Usotal strongly depended on temperature and decreased from 0.7
to 0.8 at 39 °C to 0.002 at 350 °C. No precipitation of U-rich phase was
predicted with these calculations and apatite was the only solid phase in
equilibrium with aqueous solution.
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Fig. 2. XRD patterns of initial powder and mineral products: Initial brushite (blue), monetite (orange; Y1 experiment), and apatite (gold and green; 1CL and 2B
experiments, respectively). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 3. SEM images showing the crystal morphology before and after experiments. A) Brushite: platy flower-like (before). B) Monetite: tabular (after; experiment that
resulted in monetite). C) Apatite: acicular (after; experiments that resulted in apatite).

3.2. Results for sample characterization

XRD (Fig. 2) analyses confirmed that 100% brushite to apatite
transformation was achieved in 52 out of 67 experiments. Experiments
conducted at room temperature (n = 6) resulted in monetite, the
anhydrous form of brushite. Other experiments (n = 9) conducted at 120
and 200 resulted in monetite-apatite mixtures. Imaging via SEM of
experimental reactants and products yielded different morphologies.
Fig. 3A is a representative SEM image of the initial brushite. Fig. 3B
shows the monetite tabular morphology for reference. Fig. 3C, repre-
sents the brushite transformation into newly formed apatite. The

morphology exhibits change from platy-flower like, to tabular, to acic-
ular structure.

In XAFS analysis, the U L3-edge of samples 5CH and 2CH are rela-
tively flatter than those in concentrated uranium oxide sample (in this
case, dehydrated schoepite) due to the low U concentration (5CH: about
5000 ppm of U, 2CH: about 1000 ppm of U). For the samples having
lower U concentration, we were not able to collect XAS spectra with a
good quality. After obtaining the XAFS spectra in k>-space (Fig. 4B), the
spectra from both 5CH and 2CH have poor statistics in the high k region.
Therefore, we focus our XAFS analysis on the first U—O coordination
shells. The radial distribution function (RDF) of 5CH sample is visually
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Fig. 4. XAS spectra of apatite samples (5CH and 2CH) indicating the presence of U®*, in comparison of the schoepite spectrum from Finch et al. (1996)
[(UO32)g02(0H)12] (H20)15, in the energy space in A), K3 space in B), with RDF spectra in C); D) the fitted XAFS spectrum of the product of experiment 5CH indicating
schoepite; E) the fitted XAFS spectrum of the product of experiment 2CH indicating a mixture of schoepite and apatite.

Table 2
XAFS fitting results for sample 5CH and 2CH.
Sample CN R (A) c AE Theor. Theor. Phase
(x107®  (eV) CN R (A)
A?)
5CH 0.6 1.80 2.8 + 8.1 0.9 1.80 schoepite
+ + 0.6 +
0.0 0.00 0.5
1.1 2.31 9.3+ 0.8 2.30 schoepite
+ + 1.1
0.1 0.01
2CH 0.7 1.80 4.8 + 5.7 0.9 1.80 schoepite
+ + 0.6 +
0.0 0.00 0.5
1.3 2.32 9.8 + 3.0 2.40 apatite
+ + 1.0
0.1 0.01
17 Log(y) = 0.7931*Log(x) - 0.0037
R2=0.9781,n =67 ®
U Aliquots . o
0.1 1
2 ey
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Fig. 5. Mass balance assessment of all experiments. U measured in crystal plus
in the fluid versus U initial loaded to the autoclave.

similar to that of the dehydrated schoepite. In contrast, only one major
peak was observed from the RDF curve of 2CH sample (see Fig. 4C). The
XAFS fitting result suggests that the dominated form of U is schoepite in
5CH, and both U-incorporated apatite and schoepite in 2CH. Moreover,
from the data, we derived the radial distances (Fig. 4B and C), which
may shed light on lattice strain information regarding our experimental
conditions and methods. For sample 5CH (Ufyid-initial = 10°pprn, Ucrystal
= 5045.20 ppm), two U—O paths from schoepite, 1.80 A with 0.6 O
atoms and 2.31 A with 1.1 O atoms were observed (Fig. 4D and Table 2).
Both paths are close to their theoretical locations (1.80 A and 2.30 A,
respectively). For sample 2CH (Ugyid-initial = 2 PPM, Ucrystal = 1341.18
ppm), two U—O scatterings are observed (Fig. 4E), with the first path
corresponding to schoepite located at 1.80 A, and the second path
contributed from U-doped apatite phase located at 2.32 A. It should be
noted that due to the limited resolution of the XAFS data, the derivation
of the phase ratio of schoepite and apatite was not feasible. Nevertheless,
by using the XAFS data we were able to determine the uranium valence
state and speciation in selected solids. Although XAS data suggested the
presence of schoepite-like local structure features in both samples,
crystallization of this phase was not predicted by thermodynamic
calculation, nor was detected with XRD.

3.3. Uranium concentrations and partition coefficients

The controversial results were obtained in thermodynamic calcula-
tions and XAS of the high uranium samples crystallized at 200 °C (2CH
and 5CH) where Uypp > 1342 ppm and Ujpjtial fluid > 2 ppm. There, no
crystallization of U-rich minerals was predicted by calculations, but XAS
data suggested crystallization of schoepite. Realizing that crystallization
of uranium hydroxides would not be avoidable in the solutions where U
> 2 ppm, mass balance calculations were performed. Mass (in mg) of U
dissolved in final solution was calculated as: Ugnyid-measured (Ppm) - fluid
volume (ml) / 1000 (ml). Mass (in mg) of U in apatite was calculated as:
Usolid-measured (PPm) - mass (g) / 1000 (g). Both were added (Ugyiq [mg]
+ Usolig [mg]) and were compared with total amount of the initial U (in
the aliquot) loaded into the autoclave. In the case of the precipitation of
enriched-U phase, such as schoepite, which was heterogeneously
dispersed within apatite and picked up for bulk analyses (ICP-MS), the
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Fig. 7. U in apatite versus U initial in ppm. Increasing concentrations with increased initial U. Apparent saturation at 0.5 wt%.

mass balance assessment would have resulted in an overestimation of U
measured. If heterogeneously dispersed schoepite was not picked up for
ICP-MS analyses, then the mass balance assessment would have resulted
in an underestimation of U measured. Our mass balance assessment
shows no overestimation or underestimation of U in experiments with
high uranium content (i.e., U > 0.1 mg); therefore, it is unlikely that U-
enriched phases (i.e., schoepite) were picked up or excluded by bulk
analysis unless nanocrystalline schoepite distributed homogeneously
with apatite precipitate (Fig. 5).

The uranium yield of extraction was calculated as: 100% - [(U final
fluid / U loaded) *100] and is represented in Fig. 6. In most of the ex-
periments, apatite crystallization extracts >92% of dissolved uranium
when a single mineral is achieved. Previous studies such as Moore et al.
(2002, 2004) (and condensed in Rigali et al., 2016) showed that soils
containing in-situ precipitated apatite decreased dissolved U by 89 to
99%, whereas dissolved U concentrations decreased by 62 to 91% in

soils without the presence of apatite. Moreover, Arey et al. (1999)
showed that the addition of hydroxyapatite to U-contaminated sedi-
ments (1703-2100 mg/kg U) reduced dissolved uranium concentrations
to below the drinking water standard (30 mg/1), representing an ~98%
removal of U. Monetite and apatite mixtures (120 °C), yielded an
extraction percentage ranging from 65% to 86%. Although some ex-
periments conducted at 200 °C resulted in monetite to apatite mixtures,
all dissolved U was removed from solution. A plausible explanation
could be that the amount initial brushite added to these experiments was
approximately 5x more than that of regular experiments (1 g), allowing
then, the entire removal of dissolved U. Monetite experiments yielded an
extraction percentage of 99%. It should be noted that these experiments
were conducted at room temperature with no additional treatment such
as stirring, which could facilitate the transformation. Monetite has been
identified as an effective mineral phase for the removal of dissolved U in
a solution (Saghatchi et al., 2018) that coincides with our experimental



A. Jiménez-Arroyo et al.

Chemical Geology 634 (2023) 121581

Table 3
Averaged partitioning data of U between crystal and fluid.
T K# S.D. Confirmed 1/TK*1000 Log (KipSin) S.D. n
[§O)] avg. Mineralogy
39 15.70 1.01 Apatite 3.20 1.20 0.03 2
80 8.80 117 Apatite 2.83 0.94 0.06 5
120 6.09 0.47 Apatite 2.54 0.78 0.03 9
160 4.15 0.33 Apatite 2.31 0.62 0.04 5
200 4.54 0.59 Apatite 2.11 0.66 0.06 9
220 4.09 0.19 Apatite 2.01 0.61 0.02 5
350 1.49 0.13 Apatite 1.61 0.17 0.04 2
200 1.39 0.12 Mone-Ap Mix 2.11 0.14 0.04 4
120 4.86 0.16 Mone-Ap Mix 2.54 0.69 0.01 2
25 6.52 0.97 Monetite 3.35 0.81 0.07 2
Total 45
“ The partitioning data is presented excluding experiments where Ugyid.initial > 2 ppm.
100.00 -
@ Apatite A Monetite
g L 2
)
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Fig. 8. Partition coefficients of uranium/calcium between mineral phase and fluid average by temperature. U partitioning aliquots experiments: apatite (blue
diamond); monetite-apatite-mixture (orange square); monetite partitioning (gray triangle). (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 9. Log(KY_,) dependence on temperature of apatite crystallization.

data.

To evaluate a response of U uptake on its solution concentration, we
plotted these data for different temperatures (Fig. 7), which showed that
U in apatite is controlled by U added into solution when Ugyig < 5 ppm.
These results are consistent with the ones reported in literature where
authors reported dependency between U in solids and U added to so-
lution, and the incorporation of U in biometric apatite increases pro-
portionally as U in solution increases (Chatelain et al., 2015). However,

at higher aqueous U concentrations (5, 7, and 10 ppm), U in apatite
became independent on U in solution. This suggests: 1) schoepite can
precipitate when aqueous uranium concentration exceeds 2 ppm; 2)
apatite becomes saturated with uranium when Ugpatite ~ 0.5 Wt%. The
first scenario is consistent with XAS observations but contradicts with
thermodynamic calculations. All U aliquots experiments were conduct-
ed with an initial U concentration < 10 ppm, to avoid the potential
precipitation of uranium hydroxides phases. Overall, our results suggest
the precipitation of schoepite is possible in our experiments where Ugyiq
> 2 ppm; therefore, partition coefficients evaluated from the experi-
ments with high U content should be taken with caution. Because of this,
experiments with Ugyiq > 2 ppm were excluded from our calculations (i.
e., DY, KY/S%.

In most experiments a yield of extraction of >92% was achieved. Our
values coincide with yield of extraction values reported in literature at
lower temperature < 60 °C using hydroxyapatites (Skwarek et al.,
2019). Demonstrating then, the ability of apatites to extract >92% of
dissolved U at a wide range of temperatures.

Measured U concentrations in final fluids resulted in a decrease of
2-4 orders of magnitude than that of initial U loaded, demonstrating
that all U was entrapped into newly formed apatites. Because of this,
calculating of Nernst partition coefficients (DU:Uapatite/Usoluﬁon) yiel-
ded vastly different (2-4 orders of magnitude) results while initial versus
final U concentration in solution were used. Additionally, the Nernst
partition coefficient does not provide information about the host,
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calcium ion, which could potentially be replaced. In order to account for
the change in U concentration during each experiment, modified
Doener-Hoskins (D—H) equation (Doerner and Hoskins, 1925; Gaetani
and Cohen, 2006) was applied for evaluating of U partition coefficient:

Here Cd.ysq is concentration and total mass of Ca in the mineral
phase (calculated using apatite or monetite stoichiometry, i.e., 0.078
mol and 0.216 mol, respectively). For experiments in which mineral
phase mixture was achieved, the percentage of each mineral phase were

v obtained via XRD (i.e., 70% apatite and 30% monetite) and were used to
crystal
log (1 + 7%,“)”) calculate Ca via stoichiometry and corrected for the percentages.
KU/Ca _ (2)
P, g(l 4 Cumw,) Uy, and Uy, are total masses of U in apatite and final solution, respec-
Casolution

tively. However, authors suggest proceeding with caution when
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Table 4
Thermodynamic parameters for uranium incorporation in apatite.
TC Log(kS) AG® (kj/mol)  AH® (kj/mol) AS® (kJ/mol-K)
39 1.20 —-3.10 —4.80 0.005
80 0.94 —2.77
120 0.78 —2.56
160 0.62 —-2.23 Ey(kJ/mol)
200 0.66 —2.58 From 39 to 350 °C 35.69
220 0.61 —2.51
350 0.17 —0.90

AG° and Log (Kgﬁ i}l) calculated. AH® and AS® were calculated from the slope

and intercept (Fig. 9). E, was derived from our data using Arrhenius equation.

calculating Ky ¢

where mixture of mineral phases is achieved. Although
we are presenting K5'$* values for mineral mixture such values were
excluded from further interpretation of data. Ca,, and Ca,, are calcu-
lated concentration and mass of Ca in solution. Calcium concentrations
were calculated via Gibbs free energy minimization using HCH code and
assumed to be constant during each experiment. Obtained values of

KY/Ca

added into our system. The values of Ky'S* were averaged for each
temperature and included in Table 3. Fig. 8 shows a decrease of

vary from 1.24 to 16.42 and were independent from initial U

Kgﬁ “with increasing temperature. The temperature dependency sug-
gests that at least near-equilibrium conditions were reached in our

system. Therefore, Log (Kgﬁ ij‘) values were plotted versus 1/TK*1000 to
produce a plot and equation (Fig. 9) where the slope and intercept are
equivalent to 7% and %ﬂ respectively. Similarly, we derived AH° and

AS° from this plot as followed: AH° = —RT- slope and AS° =R - intercept:
(—4.80 kJ/mol and 0.005 kJ/mol K, respectively).

4. Discussion
4.1. Uranium incorporation into apatite

We are presenting for the first-time uranium partitioning between
apatite and fluid for a wide range of temperatures, which to our
knowledge, has never been reported in the literature. U concentrations
in our newly formed apatite minerals were approximately 3 orders of

magnitude higher than that of U-aliquots loaded to experiment (i.e., 1
ppm loaded, 1000 ppm in apatite) and are dependent from the latter.
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However, it becomes independent when concentrations surpass 5 ppm
of initial U loaded to experiment (Fig. 7). In addition to schoepite for-
mation, this could indicate that U saturation in apatite with our exper-
imental conditions is about 0.5 wt%. It is established in the literature
that U content in igneous apatite makes up 0.001 to 0.01 wt%, around
0.005 to 0.02 wt% in sedimentary marine apatite, and it could be as high
as 0.1 wt% in marine reworked apatite (Altschuler et al., 1958; Mort-
vedt, 1994). Our data show that U uptake by apatite was more effective
at lower temperature and decreased with increasing temperature.

4.2. Lattice strain modeling

Although XAS spectra showed low resolution due to low U concen-
tration, we were able to obtain preliminary radial distance information
to attempt applying lattice strain model, which is based on crys-
tallochemical properties of trace elements in minerals (Blundy and
Wood, 1994). The lattice strain model equation used was:

—47EN, [2(r; — ) + i — ru)w

RT

D; =D, e exp 3)

where (ry) is the ionic radius, (E) is Young’s modulus, D, is the strain-free
partition coefficient for an element with ideal radius of r,, N, is Avo-
gadro’s number, R universal gas constant, and T, temperature is Kelvin.
D, was calculated using Ca in apatite (based on stoichiometry) and Ca in
the fluid.

To compare our DY values with those predicted with lattice strain
model, we then, fixed our DUapatite/Uﬂuid-initial, DUapatite/Uﬂuid-ﬁnal’ and
pUapatite/Ufluid-UO2++ g1 1o the U—O path obtained by XAS (2.32 A) in
apatite where U = 1342 ppm (2CH at 200 °C) (Fig. 10). This radial
distance is significantly larger than those (2.06 A) determined via XAS in
apatite crystallized in non-aqueous system above 1000 °C (Rakovan
etal., 2002). pYapatite/Ufluid-nitial o o alculated as U measured in apatite
over U added to our system. DUpatite/Ufluid-final oo cajeylated as U
measured in apatite over U measured in the solutions, DYapatite/Ufluid-
U02++ was calculated as U measured in apatite over a fraction of UO3*
in the initial solutions calculated using Gibbs Free minimization Parti-
tion coefficients show an optimal correlation to the parabolic trend of
the lattice strain model using radial distance of 2.32 A.our D}ﬂlmal values
were in better consistency with lattice strain model in comparison to
Dnai and DYO2 for all cases except for 350 °C. The relatively low
values of DYiia were because all species of U were considered in our
system. Higher values of Dfa1 were due to measured lower values of U in

-3.50

1.000 1.500

2.000

2.500 3.000 3.500

1/TK*1000

Fig. 11. Gibbs free energy of uranyl substitution reaction (AG®) versus 1/TK*1000. AG® values obtained from this study (apatite only).
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our fluids, indicating that all dissolved U was removed from solutions by
apatite crystallization (observed as well with yield of extraction
assessment). However, D}fna] was also considering all potential U species
in our system. Contrary to DYita and Dfqa, DU (UO3™) results from
considering only UO3 ' species, which fraction decreases with increasing
of temperature. Therefore, from 39 °C to 160 °C, it can be observed that
Ditial and DY (UO3 ™) were similar or within analytical error. Subse-
quently from 200 °C to 220 °C, we can observe that DU initial and D
(UO3™) were different by an order of magnitude. This suggested that
fraction of UO3 ™ decreases with temperature, as larger discrepancies
were observed between DEpai, DWitia, and D(UOZ™) at 350 °C. Com-
parison with lattice strain model suggested that knowledge of phosphate
aqueous species at hydrothermal conditions could help to obtain more
robust specie-dependent partition coefficient, i.e., other than D(UO3 ™).

4.3. Experimentally derived energies

Calculated Gibbs free energies of the exchange reaction for uranyl
replacement of calcium in apatite are shown in Table 4 and Fig. 11, using

AG = 7RTLog(Kg/7 CI;) Log(Kgf %) = 7%+% where the slope is
AH®

equivalent to —42- and the intercept to 45 (known as Van’t Hoff plot)
was used to extract AH® and AS° values. Since XAS data and lattice strain
assessment provide sufficient evidence for ion exchange, the proposed
formation reaction in this study is: Ca,p + Uo3* = UO%XP + Ca?*. Data
suggests that products are favored over reactants at equilibrium at all
temperatures where K > 1, Log K = positive and AG® = negative.
Additionally, using the same plot we calculated activation energy (Eg)
from Log (%) =, (Tll -
K; is Kgf 0 at 39 °C and K is Kgf €2 at 350 °C. When considering tem-
peratures from 39 to 350 °C, we obtained an activation energy of 35.69
kJ/mol, which is close to the value obtained by da Rocha et al. (2018)
(42 kJ/mol). It should be noted that the values obtained by da Rocha
et al. (2018) was for temperatures of 50, 55, and 60 °C, while this study
evaluated a larger temperature range of 39 to 350 °C. Since da Rocha
et al. (2018) evaluated the transformation from brushite to apatite
(similar to this study) in KOH solutions (whereas this study NaCl) we
find suitable the comparison between activation E,. The comparison
between E, supports conventional knowledge that the reaction rate and/
or partitioning decreases with increasing temperature. We realize that
these assessments are only applicable for our experimental conditions.
Future studies should evaluate the U entrapment from aqueous solutions
where U = const using the brushite to apatite conversion method to
provide accuracy on U entrapment, as well as to fill the temperature gap
of this study (from 220 to 350 °C).

T%) (known as Arrhenius equation) where

5. Conclusions

Experiments performed in this study demonstrate that apatite crys-
tallization extracts >92% (average of 98%) of dissolved uranyl at a pH
range from 3 to 4 at temperatures up to 350 °C. Our data suggests that
uranyl uptake depends on temperature as values of Doener-Hoskins
partition coefficient decreases from 15.7 to 1.5 while temperature in-
creases from 39 to 350 °C. XAS analysis yielded the U—O radial distance
in apatite of 2.32 A, which is consistent with the lattice strain model. The
combination of XAS, ICP-MS, and lattice strain modeling suggest that at
80, 160, 200, and 350 °C, U got incorporated into apatite at near-
equilibrium conditions. An activation energy (E,) of 35.69 (kJ/mol)
has been obtained considering all temperatures, and this value is close to
those reported in the literature (i.e., 42 kJ/mol; da Rocha et al., 2018).
Experiments conducted at room temperature yielded transformation of
brushite to monetite, where uranyl extraction exceeds 97%. Calculated
average Kgf %“
incorporation.

of 6.5 validates a potential of monetite for U
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