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Pu(OH)s(am) Synthesis Procedure

A Pu(1V) stock solution in 2 M HCIO4 was reduced electrochemically with a platinized
Pt-wire working electrode to Pu(l11)aq by applying a potential range of —0.20 to —0.40 V (vs.
SHE) with the use of an Ag/AgCI/3 M NaCl reference electrode (Metrohm) and a standard Pt
electrode acting as counter electrode. The reference and counter electrodes were separated from
the plutonium stock by ceramic diaphragms and Teflon capillaries filled with 1.7 M HCIO4
solutions attached to quartz tubes. The three electrodes were connected to a potentiostat
(Princeton Applied Research Model 362) to control constant voltage. To avoid overheating, the
current never exceeded 10 mA. The procedure was monitored by means of visible-near infrared
(Vis-NIR) absorption spectroscopy on a single-beam diode array photometer (A = 400-1020 nm,
Carl Zeiss AG, MSC-501). The electrochemically-prepared Pu(ll1) stock solution was
precipitated as Pu(OH)z(am) by its slow addition to a 0.1 M TRIS buffer solution (pHm = 9.47)
with 5 mM Na2S204 redox buffering agent present. Following precipitation, the solid phase was
washed with and subsequently suspended in a pH 11 NaOH solution. The resulting solid phase
was used as the solubility-controlling solid phase in the undersaturation solubility studies in the
presence of EDTA and calcium and as the reference material in the X-ray absorption near edge
structure (XANES) study.
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calculations of Pu(l11)-EDTA solubility and speciation.

Table S1. Selected equilibrium constants (log K° or log £°) for PHREEQC thermodynamic

Reaction log K° or log g° Reference
H.(EDTA)(cr) < EDTA* + 4H" <(27.220+0.200) 1
EDTA* + H* < H(EDTA)* (11.240 £0.030) 1
EDTA* + 2H* < H(EDTA)> (18.040 £0.036) 1
EDTA* + 3H" < H3(EDTA)" (21.190+£0.062) 1
EDTA* + 4H" < H4(EDTA)(aq) (23.420+0.200) 1
EDTA* +5H* < Hs(EDTA)* (24.720+£0.223) 1
EDTA* + 6H" <> Hs(EDTA)** (24.220+£0.300) 1
PO + H* < HPOZ (12.350 + 0.030) 2
PO + 2H* < H,PO4 (19.562 £0.033) 2
PO, + 3H* < HsPO4(aq) (21.702 £0.044) 2
2H3PO4(aq) < HaP,04(aq) + H,0 -(2.790£0.170) 2
Ca’* + EDTA* < Ca(EDTA)* (12.690 £ 0.060) 1
Ca** + EDTA* + H* & Ca(HEDTA)" (16.230+£0.108) 1

Na* + EDTA* < Na(EDTA)* (2.800+0.200) 1
Pu(OH)s(am) < Pu®* + 30H- -2747+050) 3
PuPO4(cr,hyd) < Pu®* + PO, -(24.42 +0.38) 4 Pitzer
PUPO4(cr,hyd) < Pu®* + PO, ((24.28+035)  4SIT
PU%* + H,0 <> Pu(OH)?* + H* -(6.900 £ 0.300) 2
PU3* + 2H,0 <> Pu(OH),* + 2H* -(15.100 £ 0.300) 2
PU3* + 3H,0 <> Pu(OH)s(aqg) + 3H* -(26.200 £ 0.300) 2
Pud* + PO,* < PuPQq(aq) <14 4
PU3* + HoPO4~ <> Pu(H2PO4)?* (2.200 £ 0.060) 2
Pu3* + EDTA* < PU(EDTA)" (20.180 +0.370) 1
Pu** + EDTA* + H"* < Pu(HEDTA)(aq) (22.020+0.260) 1
Pu** + EDTA* < PU(EDTA) (20.15 + 0.59) 4 Pitzer
Pu** + EDTA* < Pu(EDTA)" (19.97 £ 0.62) 4 SIT
PuO2+2H,0(am,hyd) <> Pu** + 40H" -(58.33 £ 0.52) 5
PU* + H20 < Pu(OH)* + H* (0.600 £ 0.200) 2
Pu** + 2H,0 < Pu(OH)2* + 2H* (0.600 £ 0.300) 2
PU* + 3H,0 < Pu(OH)s* + 3H* -(2.300 £ 0.400) 2
Pu** + 4H,0 < Pu(OH)4(aq) + 4H* -(8.500 £ 0.500) 2
Pu* + EDTA* + H,0 < Pu(OH)(EDTA) + H* (23.00+£0.30) 6
Pu* + EDTA* + 2H,0 <> Pu(OH)(EDTA)> + 2H* (18.02+0.30) 6
Pu* + EDTA* + 3H,0 <> Pu(OH)s(EDTA)* + 3H* (8.50 £ 0.30) 6

Ca** + Pu*" + EDTA* + 4H,0 <> CaPu(OH)4(EDTA)* + 4H*  (8.90 £ 0.10)* 6

*Stoichiometry and formation constant of quaternary Ca-Pu(IV)-OH-EDTA complex are considered tentative, as
discussed in DiBlasi et al.®
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Table S2. Ion interaction coefficients (gij) for PHREEQC and PHREEPLOT thermodynamic

calculations.

i i &ij (kg-mol™?)
H* ClI- 0.12
ClI- Na* 0.03
OH- Na* 0.04
PO Na* -0.25
HPO,* Na* -0.15
H.PO4~ Na* -0.08
Ca** Cl- 0.14
EDTA* Na* 0.32
H(EDTA)* Na* -0.1
H2(EDTA)* Na* -0.37
Ha(EDTA)- Na* -0.33
Hs(EDTA)* cr -0.23
Hs(EDTA)* Cl- -0.2
Pus* ClI- 0.23
PU(OH)?* clr -0.04
Pu(OH)." cl -0.06
PuH,PO.** Cl- 0.00
PU(EDTA) Na* -0.33
Pu ClI- 0.40
Pu(OH)3* cl 0.2
PU(OH)2* clr 0.1
PU(OH)5* cl- 0.05
PucCl®* Cl- 0.1
Pu(OH)(EDTA) Na* -0.33
PU(OH)(EDTA)> Na* -0.37
PU(OH)s(EDTA)* Na* 0.1
CaPu(OH).(EDTA)>  Na* -0.1
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Table S3. Experimental conditions of the Pu(OH)s(am) undersaturation batch solubility samples

in the presence of calcium and/or EDTA.

Pu(OH)3(am) Redox  Equilibration
(mg) EDTA (M) pHm CaCl, (M) I (M) Buffer  Time (days)
15+£0.1 (1.00+0.01)210° 76+01 O 0.10+£0.01 DT 45
15+£0.1 (1.00+£0.01)210° 7.3+0.1 O 0.10£0.01 Sn(ll) 45
15+£0.1 (1.00+0.01)-10° 7.8+0.7 (1.00+0.01):10° 0.10+0.01 DT 45
1.5+0.1 (1.00+0.01)10° 9.6+0.2 (1.00+0.01)10% 0.10+0.01 Sn(ll) 45
15+£0.1 (1.00+0.01)-10° 82+0.3 (2.00+0.02):102 0.10+0.01 DT 45
15+£0.1 (1.00+0.01):10° 9.2+0.1 (2.00+0.02)-102 0.10+0.01  Sn(ll) 45
15+£0.1 (1.00+0.01):10° 83+0.1 3.50+0.01 1050 £0.03 DT 45
1.5+0.1 (1.00+0.01)10%  9.7+0.1  WIPP Simulated Brine (90%) 45
*DT = (2.0 £ 0.1) mM sodium dithionite; Sn(Il) = (0.5 £ 0.1) mM SnCl;
Table S4. Simulated WIPP brine formulation.’
Brine I I Reagent (g-L ™) |
. Na;B4O7¢  MgClze CaClze | . Calc. lonic
(Formulation) 10H,0 6H,0 2H,0 LiCl  KCI NaBr NaxSOs NaCl Strength (M)
90%, pHm* =9
Simulated 13.36 188.46 1.787 0.143 30.73 2176 2250 151.54 6.40
Brine

*quoted in the original publication as pCy*

Table S5. Pu Lin-edge XANES white line and inflection point energies (eV) determined in this

work for Pu-EDTA-(Ca) aqueous phase samples or reported in the literature for Pu(lll) and

Pu(IV) references.

Sample Name White Line AE between Pu AE between WL and
(eV) Fermi Level Eoand  First Feature (eV)
WL (eV)
Pu(l)ag ? 18062.6 56+£05 348105
DT, 0 mM CaClz, pHm =7.6 18064.6 76+0.5 36.3+£05
DT, 1 mM CaCl, pHm =9 18062.6 56+£05 33.7+05
PUu(lV)ag 18067.6 10.6 + 0.5 38.1+0.5

a from Brendebach et al.®
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Table S6. Pu Lin-edge XANES white line energies (eV) determined in this work for solid phase

Pu-EDTA samples or reported in the literature for Pu(IV) references.

Sample Name White Line AE between Pu AE between WL
(eV) Fermi Level Eoand  and First Feature
WL (eV) (eV)
Pu(OH)s(am) 18062.1 51+£05 34.2+05
DT, 20 mM CaClz, pHm =9, solid 18062.6 56+0.5 33.7£05
PuOz(ncr,hyd)? 18067.6 10.6 £0.5 38.1+0.5

afrom Tasi et al.®

Table S7. Average bond distances (A) of DFT optimized Ca-Pu-EDTA complexes calculated at
the hybrid density functional theory level (B3LYP).

Complex d(Pu—Oepta) d(Pu—Nepta) d(Pu—On20)  d(Pu—Oon)
[(Pu(EDTA)(H20)2)Ca(H20)4]* 2.47 2.72 2.64 -
[(Pu(OH)2(EDTA))Cas(H20)12]** | 2.52 2.90 - 2.44
[(Pu(OH)(EDTA)H0)Caz(H20)s]** | 2.52 2.87 2.60 2.32
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Figure S1. Pourbaix diagram of the Pu-EDTA system at [Pu] = 1.1 mM, [EDTA] =1 mM, | =
0.1 M, and 0 M CaClz calculated from values in Tables S1 and S2. Experimental pHm and pe
measurements are shown for experiments conducted in the presence of Sn(ll) (green diamonds)
or in the presence of dithionite (DT; red triangles). Solid black lines correspond to redox
borderlines between aqueous plutonium species and dashed black lines represent redox

borderlines between solid plutonium species.
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Figure S2. Pu Lin-edge XANES spectra measured in-situ for the aqueous phase of Pu(OH)z(am)
equilibrated with 1 mM EDTA and | = 0.1 M at pHm = (7.6 £ 0.1) for 20 days. The spectra of the
references for Pu(IV)aq (red line) and Pu(l11)aq (blue line) reported in Brendebach et al.® are

shown for comparison.
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Figure S3. Pourbaix diagram of the Pu-POs-EDTA system at [Pu] = 1.0 mM, [PO+>] = 0.00032
M, [EDTA] = 0.0004 M, and | = 0.1 M calculated from values in Tables S1 and S2 with
experimental pHm and pe measurements from Rai et al.* Solid black lines correspond to redox
borderlines between aqueous plutonium species and dashed black lines represent redox
borderlines between solid plutonium compounds. Dotted lines correspond to the redox conditions
for experiments in which hydroquinone (HQ, green) or dithionite (DT, pink) were used as redox
buffers.
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Figure S4. (a) Peak fitting results of laser fluorescence spectra of curium ([Cm] = 107 M)
equilibrated in solutions containing [EDTA]Jwt =1 mM and | = 0.1 as a function of pHm. (b)
Fraction of Cm-EDTA species calculated from peak fitting integrated peak areas as a function of
pPHm.
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Figure S5. Linear free energy relationship between the step-wise formation constants: log K°111
for trivalent lanthanide- and actinide-EDTA complexes with OH™ ion derived within this work or
adapted from the literature'®*! as plotted against the effective ionic radii (A) of the trivalent metal
ions at a coordination number (CN) of 6. The gray dashed line represents the anticipated trend

along the series.
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Figure S6. Laser fluorescence spectra of curium ([Cm] = 10" M) equilibrated in solutions
containing [EDTAJwt =1 mM and | =0.1 or 10.5 M as a function of calcium concentration (0 M
< [CaClz] < 3.5 M) represented as either spectra with intensity normalized by the sum area or
background corrected intensity: (a) pHm 7 normalized spectra, (b) pHm 9 normalized spectra, ()
pHm 11 normalized spectra, (d) pHm 12 normalized spectra, (e) pHm 11 background corrected
intensity spectra, and (f) pHm 12 background corrected intensity spectra. Cm-EDTA peak
positions are identified by black dashed vertical lines and Ca-Cm-EDTA peak positions are

identified by colored dashed vertical lines.
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Figure S7. Pu Li-edge XANES spectra measured in-situ for Pu(OH)s(am) equilibrated with
dithionite (DT), 1 mM EDTA, 20 mM CaClz, and I =0.1 M at pHm = (9.0 £ 0.1) for 20 days. The
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Figure S8. Pourbaix diagrams of the Pu-EDTA system at [Pu] = 1.1 mM, [EDTA] =1 mM, | =
0.1 M, and (a) 1 mM CaCl: or (b) 20 mM CaCl; calculated from values in Tables S1 and S2.
Experimental pHm and pe measurements are shown for experiments conducted in the presence of
Sn(1l) (solid green diamonds), in the presence of dithionite (DT) with 0-20 mM CaCl: (solid red
triangles), in the presence of DT with 3.5 M CaCl> (open red triangles), and in the absence of any
redox buffer in the simulated WIPP brine (solid blue circles). Solid black lines correspond to
redox borderlines between aqueous plutonium species and dashed black lines represent redox

borderlines between solid plutonium compounds.

S15



Pu(lll),q, Brendebach et al., (2009)

DT, 1 mM CaCl,, pH,, = 9

Pu(lV),,. Brendebach et al., (2009)

Normalized Absorption (a.u.)

Ey [Pu(lll)] = 18062.6 eV
Ey [Pu(IV)] = 18067.6 eV
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Figure S9. Pu Lin XANES spectra measured in-situ for the aqueous phase of Pu(OH)z(am)
equilibrated with 1 mM EDTA, 1 mM CaCly, and | = 0.1 M for 20 days. The spectra of the
references for Pu(I1V)aq (red lines) and Pu(l11)aq (blue lines) reported in Brendebach et al.8 are

shown for comparison.
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