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Uranyl nitrate hexahydrate solubility in nitric acid and its crystallization selectivity in the
presence of nitrate salts

Jonathan D. Burng*and Bruce A. Moyér

®Nuclear Science Security & Policy Institute, TeXaM University, College Station, TX
77845, USA

PChemical Sciences Division, Oak Ridge National Lrabary, PO Box 2008, Oak Ridge, TN
37831, USA

ABSTRACT:

The solubility of uranyl nitrate hexahydrate wasedained as a function of nitric acid
concentration and temperature, and the crystabizatield was calculated. Results showed an
increase in crystal formation at lower initial rétacid concentrations upon cooling a saturated
solution of U(VI) from 50 °C to 2 °C, with over 708covery of U(VI) mass at all nitric acid
concentrations and nearly quantitative recoverngiatpat 4 M HNQ. A direct correlation
between the change in mother liquor volume peraedtU mass removal percent was observed.
By reducing the cooling rate from roughly 4.0 °Girte 0.22 °C/min, the separation factor was
increased from 3.88-15.7 to greater than 81 foséparation of U(VI) from Sr, Cs, and Nd. At
the slower cooling rate, the separation factoreweeasured as a function of acidity for 2.0—
4.3 M HNG;, showing a decrease in selectivity with a decr@atiee acidity. There was also no
indication that tetravalent metal double-salt guigation occurred with either Zror Cé*. These
results indicate that a high-yield, high purity healent actinide crystallization scheme may
offer attractive benefits for nuclear-fuel recyelahat only a single very simple and well-
understood technology is employed, and the usegainic compounds and solvents is avoided.

1. Introduction

A comprehensive, forward-thinking sustainable epetgategy is thought to include nuclear
power as a base-load component in its portfolievéwer, nuclear power must get around several
obstacles to reap the benefits of its intrinsiboarfree power generation, diminishing concerns
around greenhouse gas emissions.(Grimes and Na@4l0; Kharecha and Hansen, 2013;
Sailor, 2000) A challenging barrier to overcomeaéiatthe separations involved in the recycle of
used fuel aimed at recovering the actinides (Amshiaximize energy utilization of the fuel while
keeping the heat-generating and radiotoxic wasiteggo geologic storage at a minimum
without neglecting concerns around nonprolifera@nimes and Nuttall, 2010; Kharecha and
Hansen, 2013; Sailor, 2000) The most advanced tdopies target recovery of U and Pu to
preserve key energy-generating components, asagéle minor Ans (MAs, i.e., Np, Am, and
Cm), which are the most detrimental when considgttie heat load and long-term hazards of



geologic disposal(Poinssot et al., 2015; SalvatanesPalmiotti, 2011; Tachimori and Morita,
2009; Todd and Wigeland, 2006; Wigeland et al.,6208Ithough recent progress has led to
viable separation processes, they suffer from cexifylaccompanied by significant
costs.(Wigeland et al., 2015) Much effort to ackisufficient separations has focused on solvent
extraction(Ansari et al., 2011; Manchanda et Q9 and to a lesser extent ion exchange(Burns
et al., 2012a, 2012b, 2012c). A compelling taaithis problem would be to produce a single-
step technology, which would separate all the at#mat once. This approach is known as a
Group ActiNide EXtraction (GANEX) type process.(Am@m et al., 2010; Miguirditchian et al.,
2007) In one type of GANEX strategy, a highly oxidg environment must be created and
maintained to stabilize the resulting hexavaleatest long enough to perform the separation.
With the reduction potentials of Am(VI)/Am(lll) beg on the order of +1.7 V vs NHE(Runde

and Mincher, 2011), Am(VI) becomes the most prolalgécrto oxidize and stabilize. Methods for
achieving the oxidation are challenging and undtarise investigation.(Burns et al., 2012b,
2012c; Dares et al., 2015; Grimes and Mincher, 28ibcher et al., 2015a, 2015b, 2012, 2008)
Of the different methods being explored, oxidatismg sodium bismuthate has been shown by
Mincher et al.(Mincher et al., 2015a, 2015b, 2(a08; Moyer et al., 2015; Runde and

Mincher, 2011) to be an effective chemical oxidantAm(lIl), though it suffers from slow
kinetics and adds significant new mass to the tieguvaste stream.

Inspired by this GANEX-type separation concept,hage recently purposed and demonstrated a
hexavalent actinide co-crystallization separatmhere U through Am could be separated as
crystalline nitrate salts.(Burns and Moyer, 2016¢ Thexavalent actinides were shown to be
removed from solution in near proportion to onethaoas uranyl nitrate hexahydrate (UNH)
crystallized out of solution, whereas the loweevélactinides, tri- and tetravalent, were only
slightly removed from solution. Separation factof§—70 were observed for Zr, Cs, and Ce.
While our previous work demonstrated that, onceliaeid, the hexavalent actinides can indeed
all be co-crystallized together and a separatiomffission products is possible, the studies were
limited to proof-of-concept. No attempt was madenaximize the recovery of An(VI) species

or improve the selectivity of the process duringsth proof-of-concept studies, leaving important
guestions unanswered surrounding yield and selgctor the An(VI1) species by crystallization.
In this work, we systematically investigate thelgiand selectivity of the An(VI) crystallization
process, aiming to show high recovery while rejegkey fission products.

2. Experimental
2.1 Materials
Nitric acid (69-70% Omni Trace, HNDPwas purchased from EDM; cerium(lll) nitrate

hexahydrate (99.5%, Ce(NJ*6H,0), cesium nitrate (99.8%, CsNQOneodymium(lll) nitrate
hydrate (99.99%, Nd(N£)s*nH,0), sodium bismuthate (ACS Grade, NaBiGtrontium nitrate



(99.0%, Sr(NQ),), and zirconyl chloride octahydrate (98%, Zr@8H,0) were all purchased
from Alfa Aesar; depleted uranyl nitrate hexahydrg8CS Grade, U&INO3),*6H,0) was
purchased from SPI Supplies, and all were usedasved. Deionized (DI) ¥© was obtained
from an ELGA LabWater Purelab Flex ultrapure lab@mawater purification system operated at
18.2 M2 cm at 25 °C.

2.2 Solubility of UNH

Small batch crystallization experiments of 700—1{uQ0volumes of an initial U concentration of
3.0-5.5 M and acidity of 4.0-8.5 N at 50 °C werpedicted (see Sl for experimental details).
The system was temperature controlled in a watdejgd sand bath using a temperature-
controlled VWR® Refrigerated Circulating Bath ModéX7LL R-20 with a VWR digital
temperature controller. The batches were progrelgsoooled to<2 °C in ~10 °C increments,

and the phases were separated by decantation, wploeréhe U concentration in the liquid phase
was determined by inductively-coupled plasma mpsstsometry (ICP-MS) with a Perkin

Elmer NexION 300D ICP-MS. Separating the phasesah 10 °C interval prevented larger
amounts of the liquid phase to be trapped withengblid phase.

2.3 Crystallization Selectivity

Small batch crystallization experiments of 260—g40volumes were performed with
UO,(NO3),:6H,0 as the desired product (see Sl for experimetalild). The initial U(VI)
concentrations ranged from 3.4-4.3 M, while othetals, simulating key fission products Sr,
Cs, and Nd were present at concentrations of 6-82206-48 mM, 24—70 mM, respectively,

and roughly 120 mM NaBig)if present, at an acidity ranging from 2.0—4.5INe experiments
investigating double nitrate salt formation of &tlent ions with Cs were conducted in a similar
fashion, with 310-330 pL volumes, with the initidlVI) concentrations ranging from 3.5—

3.9 M and either 27 mM and 14 mM concentration sfa@d Zr, respectively, or 29 mM and

14 mM concentration of Cs and Ce, respectivelyh it acidity of 4.4 M HN@ In the case of

the Cs-Ce system, approximately 120 mM NaBi@s present to ensure the existence 8f.Ce
The systems were first heated to ca. 58 °C anddbeled to 18 °C in a water-jacketed sand bath
as described above. After crystallization, thedsahd liquid phases were separated by
centrifugation with a Costar® Spin-X® 0.45 um ckike acetate centrifuge tube filter with a
mini-centrifuge. The solutions were analyzed betmd after crystallization by ICP-MS to
determine the metal concentrations changes asit oésrystallization.

3. Results and Discussion

3.1 Solubility of UNH



The solubility of UNH was studied at 50 °C as action of initial nitric acid concentration in the
range 4.0-8.51 as shown in Table 1. The UNH solubility decreaasdhe nitric acid
concentration increased, as expected by Equatjor(lincrease in nitrate concentration will
shift the equilibrium to the right, reducing the @mt of U(VI) in solution. This decrease in
solubility at higher nitric acid concentration idvantageous and will be discussed further below.

Table 1: Solubility of uranyl nitrate at 50 °C wilifferent initial nitric acid concentrations.

[HNOs] (M) [U(VDI (M) [U(VI] (g/L)

40+£0.1 3.8+£0.1 910 £ 30
58+0.2 3.4+0.1 800 £ 20
7.7+0.3 35201 840 £ 30
85%+0.3 26x0.1 610 + 20
2 _
U0, ey + 2NOy oy + BHO > UOx(NO3)z#6H;0;4 1)

The system was then cooled in 10 °C incrementsywad UNH to crystallize out of solution.
Figure 1 displays the U(VI) concentration in sabatifor the four systems at each temperature.
The system with the initial nitric acid concentoatiof 4.0 + 0.1 M was observed to have the
largest difference in U(VI) concentration upon reitig the temperature from 50 °C down to

2 °C, and this difference decreases with an inergamitial nitric acid concentration. These
results indicate that a lower initial nitric acidncentration will result in a higher crystallizatio
yield. As shown in Table 2, the crystallizationlgiewere observed to b&0% in all cases upon
cooling to<2 °C. Most notably, when the initial nitric acidno@ntration was set to 4 M, a
crystallization yield of over 90% was observed eaeroom temperature (20 °C), eliminating the
burden of the energy-intensive process of cooling.
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Figure 1: Uranium solubility limit as a function wfmperature with an initial nitric acid conceniatof 8.5 M @), 7.7 M (¢),
5.8 M (A) and 4.0 M ¢) at 50 °C, dotted line for visual aid.

The major contributing factor to these high yieklghe significant reduction in solution volume
as the UNH is being removed from solution (see @&l This relationship can be seen clearly
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by plotting the supernate percent volume relati/the initial volume verse the percent U mass
removed from solution, as shown in Figure 2 (sefmSilegression parameter statistics). There is
a linear relationship between the slopes in FigQuaad the initial acidity that can be written as
follows (R? = 0.996):

4
|4 —
=y = 6.83 X 1072

my

L
mol

x [HNO;]; — 1.08 )

whereV equals the volume of the solution.equals the mass of U.
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Figure 2: Relationship of supernate percent voluetetive to
the initial volume verse the percent U mass remdrad
solution with an initial nitric acid concentratiof 8.5 M @),
7.7M #),5.8M (A) and 4.0 M ¢) at 50 °C, dotted linear fit.
Inset displays the ¥%my verse nitric acid concentration.

Assuming all the free protons stay in solution, akrerall acidity of the mother liquor will
increase as the crystallization progresses. Thagiy of U(VI) is known to decrease as the
nitric acid concentration increases, reaching amum between 6—81 HNO;3, with a slight
increase as the nitric acid increases furtNeiclear Fuel Recovery and Recycling Center.

License application, PSAR, volume 7, 1976) The reduction of volume and the solubityJ(VI)
as a function of nitric acid concentration provateadvantageous situation for a U recovery
method based on UNH crystallization. That is tg gystarting in an environment favorable for
dissolution with a high solubility limit (low acit)i) and simply reducing the temperature of the
system, forcing crystallization to initiate, maxies crystallization with a low solubility limit by
increasing the acidity of the mother liquor. Thiald further be improved upon by increasing
the initial temperature closer to 60 °C; howevautmn must be taken as the melting point of
UNH is 60 °C,(Haynes, 2016) and thus temperate$€s°C may cause too-rapid solid-phase
formation upon cooling, which is unfavorable fosedective separation process based on
crystallization. This will be discussed further dsl



Nakahareet al.(Nakahara et al., 2013) attributed the decreaigeimother liquor volume to the
removal of water molecules from solution into thgstalline lattice; however, in the case where
the initial nitric acid concentration was set ttM4roughly 7.69 mmol of KD was calculated to

be removed in the form of UNH. In solution, 7.69 oiraof H,O should occupy approximately
138 pL of volume. The actual volume change was oredsto be 630 + 20 uL, a factor of 4.6
greater than the calculated contribution due teewagmoval. Similar values result by
performing the same arithmetic in the other thi@ses. It is our belief, that the major contributor
to the decrease in volume is the uranium itselicivlalso dominates the total mass of the
system.

Table 2: Percent mass recovery of U(VI) as UNH taliiging out of solution.

[HNO;] % U mass Recovery

(M) 50°C 40°C 30°C 20°C 10°C 2°C
85+0.3 0 - 441 61x2 632 70zx2
7.7+03 0 301 42+1 60+x2 70+2 83%2
5.8+0.2 0 - 79+2 88+3 89+3 95+%3
40x0.1 0 632 843 913 95+3 973

Table 3: Reduction in mother liquor volume uponrdase in temperature resulting in UNH crystal fdiama

[HNOg] % Volume of Mother Liquor

(M) 50 °C 40°C  30°C 20°C 10°C 2°C
85%0.3 100 - 79+£2 71x2 T70x2 64x2
7.7+0.3 100 83x2 78x2 672 622 50=zx1
58%0.2 100 - 45+x1 40+x1 40x1 34=x1

4.0+0.1 100 45+1 34+1 28+1 23+1 21%*1

3.2 Separation Selectivity

As the primary interest of this research is to @ehia group separation of the hexavalent
actinides from fission products, it is importanutederstand how the other species will behave,
particularly key fission products like Sr, Cs, aid. To begin with, the rate at which the system
was cooled was examined. Table 4 shows the rekalttamging the rate of cooling from 58 °C to
18 °C from> 4.0 °C/min ta< 0.22 °C/min. The slower cooling rate was showhawee a
significant impact and be much more selective, pcaty an improved separation.

When the rate of cooling was reducedtd.22 °C/min the selectivity of the An(VI) specieas
significantly enhanced. This is most obvious whensidering Sr, which resulted in a greater
then 20-fold improvement from the faster coolinggr® the slower cooling rate, while the other
two fission product species, Cs and Nd, had skgk8s significant enhancements, showing only
a five-fold improvement. This was expected, aoaslg cooling rate will also reduce the rate at
which the crystal formation and growth occurs. S#owrystal formation, allows nucleation to
occur at the solubility limit, rather than formiagsupersaturated solution. In a supersaturated
solution precipitous crystallization can occurpfvang impurities within the crystalline phase.
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Slow crystal growth also reduces the number ofdefeithin the lattice, whereas with rapid
crystal growth there is opportunity for defectghie structure to occur, which could include
incorporation of contaminate species. The sligfiecence in UNH yield observed in this
experiment is believed not to be caused by themgoate, but rather by the slight increase in
HNO; concentration of 4.5 M for the faster rate to thia4.3 M HNG; in the slower rate.

Table 4: Selectivity at different cooling rate. dity at 4.5 M and 4.3 M
HNO; for 4.0 °C/min and 0.22 °C/min, respectively.

Analyte 4.0 °C/min 0.22 °C/min
%Removed %U/%M %Removed %U/%M
SP° 20% + 1% 3.88 <1% >81
Cs 5.0% + 0.3% 15.7 <1% >81
Nd** 5.0% + 0.3% 145 <1% >81
U(VI) 78% + 4% - 81% + 4% -

Next, the nitric acid shown to affect selectivitiytbe separation, where dilution the system
below 4.3 M HNQ negatively impacted the selectivity. For this separation was determined
as a function of nitric acid concentration uponlocapthe system from 58 °C down to 18 °C at
the slower rate (Table 5). At the initial acidity/g3 M HNG;, the contaminant fission products
are quantitatively left in the mother liquor supsenafter crystallization, with roughly 81% of
U(VI) recovered from solution, as seen earlier. i@asing the initial acidity to 3.4 M increase
the overall removal of U(VI) to approximately 84t also caused some of the Sr to be
removed from solution as well, ca. 58%, and theeefeducing the separation factor. The slight
increase in separation factor at 814or Cs and Nd up to >84 is an artifact of more U(M)ng
recovered from solution. Selectivity decreasedt@ween greater extent when the initial acidity
was decrease further to 2.9 M and 2.0 M HNIhis decline in specificity is believed to be
caused by the overall decrease in mother liquarmael after crystallization. As shown in Table
5, the percent volume decrease in the mother ligithrthe 2.0 M HNQ system is significantly
greater than that of 4.3 M HNQystem, ~30%. The reduction in volume slightlyid&as from
that calculated by Equation (2), with showing leskime reduction. This is believed to be
caused by an increase in the amount of dissolvedepin the supernate, which should increase
the volume slightly.

Table 5: Selectivity at different initial acidities

Analyte 4.3 M HNG; 3.4 M HNG; 2.9 M HNG; 2.0 M HNG;
%Removed %U/%M %Removed %U/%M %Removed %U/%M  %Readov %U/%M
Sa <1% >81 58% + 3% 1.3 70% + 4% 1.3 93% + 5% 1.0
Cs <1% >81 <1% >84 34% + 2% 2.6 32% + 2% 2.9
Nd®* <1% >81 <1% >84 35% + 2% 2.5 31% + 2% 3.0
Ui 81% + 5% - 84% + 5% - 89% + 5% - 95% + 10% -
%Vol -55% -63% -72% -85%

The effect of NaBi@on the selectivity was then studied and foundatoamly improve the
selectivity of the An(VI) crystallization, but enhee the yield simultaneously. As mentioned
earlier, NaBiQ has established itself as the benchmark for Ardation; therefore, it is
important to understand what effects its presentidhave on the separation and crystallization



as a whole. Table 6 displays the results of sepasaat 4.3 M and 3.4 M HNQwith the

addition of roughly 121 mM and 115 mM NaBiQespectively. The presence of BiGn
solutions seems to increase the solubility limitJ§¥1), allowing for a greater UNH yield upon
cooling. The presence of BiOalso seems to prevent the fission products fromgoemoved
from solution during crystallization, even at tloavkr acidity of 3.4 M HN@ While on a

process level, it may not be practical to add lang®unts of mass to the system to achieve the
high oxidation potential needed to achieve Am(¥)m these results it appears to be
advantageous, increasing the yield and selectivity.

Table 6: Selectivity in the presence of BiO

Analyte 4.3 M HNG; 3.4 M HNG;
%Removed %U/%M %Removed %U/%M
SF* <1% >86 <1% >90
Cs <1% >86 <1% >90
Nad** <1% >86 <1% >90
Bi <1% >86 <1% >90
U(VI)  86% +5% - 90% * 5%

Our previous work(Burns and Moyer, 2016) indicateat there might be some interactions
between fission products, specifically, tetravaiens, like Zf* and C&", forming double nitrate
salts with C§, as shown in Equation (3). This has also beenrebdén the JAEA NEXT
process(Sano et al., 2007) with*Piro understand the behavior of double nitrate dermp
formation, a system containing Cs, Zr, and U(VI¥@bcentration of 27 mM, 14 mM, and 3.5 M,
respectively, with the initial acidity of 4.3 M HNQvas studied. Table 7 displays the results of
the amount of metal removed from solution aftericgofrom 58 °C to 40 °C and 20 °C,
resulting in neither Cs or Zr being removed frortuBon. These results indicate that the
solubility limit of the double nitrate salt €&(NOs)s is above 36 mM or the double nitrate
complex is not forming in this system. In eithes&gathis is a positive result, when considering
that Zr is historically very difficult to deal witim a solvent extraction PUREX-type separation
scheme, where it tends to follow the bulk of Pwtiyh the process.

CS'(ag + M(IV)(NO3)¢* (a) > CM(NO3)s(g A3)

Table 7: Behavior of Csand Zf* during crystallization of UNH

Analyte 40 °C 20 °C
%Removed %U/%M %Removed %U/%M
zr* <1% >17 <1% >79
Cs <1% >17 <1% >79
u(VvI) 17% 1% - 79% + 4%

Another system was studied at an initial aciditdé®> M HNQ containing Cs, Ce, and U(VI) at
concentration of 29 mM, 14 mM, and 3.9 M, respegdfivHowever, in order to achieve the
tetravalent oxidation state of €eNaBiO; was added to the system as well. Table 8 distay/s
results of the amount of metal removed from sotutiier cooling from 58 °C to 40 °C and



20 °C, showing similar results as with the Cs andystem, with neither Cs or Ce being
removed from solution. Again, it is not clear ikthrecursor to the double nitrate salt of
Ce(NQy)s* is forming, only that G&€e(NQy)s is not precipitating out of solution.

Table 8: Behavior of Csand Zf* during crystallization of UNH

Analyte 40 °C 20 °C
%Removed %U/%M %Removed %U/%M
Cs <1% >27 <1% >83
ce™ <1% >27 <1% >83
Bi <1% >27 <1% >83
u(vI) 27% 1% - 83% + 5%

4. Conclusions

Good yield and selectivity of a hexavalent actirgdgstallization separation suggests an
alternative approach to more traditional approactsasg solvent extraction for recovery of
actinides for nuclear fuel recycle. The solubilityit of UNH at a range of nitric acid
concentrations and temperatures was determinedhandeld of UNH crystallization was
calculated. The yield was found to increase witlearease in the initial nitric acid concentration
prior to cooling the saturated uranyl nitrate solufrom 50 °C to 2 °C. A direct correlation in
the decrease of solution volume percent and U pasent removed from solution was
observed. A slow cooling rate was shown to sigaifity increase selectivity for U(VI) over Sr,
Cs, and Nd, as it facilitates a slow rate of UNMstal formation, eliminating incorporation of
defects. Higher acid concentrations of ca. 4.3 MOdMere shown to produce a more selective
separation, presumably caused by a smaller reduictimother liquor volume in the higher acid
systems. The addition of NaBi@ppeared to increase both yield and selectivihalfy, there

was no evidence of any precipitation of tetravafaatal double nitrate salts. These results taken
together indicate that a hexavalent crystallizaioheme offers a potentially simple approach to
a complex problem of enormous potential benefgustainable energy, where a single
separation technology is employed, crystallizateng a high-yield, high-purity product is
generated.
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Uranyl nitrate hexahydrate solubility in nitric acid and its crystallization selectivity in the
presence of nitrate salts

Jonathan D. Burns* and Bruce A. Moyer”
Highlights

» Solubility increase with temperature and decrease with acid concentration

» Crystalization yield increased with decrease in initia nitric acid concentration
* A dlow cooling rate was shown to significantly increase selectivity for U(VI)

» Higher acid concentrations produce a more sel ective separation

» Theaddition of NaBiO3 appeared to increase both yield and selectivity



