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The dissolution—precipitation behavior of zirconium dioxide (ZrO,) in molten lithium fluoride—beryllium
fluoride (LiF-BeF,, (2 :1 mol, FLiBe)) eutectic salt at 873 K was studied. The results of the dissolution
experiment showed that the saturated solubility of ZrO, in the FLiBe melt was 3.84 x 10~ mol kg™* with
equilibrium time of 6 h, and its corresponding apparent solubility product (K'sy) was 3.40 x 107° mol®
kg~>. The interaction between Zr(v) and O%~ was studied by titrating lithium oxide (Li,O) into the FLiBe
melt containing zirconium tetrafluoride (ZrF,4), and the concentration of residual Zr(v) in the melt
gradually decreased due to precipitate formation. The precipitate corresponded to ZrO,, as confirmed by
the stoichiometric ratio and X-ray diffraction analysis. The K's, was 3.54 x 107> mol® kg~3, which was
highly consistent with that from the dissolution experiment. The obtained K's, of ZrO, was in the same
order of magnitude as that of uranium dioxide (UO,), indicating that a considerable amount of ZrF,
could inhibit the UO, formation when oxide contamination occurred in the melt containing ZrF, and
uranium tetrafluoride (UF,). Further oxide titration in the LiF-BeF,-ZrF4 (5 mol%)-UF, (1.2 mol%) system
showed that ZrO, was formed first with O~ addition less than 1 mol kg™, and the precipitation of UO,
began only after the O%~ addition reached 1 mol kg~ and the precipitation of ZrO, decreased the ZrF,4
concentration to 0.72 mol kg‘1 (3 mol%). Lastly, UO, and ZrO, coprecipitated with further 02~ addition
of more than 1 mol kg~. The preferential formation of ZrQO, effectively avoided the combination of UF4
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rsc.li/rsc-advances and O%~. This study provides a solution for the control of UO, precipitation in molten salt reactors.

The large accumulation of the fuel precipitate UO, would
generate a superheated area in the reactor and cause a criticality
risk.”** Hence, the generation of UO, in the fuel salt should be
strictly controlled to ensure the safe operation of MSR. Two

1. Introduction

Molten salt reactors (MSRs) use molten fluoride mixtures,
usually lithium fluoride-beryllium fluoride mixed melt (LiF-

(cc)

BeF, (2:1 mol, FLiBe)) as the carrier solvent of fuel, with
uranium tetrafluoride (UF,) or thorium tetrafluoride (ThF,)
dissolved as fuel salt.® However, these fluorides can absorb
water due to their hygroscopic nature, and pyrohydrolysis
commonly occurs upon melting, thus producing an active oxide

impurity (0>7) (eqn (1)).*°
H,0 + 2F = 2HF + 0>~ (1)

Unfortunately, UF, has a high sensitivity toward 0>~ in
fluoride melts and forms some insoluble compounds of oxides
or oxyfluorides,® e.g., uranium dioxide (UO,) according to our
previous investigations (eqn (2)).”*

UF, + 202~ = UOx(s) + 4F . (2)
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methods have been proposed to protect uranium from UO,
precipitate formation. One method is to remove the O*~
impurity in the fuel salt before loaded into the reactor, whereas
the other approach is to develop feasible additives to collect 0>~
or facilitate the solubility of UO, in molten fluorides during the
MSR operation. The Oak Ridge National Laboratory (ORNL) has
proposed that bubbling hydrogen fluoride and hydrogen gas
(HF/H,) mixtures into the salt is an effective means to remove
0 (eqn (3)).2™

0’ + 2HF(g) = H,0O(g) + 2F . (3)

However, the HF/H, purification method has a limited
capacity for oxide removal and cannot totally eliminate the O*~
due to the chemical equilibrium. Moreover, the active oxygen
still can be produced through the unexpected nuclear reaction
and brought by the cover gas and the external environ-
ment.**'>%> That means, the residual 0>~ impurity contained in
fluorides is inevitable and the formation of UO, during the MSR
operation remains possible.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Therefore, the development of certain feasible additives to
timely collect O*~ or the improvement of the solubility of UO, in
the molten fluorides is more effective. Zirconium tetrafluoride
(ZrF,) may be a good selection, which has a strong affinity
toward oxide and is a good oxide getter that can easily capture
0> to form zirconium oxides (e.g., ZrO,) or zirconium oxy-
fluoride species (e.g., ZrOF, and Zr,OF,,*") in the molten fluo-
rides.'®" In this manner, the combination of U(iv) and O*>~ can
be effectively avoided. Shen et al.*® have studied the interactions
between Zr(v) and O~ in lithium fluoride-sodium fluoride-
potassium fluoride (LiF-NaF-KF (46.5:11.5:42 mol%, FLi-
NaK)) molten salt and found that different products are formed
at different molar ratios of nZr(v)/nO>". ZrO, is first formed
with nZr(v)/nO*>~ = 0.5, and the formed ZrO, redissolves into
the melt as Zr,OF;,*~ when nZr(iv)/nO>~ > 0.5. These results
indicate that the free oxide ions (O*>7) in the melt can be con-
verted into oxyfluoride complex species (Zr,OF;,* ) with
enough ZrF, additive, which further prevents the UO, genera-
tion successfully. Besides, Gibilaro*® has found that the addi-
tion of calcium oxide (CaO) into a ZrF,-containing lithium
fluoride-calcium fluoride (LiF-CaF,) salt leads to the formation
of a close to equimolar mixture of solid ZrO, and ZrO, 3F; 4.
Korenko et al.™ and our previous studies”®**** have used X-ray
diffraction (XRD) phase analysis and electrochemical tech-
niques and discovered the ZrO, formation when oxide
contamination occurs in the ZrF,-containing systems (i.e., LiF-
NaF-KF-ZrF, and LiF-NaF-KF-UF,-ZrF,), whereas only UO, is
observed in the systems without ZrF, (i.e., LiF-NaF-KF-UF, and
LiF-BeF,-UF,). These studies demonstrate that O>  in
zirconium-based systems can be reduced by forming Zr(iv) oxide
or oxyfluorides, preventing the UO, precipitation.

ZrF, can also increase the solubility of oxides because of its
strong affinity toward oxygen ions. Song et al.>* have studied the
dissolution behavior of chromium sesquioxide (Cr,O;) in
various molten fluorides and found that the ZrF, additive
remarkably increases the solubility of Cr,0; by 19 and 2 times in
FLiNaK and FLiBe molten salt, respectively, most likely yielding
the dissolution product of [ZrO,F,]'~** complex species. Peng
et al."’” have studied the dissolution-precipitation behaviors of
UO, in molten fluorides and found that ZrF, can also improve
the solubility of UO,. Their results show that the maximum
solubility of UO, in FLiNaK melt increases by a factor of 5.76
(i.e., increase from 0.247 wt% to 1.422 wt%) when the added
ZrF, concentration is up to 2.91 wt% and the oxide is dissolved
as UOF, and ZrOF, species. These studies demonstrate that ZrF,
can easily combine with oxygen ions and form soluble Zr(wv)-
oxyfluorides to improve the solubility of oxides.

From the above, ZrF, is probably an ideal additive for control-
ling the precipitation of UO, in molten fluorides. Moreover, ZrF,
has a low neutron-absorption cross-section, which allows its use in
the fuel of MSR. Based on this finding, ORNL'***** adopts the LiF-
BeF,-ZrF,-UF, (65:29.1:5:0.9 mol%) as the fuel salt of the
molten salt reactor experiment, and the use of 5 mol% ZrF,
successfully raises the oxide tolerance (the maximum allowable
amount of 0>~ added without the production of UO, in the molten
salt) to above 100 ppm compared with that of 30 ppm in the
molten salt breeder reactor by using a zirconium-free system, ie.,
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LiF-BeF,-ThF,~UF, (71.7:16:12:0.3 mol%). At present, the
thorium molten salt reactor-liquid fuel (type 1) (TMSR-LF1)
program of China is being launched in the Shanghai Institute of
Applied Physics, Chinese Academy of Sciences (SINAP@CAS),
which also uses a zirconium-containing system composed of LiF-
BeF,—ZrF,-UF, (65.1: 28.7 : 5 : 1.2 mol%) as the fuel salt.

In this paper, the dissolution-precipitation behaviors of
ZrO, and the interactions between Zr(iv) and O*~ in the FLiBe
melt are first studied. Then the apparent solubility product
(K'sp) of ZrO, is obtained and compared with that of UO, to
predict the generation of oxide precipitations in the fuel salt
containing both UF, and ZrF,. The oxide titration experiment is
performed in the FLiBe-ZrF, (5 mol%)-UF, (1.2 mol%) system,
and the evolutions for the equilibrium concentrations of U(w),
Zr(v), and O®~ with oxide additions are studied to further
confirm above theoretical prediction. Finally, the inhibiting
effect of ZrF, on UO, formation is further verified. This study
provides an effective solution for controlling and monitoring
the nuclear fuel precipitation (UO,) in molten fluorides, which
is of great importance for the safe operation of MSR.

2. Experimental
2.1 Molten salt

The highly purified FLiBe (99.9%) eutectic salt with eutectic
temperature of 733 K was prepared and supplied by the
SINAP@CAS. The received FLiBe eutectic salt was stored in
a glovebox and further dehydrated before use by heating under
vacuum from ambient temperature to its melting point for 72 h,
to guarantee the high-purity of salt and ensure the reliability of
the experiments. During this process, the moisture absorbed by
the salt was effectively removed. In order to avoid residual HF
remaining in FLiBe, the melt was further purified by sparging
the ultra-pure H, for 8 h. The FLiBe-ZrF, and FLiBe-ZrF,-UF,
melts were thus prepared by artificially adding ZrF, (99.99%;
Sigma-Aldrich) and UF, (99.99%; China North Nuclear Fuel Co.,
Ltd) to the prepared FLiBe salt.

2.2 Experimental method

During the dissolution experiments, the excess of powdery ZrO,
(ca. 5 g, 99.99%; Sigma-Aldrich) was manufactured into sheets
by tableting. The ZrO, sheet was dissolved in 50 g FLiBe melt
contained in a vitreous carbon crucible, and the saturated

Lizo\i
[—ZrO, pellet holder
——+4—ZrO, pellet
= FLiBe-ZrF, or
FLiBe molten salts —FLiBe-ZrF4-UF4
crucible

(a) (b)

Fig. 1 Schematics of the (a) dissolution and the (b) oxide titration
experiments.
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Fig. 2 Schematic of the experimental set-up.

solution of FLiBe-ZrO, was formed after equilibrium time. The
ZrO, sheet was immersed in the salt bath with a graphite pellet
holder, as shown in Fig. 1(a). The melt was sampled after the
extraction of the pellet from the bath. Thus, no ZrO, compound
would stick to the sampler, and all the zirconium in the sample
was considered to be obtained from ZrO, dissolution and could
reflect the solubility of ZrO,.

During the oxide titration experiments, the oxide ions (0*")
were introduced to the FLiBe-ZrF, and FLiBe-ZrF,-UF, baths in
the form of lithium oxide (Li,O, 99.99%; Sigma-Aldrich), as
shown in Fig. 1(b). The interaction between M(wv) (M = Zr or U)
and O>~ in the melt would produce ZrO, (p = 5.89 g cm *) or
UO, (p = 10.96 g cm?) precipitate and gradually deposit to the
bottom of the bath (p = 2 g cm™?). When the system reached
equilibrium, the supernatant of the molten salt was sampled.
The sampling process addressed the use of sintered nickel filter,
which prevented the precipitates from sticking to the sampler
as proposed by the ORNL,* to ensure the accuracy of the
experimental results.

The schematic of the experimental apparatus used in present
study was shown in Fig. 2, which was described in detail in our
previous studies.”®'*17221.2¢ The whole experiment was con-
ducted in a glove box protected by dry argon atmosphere
(99.999%), and the oxygen and water contents in the glove box
were both strictly controlled below 0.5 ppm.

2.3 Analytical techniques

The oxide concentration in molten fluorides was determined
using the LECO oxygen detector (RO600, LECO Co., Ltd)
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through the carbothermal reduction technique, which was in
accordance with the work of Mediaas**® and our previous
studies.”®'®** Herein, the result measured by LECO was the
total oxide content including O*  and oxide in oxygenated
anions. The oxygenated anions in the melts were determined
using ICE ion chromatography (IC, ICS-2100, Dionex Co., Ltd.)
with a valve-switching technology.®

The concentration of Zr(wv) or U(wv) ions in molten fluorides
was determined using inductively coupled plasma optical
emission spectroscopy (ICP-OES, Arcos, Spectro Co., Ltd). The
detailed testing process has been described previously.”®'” The
oxide precipitates formed in molten salt were analyzed using
the XRD technique (DY3614, PANzlytical Co., Ltd).

3. Results

3.1 Concentration of free oxide ions (0>") in molten
fluorides

The oxygen in fluoride salt exists in two forms: (i) free oxide ions
(0*>7) and (ii) oxygenated anions (e.g., SO,>~, NO;~, and PO,*").
However, only O>~ could form oxide precipitates (e.g., UO, and
Zr0,) due to its high sensitivity toward UF, and ZrF, in molten
fluorides. Therefore, the O*~ concentration in molten fluorides
should be measured to clarify the dissolution-precipitation
behavior of the fuel salt for MSR. The practical O*~ concentra-
tion ([0>7]) in molten fluorides was determined by subtracting
the oxide concentration in oxygenated anions ([O];c) from the
total oxide concentration ([O].gco), as shown in eqn (4). Table 1
gives the oxide analysis results of two batches of FLiBe melts
used in the present study. As shown in Table 1, the total oxygen
content of 1# FLiBe was 145 ppm, and the oxygenated anions
included NO;~, SO,%>", and PO,*>~ with content of 83, 55, and
6 ppm, respectively. According to the mass proportion of oxide
in the oxygenated anion, the oxide concentrations in NO; ™,
S0,>", and PO,>~ were 64, 37, and 4 ppm, respectively. Thus,
the sum of oxide concentration in these three oxygenated
anions were up to 105 ppm, and the O>~ content was 40 ppm in
accordance with eqn (4). Likewise, the O>~ content of 2# FLiBe
was 1383 ppm.

[0*] = [OlLeco — [Olic- (4)

Table 1 Oxide analysis results of the FLiBe melts used in the present study

Oxygenated
anion
Total oxide concentration concentration/ Oxide in oxygenated 0”” concentration
Batch number of FLiBe ([OlLeco)/ppm ppm anions ([O];c)/ppm (0> ])/ppm
14# (for oxide titration experiment) 145 NO;~ 83 105 40 (2.5 x 10* mol kg™ )
S0,%~ 55
PO, 6
24t (for dissolution experiment) 1500 NO;~ 135 117 1383 (8.64 x 107> mol kg™)
S0,*~ 19
PO~ —
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3.2 K, of Zr0,

3.2.1 Dissolution method: FLiBe-ZrO, system. The ZrO,
pellet was immersed into the FLiBe melt to determine the
solubility of ZrO, in this melt. The melt was sampled at different
holding times at 873 K, and the Zr(iv) concentration in each
sample was measured. Fig. 3 gives the plots of Zr(iv) concen-
tration in the melt versus the dissolution time of ZrO,. Appar-
ently, the initial zirconium concentration in the FLiBe melt was
below the detection limit of ICP-OES (<0.01 ppm or 1 X
107 mol kg™ %) and could not be detected. When the ZrO, was
dissolved for the first 2 h, the Zr(iv) concentration remarkably
increased to 3.37 x 107> mol kg~ '. Afterwards, the growth rate
of Zr(wv) concentration slowed down, and its value gradually
increased to 3.84 x 10 mol kg~ when the dissolution time
further increased to 6 h. Then, no remarkable difference was
observed in the results of samples collected from 6 h to 22 h,
and the Zr(v) concentration finally maintained at approximately
3.84 x 10> mol kg™, which corresponded to the solubility of
ZrO, with an equilibrium time of 6 h.

In the FLiBe-ZrO, system, when the dissolution equilibrium
of ZrO, was achieved, the substances of ZrO, compound, Zr(v),
and O® ions, coexisted and equilibrated, as shown in eqn (5).
Thus, the real solubility product (K,) of ZrO, could be obtained
by multiplying the equilibrium activity of Zr(1v) (azv)) and 0>~
(ao*-), as shown in eqn (6). Actually, a certain deviation existed
between the activity () and the apparent concentration, and
this deviation could be quantitatively expressed using the
activity coefficient (y) with the value less than 1, as shown in
eqn (7) and (8). In fact, the [Zr(v)] and [O>~] values obtained by
ICP-OES, LECO, and IC techniques were the results of apparent
concentrations. Thus, the real solubility product (Ky,) of ZrO,
could be calculated through eqn (6), where Ky, is the apparent
solubility product that can be obtained using experimental
methods, as shown in eqn (9). However, the measurement of
a and v (v, for Zr(v) and v, for O>~, which can be considered as
constant in this case) in molten fluorides is a challenging task
and leads to a difficult determination of the real K,. Never-
theless, the present study only considered the apparent

4.0x10°

3.5x10° - "
3.0x10° i .

2.5x10° I
2.0x10° I
1.5x10°
1.0x10° I

5.0x10™

Zr(IV) concentration in melt (mol/kg)

e
=}

5 10 15 20
Dissolution time (h)

Fig. 3 Zr(v) concentration versus the dissolution time of ZrO, in the
FLiBe melt at 873 K.
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concentration to deal with this issue, and the Ky, calculation
could also make sense in case of apparent concentration
consideration (eqn (9)).

ZrOs(s) <> Zr(1v) + 20°~. (5)

Ky = aziavy (@0 ) = 11722 [Zr()][0* T = 717> K'sp. (6)

azwavy = Y1 [Zr(v)]. (7)

ao> = v2:[0°7]. 8)

K, = [Zr(v)][O* 1. (9)
[0%7] = [0* ]zt0, + [0 TrLine- (10)
[0 110, = 2[Zr(V)]. (11)

Then, the equilibrium [Zr(iv)] and [0®"] were measured to
determine the value of K. In accordance with the solubility of
ZrO, in FLiBe, as shown in Fig. 3, the equilibrium [Zr(v)] in the
bath was 3.84 x 107> mol kg™ ', whereas the O>~ concentration
caused by ZrO, dissolution ([0 ],0,) was twice of the [Zr(1v)],
ie.,7.68 x 10~° mol kg~ " (eqn (5) and (11)). Besides, the initial
0> content in the FLiBe melt ([O*> Jrripe) Was 8.64 x 102 mol
kg™' (1383 ppm, Table 1). Thus, the equilibrium [0*"] was
9.41 x 107> mol kg™', which was obtained using the sum of
[0* 120, and [O® Jerige (eqn (10)). Then, with the obtained
values of [Zr(iv)] and [0*7], the K'y, was calculated to be 3.40 x
107> mol® kg~* (eqn (9)).

3.2.2 Oxide titration method: FLiBe-ZrF,-Li,O system.
Oxide ions in the form of Li,O were gradually added to the
FLiBe-ZrF, (5 mol%) melt to investigate the interaction between
Zr(v) and O®” and its corresponding product. Then, the
supernatant melt was sampled after the system reached equi-
librium at 873 K, and the Zr(v) concentration in each sample
was analyzed. Table 2 shows the variation of Zr(iv) concentration
with different oxide additions at 873 K. Apparently, the residual
Zr(v) concentration in the melt linearly decreased with
increasing oxide addition, and the slope of this fitted straight
line was 0.51, which approximately equaled to 0.5, as shown in
Fig. 4. This result meant a zirconium-containing precipitate
with the stoichiometry of 1Zr**:20%7, probably ZrO, or Zr,0,,F,
species, was formed. Moreover, a kind of white precipitate at the

Table 2 Residual Zr(v) and O~ concentrations in the FLiBe-ZrF,
(5 mol%) melt with different oxide additions, and the variation of
calculated K'gp (ZrO,) value (equilibrium time: 10 h; temperature: 873
K)

Added O*”  Equilibrium [Zr(iv)] Equilibrium [0*7] K of Zro,
(mol kg™")  in melt (mol kg™")  in melt (mol kg™ ") (mol® kg™?)
0 1.33 — —

0.11 1.29 5.20 x 10° (83 ppm) 3.49 x 10°°
0.16 1.27 5.29 x 10 ° (85 ppm) 3.55 x 10>
0.26 1.23 5.43 x 107 (87 ppm) 3.63 x 107°
0.34 1.18 5.48 x 10 ° (88 ppm) 3.54 x 10 °
0.47 1.08 5.71 x 107° (91 ppm) 3.52 x 10>

RSC Adv, 2021, 11, 18708-18716 | 18711
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Fig. 4 Linear relationship between the residual [Zr(iv)] and the added
[0?7] in the FLiIBe-ZrF4 (5 mol%) melt at 873 K.

bottom of the melting bath was observed during oxide titration,
as shown in Fig. 5(a). To identify the precipitated species, the
bottom precipitate was sampled, distilled (to remove the
residual matrix salt) and further transferred for XRD analysis.

(b)

Experimental

Relative Intensity (a.u.)
£ ;

Standard

IR

L i
0 50 60
20 / degree

70 80 90

4

10 20 30

Fig. 5 (a) The observed white precipitate formed at the bottom of the
FLiBe-ZrF, (5 mol%) melt with O%~ addition at 873 K. (b) XRD pattern of
this precipitate obtained after distillation treatment.
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The result confirmed that this precipitate corresponded to ZrO,,
as shown in Fig. 5(b).

With the formation of ZrO,, its K, could be calculated by
multiplying the equilibrium concentration of O~ by Zr(iv) (eqn
(9)). As shown in Table 2, when the added O®>" increased from
0 mol kg~ to 0.47 mol kg™ ', the remaining Zr(v) in the melt
gradually decreased from 1.33 mol kg™' to 1.08 mol kg
whereas the equilibrium O*~ concentration increased from 5.20
x 10> mol kg " to 5.71 x 10~° mol kg '. Thus, a set of K’
values were obtained respectively during each oxide addition,
and the results located within (3.49-3.63) x 10> mol® kg >.
The slight variation in the Ky, may be attributed to the testing
error caused by the chemical analysis. The eqn (9) could be
written as:

[ZF(IV)] = K,Sp' 5. (12)

o]

The linear relationship between the residual [Zr(v)] and 1/
[0*"]* was fitted (Fig. 6), and the slope of this straight line
corresponded to the statistical result of K'sp. Thus, the final
result of K'y, was determined to be 3.54 x 10~° mol® kg™ °. This
value was highly consistent with that obtained by the dissolu-
tion method in FLiBe-ZrO, system (3.40 x 10> mol® kg®), as
stated in Sect. 3.2.1.

3.3 Oxide titration to the molten FLiBe-ZrF,-UF, system

Oxide ions in the form of Li,O were gradually added to the
FLiBe-ZrF, (5 mol%)-UF, (1.2 mol%) melt to investigate the
inhibiting effect of ZrF, on UO, formation. Then, the evolutions
of the equilibrium concentrations of Zr(1v), U(iv), and O*~ in the
melt with oxide addition were determined, and the results could
be shown in two stages, as shown in Fig. 7.

3.3.1 Stage 1: ZrO, formation (0>~ addition <1 mol kg ™).
The initial Zr(iv) and U(iv) contents of the molten salt were
5 mol% (1.21 mol kg™ ') and 1.2 mol% (0.28 mol kg™ '), respec-
tively. Before the added O°~ reached 1 mol kg™, the residual

1.35

1.30+

1.25-

1.20 -

[Zr(IV)] (mol/kg)

K sp(ZrOZ) = slope = 3.54x10" mol’/kg’

1.05 " 1 n 1 n 1 " 1 n 1 1 n 1
30000 31000 32000 33000 34000 35000 36000 37000 38000

1/[0*] (kg*/mol?)

Fig. 6 Determination of K's, (ZrO,) in the FLiBe-ZrF, (5 mol%) melt
with O~ additions at 873 K: linear relationship between the residual
[Zr(v)] and 1/[0% 12
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Fig. 7 Evolutions of the equilibrium [Zr(v), [U(V)], and [O?7] in the
FLiBe—ZrF,4 (5 mol%)—UF, (1.2 mol%) melt with oxide additions at 873 K.

Zr(v) concentration in melt linearly decreased to 0.72 mol kg™*
and the U(wv) concentration almost remained invariable, whereas
the equilibrium O®~ increased from 90 ppm to 110 ppm. This
result indicated that only zirconium-containing precipitate was
formed in this period. The slope of the linear relationship
between the residual [Zr(1v)] and the added [0*~] (0-1 mol kg™ ")
was fitted as 0.49, which approximately equaled to 0.5 (Fig. 7),
presuming that insoluble ZrO, or Zr,0,,F, species was formed in
the melt. Moreover, a kind of white precipitate was observed at
the bottom of the bath during experiment, and XRD analysis
further proved that this precipitate corresponded to ZrO, (Fig. 8).
Therefore, only ZrO, precipitate was formed with oxide addition
less than 1 mol kg™ .

3.3.2 Stage 2: ZrO, and UO, formations (02’ addition
=1 mol kg ). When the added O*>~ reached 1 mol kg™ *, the U(w)
concentration drop began, and the equilibrium O® at this time
was 110 ppm. When the added O®~ exceeded 1 mol kg™ ' and
reached 2.72 mol kg™, the Zr(iv) and U(wv) in melt were simulta-
neously consumed and finally decreased to 0.07 and 0.09 mol
kg™, respectively. Meanwhile the equilibrium O>~ further increase
to 208 ppm. These results indicated that both =zirconium-
containing and uranium-containing precipitates were formed in
this stage. In addition, the stoichiometry of the total reacted metal
ions M(wv) (M = Zr or U) and the added O*~ was approximately 1 : 2
during this stage. After completion of the experiment, two kinds of
precipitates were observed at the bottom of salt. The white one
corresponded to ZrO, and the rufous one corresponded to UO,, as
confirmed by XRD (Fig. 8). Therefore, both ZrO, and UO, were
formed with oxide addition more than 1 mol kg™ ".

4. Discussion

4.1 Ky, analysis of oxide precipitation behavior in the FLiBe
melt

The Ky, of ZrO, and UO, in FLiBe melt were compared to clarify
the precipitation law of these two oxides. According to our
previous investigation,® the Ky, (UO,) in the FLiBe melt
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Fig.8 XRD patterns of the bottom samples obtained in the FLiBe-ZrF,
(5 mol%)-UF,4 (1.2 mol%) melt with oxide additions after distillation
treatment. Stage 1: oxide addition <1 mol kg~%; stage 2: oxide addition
>1 mol kg%,

obtained using the dissolution and the oxide titration methods
at 873 K were 1.67 x 10" and 1.33 x 10~° mol® kg, respec-
tively. In this work, the X'y, (ZrO,) using the dissolution and the
oxide titration methods at 873 K were 3.40 x 10 ° and 3.54 x
10> mol® kg, respectively. As an equilibrium constant, the
K, theoretically depended on temperature only, and the
present results also agreed well with those reported by ORNL at
the same temperature,” as summarized in Table 3.

Evidently, XK'y, (ZrO,) and K, (UO,) were in the same order of
10~° mol® kg?, and K',, (ZrO,) was 2-3 times higher than K',
(UO,). Based on these results, we can predict the formation of
ZrO, and UO, precipitates in the FLiBe melt. (i) When the FLiBe
melt only contained UF,, the reactive oxide resulted in UO,
precipitation. (ii) When the FLiBe melt contained equimolar
ZrF, and UF,, the oxide contamination should first yield the
UO, precipitate. (iii) In addition, when the FLiBe melt contained
considerably more ZrF, than UF,, the oxide contamination
should first yield the ZrO, precipitate. The precipitation of UO,
began only after the precipitation of ZrO, had dropped the ZrF,
concentration to near 2-3 times as high as that of UF,. With
further oxide addition, UO, and ZrO, would precipitate simul-
taneously. Therefore, excessive ZrF, with more than 3 times
higher than UF, can effectively avoid the formation of UO,
precipitate in the FLiBe melt.

4.2 Oxide precipitation behavior of the MSR fuel salt system
FLiBe-ZrF,~UF,

The oxide titration experiment in the FLiBe-ZrF,-UF, melt with
considerably more ZrF, than UF, was conducted to validate the
above theoretical prediction and further clarify the influence of
ZrF, on UO, generation, as shown in Fig. 7. At first, the ZrF, in
the system was consumed by forming ZrO,, thereby protecting
uranium from being precipitated. Until the ZrF, concentration
dropped to 0.72 mol kg~ * (3 mol%), precipitation of UO, began
to form. At this point, the Zr(iv) concentration was about 2.5
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Table 3 Comparison between K'g, (ZrO,) and K's, (UO,) and their ratio K'sp (ZrOo)/K's, (UO,) (k) in the FLiBe melt at 873 K

K'sp by dissolution method (mol® kg )

K, by oxide titration method (mol® kg~>)

Ky, reported by ORNL*? (mol® kg )

710, 3.40 x 107° 3.54 x 107° 3.20 x 107°
uo, 1.67 x 107 (ref. 8) 1.33 x 107 (ref. 8) 1.20 x 107°
k 2.04 2.66 2.67

times as high as that of U(v). This result was highly consistent
with the theoretical prediction, as stated in Sect. 4.1.

With the measured equilibrium concentrations of M(v) (M =
Zr or U) and O*7, a set of K, values for ZrO, and UO, could be
respectively obtained after each oxide addition, as shown in
Table 4. The Ky, results were basically consistent with that
obtained in the FLiBe melt (Table 3) but varied with O*~ addi-
tion. This was caused by the concentration change of M(w) in
the melt. The K'y;, (ZrO,) showed no great difference when the
added O®~ was less than 1.71 mol kg™ ', but decreased from 3.45
x 107> mol® kg to 1.19 x 10> mol® kg * when the added 0>~
further increased from 1.71 mol kg ' to 2.72 mol kg~ . At this
time, the concentration of Zr(iv) was below 0.39 mol kg ™'
Whereas the Ky, (UO,) had no remarkable change except some
slight fluctuations. The variation of Ky, (ZrO,) probably arose
from the deviation between the apparent concentration (¢) and
the activity (a) for Zr(wv) in the melt, as shown in eqn (7). The
extent of this deviation (y = 1) was correlated to the concen-
tration of ions. vy increased and decreased when the solute
concentration decreased and increased, respectively. In this
case, the initial Zr(iv) concentration was about four times
greater than the initial U(wv) concentration, and the decrement
in [Zr(wv)] varied in a wide range during oxide titration. Thus,
when the residual Zr(wv) concentration continued decreasing to
a low extent (the added O®>~ was more than 1.71 mol kg~ " and
[Zr(v)] was below 0.39 mol kg~ ', which was 1/3 of the initial
one), the v, for Zr(iv) would increase. Meanwhile, [0* ] changed
slightly (only about 100 ppm change), indicating that v, for 0>~

remained virtually unchanged. According to eqn (6) and (9), the
calculated K, (ZrO,) gradually decreased under low [Zr(wv)]
when the added O~ was more than 1.71 mol kg™ " and [Zr(iv)]
was below 0.39 mol kg~ '. With regard to U(iv), whose concen-
tration still stayed at a relatively low level, and the decrement
occurred on a smaller scale compared with that of Zr(wv). Herein,
the yyav) might change slightly, so did the vy, for 0*". Thus, no
remarkable variation in Ky, (UO,) was observed in the whole
oxide titration procedure.

Fig. 9 illustrates the evolution of K, (ZrO,)/K's, (UO,) ratio
(k) in the oxide titration duration. The k value was also equal to
the ratio of [Zr(iv)]/[U(v)] because the O*~ was simultaneously
equilibrated by ZrO, and UO,, as shown in eqn (13). Apparently,
K, (ZrO,) was 2.54-1.46 times greater than XK', (UO,) when the
added O®~ was in the range of 1.01-2.51 mol kg™ . However, the
difference between them narrowed (decreasing k) with oxide
addition, and K, (ZrO,) < K'sp (UO,) happened when the oxide
addition reached 2.72 mol kg~ (Fig. 9, bottom X-axis). Mean-
while, the decrease in [Zr(w)]/[U(w)] ratio with decreasing
uranium concentration was also found (Fig. 9, top X-axis). These
results reveal two important information: (i) proposing a solu-
tion for monitoring the generation of UO, by measuring the k
value in the melt with known [U(wv)]. For example, in this case
the FLiBe-ZrF, (5 mol%)-UF, (1.2 mol%) melt, as long as k >
2.5, namely the Zr(iv) concentration remains more than 2.5
times that of U(v), the oxide contamination will not cause UO,
precipitation; (ii) when [U(wv)] is different, the required [Zr(w)]
(actually, the ratio of [Zr(v)]/[U(wv)], k) which can prevent UO,

Table 4 Variation in K'g, for ZrO, and UO, in the FLiBe-ZrF, (5 mol%)-UF,4 (1.2 mol%) melt with oxide addition at 873 K

Added [0°7] [Zr(v)] [U()]

(mol kg™ 1) [0*7] (mol kg™ ) (mol kg™ ") (mol kg™ 1) K'sp (Zr0,) (mol® kg ) K'sp (UO,) (mol® kg ™)
0.15 5.59 x 10* (89 ppm) 1.14 0.29 3.57 x 107> — (no UO, formed)
0.36 5.79 X 0’3 (93 ppm) 1.06 0.28 3.56 x 10~ — (no UO, formed)
0.54 6.01 X ® (96 ppm) 0.96 0.29 3.47 x 107° — (no UO, formed)
0.73 6.35 x 10 * (102 ppm) 0.85 0.29 3.43 x 107° — (no UO, formed)
0.84 6.53 x 10* (105 ppm) 0.81 0.28 3.46 x 107> — (no UO, formed)
1.01 6.80 x 107 (109 ppm) 0.72 0.28 3.33 x 10~ 1.31 x 107

1.14 7.03 x 10* (113 ppm) 0.64 0.26 3.16 x 10°° 1.30 x 107°

1.28 7.44 x 10*3 (119 ppm) 0.55 0.25 3.07 x 10~ 1.40 x 107°

1.39 8.10 x 10~° (130 ppm) 0.51 0.23 3.36 x 10°° 1.50 x 10°°

1.50 8.73 x 107? (140 ppm) 0.46 0.22 3.53 x 107° 1.66 x 107°

1.71 9.40 x 10 * (150 ppm) 0.39 0.19 3.45 x 107° 1.68 x 107°

1.99 1.01 x 102 (161 ppm) 0.28 0.16 2.81 x 107° 1.61 x 10

2.23 1.08 x 10* (173 ppm) 0.21 0.13 2.47 x 107° 1.56 x 107°

2.51 117 x 0*2 (186 ppm) 0.15 0.10 1.99 x 10°° 1.36 x 10°°

2.72 1.30 x 10~ (208 ppm) 0.07 0.09 119 x 107° 1.50 x 107°
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Fig. 9 K'sp ratio of ZrO, to UO, (k) during the oxide titration of FLiBe-
ZrF4 (5 mol%)—UF4 (1.2 mol%) melt at 873 K. k = 2.66 obtained by oxide
titration method; k = 2.04 obtained by dissolution method; k = 1
means K's, (ZrO,) = K'sp (UO,).

precipitation also changes. The lower the [U(wv)] is, the lower the
required k value will be. For example, when [U(wv)] is 0.29 mol
kg™ ', k = 2.5 is needed to prevent UO, precipitation. However,
when [U(v)] is 0.09 mol kg™ ", it only requires k = 0.8. That
means the required [Zr(iv)] decreased with decreasing [U(w)].
These results provide reference data for fuel salt design of MSR
with different uranium content.

K (Zr0y)

k== - -
K, (UO,)

(13)

5. Conclusion

The formation of the UO, precipitate would lead to a super-
heated area in MSR and cause a critical risk. Developing
appropriate additives for oxide ion capture is an effective way to
protect uranium from forming the UO, precipitate in the fuel of
MSR. This study focused on the dissolution—precipitation
behavior of ZrO, in the FLiBe melt, and the inhibition of UO,
generation by the ZrF, additive was also clarified.

First, the results of the dissolution experiment showed that
the saturated solubility of ZrO, in the FLiBe melt at 873 K was
3.84 mol kg™ with the equilibrium time of 6 h. Then, the
interactions between Zr(iv) and oxide ions was studied by add-
ing O*” into the FLiBe-ZrF, melt. The Zr(iv) concentration in
the melt linearly decreased with O*>~ addition because of ZrO,
precipitation, which was confirmed by the stoichiometric ratio
(chemical analysis) and XRD. Moreover, the K's, of ZrO, were
determined to be 3.40 x 10~° and 3.54 x 10 > mol® kg™ in
these two processes, which showed good conformity and were
highly consistent with that reported by ORNL.

The obtained K'y;, of ZrO, was in the same order of 10~ *> mol*
kg™ ? and 2-3 times higher than that of UO,. Based on this

© 2021 The Author(s). Published by the Royal Society of Chemistry
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result, the formation of ZrO, and UO, precipitates in the FLiBe
melt can be predicted. If the FLiBe melt contained considerably
more ZrF, than UF,, the oxide contamination first yielded the
ZrO, precipitate, and the precipitation of UO, began only when
the precipitation of ZrO, had dropped the ZrF, concentration to
near 2-3 times as high as that of UF,. The oxide titration
experiment of the FLiBe-ZrF, (5 mol%)-UF, (1.2 mol%) melt
was further carried out, showing that only ZrO, was formed
when the 0®>" addition was less than 1 mol kg *. When the
added O®>~ reached 1 mol kg™ and the [Zr(wv)] reduced to
0.72 mol kg ' (3 mol%), UO, began to form and the [Zr(v)]/
[U(wv)] ratio was 2.5 at this point. Afterwards, ZrO, and UO,
coprecipitated with further O>~ addition. Experimental results
agreed well with the theoretical prediction from the obtained
K'sp (ZrO,) and K's, (UO,).

The results of present work clarified the inhibiting effect of
ZrF, on the UO, generation in the FLiBe melt and further
affirmed the approach of ZrF, additive for the control of
nuclear fuel precipitation (UO,) in MSR. When oxide
contamination occurred, the considerable amount of ZrF, first
formed ZrO,, which prevented the combination between UF,
and O®". Thus, the precipitation of UO, could be effectively
avoided. The critical ratio of [Zr(iv)]/[U(v)] to prevent the
precipitation of UO, was more than 2.5 in the FLiBe-ZrF,
(5 mol%)-UF, (1.2 mol%) melt, and it decreased with
decreasing initial uranium concentration. The precipitation
mechanism of ZrO, and UO, in the FLiBe molten salt can
provide the following inspirations: (i) a solution for moni-
toring the generation of UO, precipitation in the MSR fuel salt
can be proposed by measuring the [Zr(w)]; (ii) the required
[Zr(v)])/[U(v)] ratio which can prevent UO, precipitation
changes with different uranium content. All of these will be
helpful for the safe operation and fuel salt design of MSR.
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