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A crystal purification process consisting of sweating
and melt filtration was developed to improve decontam-
ination factors (DFs) of fission product impurities from
uranyl nitrate hexahydrate (UNH) crystal recovered from
a dissolver solution of irradiated fast reactor core fuel.
Batch experiments on the sweating and melt filtration
processes were carried out at 56 to 808C. Although the
DFs of solid impurities such as Cs and Ba remain the
same in the sweating process, those of liquid impurities
such as Zr, Nb, Ru, Ce, and Eu were 2.32, 2.40, 2.50,
2.45, and 2.60 at 608C. On the other hand, the DF of Pu
for the UNH crystal slightly increased to 1.25 at 608C.
Because Pu incorporated the UNH crystal in both the

solid impurities such as Cs2Pu(NO3)6 and in the liquid
impurities, Pu in the liquid fraction was removed by the
sweating operation. Decontamination of liquid impuri-
ties was effective with sweating time and with a rise in
sweating temperature. In the melt filtration process, 0.45-
to 5.0-mm–diam filters were used for the separation of
the molten UNH crystal. The DF of Ba was approxi-
mately ten times as high as the crude crystal with 0.45- to
5.0-mm–diam filters. The particle size of Pu and Cs formed
as Cs2Pu(NO3)6 was quite small. As a proof of this, al-
though the decontamination of Pu and Cs was not effec-
tive with a 5.0-mm-diam filter, their DFs rose 2.7 times
using a 0.45-mm-diam filter.

I. INTRODUCTION

Concerning advanced aqueous reprocessing for a fast
reactor fuel cycle, U is recovered from the dissolver so-
lution of fast reactor mixed oxide ~MOX! fuel as a uranyl
nitrate hexahydrate ~UNH! crystal by the cooling crys-
tallization method.1 The dissolver solution of nuclear fuel
contains transuranium ~TRU! elements and fission prod-
ucts ~FPs!, which attach to the UNH crystal in the form
of liquid or solid. In case of impurity in the form of a
liquid, the UNH crystalline particles produced from the

dissolver solution of irradiated fast reactor MOX fuel are
contaminated by the mother liquor that appears on the
surface of or inside the bodies of the crystals. In our
previous study,2 the UNH crystal is washed with HNO3
solution for its decontamination, and it has been found
that the crystal washing was effective for removing liq-
uid impurities on its surface. However, removal of inclu-
sions in the form of liquid within the UNH crystals was
not expected by the crystal washing with HNO3 solu-
tion.3 Removal of inclusion by heating up to as high as
the melting point of the crystal has been applied to refine
many materials, and this process for the crystal purifica-
tion is named “sweating.”4 On the other hand, impurity*E-mail: nakahara.masaumi@jaea.go.jp
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in the form of a solid was not decontaminated by the
crystal washing with HNO3 solution in the U crystalli-
zation process.3 The melting point of the UNH crystal is
60.28C and is expected to be low compared to that of
solid impurities. If there are differences between the melt-
ing points of solid impurities and the UNH crystal, these
materials could be separated from each other just by melt-
ing the UNH crystal and filtering the solid impurities.
The grown crystals are generally purified as a method of
increasing purity in the crystallization at an industrial
plant. In the U crystallization process, it is proposed that
the decontamination factors ~DFs! of impurities for the
UNH crystal would be improved by the crystal purifica-
tion process. By removing the FPs, it would bring about
reduction in the cost for the recovered U storage and the
blanket fuel fabrication due to decreased radiation shield-
ing. For the purpose of further decontamination of TRU
elements and FPs, the basic property of crystal purifica-
tion must be confirmed experimentally.

This paper reports on the purification behavior of the
UNH crystal recovered from the dissolver solution of
irradiated fast reactor core fuel in batch experiments by
the sweating and melt filtration processes. These batch
experiments were conducted at the Chemical Processing
Facility of Nuclear Fuel Cycle Engineering Laboratories,
Japan Atomic Energy Agency.

II. EXPERIMENTAL

II.A. Reagents and Feed Solution

HNO3 from Junsei Chemical Company was used with-
out further purification. Irradiated core fuel of the fast
reactor “JOYO” Mk-III with an averaged burnup of 53
GWd0t and a cooling time of 3 yr was used for the crystal
purification experiments. The sheared pieces of core fuel
comprising 130 g of heavy metal were dissolved with
325 cm3 of 8 mol0dm3 HNO3 solution at 958C. The
valence of Pu in the dissolver solution was changed to
Pu~IV! by NOx bubbling. The concentrations of U and
Pu in the feed solution were 512 and 46 g0dm3, respec-
tively. The HNO3 concentration in the feed solution was
adjusted to 4.0 mol0dm3. The CsNO3 solution was pre-
pared by dissolving CsNO3

a powder into 3 mol0dm3

HNO3 solution in order to add the dissolver solution
so that the concentration of Cs in the feed solution was
3.1 g0dm3. The heavy metal concentrations in the feed
solution were determined based on the design study for
advanced aqueous reprocessing.5 The composition of
the feed solution in the crystallization is summarized in
Table I.

II.B. Procedure

The crystallizer was made from Pyrex glass, its ca-
pacity was ;200 cm3, and it had a cooling jacket. The
crystallizer temperature was controlled by a thermostat.
After the dissolution, the dissolver solution was evapo-
rated, was changed to Pu~IV! in the flask, and then was
fed to the crystallizer by a pump for the U crystalliza-
tion experiment. The feed solution was stirred for 15 min
after the addition of the CsNO3 solution at 508C and
was cooled to 48C for 180 min. The crystalline particles
were separated from the mother liquor by a centrifuge.b

Then, the UNH crystal was washed with 8 mol0dm3

HNO3 solution at 48C in order to remove the mother
liquor attached to its surface. The separation of crystal
from the wash solution was also implemented by the
centrifuge.

Crude crystals of ;14 and 8 g were placed in a
21-mm-diam glass vial in the sweating and melt filtration
processes, respectively. In the sweating operation, the
UNH crystal is purified by heating it up to its melting
point, and the liquid impurities flow along defects and
grain boundaries. The glass vials were sealed and were
immersed in a thermostat bath, which was maintained at
56 to 608C for a determined period because the melting
point of the UNH crystal is 60.28C. The crystal samples
were taken in the upper part of the glass vial for the
analysis. In the case of melt filtration, only the UNH
crystals melt in the thermostat bath, and then the solid
impurities are filtered from the molten UNH crystal. The
melting of the UNH crystal was carried out for 120 min
at 70 and 808C. The molten UNH crystal was sampled by
a microsyringe with a filter, and the weight of the un-
melted crystal was measured. In this study, 0.45-, 0.8-,
and 5.0-mm–diam filters were used for removal of the
solid impurities.

a Wako Pure Chemical Industries, Ltd. b H-112, KOKUSAN Company, Ltd.

TABLE I

Composition of Feed Solution in Crystallization Process

U
~g0dm3 !

Pu
~g0dm3 !

Ba
~g0dm3 !

95Zr
~Bq0cm3 !

95Nb
~Bq0cm3 !

106Ru
~Bq0cm3 !

137Cs
~Bq0cm3 !

144Ce
~Bq0cm3 !

155Eu
~Bq0cm3 !

5.12 � 102 4.60 � 101 7.80 � 10�1 1.87 � 107 4.16 � 107 3.70 � 108 7.98 � 108 2.82 � 109 1.04 � 108
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II.C. Analysis

Acid-base titrationc was used for determining the
acidities of the dissolver solution. The Pu valence in the
dissolver solution was confirmed as Pu~IV! by spectrom-
etryd of the ultraviolet-visible region. The concentrations
of U and Pu were measured by colorimetry, and low Pu
concentration was determined by alpha-ray spectrome-
try.e The concentrations of FPs were analyzed by gamma-
ray spectrometryf and inductively coupled plasma atomic
emission spectrometry.g In the case of the UNH crystal,
it was measured in a solution prepared by dissolving it
into a 3 mol0dm3 HNO3 solution.

III. RESULTS AND DISCUSSION

III.A. Crystallization Process

Figure 1 shows the DFs of metals for UNH crystals
before and after washing. The DFs of metals for the UNH
crystal in the U crystallization process are defined in
Eq. ~1!:

bc, j �

CF, j

CF,U

CP, j

CP,U

, ~1!

where

bc, j � DF of metal j for the UNH crystal in the
crystallization process

CF, j � concentration of metal j in the feed solution
~g0dm3!

CF,U � concentration of U in the feed solution
~g0dm3!

CP, j � concentration of metal j in the crystal ~mg0g!

CP,U � concentration of U in the crystal ~mg0g!.

The UNH crystal obtained from the dissolver solution was
washed with HNO3 solution in order to remove impuri-
ties on its surface. The DFs of liquid impurities such as
Zr, Nb, Ru, Ce, and Eu increased to 48.0, 60.9, 92.5, 97.9,
and 120 by the crystal washing. Liquid impurities re-
mained in the mother liquor on the surface of the UNH
crystal and were efficiently removed after the UNH crys-
tal was washed. Among the FPs, Cs and Ba were difficult
to separate from the UNH crystal by the crystal washing
because of precipitation as Cs2Pu~NO3!6 and Ba~NO3!2,
respectively.3 The crystal washing with HNO3 solution was
not an effective technique for removing the solid impuri-
ties from the UNH crystal. Not only was Pu precipitated
with Cs as Cs2Pu~NO3!6, but it also remained in the mother
liquor. Therefore, the DF of Pu relatively increased by the
crystal washing by a factor of 19.1. If all Cs in the UNH
crystal after the crystal washing was formed as
Cs2Pu~NO3!6, the precipitation of Pu as Cs2Pu~NO3!6 to
Pu in the UNH crystal was 38%, and the other 62% of Pu
was contained in the UNH crystal as the liquid impurity.

III.B. Sweating Process

III.B.1. Decontamination of Liquid Impurities
for Uranyl Nitrate Hexahydrate
Crystal by Sweating

The temperature at the center of the crystal bed was
found to change, as shown in Fig. 2. The UNH crystal was
initially at 248C and attained the sweating temperature at
;17 min after the immersion of the glass vial in the ther-
mostat bath. The temperature of the UNH crystal could
attain equilibrium, and then these experiments were car-
ried out at a constant temperature. Figure 3 shows the ap-
pearances of the UNH crystals during the sweating
operation. The sweating time was 60 min at 56 to 608C.
The higher the sweating temperature became, the more the
amount of U melt increased. Figure 4 shows the relation-
ship between the sweating temperature and the DFs of the
metals after 60 min. The DFs of the metals for the UNH
crystal in the purification process are defined in Eq. ~2!:

bp, j �

Cb, j

Cb,U

Ca, j

Ca,U

, ~2!

c COM-2500, Hiranuma Sangyo Company, Ltd.
d V570DS, JASCO Corporation.
e CU017-450-100: detector and NS920-8MCA: pulse-height
analyzer, ORTEC.

f GEN10: detector and 92XMCA: pulse-height analyzer,
ORTEC.

g ICPS-7510, Shimadzu Corporation.

Fig. 1. Influence of crystal washing on DFs of metals for UNH
crystal in crystallization process.
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where

bp, j � DF of metal j for the UNH crystal in the
crystal purification process

Cb, j � concentration of metal j in the crystal before
crystal purification ~mg0g!

Cb,U � concentration of U in the crystal before crys-
tal purification ~mg0g!

Ca, j � concentration of metal j in the crystal0melt
after crystal purification ~mg0g!

Ca,U � concentration of U in the crystal0melt after
crystal purification ~mg0g!.

The DFs of liquid impurities such as Zr, Nb, Ru, Ce, and
Eu tended to increase as the sweating temperature in-
creased, but the DFs of solid impurities such as Ba and
Cs were constant. On the other hand, since Pu was con-
tained in the UNH crystal not only as a solid impurity but
also as a liquid impurity, the DF of Pu increased slightly
with the sweating temperature. Figure 5 shows the de-
pendence of the sweating temperature on the yield of the
UNH crystal after 60 min. The UNH crystal yield de-
creased as the sweating temperature was raised. This in-
dicated that high sweating temperature promoted the
efficacy of sweating for the UNH crystal. Moreover, a
large amount of the melt washed away the mother liquor
containing TRU elements and FPs on the surface of the
UNH crystal, and the DFs of the liquid impurities for the
UNH crystal were increased at high sweating tempera-
ture. The relationship between the sweating period and
the DFs of the metals at 578C is shown in Fig. 6. The DFs
of the liquid impurities rapidly increased in the initial
periods. It can be seen that these DFs are ;2 and became
constant after 240 min. The UNH crystals are expected to
contain the mother liquor on the surface as the adhered

liquid and within the crystal as inclusions. The mother
liquor, i.e., liquid impurities in the crystal, were removed
by heating up to as high as the melting point of UNH. The
DFs of the solid impurities remained the same, and the
solid impurities could not be removed by the sweating
operation in the batch experiments.

III.B.2. Mechanism of Sweating

A schematic of the sweating mechanism in the UNH
crystal purification process is given in Fig. 7. The UNH
crystal recovered from a dissolver solution of irradiated
fast reactor core fuel contains the mother liquor on its
surface as adhered mother liquor and within the UNH
crystal as inclusions. The crystal would usually possess
some defects attributed to the inclusion during crystal
growth and has grain boundaries in the interior of the
crystal. These defects continue from the inclusion to the
crystal surface. This inclusion in the UNH crystal was
mainly liquid impurities such as Zr, Nb, Ru, Ce, and Eu.
A heated UNH crystal causes partial melting around the
inclusion as liquid impurities and along the defects se-
lectively.6 The fluid volume in the crude crystal contain-
ing the mother liquor increases by heating the UNH crystal.
The droplets of the mother liquor and molten UNH crys-
tal within the crystal gradually exude along the way to
the surface. The driving force of sweating must be either
Ostwald ripening or pressure force arising from the vol-
ume increase during the melting.6 The inclusion is drained
away from the inside of the crystal along some defects
and grain boundaries in the crystalline particle. In fact, it
was reported that an organic crystal had grooves along
the directions parallel to the particle after the sweating
operation.7 Although this phenomenon removes the in-
clusions as liquid impurities in the UNH crystal, the solid
impurities are not decontaminated.

III.B.3. Sweating Rate

For the evaluation of crystal purification by the
sweating operation, the purification rate coefficient k is
generally defined using organic materials, and the equa-
tion of the purification rate is obtained with mass bal-
ance equations8:

dws

dt
� k~ws

*� ws ! , ~3!

where

ws
* � concentration of local equilibrium in the sweat-

ing temperature

ws � concentration of the crude crystal.

Changes of the crystal composition with time can be
evaluated by Eq. ~3! if the crude crystal is heated in a
higher temperature atmosphere than its crystallization
temperature. The final composition that the purity ap-
proaches is not the equilibrium composition but some

Fig. 2. Temperature change in crystal bed in sweating process.
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constant value. Therefore, if this value is written as ws`,
then Eq. ~4! can be rewritten as

dws

dt
� kp~ws`� ws ! . ~4!

The degree of refining for the reprocessing product
is usually expressed as the DFs of the impurities. The
final DFs of the metals for the UNH crystals approach
constant value bp, j`, and the modified purification rate
equation is written as follows:

dbp, j

dt
� kd ~bp, j`� bp, j ! . ~5!

With the boundary condition bp, j � bp, j0 at t � 0, this
gives the changes in the DF bp, j for the isothermal sweat-
ing process as

bp, j � bp, j`� ~bp, j`� bp, j0 !exp~�kd t ! . ~6!

The purification rate coefficient kd of the UNH crystal
for the metals is summarized in Table II. The purification
rate coefficient of the UNH crystal for Pu is smaller than
that of the UNH crystal for other liquid impurities. This
is the reason why a part of Pu precipitates as Cs2Pu~NO3!6
in the course of the crystallization and is incorporated in
the UNH crystal during the sweating process.

III.C. Melt Filtration Process

III.C.1. Decontamination of Solid Impurities for
Uranyl Nitrate Hexahydrate Crystal
by Melt Filtration

The temperature change at the center of the crystal
bed is shown in Fig. 8. The temperature of the crystal
would be enough to attain equilibrium after 17 min.
Figure 9 shows the appearances of the UNH crystals
before the melt filtration operation and after 120 min.
The lemon yellow UNH crystal at 258C changed to

Fig. 3. Appearances of the UNH crystals in sweating process: ~a! 258C, ~b! 568C, ~c! 578C, ~d! 588C, ~e! 598C, and ~f ! 608C.

Fig. 4. Influence of sweating temperature on DFs of metals for
UNH crystal after 60 min in sweating process.

Fig. 5. Relationship between sweating temperature and UNH
crystal yield after 60 min in sweating process.
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dark green melt at 70 and 808C after 120 min. At 70
and 808C in the melt filtration operation, almost all of
the UNH crystal was molten, but 23 and 21 wt% of the
precipitates of the crude crystal did not melt, respec-
tively. The behavior of the metals was not observed in
the difference between 70 and 808C in the melt filtra-
tion process. The DFs of the metals for the UNH crystal
in the melt filtration process at 808C is shown in Fig. 10.
In Fig. 10, the DFs of the metals were calculated using
Eq. ~2!. Regardless of the filter mesh size for filtration,
the DF of Ba for the UNH crystal was ;10, and Ba was
thoroughly removed from the U melt by the melt filtra-
tion operation. On the other hand, Pu and Cs show
similar behavior, which depends on the mesh size of the
filter for separation of the molten UNH crystal. The
DFs of Pu and Cs increase approximately 2.7 times
from before melt filtration with a filter of 0.45-mm di-
ameter. The molten UNH crystal could not be separated
from Pu and Cs using a filter of 5.0-mm diameter. The
particle size of the Pu and Cs compound is not mea-

sured in these experiments, but the compound is as-
sumed to be ,5.0 mm in size and to pass through the
5.0-mm-diam filter. The particle size of Ba~NO3!2 is
;50 mm and is assumed to be larger than that of
Cs2Pu~NO3!6. Therefore, Ba tends to be purified in com-
parison to Pu and Cs in this method.

III.C.2. Mechanism of Melt Filtration

A schematic of the melt filtration mechanism in
the UNH crystal purification process is given in Fig. 11.
The melting point of a UNH crystal is 60.28C. When the
melting points of the solid impurities are higher than that
of UNH, the molten UNH crystal may be separated from
the solid impurities with a filter. Judging by the result of
thermal analysis,9 Cs2Pu~NO3!6 and Ba~NO3!2 are as-
sumed to exist in the solid state at the melting point of a
UNH crystal. With these properties, the UNH crystal is
expected to melt at a slightly higher temperature than its
melting point, to be separable from solid impurities by
filtration. For the remaining liquid state of the molten
UNH crystal, the liquid impurities can be difficult to
separate from the U melt by melt filtration.

III.D. Decontamination Performance of Impurities in

Crystallization and Crystal Purification Processes

Table III shows the DFs of the metals for the UNH
crystal in the crystallization and crystal purification pro-
cesses in the batch experiments. The DF of Eu showed a
maximum of 334 in the whole process. The crystal puri-
fication for organic materials by sweating is generally
carried out with countercurrent equipment. With a view
to confirm the performance of the equipment on UNH
purification, bench-scale experiments of the crystal pu-
rifier, Kureha Crystal Purifier10 ~KCP!, were carried out
with a UNH crystal containing Sr and Eu as the liquid
impurities or containing Type 304L stainless steel pow-
der as solid impurities.3 The DFs of the liquid impurities
and the solid impurities for the UNH crystal were eval-
uated as ;50 and 100, respectively, in this purifier. Un-
like the batch experiments, these results indicated the
KCP worked not only for liquid impurities but also for
solid impurities. The KCP also has a heating unit for
melting a portion of the UNH crystal, and a crude crystal
was washed with molten UNH by countercurrent opera-
tion. This would bring about high DFs of liquid impuri-
ties in the KCP compared with the batch experiments.
Although the solid impurities were not removed from the
UNH crystal by sweating in the batch experiments, the
DFs of the solid impurities improved in the KCP. The
probable reason for it being highly effective for solid
impurities despite the results of batch experiments lies in
the characteristic of the KCP. The UNH crystal and solid
impurities were transferred by a double-screw conveyor,
so two kinds of particles that had different densities were
anticipated to be separated from each other by gravity

Fig. 6. Influence of sweating time on DFs of metals for UNH
crystal at 578C in sweating process.

Fig. 7. Schematic of sweating mechanism in UNH crystal pu-
rification process: ~a! before sweating, ~b! partial crys-
tal melting during sweating, and ~c! after sweating.
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and mixing. The DFs of Cs and Ba as solid impurities
were not so high in the batch experiments from crystal-
lization to the crystal purification process. However, Cs
and Ba might be removed by the countercurrent crystal
purifier KCP because of its equipment properties. Mean-
while, the precipitation behavior of Cs depends on the
condition of the feed solution in the U crystallization
process.9 Since low concentrations of HNO3 and Cs avoid
the generation of Cs2Pu~NO3!6 and Cs exists as the liq-
uid impurity in the U crystallization, further decontam-
ination of Pu as well as Cs is expected by a factor of 50
in the KCP.

IV. CONCLUSIONS

New technology for the crystal purification process
has been proposed in order to perform further decontam-
ination of TRU elements and FPs for the UNH crystal.
Two crystal purification methods, sweating and melt fil-
tration, were carried out for UNH crystals recovered from
the dissolver solution of irradiated fast reactor core fuel.

TABLE II

Purification Rate Coefficient kd of UNH Crystal for Metals at 578C in Sweating Process

Pu
~s�1 !

Ba
~s�1 !

95Zr
~s�1 !

95Nb
~s�1 !

106Ru
~s�1 !

137Cs
~s�1 !

144Ce
~s�1 !

155Eu
~s�1 !

1.02 � 10�4 — 2.93 � 10�4 1.96 � 10�4 2.05 � 10�4 — 1.99 � 10�4 2.97 � 10�4

Fig. 8. Temperature change in crystal bed in melt filtration
process.

Fig. 9. Appearances of the UNH crystals in melt filtration pro-
cess: ~a! 258C, ~b! 708C, and ~c! 808C.

Fig. 10. Influence of filter mesh size on DFs of metals for
UNH crystal at 808C in melt filtration process.

Fig. 11. Schematic of melt filtration mechanism in UNH crys-
tal purification process: ~a! before melt filtration and
~b! after melt filtration.
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The sweating of the UNH crystal was performed at 56 to
608C in the batch experiments. Although solid impurities
such as Cs and Ba remained in the UNH crystals, the DFs
of liquid impurities such as Zr, Nb, Ru, Ce, and Eu had a
tendency to increase in a high sweating temperature con-
dition. The DF of Eu achieved a maximum of 2.60 in the
batch experiments by the sweating operation. Plutonium
was incorporated into the UNH crystal in the liquid im-
purities as well as in the solid impurities, Cs2Pu~NO3!6,
and was slightly removed from the UNH crystal having a
DF � 1.25 at 608C for 60 min. In the melt filtration
process, the UNH crystal could melt at 70 and 808C, and
the molten UNH crystal was relatively separated from
the solid impurities with some filtration. The DF of Ba
for the U melt was ;10 with 0.45-, 0.8-, and 5.0-mm-
diam filters. The DFs of Pu and Cs increased only 2.7
times with a filter of 0.45-mm diameter because the par-
ticle size of Cs2Pu~NO3!6 is comparatively smaller than
that of Ba~NO3!6. However, the DFs of Pu and Cs will
increase to ;250 in the batch experiment by sweating
and melt filtration when Cs2Pu~NO3!6 does not precipi-
tate in the course of U crystallization.
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TABLE III

DFs of Metals for UNH Crystal in Crystallization and Crystal Purification
Processes in Batch Experiments

Process Pu Ba 95Zr 95Nb 106Ru 137Cs 144Ce 155Eu

Crystallization ~after washing! 19.1 2.31 48.0 60.9 92.5 1.50 97.9 120
Sweating ~608C! 1.25 0.93 2.32 2.40 2.50 1.07 2.45 2.60
Melt filtration ~0.45 mm! 2.67 11.5 1.09 1.01 1.00 2.70 1.04 1.07
Final product 63.7 24.7 121 148 231 4.33 249 334
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