
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
Ju

ni
 2

02
1.

 D
ow

nl
oa

de
d 

on
 0

9/
01

/2
02

6 
09

.1
6.

55
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Transient release
aShanghai Institute of Applied Physics, C

201800, China. E-mail: liqingnuan@sinap.a
bCAS Innovative Academies in TMSR Energ

Shanghai 201800, China
cUniversity of Chinese Academy of Sciences,

Cite this: RSC Adv., 2021, 11, 22611

Received 8th May 2021
Accepted 14th June 2021

DOI: 10.1039/d1ra03614a

rsc.li/rsc-advances

© 2021 The Author(s). Published by
of radioactive iodine from the
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In this study, the behavior of fission product iodine released from the melting process of a mixture

consisting of UF4 irradiated with neutrons and 2LiF–BeF2 (FLiBe) salt was studied. The experiment

showed that a large amount of iodine was released immediately during melting and captured by Ni

metal foils. The transient release of iodine observed in this experiment is attributed to the redox reaction

between the hot atoms of the fission product iodine that cumulated due to long-time irradiation. The

effect of the redox status of the molten salt on the transient release of iodine was also investigated.

Based on this investigation, it was proposed that the activity ratios of 131I to salt-seeking fission products

in the fuel salt, as an effective diagnostic criterion, may be used for the surveillance of the redox

potential of fuel salts in a molten salt reactor.
Introduction

Nuclear ssion produces a variety of ssion products. In a solid
fuel reactor, these ssion products are restricted to fuel
elements together with ssile and fertile materials. Differently
from the solid fuel reactor, the ssion products and ssion
materials circulate in the primary loop of the reactor, together
with FLiBe molten salt, used as coolants in the molten salt
reactor (MSR).1 Thus, the effect of the ssion products on MSR
such as neutron economy, delayed neutron fraction, control of
the reactor and corrosion of structure materials has received
considerable attention.2,3 The study of the behavior and distri-
bution of the ssion products in MSR becomes a signicant
research project in the development of MSR.4,5

Up to now, the chemistry of ssion products in aqueous
solutions has been investigated quite well.6 These research
studies have provided strong scientic and technical supports
for the development and optimization of spent fuel reprocess-
ing. Similarly, the study of the chemistry of ssion products in
molten salts should be important not only for the processing of
irradiated fuels but also for the design, operation, and safety
control of the MSR. Unfortunately, reports on the chemistry of
ssion products in molten salts rarely exist. In the 1960s, Oak
Ridge National Laboratory (ORNL) started the research and
development of the molten salt reactor. The 8 MWt Molten Salt
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the Royal Society of Chemistry
Reactor Experiment (MSRE) facility was built in 1966 and
successfully operated for nearly 4 years.7,8 During the operation
of the MSRE, the chemistry of ssion products in molten salts
was one of the important research subjects conducted by the
chemistry division of ORNL. Based on their behavior and
distribution, in the research at ORNL, the ssion products were
divided into three categories: (1) noble gas ssion products (Kr
and Xe), which are slightly soluble in salts and easily escapable
from the fuel salt at the MSRE operating temperature, (2) salt-
seeking ssion products (Rb, Cs, Sr, Ba, Y, Zr and the lantha-
nides), which could exist stably in the fuel salt in the form of
uorides and (3) noble metal ssion products (Nb, Mo, Tc, Ru,
Rh, Pd, Ag, Sb, and Te), which are unstable in salt and whose
behavior was very complicated. In most cases, they tend to be
reduced into metals and deposited on various surfaces of the
MSRE materials such as graphite as the neutron moderator and
Hastelloy-N as the fuel container. The research at ORNL found
that their behavior and distribution are oen affected by the
redox potential of the fuel salt. Thus, their behavior and
dependence on the redox potential, especially for 95Nb, has
become one of the key research objects.9,10

Iodine isotopes are signicant ssion products because of
their high yield and wide mass numbers involved in mass
distribution. Moreover, they are also the precursor nuclei both
for delayed neutron emitters and neutron poison 135Xe. Their
behavior was correlated closely with the operation and control
of the MSR. Compared with the typical salt-seeking and noble
metal ssion products, however, less iodine-related investiga-
tions were reported by ORNL. Using g-ray spectrometry, ORNL
obtained some information about the behavior and distribution
of the ssion product iodine via detection of the fuel salt, gas
RSC Adv., 2021, 11, 22611–22617 | 22611
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vapor and the alloy/graphite surveillance specimens inserted
into the pump bowl.7,11 According to the reports from ORNL, the
ssion product iodine was categorized sometime in the halogen
group, like bromine, but in most cases, categorized as
a subgroup together with Sb and Te in the noble metal ssion
product group. Regardless of how the ssion product iodine
was grouped, the results from the analysis for g-spectra
appeared very oen to be contradictory. ORNL pointed that
ssion product iodine seemed to exist steadily, in the form of I�,
in fuel salts at the redox potential of the MSRE.11 However, the
radioactive measurements of the fuel salt samples indicated
that the 131I radioactivity relative to the inventory of irradiated
UF4 was between 8% and 113%, with most values ranging from
30% to 60%.7 The phenomenon of the iodine loss from the fuel
salt was very similar to that of the noble metal ssion product.
However, the analysis of the g-spectra for the surfaces of alloy
and graphite specimens indicated no noticeable deposition of
ssion product iodine to be found except for the great deposi-
tion of typical noble metal ssion products such as Mo, Te, Nb
and Ru. Considering the high volatility of the iodine element,
the gas samples from the pump bowl and the off-gas system
were carefully measured many times with g-ray detectors;
however, the existence of ssion product iodine was not found
except for occasionally detectable in the pump bowl gas
samples.11,12 It can be seen that, iodine is indeed an elusive
ssion product in MSR, and it is interesting and necessary to
understand the reason for iodine loss up to about one-fourth to
one-third.

In this work, the UF4 powder was irradiated by a photo
neutron source driven by a 15 MeV electron linear accelerator.
The behaviors of iodine and some ssion products in the
molten salt compound consisting of irradiated UF4 and FLiBe
were investigated under experimental conditions. To under-
stand the reason for the loss of ssion product iodine, as
observed at MSRE operation, the emphasis of this work was
placed on the unexpected release of iodine from the molten
salts at the beginning of melting. Moreover, a new way to
examine the redox potential of the molten salt was proposed on
the basis of the activity measurement of 131I.

Experimental
Reagents and materials

UF4 was purchased from China National Nuclear Corporation.
Li metal (99.9% purity), LiI (99.99% purity) and CeF4 (99.99%
purity) were purchased from Alfa Aesar Co., Ltd. All the reagents
were used without further purication. Ar gas with 99.999%
purity was purchased from Shanghai Louyang Gas Co. Ltd. The
2LiF–BeF2 (FLiBe) eutectic salt of 99.9% purity was prepared
according to the procedures described in our previous work,
and its oxygen content was determined to be less than 400 ppm.
Graphite and Hastelloy C276 specimens were used as the
surveillance specimens, and the size was 20 � 5 � 2 mm for
both of them. The reason for choosing the Hastelloy-C276 alloy
as the surveillance specimen in this work was its similarity in
components (Ni-58.10%, Mo-15.82%, Cr-15.98%, Fe-5.95%, and
W-3.41%) to the Hastelloy-N alloy used in the MSRE. A 60Co
22612 | RSC Adv., 2021, 11, 22611–22617
standard source and a 152Eu standard source used to calibrate
the gamma-ray spectrometer were purchased from Eckert &
Ziegler BEBIG GmbH, Germany.
Equipment

A self-designed reaction apparatus placed in a glove box in Ar
atmosphere was used to investigate the behavior of iodine, and
the detailed description has been reported in our previous
works.10,13,14 A graphite crucible with an inner diameter of
25 mm and a height of 60 mmwas used as the reaction crucible.

A photo neutron source driven by a 15 MeV electron linear
accelerator was self-designed and constructed by Shanghai
Institute of Applied Physics, CAS (SINAP);15 its maximum
neutron output of the photo neutron source was about 1.2 �
1011 n s�1, and the average energy of the neutrons was about 1
MeV.16 The detector used for g-spectrum measurement (count
the nuclides) was an n-type ORTEC GEM304P Hyper Pure
Germanium (HPGe) detector, and the energy resolution was
1.85 keV at 1.33 MeV g-ray. Before measurement of the g-
spectra, the energy calibration and the efficiency calibration of
the detectors were obtained using the 60Co and 152Eu standard
sources.
Experimental method

First, 20 g UF4 powder was loaded into a customized PMMA box
and then installed on the photo neutron source. The neutron
ux was estimated to be about 1 � 108 n s�1 cm�2 on the target,
with total uence being about 3 � 1013 n. Aer four-day irra-
diation and 24 hour cooling, irradiated UF4 was well mixed, and
about 0.5 g powder was sampled accurately andmeasured using
a calibrated g-ray spectrometer to obtain the original activities
(denoted as inventory) of 237U and ssion products.

About 4 g of irradiated UF4 was mixed with 26 g FLiBe
eutectic salt in a graphite crucible placed into the reaction
apparatus. Two pieces of surveillance specimens (one for
graphite and one for Hastelloy C276 alloy) were inserted into the
molten salt to examine the possible deposition of ssion
products on the surface of the Hastelloy C276 alloy and crucible.
Before heating, the reaction apparatus was covered with a Ni foil
to collect the ssion products released from the molten salt.
The temperature of the apparatus was then raised up to 650 �C
in 2 hours and maintained at 650 �C throughout the experi-
ment. In the process of heating and holding, the Ni foil on the
top of the apparatus was removed at intervals as required. At the
same time, a small portion of salt was taken out from the
crucible using a quartz tube with an inner diameter of 5 mm
and weighted accurately. Aer sampling, a new Ni foil was
covered again on the reaction apparatus instead. The Ni foils
caught ssion products and salt samples were subjected to
measure the g-ray spectra. In order to investigate the effect of
the redox potential on the release of iodine, Li metal and CeF4
were used to change the redox condition of the FLiBe molten
salt. Sampling inspection of salt and Ni surveillance specimens
was carried out aer 24 hours of addition of the Li metal and
CeF4.
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Data used for nuclide identification and specific activity calculation and the initial activities in 1 g irradiated UF4

Nuclides T1/2 (day) Energy (keV) Emission intensity Activity (Bq g�1 UF4)

237U 6.75 208.0 0.212 5.50 � 104
143Ce 1.377 293.3 0.428 2.26 � 103
140Ba 12.75 537.3 0.2439 8.72 � 102
95Zr 64.02 756.7 0.5446 2.43 � 102
131I 8.021 364.5 0.817 9.00 � 102
132I 0.096 667.7 0.987 2.88 � 103
133I 0.867 529.9 0.87 4.21 � 103
99Mo 2.748 181.1 0.0599 2.51 � 103
103Ru 39.26 497.1 0.91 3.11 � 102
132Te 3.204 228.2 0.88 1.46 � 103
135Xe 0.381 249.8 0.9 3.12 � 103
147Nd 10.98 531.02 0.1337 3.33 � 102
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Measurement and data analysis

All the samples of Ni foils and salt samples were counted using
a calibrated g-ray spectrometer. The counting times varied from
1 hour to 24 hours, depending on the activity of interesting
nuclides. The g-ray spectra were analyzed using the Gamma
Vision Program provided by ORTEC Co. Assignments of radio-
active nuclides were made mainly on the basis of their charac-
teristic energies. If necessary, half-life and concordance with
other g-rays emitted by the presumed nuclide were used to help
the assignments of nuclides. The basic nuclear data used for
nuclide assignment and activity calculation were provided by
ENDF/B-VII.1 (USA, 2011), and they are listed in Table 1. The
uncertainties in activities experimentally determined in this
work were standard deviations, including mainly the statistic
errors in the g-ray counts, a 5–6% error in detector efficiency
and a 5% error in sample geometry. The typical uncertainties
for 131I were about 10–15%.
Results and discussions

Aer complete dissolution of irradiated UF4 in the FLiBe molten
salt, a certain amount of molten salt was sampled using a quartz
Fig. 1 Specific activities of 131I,95Zr, 140Ba, 143Ce and 237U as a function
of melting times.

© 2021 The Author(s). Published by the Royal Society of Chemistry
tube, weighed, and then counted using a g-ray spectrometer.
The initial specic activities at 4 day irradiation and 1 day
cooling for over all 12 nuclides were obtained from the
measurement and calculation of g-ray spectra, and the results
are also listed in Table 1. In addition, the specic activities of
95Zr, 131I, 143Ce, 140Ba and 237U, aer decay correction, are
shown in Fig. 1, as a function of the melting time.

As shown in Fig. 1, the specic activities of the nuclides 95Zr,
140Ba, 143Ce and 237U in molten salt increased gradually and
reached a steady state aer about 40 hours. The result was
consistent with ORNL's study that 95Zr, 140Ba and 143Ce fell into
the group of salt-seeking ssion products and could stably exist
in the fuel salt.7 131I appeared to reach dissolution equilibrium
more quickly in the molten salt, which may be attributed to its
lower melting point. According to the report of ORNL, iodine
was grouped as a noble metal ssion product. However, iodine
could form iodide and exist in a steady form in the molten salt
of the MSRE.

Aer the dissolution equilibrium, total activities of each
radioactive nuclide in the FLiBe molten salt could be calculated
on the basis of their specic activities measured in the salt
sample. When comparing the total activities with the data of
inventories in irradiated UF4, some interesting information
Fig. 2 Comparison of total activities in the salt with the inventories for
237U, 143Ce, 140Ba and 95Zr.

RSC Adv., 2021, 11, 22611–22617 | 22613
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could be obtained. Fig. 2 shows the total activities of 95Zr, 143Ce,
140Ba and 237U in the molten salt and the relative data of
inventories in irradiated UF4.

95Zr, 143Ce and 140Ba, belonging to
the salt-seeking ssion products, should completely dissolve
and stably exist in the fuel salt. Consequently, the total activity
of each nuclide in the FLiBe molten salt, like that of 237U, was in
agreement with those of the inventories in irradiated UF4, as
expected.

However, the noble metal ssion products (99Mo, 103Ru and
132Te), iodine and noble gas ssion products (131I, 132I, 133I and
135Xe) exhibited different behaviors, and their total activities in
the FLiBe molten salt were much lower than the inventories.
Due to little solubility in the uoride salt and high volatility,
noble gas 135Xe was easily released from the molten salt. Hence,
no 135Xe ssion product existed in the molten salt any longer, as
shown in Fig. 3. According to the report of ORNL,9 the noble
metal ssion products tended to deposit, in a form of metal, on
the surface of structural materials at the redox potential of the
MSRE. Thus, the deposition of 99Mo, 103Ru and 132Te on the wall
of graphite crucible would be responsible for the decrease in
total activities observed in this work. It is interesting to note
that the total activities of 131I, 132I and 133I in salt, similarly to
these of 99Mo, 103Ru and 132Te, also became low when compared
to the inventories. Although iodine was grouped under noble
metal ssion products, the decrease in the total activities of the
ssion product iodine in the salt could not be explained by their
deposition on the surface of solid materials.

To investigate the underlying cause for the decrease in
iodine activity in the molten salt, two pieces of graphite and
Hastelloy C276, used as the surveillance specimens, were
inserted into the salt for several hours. Aer taken out, these
specimens were measured using a g-ray spectrometer. Aer
correction for the additional activity induced by the nuclides in
the salt adsorbed on specimens, the real activity of the nuclides
deposited on the surface of the specimen was examined. The
result indicated that all the activities were due to noble metal
ssion products 99Mo, 103Ru, 132Te and its daughter 132I, with
no activities of 131I and 133I being observed. Moreover, three
samples of salt, aer cooling, were taken out from the upper,
Fig. 3 Activities after melting and the inventories of 99Mo, 103Ru, 132Te,
131I, 132I, 133I and 135Xe.

22614 | RSC Adv., 2021, 11, 22611–22617
middle and lower layers of the molten salt in the crucible. The
measurements for g-activity indicated that there was no obvious
difference in the specic activity of 131I in the samples from
three different regions, implying homogeneous distribution of
131I in the molten salt. Since no deposition on the surface of the
specimens and no precipitation at the bottom of the molten salt
for ssion product 131I were observed, unique possible expla-
nation for iodine loss observed by ORNL should be their release,
in the form of volatile gas I2 from the molten salt.

To verify the explanation for the iodine loss, the irradiated
UF4 and FLiBe salt were mixed in the crucible. Prior to heating,
a piece of Ni foil was placed on the top of the reaction appa-
ratus. In the experimental process, the Ni foil covered on the
apparatus was replaced in turn at certain time intervals. Within
the 25 hour experiment, six Ni foils were used and activities on
these Ni foils were measured. The measurements showed that
a great amount of 131I and 133I activities existed on the Ni foils.
According to their activities on the Ni foil and collection time,
the collection rates of 131I and 133I, expressed as Bq min�1, are
given in Fig. 4. Surprisingly, more or less, a large amount of
iodine was released within the initial two hours and captured by
the rst piece of the Ni foil, with the collection rates of 131I and
133I being up to 4.4 Bq min�1 and 18.3 Bq min�1, respectively.
With the continuing experimental process, the collection rates
of 131I and 133I decreased rapidly. Aer 8 hours, the collection
rates decreased to 0.2 Bq min�1 and 0.8 Bq min�1, about 4% of
the peak values. Then, the collection rates of 131I and 133I were
maintained at a stable level close to the background for the rest
time of the experiment. Exemplied by 131I, the activity of 131I
on the rst two Ni foils accounted for more than 80% of the total
collection activity on six Ni foils, and about 43% of 131I activity
lost in the molten salt, indicating that the release of iodine from
the molten salt occurred mainly in the rst 4 hours from the
beginning of the melting process. It could be seen clearly that
the release of ssion product iodine exhibited typically tran-
sient characteristics. In other words, the release of a part of
iodine occurred intensively within a short time at the beginning
of melting. Aer the transient release, the remaining iodine was
able to exist stably in the molten salt in the form of iodide, with
Fig. 4 Collection rates of 131I and 133I on the Ni foils.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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no distinct decrease in its activity being observed during the
continuous heating of the molten salt. The latter has been
conrmed for times by ORNL.17

The transient release of a large amount of ssion product
iodine could be explained by hot atom chemistry.18,19 It is well
known that, aer capturing a neutron, the ssioning nucleus
will split into two high-speed ssion fragments. During the
interaction of the primary ssion fragments with the
surroundingmedium, various number of extranuclear electrons
of these ssion fragments would be striped sequentially, and
form the highly exciting ions with various charges. When the
ssion fragments were retarded by the medium, the highly
exciting iodine ions would, via relaxing, form the relatively
stable iodine ions with a variety of chemical valence ranging
from �1 to + 7. The coexistence of ssion product iodine with
different chemical valence has been conrmed in aqueous
solution systems.20 Therefore, the chemical valence for the
iodine carrier added in the aqueous solution must be adjusted
to be identical to that of ssion product iodine in the classical
chemistry procedure of separation and yield determination. It
was reasonable to believe that the ssion product iodine
generated in this work also had different chemical valences in
the molten salt. When the mixture of irradiated UF4 and FLiBe
eutectic salt was heated, a chemical interaction between the
iodine isotopes with different valences would occur to produce
high-volatile elemental iodine as follows:

IF5 + 5I� ¼ 3I2 + 5F� (1)

Then the released iodine was captured by the Ni foils and
easily detected using a g-ray spectrometer.

To demonstrate capture of the elemental iodine by a Ni foil,
an additional experiment using natural iodine was carried out.
CeF4, as an oxidation reagent, was added into the FLiBe molten
salt containing 10 wt% of LiI, and then the mixture was heated
at 650 �C for 24 hours. Aer cooling, the collections on the Ni
foil were characterized by XRD, and the XRD pattern is shown in
Fig. 5. As can be seen, the existence of NiI2 could be certainly
veried, although the peaks located at 38 and 82 have not yet
been matched. The demonstrating experiment indicated the
Fig. 5 XRD pattern of the deposits on the Ni foil.

© 2021 The Author(s). Published by the Royal Society of Chemistry
ability of the Ni foil to capture the released I2, which was formed
by the reaction as follows:

Ni + I2 ¼ NiI2 (2)

Consequently, the additional experiment provided further
support for the transient release of ssion product iodine, as
a form of I2.

This work clearly revealed the release of a large amount of
iodine that resulted from the effect of the hot atom chemistry.
The UF4 used in this work has been irradiated as long as about
70 hours, and an abundant amount of ssion product iodine
with different chemical valences was generated. During the
melting process, iodine accumulated in the long time was
released in a short time from the salt, making it easy to be
detected. A similar process should also occur in the MSRE.
Differently from the observations of this study, however, both
the generation of ssion product iodine and the redox reactions
between iodine species with different chemical valences would
continuously occur to follow the nuclear ssion. Because of no
opportunity for the transient release of ssion product iodine,
the slow release certainly made its detection very difficult. This
should be one of the main reasons responsible for the unknown
fate of about one-fourth to one-third of ssion product iodine
observed in the MSRE operation by ORNL.7

The signicant release of iodine from the fuel salt of the MSR
might affect the neutron economics and the fraction of delayed-
neutron precursor. Therefore, the behavior of iodine and its
surveillance should be taken into account for the design and
operation of MSRs. Furthermore, information about the release
of ssion product iodine from the reactor might have potential
applications in the operation and control of the MSR. In this
work, a Li metal reductant and a CeF4 powder oxidant were
added into the FLiBe molten salt containing irradiated UF4
respectively. The effect of the variation in the redox potential of
themolten salt on the iodine release from the salt was examined
(see Table 2). Compared with 54.7% of release rate of iodine for
the salt without addition of any reductant or oxidant, the
transient release of iodine decreased to 23.1% when the Li
metal was added into the salt. Conversely, the addition of the
CeF4 oxidant made the transient release increase to 87.2%. The
reason was easily intelligible. The addition of the Li metal
reductant consumed directly a part of ssion product iodine
with high valence, resulting in more iodine, in the form of I�,
remain in the salt. When the CeF4 oxidant was added into the
system, the I� ions would be oxidized into elemental iodine I2
followed by release from the salt. It could be inferred that the
amount of iodine that remained in the salt, or that released
from the salt as well, was correlated closely with the variation in
the redox potential that the molten salt underwent.

According to the operation experience of the MSRE in ORNL,
the ssion process would gradually increase the redox potential
of the fuel salt,7,21–23 leading to the corrosion of the structural
material of the MSR. In order to mitigate the material corrosion,
the beryllium metal was required to be added into the fuel salt
periodically to control the redox potential. Recently, the study of
RSC Adv., 2021, 11, 22611–22617 | 22615
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Table 2 Release rate of 131I and the amount of 131I remaining in the salt under different redox conditions

Molten salt system Additives (mg) Release rate of 131I

Ratio of activities

131I/140Ba 131I/143Ce 131I/95Zr

UF4 — — 0.83 0.41 3.56
UF4 + FLiBe — 54.7% 0.40 0.17 1.82
UF4 + FLiBe Li (20 mg) 23.1% 0.61 —a 2.43
UF4 + FLiBe CeF4 (20 mg) 87.2% 0.106 0.035 0.444

a No corresponding experimental data were obtained due to the short half-life of 143Ce.
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the redox potential and its control has received increasing
attention.10,13 Zhang et al. pointed out the major phenomena
that affect the redox potential andmaterial corrosion, and main
technologies for the redox potential measurement, including
electro-chemical sensors and optical spectroscopy.22

ORNL pointed out that the ssion product 95Nb in the fuel
salt could be used as an in-line indicator of the redox condition
of the fuel salt, because the transition in the chemical species of
95Nb between soluble uoride and the insoluble metal is
dependent on the redox potential of the fuel salt.9 Our previous
investigation indicated that, however, it was difficult to correctly
distinguish 95Nb existing as soluble uoride from those in the
form of insoluble metal particles,10 because the fuel salt was
circulated at high velocity in the primary loop of MSR. Conse-
quently, the experimental result given by ORNL was fragmen-
tary, scattered, and even anomalous sometimes.9 Since the
amount of iodine that remained in the salt was correlated
closely with the variation in the redox potential, the activity of
ssion product iodine that remained in the fuel salt might be
used as another indicator, to monitor the redox potential of the
fuel salt in the MSR.

For a given reactor, the yields of ssion products are known
and xed, and the ratio of activities for various ssion products
can be estimated correctly. Although ORNL classied the ssion
product iodine as a noble metal, in fact, aer partly released in
the form of elemental iodine from the molten salt, iodine that
remained in the salt exhibited a similar behavior to the salt-
seeking ssion products and existed stably in the form of I�

in the salt. As a result, the redox condition of the molten salt in
the MSR could be characterized by the activity ratios of 131I to
the salt-seeking ssion products in the salt. As shown in Table
2, all of the activity ratios for 131I to 140Ba, 143Ce and 95Zr in salt
increased with the addition of Li metal reductants when
compared with the reference sample. On the contrary, these
ratios decreased with the addition of the CeF4 oxidant. The
highly positive correlation between the activity ratios of 131I to
salt-seeking ssion products in the salt illustrated the possible
application of 131I as an indicator for monitoring the redox
potential of the molten salt.

Compared with the 95Nb redox indicator proposed by ORNL,
the application of 131I as a redox indicator has several advan-
tages. First, the ssion product 131I in the salt exists in the
unique form of I�, unlike the case of 95Nb, where careful
difference of soluble 95Nb from insoluble 95Nb is necessary but
22616 | RSC Adv., 2021, 11, 22611–22617
very difficult. Second, the measurement of the activity ratios of
131I to the salt-seeking ssion products relies only on the rela-
tive measurement, which is more reliable and feasible than the
absolute measurement involved in the determination of 95Nb
activity in the salt. Finally, the half-life of 131mTe, the precursor
of 131I, is about 25 min, much shorter than that of 95Zr (65 days),
the precursor of 95Nb, thus the evaluations of the redox poten-
tial for the salt based on the measurement of activity ratios of
131I to the salt-seeking ssion products have less effect resulting
from the radioactive growth-decay. In order to validate the
application of 131I in the surveillance of the redox potential of
the salt in the MSR, it is certainly necessary to carry out further
investigation.
Conclusions

The experiments indicated that a large amount of ssion
product iodine was released in a short time aer melting the
mixture of irradiated UF4 and FLiBe eutectic salt. The behavior
of transient release of iodine was attributed to the redox reac-
tion between ssion product iodine cumulated due to long-time
irradiation. A similar process would occur continuously in the
MSR, but with no condition of transient release. As a result, the
detection of iodine released from the salt was not easy more or
less, and this should be one of the main reasons responsible for
unknown loss up to about one-fourth to one-third of ssion
product iodine observed by ORNL in the operation of MSRE.

Because of the close correlation between the release of iodine
from the salt and the redox potential of the molten salt, it was
pointed that the amount of 131I remaining in the fuel salt may
be used as another indicator for the redox potential of the MSR.
The activity ratios of 131I to the salt-seeding ssion products
such as 95Zr, 140Ba and 143Ce would be preferable for the char-
acterization of the redox potential of the MSR.
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