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Some Current Achievements of Radiochemistry in China

Zhifang Chai,® Wenxin Li,” Yuanfang Liu,® Shanggeng Luo,"
Zhi Qin,® Xiangyun Wang,® and Yongjun zZhu'

dInstitute of High Energy Physics, Chinese Academia of Sciences, bShanghai Institute of Nuclear Research,
Chinese Academia of Sciences, “Peking University, dChina Institute of Nuclear Energy,
°Institute of Modern Physics, Chinese Academia of Sciences, and fTsinghua University

This is a brief overview of the current achievements on the nuclear and radiochemistry studies in

China.

It is consisted of six parts contributed by six Chinese professors working in the famous

institutions related to nuclear science. The contents include 1. Heavy nuclides research, 2. New
organic reductants and extractants in the reprocessing process and synroc, 3. Partitioning of
actinides, 4. Study of biological behavior of fullerene and nanoparticles using radiotracer technique,
5. Molecular activation analysis for chemical speciation studies of trace elements, 6. Bio- accelerator
mass spectrometry (Bio-AMS), and 7. New multidrug resistance (MDR) modulator.

1. Heavy nuclides research (written by Zhi Qin)

Many efforts have been devoted in study of
actinides and transactinides in the last decade in the
Institute of Modern Physics (IMP), CAS. Remark-
able progresses have been made in synthesis and
identification of some new nuclides and study of
their exotic decay properties in these regions. The
rapid chemical separation procedures have been
widely used for these studies if the half-lives of the
expected nuclides are longer enough.

(1) Actinides:

New heavy neutron-rich nuclides **" #**Th and
*%%pa were produced as target residues through the
multinucleon transfer reaction (MNT) or fast
neutron-induced (n, 2p) reaction, and successfully
identified by means of liquid-liquid extraction sepa-
ration and y-spectroscopy. A new neutron-deficient
transuranium nuclide **Am was also produced via
proton-induced reaction and identified for the first
time by using He-jet transportation, liquid-liquid
extraction and x-y coincidence measurements. The
half-life of 2°Am was determined to be 15+5 min.

20 was investi-

Besides, the heavy ion emission of
gated employing ?*°Pa source prepared by the reac-
tion of **Th (p, 3n) and solid-state track detectors.
The preliminary branching ratio relative to o decay

was determined to be (1.3+0.8) x 10™*. The B-
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delayed fission of “’Ac was observed and the BDF

probability of ***Ac was determined to be (1.19
+0.40) x 1078, The main results of the study of
actinides obtained at IMP are briefly summarized in
the Table 1.

(2) Transactinides:

A new isotope of the element 105 with mass
number 259 in transactinide region has been
successfully produced via the reaction **Am (*Ne,
4n) »Db. The *Ne beam with energy of 132 MeV,
after passing through a 1.94 mg/cm?2 Havar window
and a 1.7 mg/cm2 aluminum target backing, was
degraded to 118 MeV in the center of target material.
The *'Am target with thickness of ~ 1 mg/cm2 was
prepared on thin aluminum foil (7 um) by molecular
platting method at one single cycle. The reaction
products recoiling out of the target stopped in the
helium gas loaded with NaCl aerosols, and swept out
of the target chamber with carrier gas, then went
through a 20 cm length capillary into a rotating wheel
apparatus. The a-decays of the products and their
daughter nuclides were detected by a set of Si (Au)
detectors, which arranged around the wheel
according to the preset inequal intervals. The Z and
A of the nuclide have been unambiguously identified
by the genetic relationship between the new activity

255

and the known nuclide “>°Lr established by a-
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Table 1. Production reaction and separation method in the study of new nuclides in actinide region

Isotope Half-life Decay Properties Production Reaction Radiochemical Reference
Separation
¢ 122s BDF* 60 MeV/u'®0+%2Th BaCl, precipitate (1)
MNT-2p
BTh 5.0£0.9 m B 14 MeV *8U(n, 2p) PMBP extraction (2,3)
4.7+0.6 m 60 MeV/u'®0+*u
MNT-2p+1n
25Th 9.4+2.0m B 60 MeV/u®0+*u PMBP extraction (4)
MNT-2p+2n
#9pg 106230 m B 50 MeV/u®0+*u PMBP extraction Fe(OH)s precipitate | (5)
MNT-p+2n
20y 20.8d Cluster emitting™ Z2Th(p, 3n) *°Pa PMBP extraction Fe(OH)s precipitate | (6)
20pa B-decay to *°U
25Am 1545 m EC 38py(p, 4n) HDEHP (7.8)
-kerosene(P,0s) extraction
DTPA-lactic back-extraction

recoiled milking measurement. The new nuclide
*°Dh has a half-life of 0.51+0.16 s and decays by
alpha-particle emission, Eq=9.47 MeV®. The Qq
value of 9.62 MeV for the isotope Db derived from
the experiment is in good agreement with the
theoretically predicted by Moller™. Furthermore,
the nuclide **®Db and its daughter **Lr have also
been clearly observed using the same projectile-
target combination. Their half-lives and a-particle
energies determined in this work are in agreement
with previous known data, thus also proving the
reliability of our assignment of Db,

2. New organic reductants and extractants in
reprocessing process and synroc (written by
Shanggeng Luo)

Broad projects related to radiochemistry, nuclear
chemistry, analytical chemistry (DA and NDA),
waste management R & D as well as nuclear
safeguards were performed in the China Institute of
Atomic Energy. Some achievements are briefly
described as follows:

(1) Some new organic reductants and complexants
have been synthesized. These salt-free reagents
include derivatives of hydrazine™ | derivatives of
hydroxylamine™ ' and acetohydroxamic acid®>™".
The reaction kinetics or thermodynamics of these
organic reagents with Pu(IV), Np(VI) and Np(lV)
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were studied systematically. Hydrazine derivatives
reduce Np(VI) to Np(V) rapidly, but reduce Pu(lV)
relatively slowly. Of hydroxylamine derivatives,
dimethylhydroxyamine can reduce Pu(lV) more
rapidly than other kinds of derivatives. The complete
rate equation was given out as:

_d[Pu(V)] _ _ K[Pu(IV)I[DMHAN]*** 1
dt 7~ 8.12[Pu(l11)]+95.9[Pu(1V)] [H*]*?

At p=4.0 and 14.5°C, k=10% (mol/L)**s™. The
complex stability constant of acetohydroxamic acid
with Pu(1V) and Np(IV) reach 5.3x10" and 6.1x10™
respectively in 1 mol/L nitric acid solution. The
application of these reagents in Purex process was
primarily studied using cascade or count-current
mixing settler experiments, with simulated solutions
(no fission products contained). The result showed
that hydrazine derivatives might be used to strip Np
from loaded organic solvent, and dimethylhydrox-
yamine was suitable for separation of U/Pu to substi-
tute for U(IV), and acetohydroxamic acid could be
used in the step of uranium purification cycle to
remove trace Np and Pu.

Other new kinds of tri-functional extractant,
which are usually called amido podands, have been
synthesized, such as N,N,N’N’-tetrabutyl-3-oxa-
pentanediamide (TBOPDA), N,N,N’N’-tetra-
isobutyl-3-oxa-pentanediamide (TiBOPDA) and
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N,N,N’N’-tetra-butyl-3,6-dioxaoctanediamide
(TBDOODA). By using 40% octanol/kerosene as
solvent, the extraction behavior of U(VI), Pu(1V),
Am(1I), Eu(lll), Tc, Sr, Np(1V), Np(V) and Np(VI),
also their thermodynamics, with the three kinds of
extractant were studied in nitric acid solutions.
TBOPDA and TiBOPDA showed extraction
selectivity of An(l11) and Ln(I11) much higher than
that of U(VI) and Pu(lV). Fe, Ru and Mo is poorly
extracted by these three kinds of amido podands in
2~3 mol/L HNO3 solution.
extraction test was carried out in a set of miniature
mixer-settler, with two extraction systems: one was
0.2 mol/L TBOPDA/40% octanol-kerosene and the
other 0.5 mol/L Nsg3+0.075 mol/L TBOPDA/octanol-
kerosene. U(VI), Pu(lV), Am(I1l) and Eu(lll) were
separated from the simulated high level liquid waste
(HLLW) solution. The result of first system is better

The counter-current

than the other one. In battery A, lanthanides and
actinides were coextracted into organic phase with
the recovery of 99.98% for U(VI), >99.99% for
Pu(1V),and >99.99% for Am(II1) and Eu(l1l),
respectively. In battery R1, 99.99% U, 86.2% Pu and
a part of Am or Eu were stripped into aqueous phase
by 0.2 mol/L acetohydroxyamic acid (AHA) in
0.01mol/L HNOs solution. In battery R2, Am, Eu
and remained Pu were completely back-extracted by
0.2 mol/L AHA.. This separation process contains no
salt reagent, and it is not necessary to dilute HLLW
feed™®.

(2) For the synroc solidification of actinide wastes
zirconolite-rich, pyrochlore-rich synroc and
perovskite-rich synroc were fabricated and character-
ized. The results showed that they were suitable
waste forms for solidification of actinide wastes*?.
The solidification of simulated actinides in the
natural zircon and the uranium tail has been studying.
The radiation effects on synroc were tested by heavy
ion irradiation, 100 MeV *S in a tandem accelerator.
The experimental results showed that the amorphous
dose was 0.5 dpa (displacement per atom) and the
defects were mainly voids and irradiation could
continue to intensify the vacancy defects even after
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the amorphous dose was reached®.

(3) The corrosion attack on research reactor spent
fuel in wet storage was investigated. It has proven
that to maintain the high quality water chemistry is
the most important factor in controlling Al-clad
corrosion for wet storage of research reactor spent
fuel.

3. Partitioning of actinides (written by Yongjun

Zhu)

The treatment and final disposal of high level
liquid waste (HLLW) is a highly public concerned
subject. The studies on partitioning of actinides from
HLW started in 1980 in Tsinghua University. A
commercial reagent, trialkyl (Ce-Cs) phosphine oxide
(TRPO), was found to have good extraction behavior
to actinides®. Tri-, tetra- and hexa- valent actinides
can be effectively extracted from the nitric acid
media by 30% TRPO-kerosene. An actinides
partitioning process --- TRPO process has been
developed® since 1992 and was verified by using
genuine HLW in 1996% %9,

In the partitioning process, small amount of
trivalent actinides and large amount of lanthanides
are classified into the same group. The separation of
trivalent actinides from lanthanides is necessary not
only for the transmutation of actinides but also for
the further reduction of a-waste volume. In 1995, a
commercial reagent Cyanex 301" containing ~80%
bis (2, 4, 4-trimethylpentyl) dithiophosphinic acid
was found to have a high extraction selectivity to
trivalent actinides over trivalent lanthanides®. The
separation factor of Am** over Eu** was up to 5x10°
with the purified Cyanex 301 extraction®. Based on
these satisfactory experimental results a conceptual
separation process was proposedm). The effective
separation was confirmed by the cross-flow hot test
and the cascade countercurrent hot test in miniature
centrifugal contactors®®?,

Recently, three kinds of dialkyldithiophosphinic
acids, with alkyl groups of n-octyl, 1-methylheptyl,
2-ethylhexyl were synthesized. The effects of alkyl

group structure have been investigated(go) and the
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extraction complexes of trivalent actinides and
lanthanides have been studied by EXAFS®Y,

4. Study of biological behaviour for fullerene and
nanoparticles using radiotracer technique
(written by Wenxin Li)

In recent years a great number of work has
devoted in studying the synthesis of fullerene
derivatives and nano-materials as well as their
The
experimental results revealed their considerable
potential applications in the medicine field. With the
purpose of understanding the biological behaviour
both in vivo and in vitro of the fullerene and

characterization and exotic properties.

nanoparticals, a radioactive tracer technique has been
utilized in the Nanobiology and Nanomedicine
Laboratory, Shanghai Institute of Nuclear Research,
CAS. We prepared a number of water-soluble Ceo
derivatives and colloidal solution of extremely tiny
titanium dioxide particles (d=1-3 nm) from the
controlled hydrolysis of titanium tetraisopropoxide.
The labelled compounds, including 67Ga-Cso(OH)X,
%M T¢-Coo(OH)xOy, P Tc-Ceo(OH)y, *°1-Coo(OH)x,
HOMAG-TiO, and *?°1-TiO2, were synthesized.
Dependence of the labeling yields of these
compounds upon the reaction time, temperature, pH,
concentration of stannous chloride, amount of
iodogen etc. were investigated. Under an optimum
condition, the yields were larger than 92% for the
most compounds. Biodistribution and metabolism
studies in mice and rabbits for 67Ga-Ceo(OH)X, %M Te-
Ceo(OH)xOy, *°™Tc-Ceo(OH)x and "*°1-TiO, were
performed. The activity in various organs and tissues
was measured by a y-counter or a single photo
emission computed tomography (SPECT) and the
data were used to calculate the uptakes presented in a
form of the percent of the injected dose per gram of
tissue. The typical results from the Ceo derivatives
showed that the compound could be absorbed rapidly
by tissues and the high uptakes were found in cortical
bone, breastbone, spine, joints, liver and spIeen(32).
The compounds seemed to be excreted through urine
and enteron with a slow clearance from all the
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The biodistribution of Cgo derivatives
obtained in our work was discussed and compared
%339 Unlike the Cgo derivatives,

tissues.

with those reported(
the TiO2 nanoparticles in the mice showed much
lower uptake in the most of organs and tissues,
except for lung and blood®. The compound was
excreted mainly through urine, however the clearance
was relatively fast. The information on the
biodistribution obtained might be useful to design
targeting drug delivery system based on the
nanomaterils. Using the radioactive tracer technique,
the study of the interaction of cells with Ceo
derivatives and the TiO; nanoparticles is ongoing.

5. Molecular activation analysis for chemical
speciation studies of trace elements (written
by Zhifang Chai)

The Molecular Activation Analysis (MAA) refers
to an activation analysis method that is able to
provide information about the chemical species of
elements in systems of interest, though its exact
definition has remained to be further defined. Its
development is strongly stimulated by the urgent
need to know the chemical species of elements,
because in many cases the bulk contents or
concentrations are often insignificant for judging
biological, environmental or geochemical effects of
elements. In general, the MAA inherits the merits of
conventional NAA, e.g. high sensitivity, good
accuracy and precision, small sampling amount and
multi-elemental analysis ability, etc.. Also, it is
easier for the MAA to keep the original chemical
species of elements unchanged than for other non-
nuclear methods. In some cases the MAA is even a
sole choice to do speciation analysis. In the recent
years, the study of chemical species of a number of
trace elements in biological, environmental and
geological samples has been extensively carried out
in the Key Laboratory of Nuclear Analytical
Techniques, Institute of High Energy Physics,
CAS® 3 The typical examples of the MAA study
are as follows:

(1) MAA for iridium in Cretaceous and Tertiary
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boundary clay(38). The chemical species of anom-
alous iridium at Cretaceous-Tertiary boundary
relating to the dinosaur mass extinction event was
analyzed by NAA. Interestingly, almost 50% of
iridium exists in an acid-insoluble residue phase,
regardless to their continental or marine sedimenta-
tion origin, which implies that this part of iridium
may be attributed to the extraterrestrial matter.

(2) MAA for iodine in algae and human liver®
‘0 Algae are becoming a well-received green food
and a main source of dietary iodine for Chinese
people, 40 % of whom live in I-deficient areas. The
chemical species of | in seven marine algae Codium
fragile, Ulva pertuse, Monostroma nitidum,
Gracilaria confervoides, Sargassum kjellmanianum,
Dictyopteris divaricata and Laminaria japonica,
were studied by a newly-established MAA
procedure. The experimental results indicate that the
contents of total iodine and various species of iodine
are different in different algae specimens. 99% of
total iodine is soluble in Laminaria japonica,
whereas in other algae the soluble iodine contents
range from 16 to 41%. In leachates of marine algae,
61 to 93% of soluble iodine exists as |, with less
than 5% 105 and 5 to 37% organic iodine. Besides,
the chemical species of iodine in human liver was
studied as well.

(3) MAA for rare earth elements in fern and other
biological samples“" *?. REEs are widely used in
some countries, especially in China, in the modern
industry and agriculture that produce the higher
levels of REEs pollution in the environment.
However, until now little work on their chemical
species in natural plants has been reported, and there
is no information available on REE-bound macro-
molecules in natural plant specimens. Thus, a new
MAA procedure based on pH variation, out-salting,
ultracentrifugation, gel filtration chromatography
and electrophoresis, etc. and instrumental neutron
activation analysis (INAA) were established to study
the REE-bound proteins in a natural plant fern,
Dicranopteris dichotoma. Two new REE-bound
proteins (RBP-1 and RBP-2) in this species of fern
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were identified. The molecular weights (MW) of
RBP-1 and RBP-2 on Sephadex G-200 are about
8x10° and less than 1.24x10° D, respectively. Their
SDS-PAGE graphs show that both contain two
protein subunits with MW 14100 and 38700 D that
seem to be glycoproteins with different glyco-units.
Further, The REEs-bound DNA in plant was also
identified.

(4) MAA for selenium in human liver®?,
selenium is an essential element for humans, its

Since

biological effect and chemical species have been
widely studied. However, data on its distribution and
behavior in human liver are still scarce. For this
reason MAA was used to study the subcellular
location of Se and cytosolic distribution of Se
contained in human liver. The results indicated that
almost half of Se existed in the nuclear fraction,
followed by cytosol and mitochondria. Very few
percent of Se were present in lyzosome and
Further, in a Sephadex G200 gel
chromatographic experiment four Se-containing
components with MW 33520, 7045, 45+1.5 and
14+3 kD were found in the soluble fractions of
human liver. The most abundant Se-containing
component, peak Il, accounted for 70% of total
cytosolic Se. Peak Il was subjected to further
purification via DEAE Sepharose fast flow ion
exchange chromatography with a linear gradient of
10 to 500 mmol/L (NH4).COj3 buffer. It was found
that peak 11 consisted of 4 Se-containing proteins.

microsome.

6. Bio-Accelerator Mass Spectrometry (AMS)

(written by Yuanfang Liu)

AMS is an ultrasensitive measure for tracing *“C-
labeled molecules in vivo or detecting the biomarker
for risk assessment of carcinogenesis. It has become
a state-of- the-art tool in measuring the adduction of
large biomolecules with xenobiotics, including
carcinogens, toxitants and drugs etc..

Since 1955 the genotoxicity of smoking specific
nicotine and its nitrosation derivatives, a nitrosamine
NNK has been intensively studied in Peking
University. In Table 2 the YC-AMS measurements
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Table 2. Nicotine and its derivative NNK studied by *C-AMS.

Xenobiotic Biomolecular research Reference

Nicotine, 3-(1-methy-2-pyrrolidinyl)-pyridine DNA adducts in mouse liver (44, 45)
Effect of NaNO, on liver DNA adducts (46)
Liver/lung DNA adducts in a smoking sidestream 47)
Decay kinetics of adducts (48)
DNA adducts in mouse liver histones (H1, H3) (45)

NNK DNA adduct in mouse liver (44)

4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone Decay kinetics of adducts (48)

of nicotine and NNK are listed. Nicotine is a major
alkaloid in tobacco products, typically comprising 1-
2 weight % of tobacco. The pharmacological effect
of nicotine related to smoking is a dominant factor
for tobacco addiction. So far it is not clear whether
In the
genotoxicity study of nicotine in mice at low dose
levels by “C-AMS, the mouse liver DNA-nicotine
adduction as well as histones (H1 & H3)-nicotine

nicotine itself is carcinogenic to humans.

adduction increases with increasing dose levels,
which are equivalent to the level of human exposure
to daily cigarette smoking. The results indicate that
nicotine damages DNA and its closely related
important nucleoprotein histones (H1, H3) through
its molecular bindings. Besides, the adduction-dose
relationship of mouse liver/lung DNA adduction with
nicotine in vivo in a smoking sidestream as well as
the decay kinetics of the DNA-nicotine adducts was
measured. It is concluded from the **C-AMS studies
to an important point that nicotine is not only a well-
known addiction factor in smoking, but also a potent
carcinogen per se.

The genotoxicity of other xenobiotics MTBE (a
substitute for tetraethyl lead in gasoline), formic acid,
benzoic acid and nitrobenzene is being studied
presently by AMS.

7. New Multidrug Resistance (MDR) Modulator

(written by Xiangyun Wang)

Drug resistance is one of the major unsolved
problems in the chemotherapy of the cancer patients.
The multidrug resistance (MDR) is a highly
complicated and multifaceted phenomenon. At least
seven factors contributing to MDR are known. P-

21

glycoprotein(P-gp) expressed by MDR1 gene is one
specific and important form of MDR. These specific
protein functions, as the energy-dependent extrusion
pump, efficiently transport cationic and lipophilic
chemotherapeutic agents as well as some toxins outside
the tumor cells. Therefore, that the overexpression of
P-gp in tumor cells will enhance outward transport of
anti-tumor drugs resulting in the MDR.

Although immunocytochemical assay can be used
for detection of P-gp cencentration in tumor, a non-
invasive method is more preferable. The researchers
in Peking University found a strong negative
correlation between the uptake of **"Tc-MIBI or
99MTc-tetrofosmin and the P-gp level in tumor
cells“®. For example, the uptake of *™Tc-MIBI in
human tumor cell lines Hela, Bca 61, and MCF-7 is
respectively 25, 24, and 14.4 fold more than that in
MDR tumor cell line MCF-7/Adr. The uptake of
9™ Tc-tetrofosmin reveals the similar trend. The
experiments indicat that these two myocardial
imaging agents are substrates of P-gp, and they can
also be used as a biomarker for tumor MDR.

A Kinetic study of cellular uptake of these two +1
technetium complex cations indicated a two-
component parallel first-order Kinetics in both MDR
and non-MDR cell lines®. Based on the recognition
ability of MDR tumor cells for **"Tc-MIBI and
¥MTc-tetrofosmin, these two compounds were used
for screening the MDR-reversion agents (MDR
modulators)(51' %2 Tea polyphenol (TP), a mixture of
four polyphenols extracted from green-tea leaves,
possessed reversion ability for MDR tumor cells,
similar to the well-known MDR modulator quinidin.
The ICso of Adrimycin is decreased from 26.6 pg/mi
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to 3.68 or 11.50 pg/ml when 25 uM of quinidin or 25
pg/ml of TP was added to the culture medium. Tea
polyphenol improves uptake of %M Tc-tetrofosmin in
MDR tumor cell line MCF-7/Adr significantly, but
has little effects on non-MDR cell line MCF-7. The
uptake of %M Tc-tetrofosmin exhibits a 4, 13, 16 fold
increase in the presence of 200, 400, 500 pg/mL tea
polyphenol. The uptake of *°™Tc-tetrofosmin
exhibits a 4-fold increase in the presence of 200 uM
quinidine. These data confirm that tea polyphenol is
a good MDR modulator as quinidine.

In order to clarify which one of the 4 major
components of TP plays a decisive role in MDR
modulation, a detailed pharmacological study is
ongoing in this laboratory.
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