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Abstract

in this study, we have accomplished for the first time the photochemical valence adjustment of Pu
and Np for the separation and coextraction of these elements in a nitric acid solution using UV light
irradiation. Also, the separation and coextraction of Pu and Np were substantiated in principle by the
photochemical and solvent exiraction operations. The separation and coextraction of Pu and Np by
solvent extraction using 30% TBP/n-todecane were carried out during and after the photochemical
valence adjustment. By only one photochemical separation operation, about 86% of Pu and about
99% of Np were distributed into the organic phase and the aqueous phase, respectively, and then by
only one photochemical coextraction operation, aboui 86% of Pu was distributed together with about
99% of Np into the same organic phase, Based on these experimental data, we determined that the

photochemical oxidation reaction was due to the photoexcited nitric acid species, *NO ™. Using the
strong oxidative ability of this species, the photochemical dissolution of U0, powder in a nitric acid

solution by UV light irradiation was also accompiished for the first time at room temperature{ 20 °C).
Photochemical dissolution tests of UO, powder ranging 1 mg to 100mg suspended in 2 mi of 1-6M

HNOg solutions were carried out atroom temperature using a Hgiamp. From the results of the tests,
10mg of UO, powder was completely dissolved in 2ml of a 3M HNO4 solution at 20°C under an

irradiation rate of 1.3W’/cm2 for 40min.
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1. Introduction

Most nuclear fuel reprocessing plants have been adopting the PUREX process technologies.
Uranium(U} and plutonium{Pu) in spent nuclear fuel are recovered and refined using these
technologies with a high recovery efficiency.

Neptunium{Np}, however, is distributed on both sides of the nuclear fuel production and also in highly
radioactive aqueous waste.” This phenomenon is caused because of the difficulty in valence

adjustment of Np using various chemical reagents in nitric acid soiution(1)-(3),

It is generally supposed that photochemical techniques offer a potential for selectivity in systems
where chemical methods offer little selectivity. From that point of view, photochemical studies of U, Pu
and neptunium(Np) have been carried out for separation and reprocessing techniques mainly in the
USA. These. studies can be divided into several categories which are the studies for the

‘photochemical behavior of nuclear fuel{4)'(8). Np(g)'(12) and photochemical reprocessing

technologies“s)'“s). These studies, however, only describe the fundamental photochemical
behavior of these elements' valences and did not canmy out quantitative valence adjustment for the
separation and coextraction of Np with experimental data. They did not then discuss the mechanism of
the photochemical redox reaction such as our suggestion involving a photoexcited nifric ‘acid

species“s). we report the resuits of the quantitative photochemical separation and coextraction
experiments of Pu and Np and then we have considered that the photoexcited nitric acid species,

*NOS', contributed most effectively to the oxidation reactions of Pu and Np. These reactions are
caused by ahigher redox electrode potential of the photoexcited species than that of the ground state
species, NOg” (17)-(19) Based on the results, we have also attempted to use the strong oxidative

ability of *NOg" for the dissolution reaction of UO, powder at room temperature (20),

2. Experimental
2.1 Apparatus and analysis
As the light source, a super high-pressure Hg lamp (WACOM Co., Ltd. BMO-250DI} was used in the

wavelength range of 250 nm to 600 nm. The maximum output intensity was 1.5 wiem?, The
homogeneity and temperature of the test soiution were kept constant using an electric temperature
stabilizer and a magnetic stirrer during the tests.

The valences of Pu and Np in nitric acid solutions were analyzed using aspectrophotometer (Shimazu
UV-1200).

2,2 Preparation of test solution and UO,,

The Pu stock solution was previously refined using an anion exchange column americium{Am) was
removed from the solution. The concentration of Pu in the solution was calculated using its specific « -
radioactivity obtained by mass spectrometric analysis and the data obtained by the ¢ -ray counting
method. The analyzed isctopic composition is shown in Table 1.

The q -radioactive purity of Np-237 in the Np stock solution was 100.0% and the concentratlon of Np
in the solution was also determined by the a -counting method.
The test solutions of Pu and Np mixed solution containing additional reagenis such as hydroxylamine
nitrate{HAN} and hydrazine{HDZ) or urea, which were all reagent grade, were prepared by mixing their
stock solution and additional reagents for about 10 mins. before the start of the irradiation test,

The specific properties of the UO, powder used for the tests are shown in Table 2.
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Table 1 Isotopic composition of Pu used in
test

Nuclide  Pu-238 Pu-239 Pu-240 Pu-241 Pu-242

WO S 0148 7579 2151 1855 0697
O

*: Analyzed on Feb. 10, 1993

Table 2 Specific properties of UOzPowder
used in tests

U content o/ U Ave. par. Density Spec. surf.
(%) size(um) (g/cm3) area(m?2/g)
87.73 2.06 0.68 1.96 4.28%

*: BET method
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2.3 Experimental procedure
The photochemical vaience adjustment and solvent extraction test experiments were carried out as
follows.

(1) Photochemical valence adjustment
For Pu and Np in a nitric acid solution, the extractable valences are Pu{Iv and vI) and Np{Iv and Vi),

while the inextractable valences are Pu(ll) and Np{V) with 30 % TBP/n-dodecane 1), 1t is the
purpose of this study to determine whether the photochemical technique can adjust the valences of
Pu and Np to suitable valences for their separation or coextraction.

For the separation experiments, the initial valences in the test solutions of Pu and Np were previously
adjusted to Pu{li) and Np(Vv) using HAN and HDZ before the light irradiation. it was then evaluated
whether Pu(Ii} could be photooxidized to Pu(Iv) and Pu( VI)(extractable valences) by the irradiation,
and Np(V)(inextractable valence} remained at the same valence during the light irradiation. On the
other hand, during the coextraction experiments, the initial valences in the test solutions containing
urea were Pu(IV,VI) and Np( V). It was then evaluated whether the light irradiation could completely
adjust them to Pu(Iv,vi} and Np{vI){al of these valences being extractable). Furthermore, their
valence behavior was also examined under no light irradiation(dark reaction) for the comparison to that
under the light irradiation. '

Two mi of the test solution was placed in a 1cm square quartz cell generally used for
photospectrometry. The cell was then irradiated using the Hg lamp for an appropriate time. The
changes in the Pu and Np valences were measured by the photospectrometer at specified intervals
using the quartz cell containing the test solution. In these tests, the experimental variables included

the irradiation rate (0, 0.05, 0.15 and 1.45 W/cmz) and the conceniration of HNOg (0.4, 1, 2and 3 M).

(2) Solvent extraction
First, for the separation of Np from the Pu and Np mixed solution, 1 mi of the 2M HNO5 solution

centaining Pu (1 .0x1073 M), Np (1.0x10'3 M) and HAN+HDZ (8.0)(10”2 M each), and 1 ml of 30 %
TBP/n-dodecane were piaced in the quariz cell. The cell was set into the cell holder which contained
the temperature stabilizer and stirrer, and the light irradiation and the soivent extraction were then
started simultaneously.

Inthe case of the coextraction operation, 1 miof the 3 M HNOq solution containing Pu (1.0x1 03 M),
Np {1x1 03 M) and urea (8.0x1 02 M).and 1 miof 30 % TBP/n-dodecane were used. in one case, the
light irradiation and the solvent extraction were simultaneously carried out. in the other case, the
solvent extraction operation was done after the photochemical valence adjustment.

Atfter specified intervals of the solvent extraction operation, aliquots of both phases were taken out of
the other celi and analyzed using the spectrophotometer.

(3) Photochemical dissolution
1-100mg of UO, powder are weighed precisely and are placed in a quartz cell, normally used in

photospectrometry, containing 2ml of anitric acid solution. The solution is then irradiated using the Hg
lamp, and the absorption spectrum of the solution is measured at the appropriate irradiation time.
The photochemical dissolution fraction of the UO, powder is calculated by the ratic between the

absorbances Al and At of U022+ at 425nm and an arbitrary time i and t, which is the complete
dissolution lime at 1, as follows.
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Ai
X100 (1)

Dissolution fraction(%) =
At

Al : Absorbance attime .
At: Absorbance attime t of the complete dissolution time.

The concentration of nitrous acid, HNOz, a by-product of the U02 dissolution reaction, is also
determined by the absorbance of the test solution at 370nm and a calibration curve which is obtained
by analysis of standard concentrations of HNO, from 1.0X1 0310 5.0x102 M.

The temperature and the homogeneity of the solution are kept constant with a temperature stabifizer
and amagnetic stirrer during an irradiation test.

The experimental variables are the irradiation rate whose levels are 0, 0.7 and 1.3W/cm'2, the
concentration of HNO,4 whose levels are 1, 3 and 6M and the weight of the UO, powder whose levels

are 1, 10 and 100mg.

3.Results and discussion

3.1 Photochemical valence adjustment

For the photoreaction tests, three kinds of experimental conditions for the Pu and Np mixed solution
were adopted

(D the examination of the photochemical behavior of Pu and Np valences in the

nitric acid solution without the addition reagent,
@ the valence adjustment for the separation of Np from Pu, and
® the valence adjustment for the coextraction of Np with Pu.

{1} Photochemical reaction of Pu and Np without addition reagent
Figure 1 shows the results of the photochemical reaction of Pu and Np in 3 M HNO4 solution

containing no addition reagent under the conditions of 1,40 W/cm® irradiation rate and 20 °C.

07 ]
5
H:: 13 min. Ne(V 1
06 3amin; Pu: 1X107°M 47 O]
45;min. Np:1X10"M
05 =y] Fiey HNO, 13.0M
Tem. of sol : 200G .
o lrra. Rate : 1.45 W/em
S D4
8 [ ‘\\ 0~6D min.
2 O min, PLCVI) /
< ¥

-

02 60 min.
-45 min.
\k L 15 min.]

e

0.3

-
Pu(NI.\ J 30 min.
_ | A
300 400 500 600 700 800 20 0] 1000 1100

Wavelength {nm) )
Fig.1 Change in absorption spectra by photochemical reaction in Pu, Np mixed
3M HNO3 solution containing no additional reagent vs. irradiation time
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As seen in this figure, around 85 % of Np( V) decreased and was photooxidized to Np(VI) within 15
mins. After that, the reverse reacfion of Np(vl)—=Np(V) progressed predominantly, and then Np(Vv}
gradually increased. This phenomenon is caused by the relationship between the oxidation reaction of

the photoexcited nitric acid species(16), *NO 57, and the redox reaction by nitrous acid(@2): (23) ot the
photolysis product as follows.
- The oxidation reaction of Np({V)—Np(vI) by *NOg~

*NOg™+3H* + 2e = HNO, + Hy0,
NpO,2+ + e < NpO,*,
i
K56
*NO5 ™+ 2NpO,* + 3HY 2NpO,2* + HNO + HpO — (2)
where *kg_, g : photochemical reaction rate constant.

- The reduction reaction of Np{VI)—~Np(Vv} by HNO,
NpO,2* +e — NpO,*,
NOg™+ 3H™ + 26 « HNO, + Hy0,
!
kg5
2NpO,2* + HNO, + HoO———ms 2NpO,* + NOg ™+ 8H* ———= (3)

where kg_, g :reaction rate constant.
Pu(Iv) is also photooxidized to Pu(v]) by the photoexcited nitric acid species and apart of the Pu(VI)is
reduced to Pu(Iv) by nitrous acid(@2),

As seen in Figure 1, if the decomposition reagents such as HDZ(4) or urea(@5) were not contained in
the Pu and Np mixed solution, the complete valence adjustment for their separation or coextraction
wouid not be attained using the Hg famp irradiation.

(2} Photochemical valence adjustment for separation
1. Effect of concentration of HNO4

Mixed solutions of 1x103 M Pu and Np containing reductants, 1x1 02 M of HAN and HDZ, were
prepared by changing the HNO4 concentrationto 0.4 M, 1 M, 2 Mand 3 M. These solutions were then

examined atthe irradiation rate of 0.15 W/em<. Figures 2 and 3 show the resuits of the irradiation tests
at concentrations of 2 M and 3 M HNOS’ respectively. All of the results under the condition of each
acidily are shown in Table 3. These data are calculated as the average reaction rate as foilows.

Variation value{mol)
Average photochemical reaction = {4}
rate(M/min) Reaction time{min)
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Fig.3 Change in Pu and Np valences by photochemical reaction in 3M HNO 3
solution containing HAN and HDZ vs. irrsdiation time
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Table 3 Change in photochemical reaction rate according to
increase in acidity

Acidity(HNOa) Average photochemical reaction rate { mol / min)*
(M) PuCill)—=Pu(lV) Pu(V)—Pu(V]) Np{V}—=Np(lV) Np(V)—=Np(\V)
0.4 . 1.07Xx1078 8.76 X1077 - -
1 5.78X1076 6.10Xx 1076 - -
2 . 1.27X1078 1.07X1076 - -
3 1.29X1079 1.87%10°6 2,06 X106 -

* ;. Average photochemical reaction rate was calculated as ratio of change value in concentration of
Pu or Np per reaction time.
[Pul and [Npl=1X10-2 mol/dm3, [HAN] ard [HDZ] = 1X10"2 M, Irra. rate =0.15 W/cm?2.

- : Can not be observed. :

As shown in this table, the higher the acidity, the faster the photochemical reaction
rate except only for the data of Pu(Iv}—Pu(vT) at 3 M HNOg.

in the case of Np, allof the resuits at lower than 2 MHNO 4 did not change at all in both cases of the

oxidation and reduction reaction of Np(V'). This is because an exception occurred due to the strong
reducing ability of HAN and HDZ only atthe highest acidity of 3 MHNOg even though the test solution

was irradiated at the rate of 0.15 Wem?. On the other hand, Np({v) was continuously reduced to
Np(1v) even after Pu{I) had completely disappeared after 40 mins. irradiation as shown Fig. 3-(b). This
phenomenon indicates that Np{ V) was not reduced by Pu(I) only, which is different from the results

reported by Koltunov et al. (26) After about 40 mins. irradiation, the reductants are only HAN and HDZ.
Therefore, it can be considered that these reductants reduced Np{V)to Np(Iv). However, we do not
understand why Np{Vv)was not reduced to Np(Iv) under the same condition of only Np(Vv) 3 M nitric
acid solution as previously mentioned. This reason has to be clarified by future experiments.

2. Effect of light irradiation rate
The results of the irradiation tests using the Pu and Np mixed 3 M HNO 4 solution containing 1x1 02

M of HAN and HDZ and changing the irradiation rates to 0.05, 0.15, and 1.45 W;’c:m2 are shown in
Table 4. These results are shown as the values of the average photochemical reaction rate. Asseenin
this table, the increase in the irradiation rate hastened the reaction rate of the photochemical oxidation
of Pu and Np.

The reducing reaction of Np( Vv )}—Np(Iv) and the oxidation reaction of Np(V}—Np(V1) are shown in
Egs.(5), {6) and (7), respectively.
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Table 4 Change in photochemical reaction rate according to
increase in irradiation rate

irradiation Average photochemical reaction rate { mol / min)*
rate
(W/cm?2) PuClil)=+PulV1) Pu(iV)—=Pu(\) Np(V )—Np(IV) Np(V )—Np(V1)
0.05 7.33X 1076 9.99x10~7 9.13 %1077 -
0.15 1.29%10™5 187 %1076 2.06 X107 -
1.45 _ 5.52X10°% 7.55 %1076 - 3.80X10°%

* 1 Average photochemical reaction rate was calculated as ratio of change value in concentration of
Pu or Np per reaction time.
[Pul and [Np]=1X10-3 mol/dm3, [HAN] and [HDZ] = 1 X 10-2 M, Irra. rate =0.15 W/em?2.

—: Can not be observed.

« Reducing reaction of Np(V) by reductanis
ANPO,™* + 10H™ + 2NHgOH* ——— 4Np* + HoNo O, + 8HL0
ANPO,™* + TTH* + NoHgt ——— 4Np** + N, + 8H,0 —

)
(6)

- Oxidation reaction of Np( V') by the photoexcited nitric acid species, *NOy".

*NO3™ + 2Np** + 3H,0—— 2NpO,* + HNO, + BHY ———— (7)

From the comparison among each variabie level in Table 4, it was found that the photooxidation rates
of Pu{IM}—Pu(Iv) and Pu(iv)—Pu(VI) became faster, and then the reducing reaction of Np(v} —
Np(1v) based on Egs. (5) and (8) became inferior compared to the photooxidation reaclion of Np(V)—
Np(VI) based on Eq. {7) according to the increase in the irradiation rate.

As shown in these results, the most suitable irradiation rate condition was 0.15 w/cm? for the
separation of Np from Pu in the 2 M HNOg solution, which contains 1x1 073 M Pu and Np and also

contains 1x1072 M HAN and HDZ.

{3) Photochemical valence adjustment for coextraction
The experiments on the photochemical valence adjustment for the coextraction of Fu and Np were

carried out using the Pu, Np mixed solution containing the additional reagent of 8x1 0"2 M urea and
1x10"3 Mof Pu and Np in 3 M HNOg. The irradiation rate was 1.45 W/emZ2. The results are shown in

Figs. 4-{a} and (b). As seen in Fig. 4-{a), the absorption spectrum of Np(Vv) at 980 nm disappeared up
to10 mins. irradiation, and only the minor absorption spectrum of Pu( V) at 980 nm remained. Np(V)
was completely photochemically oxidized to Np(VvI). Pu(Iv) was also photochemically oxidized to
Pu(vI) and decreased according to the irradiation time. These resuits indicate that all vaiences of Pu
and Np were photochemically adjusted to the coextractable valences for 30 % TBP/n-dodecane under
the experimental conditions shown in this study. ’



PNC TY8607 97—002

o RANE NSRS 100 ot TG R
2
! 10min Pu:leO’:M /(
Np:1X10°M 1 B .
I Stnin Urea: 8X10°M % 80 S LA =
- HNO_:3.0M
[~ d0min  {| Tem’of sot: 20C .E
M~ eDmin Ira. Rate : 1.45 W/enf s
g 08 Rt $ so N ] =B NO{V)[{ Pu: 1X107M -
g ﬁl 90min —V—NpV)| | Np:1X10°M
g g Gmin Nefy) g — SNV | Urea:8X107M
0s r o ha —&— Pu(lll) HNO. :30M
- Liran a y ?
< 5 a0 b —8—PulV)l | Temnof sol: 20 i —
o a —@—PulVil| | fra. Rate: 1.45 W/em
min
04 Somin_Palvl 5
Smin & Omin : gmin g
02 BulV)/g0min d0min S, motuny-H-96min
PN
U g Pu(ll )minjl y/
0

200 400 500 600 700 800 900 1000 1100 50 .
Wavelength (nm) Time { min )
(a) Change in absorption spectra {b) Change in abundance of valences

Fig.4 Change in absorption specira by photochemical reaction in Pu, Np mixed
3M HNQ, solution containing urea vs. irradiation time

{4) Dark reaction after valence adjustment

In general, there is at least an interval of several hours between the valence adjustment and the
solvent extraction operation during an actual process. If the adjusted valences change during this
interval, the efficiency of the separation or coextraction becomes low. Therefore, it is important to
determine the stabilities of the adjusted valences in a nitric acid solution,

Figure 5 shows the results of the dark reaction, the stabilities of the adjusted valences after stopping
the lightirradiation of the Pu and Np mixed solution containing HAN and HDZin 3 MHNO 3. Asseenin

this figure, Pu(V1) was rapidly reduced to Pu(Iv), and then part of the Pu(Iv} was further reduced to
Pu(m) after stopping the light irradiation. Np( Vv ) was afso rapidly reduced to Np(1v). As shown by these
results, the adjusted valences of Pu and Npin the 3 M HNOg solution containing HAN and HDZ were

not stable. Therefore, in the case of the separation, the soivent extraction has to be immediately
carried out after the operation of the photochemical valence adjustment or be simultaneously carried
out during the lighlirradiation.

Figure 6 shows the results of the dark reaction after stopping the light irradiation of the Pu and Np
mixed solution containing urea in the 3 M HNO4. As seen in this figure, all of the photochemically

adjusted valences were entirely stable after stopping the light irradiation for more than 4 hours. Based
on these results, there is no prohlem for the solvent extraction operation even several hours after the
valence adjustment in the case of coextraction.

3.2 Solvent extraction for separation and coextraction of Np from/with Pu

During or after the light irradiation, the solvent extraction operation was examined using 30 % TBP/n-
dodecane to confirm whether Pu and Np can be separated or coexiracted.



PNC TY8607 97—002

(%6)

Abundance of Pu and Np valences

Abundance of Pu and Np valences (%)

100

0
[=]

Light irra

Dark reaction

1A

KStop of irra.
e

1y

..........

Pu:1X10°M
60 —— Npél‘;) :l/a Np:1X TO-SM ]
- —Fe NplV - _
g | —e—Notvp HAN: 1X10°M
b | —— Pl HDZ: 1 X107°M
—w— g:{'\‘;g HNO,:3.0M s
e Tem. of sol : 20°C

2 - -_h_y/“"

W

0 ———it-———g——0—]
0 60 120 180 240 300 360
Time (min)
Fig.5 Stability of valences of Pu and Np in 3M HNO, solution
containing HAN and HDZ after stopping light irradiation
R . S i
. Light irra. o A,/ top of irra. Dark reaction -
100 = & r:‘ Tr o ——cr ot o—& o =
80 -] w o d L ] L4 L J L [ B
| / . -3
60 B NplIV) Pu: IXID_SM
/ —5— Np{V) Np:1X10°M
1 S N"év')) Urea:8X10°M
—i— Pull .
g HNO, : 3.0 M
40 % —— Pu(VD) Tem. of sol : 20°C
L e
4

Time (hour)

Fig.6 Stability of valences of Pu and Np in 3M HNO, solution
containing urea after stopping light irradiation



PNC TY8607 97—002

{1) Separation

The results of the separation by the simultaneous operations of irradiation and solvent extraction are
shown in Table 5. As seen in this Table, Pu(II) in the aqueous phase completely disappeared after 15
mins. operation. Pu(II) was photochemically oxidized to Pu{1v) and Pu{vI) like the results when only
the operation of the valence adjustment was carried out, and Pu having these valences was then
simultaneously extracted into the organic phase. In the case of Np, most of the initial Np(V} in the
aqueous phase did not change and remained in the aqueous phase depending upon its specific
distribution coefficient in the solvent. About 98 % of the initial Pu(il) was photooxidized to Pu(Iv) or
Pu{VI)and 86.2 % of Pu was extracted into the organic phase during 30 mins. During the irradiation
and extraction, Pu{Iv}in the organic phase gradually decreased, and Pu( V1) inversely increased. This
oxidation reaction of Pu(Iv)to Pu(vI) in the organic phase may be due to the photoexcited nitric acid
species in the agueous phase being in contact with both phases. The clear reason for this
phenomenon must be defined by detailed data obtained in the future.

Consequently, 87.1% of Pu was extracted into the organic phase and 99.8% of Np remained in the
aqueous phase only using one operation of the simultaneous irradiation and extraction.

Table 5 Results of simultaneous operation of irradiation and

solvent extraction for separation of Np from Pu
(a) Abundances of Pu valences in both phases vs, aperation time

Abundance (%)
. Pu : 1.0X1073M
Valence Just before Time of simuttanecus ope. of irra. and ext. Np : 1.0X1073 M
operation - - - HAN : 1.0X1072M
15min 30min 50min HDZ : 1.0X1072 M
Pulii) 704 34 1.5 0.4
Aq. Pu(V) 29.6 8.1 47 30 HNO; : 2.0M
Pu(VI) <0.1 47 7.7 96 Temp. @ 20°C
lrra. rate : 0.15 W/cm?
Pu(lll) <0.1 <0.1 <0.3
Org. Puliv) - 71.5 45.8 26.8
PulVi) 12.2 40.4 80.2
Gross Puin Org. <0.1 83.7 86.2 871
in Ag. 1000 16.3 139 13.0
Crg. / Aq. - 5.13 6.10 6.70

(b) Abundances of Np valences in both phases vs. operation time

Abundance (%)
Valence Just before Time of simultaneous ope. of irra. and ext.
operation

. 15min 30min 50min
Np( IV} <01 <0.1 <0.1 <0.1
Aq. Np(V) 100.0 99.1 985 99.8
Np( Vb <0.1 <0.1 <01 - <01
Np(IV) <0.1 <0.i <0.1
Org. Np(V) - 0.9 1.52 0.2
Np(VI) <0.1 <01 <0.1
Gross Np in Org. <0.1 08 1.52 02
in Aq. 100.0 89.1 985 99.8

Org./ Aq. - 0.008 0.015 0.002
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(2) Coextraction

1, Solvent extraction operation after photochemical valence adjustment

As shown in chapter 3.3, Np{v1), Pu(Iv} and Pu{VI), which were photochemically adjusted in 3 M
HNO5 solution containing urea, were very stable for more than 4 hours even though the light

irradiation stopped. The solvent extraction test was then carried out after the valence adjustment with

the irradiation rate at 1.45 chm_z, using the 1x1 03 Mof Pu and Np mixed solution cantaining 8x1 02
Mofureain3 M HNO3 and 30 % TBP/n-dodecane. The resuiis are shown in Table 6. This table shows

the changes in the abundance{%) of each valence in both the agueous and organic phases at the
appropriate operation time of the light irradiation and of the solvent extraction without light irradiation.

Table 6 Results of extraction operation after photochemical

valence adjustment for coextration of Pu and Np
{a). Abundances of Pu valences in both phases vs. operation time

Abundance(%5)
Valence Photochemical val. adj. time Solv. ext. ime
O min 10 min 15 min 20 min 10min 20 min
PuClll} <0.1 <0.1 <Q.1 <0.1 <0.1 <@.1
Ag. Pu(lV) 82.3 65.3 58.9 53.2 3.5 3.6
Pu(VI) 17.7 34.7 41.1 46.8 79 8.1
PuClll) <0.1 <0.1
Org. Pu(iv) - 36.1 36.8
Pu(Vl) 52.5 51.5
Gross Pu in Org. . 838 88.3
in Aq. ) 14 11.7
Org. / Aq. - 7.77 7.55

{b) Abundances of Np valences in bath phases vs. operation time

Abundance(9s)
Valence Photochemical val. adj. time Solv, ext. time
Omn 10 min 15 min 20 min 10min 20 min
Np(iV) <0.1 <01 <0.1 <01 <0.1 <0.1
Aq. Np(V) 100.0 7.0 0.3 <0.1 77 7.7
Np(V1) <0.1 93.0 99.7 100.0 <0.1 <0.}
Np(IV) <0.1 <03
Org. Np(V) - <0.1 <0.1
Np( V1) g23 92.3
Gross Np in Org. _ 92.3 923
in Aq. - ' 7.7 7.7
Ore. / Aq. - 12.0 12.0
Pu : 1.0X10°3 M HNO5 : 3.0M
Np : 1.0X1073 M Temp. : 20C
Urea : 1.0X1072ZM frra. rate : 1.45 W/cm?
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As seen in this table, Pu(Iv) was gradually photooxidized to Pu(VI)and nearly 100 % of the Np(V)
was photooxidized to Np{VI) after 20 mins. On the other hand, during the extraction operation, 92.3 %
of Np was extracted in the organic phase, and 7.7 % of Np remained in the aqueous phase after 10
mins. The Np valence remaining in the aqueous phase was Np( V), in spite of the complete adjustment
to 100 % of Np(VI) being achieved. This indicates that part({ about 8 %) of Np photooxidized to about
100 % of Np(VI) was reduced to Np{V) during the mixing operation with 30 % TBP/n-dodecane. The
remaining Np( V) in the aqueous phase would be completely extracted into the organic phase byihe
recycling operation of the photochemical oxidation and the extraction.

Based on these data, it was shown that Pu and Np in a nitric acid solution were efficiently coextracted

in 30 % TBP/n-dodecane using this photochemical technique.

2. Simultaneous operation for coextraction

A simuitaneous operation test of light iradiation and solvent extraction
forthe coextraction of Pu and Np was carried out using a Pu and Np mixed solution containing urea.
The results of this test are shown in Table 7.

Table 7 Resuits of simultaneous operation of irradiation and

solvent extraction for coextraction of Pu and Np
{2) Abundances of Pu valences in both phases vs. operation time

Abundance (%) Pu : 10X103M
Np : 1.0X10°3 M
Valence Just before Time of simultaneous ope. of irra. and ext. Urea : 1.0X1072 M
oeration 15min 30min 50rmin
HNO; : 2.0M
Pu(llt) <Q.1 <0.1 <0.1 <0.1 Temp. : 20°C
Ad. Pu(lv) 83.0 1.7 0.9 0.2 frra. rate : 1.45 W/cm?2
Pu(Vi) 17.0 9.1 9.7 100
Pu(lll) <0.1 <0.1 <0.1
Org. Pu({lV) - 33.0 17.1 10.7
Pu(Vl) 56.2 72.3 73.1
Gross Puin Org. <0.1 88.2 894 89.8
in Ag. 100.0 10.8 10.6 10.2
Org./Aq. - 826 843 8.86

{a) Abundances of Np valences in both phases vs. operation time

Abundance (%)
valence Just before Time of simultaneous ope. of irra. and ext.
operation
15min 30min 50min
Ne(IV) - <0 <0.1 <0.1 <0.1
Ag. Np(V) 100 97.2 99.3 100.0
Np(VD) <Q.1 <01 <0.1 <0.1
Np(IV) <0.1 <0.1 <0.1
Org. Np(V) - : 0.9 0.7 <Q.1
Np( V1) 19 <0.1 <0.1
Gross Np in Org. <0.1 238 0.7 <01
in Ag, 100.0 87.2 95.3 100.0
Org./Aq. - 0.03 0.007 <0.001




PNC TY8607 97—002

As seen in this table, the initial valences, Pu(Iv) and Pu(VI}, were extracted into the organic phase
depending upon their specific distribution coefficients, and Pu(Iv) in the organic phase decreased as
Pu(V1) increased according to the irradiation time similar fo the data shown in Tables 5-(a) and 7-{a). On
the other hand, regarding Np, part of the Np(V) was photooxidized and was extracted into the organic
phase. However, the extracted Np(Vi) was gradually reduced to Np(V) and was then reversely
extracted into the aqueous phase despite light irradiation. Therefore, Np(V) in the aqueous phase
gradually increased. This result indicates that Np({v') was not photochemically oxidized to Np(vi) atallin
the case of the simultaneous operation. itis quite different from the result shown in Table 6-(b) despite
the same light irradiation. .

This phenomenon also indicates that Pu and Np can be mutually separated using the Pu and Np
mixed nitric acid solution containing not only HAN and HDZ but also urea in 3 M HNOg by the

simultaneous operation of light irradiation and solvent extraction. This simultaneous operation is,
however, not suitable for the purpose of the coextraction of Pu and Np with 30 % TBP/n-dodecane.

3.3 Photochemical dissolution
(1) Dissolution curve
Ten mg of UG, powder was placed in a quartz cell containing 2ml of a 3M HNO4 soiution. The

solution was then irradiated using the Hg lamp at an irradiation rate of 1.3W/cm @ while maintaining both
the temperature of the solution (at 20+ 1°C) and the homogeneity. Figure 7-(a} shows the results of
the changes in the absorption spectrum of the solution according to the irradiation time. As shown in

this figure, the absorption bands of UO 22“‘ from 410 to 430nm and those of HNO,, as a by-product of
the UQ, dissolution reaction from 360 to 380nm appeared after only 10 minutes of irradiation. These

increases in the absorbances at these absorption bands show the increase in the dissolution fraction
of UO, powder. Figure 7-(b) shows the changes inthe UQ,, dissoiution fractions which are caiculated

by Eq. (1) based on the data of Fig. 7-(a}. The changes in the concentrations of HNO,, according to the
irradiation times are also shown in Fig.7-{b}.
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Fig.7 Photochemical dissolution of UO2 powder in 3M HNOE1 solution at 20°C
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As shown in this figure, the UO , powders were completely dissolved after 40 mins. of irradiation even
at 20°C, with the same amount of HNO o ascompared to that of the dissolved UO, powder which was

produced afteri5 mins. of irradiation. Then, after 30 mins. of irradiation, the amount gradually

decreased,
Figure 8 shows the difference in the dissolution curves, the relationship between the uo,

dissolution fraction and the irradiation time, for the different irradiation rates O{dark reaction), 0.7 and
1.3W/cm2. As shown in this figure, the photochemical dissolution reaction of 10 mg UO 5 powder at
20°C was completed at about 40 mins, and 80 mins. under the irradiation raies of 1.3 and 0.?W/cm2,

respectively. Under the dark condition, the dissclution fraction was 45% after 90 mins. of irradiation,
Judging from these data, the irradiation rate significantly affects the photochemical dissolution

reaction.
Figure 9 shows the results of the dissoiution reaction of 10 mg UO, which were obtained with a
0.7W/cm? irradiation rate at 20°C while varying the concentration of HNOg to 1, 3 and 6M.
The photochemical dissolution reaction in the 6M HNO 5 solution was completed after only 14 mins. at

a0.7W/cm? irradiation rate. The complete dissolution time is about 1/5 of that in 3M HNO 5 solution. As

for the 1M solution, the photochemical dissolution reaction hardly progressed, and the fraction being
only 2-3% even after 90 mins, of irradiation.
The concentration of HNO 4 significantly affects the photochemical dissoiution rate of UO o powder as

seen above.
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Figure 10 shows the resuits of the photochemical dissolution reaction obtained by changing the
weight of the dissoived UO, powder from 1, 10 and 100mg. As shown in this figure, the dissolution

rate become faster in the order of 100, 10 and 1 mg, and the complete dissolution time become
shorter in the same order
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{2) Photochemical dissolution reaction of U0, powder

The dissolution reaction mechanism of UO, powder in nitric acid soiution has been studied by Y.
IKEDA and H. TOMIYASU et al.(€7) using a UO, powder enriched with 170, Additionaliy, X.
MACHURON-MANDARD and C. MADIC(28) studied the dissolution reaction mechanism of PO,

powder using 180.enriched water. In these studies, they concluded that the UO o and PuO, powders

were dissolved through aone or two electron transfer reaction based on the data from NMR analysis.
These experiments indicate thst the dissolution mechanism is by the redox reaction of electron

transfer between asolvent such as nitric acid and UO, or PuO» powder.

Therefore, the standard electrode potentials are important in evaluating the dissolution reaction. The
standard redox electrode potentials of nitric acid, nitrous acid, UO5, PuO, and related ion species

based on severa references(29):(30).(37) are shown in Fig.11.
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related to this study
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in general, if the difference between two electrode potentials of apair of half reactions, 4E, , islarger
than 0.4V, the redox reaction between the pair might easily progress. For example, in the case of the
dissolution reaction of U02 in a nitric acid solution, the difference, A4E, , between the two halfredox
reaciions of NO 3 and U02 isabout 0.5V. Therefore, the reaction will easily progress. However, in the
case of the dissolution reaction of PuO, in a nitric acid solution, the difference in the electrode
potentials, 4E, , is anegative value between these half reactions, Egs.(8) and (8).

NOg ™ +3H* + 2e = HNOo + HoO (E, =+0.94) ———(8)
and
PUO,2+4+ 2 = PuO, (8} (€, =+1.22). ——f(9)

Therefore, in general, we have to heat the nitric acid solution to activate the potential of Eq. (8).
On the other hand, in the case of the oxidation reaction of Np(V) to Np(VI} by nitric acid ion, the
difference between two of the half reactions, Egs. (8) and (10} is also anegative value.

NPO,2* + € =NpOy* (B, =+1.15V) meomrmmmemeeeemnr{10)

Therefore, the oxidation reaction of Np( V) to Np(VI) hardiy progresses at room temperature in nitric
acid sofution, However, Figure 12 obtained in our previous study indicates that the oxidation reaction
of Np{ V) using the photochemical technique easily progresses. This oxidation reaction is thought to

be caused by the photoexcited nitric acid ion, *NCgy” (16) , shown in Eq.(11) below.
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*NOg™+38H™ + 2e — HNO, + HpO
Np022+ +e — Np02+

!
*NOg™+3H* + 2NpO,* — 2NpO,Z* + HNO, + HypO

—(11)

In general, a photoexcited species formed by the absorption of photon energy is more active and has

ashort-lived redox potential in proportion to the photon energy absorbed by the species (32),
Figure 13 shows the relative spectral energy distribution curve of the Hg lamp used in our study.
Figure 14 shows the absorption spectrum of a HNO 4 solution from 0.1 to 3M HNOg. Judging from

both figures, it is acertained that the Hg lamp fight below 350nm photoexcites a nitric acid ion species,
N03“. Based on the above-mentioned photoexcited nitric acid, *N03', the results of the
photochemical dissolution reaction of the UO, powder in nitric acid solution can explained as follows.

lkeda, Y. et al@?) expiained the UG, dissolution reaction with nitric acid as follows:

UO, +2NOg™+ aH* = U052+ + 2NO, (aq) + 2Hp O ———(12)
2NO, (ag) + HpO = HNOg + HNO, SU——C

From Equations.(12) and (13), Eq.(14) is derived.

UO, +NO3 +3H* = UOp2* + HNO, + HoO  ——(14)

Equation (14) proves the production of U022"' and HN02 as shown in Fig.1-(a).

This nitrous acid then dissolves U02 (33).

UO, + 2HNO + 2H = U0,%+ + 2NO + 2Hp0  ~—reeeeeene(15)

Under the Hg lamp irradiation, the irradiation rate and the concentration of nitric acid significantly
affected for the dissolution rate. This is brought about by the increase in the concentration of the

photoexcited nitric acid, (*NOg") . The dissolution reaction of the photoexcited nitric acid is shown in
Eq.(14} asrelated to Eq.(14).

UO, +*NOg ™+ 3H' = UD,2+ + HNO, + HpO  ———— (14}’
2 g +3H 2 2+Hp

Nitrous acid is regeneraied by the catalyzing reaction (33).(34) after the dissoiution reaction according
to Eqs.(9) and (10).

2NO + HNOg + HpO = 3HNO, (16)

As shown in Figure 7-(b), the concentration of the dissolved UG, and the generated HNO, were
equal up to 20 mins. of irradiation time. This is due to the relationship amoung Eqs.(14)',(15) and (16).
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Results similar to those of Fig.7-(b) were reporied by T. Fukasawa et al. (35), After 20 mins. of irradiation
time, the concentration of HNO, gradually decreases mainly due to the decomposition reaction of

HNO, by the light as follows.

lhy
2HNO,

NO +NOg + HoO ————(17)

{3} Effect of irradiation rate on photochemical dissolution rate

Based on the resulis of Figures 8 and 10 obtained by the tests changing the variable leve! of the
irradiation rate, the coefficient of the dissolution rates V{mol - em? . min‘1) for 10mg UG 5 and 100mg
UO,, were calculated by the following Eq. (18) and are shown in Tables 8-(a) and -(b), respectively.

Table 8 Change in photochemical Dissolution rate
depending on irradiation rate

(2) Weight of UOz : 10me

Time for complete

Irra. rate Disso. rate coef. Ratio to dark .
disso.
W/cm2})  {(mo! « cm2 « min™) rate coef. (min)
1.3 3.50 X 1076 14.4 40
0.7 1.05 X108 4.3 78
0.0 243 X107 - 350

Acidity : 3M HNO3, Temp. of sol. : 20°C

(a) Weight of UOz: 100mg

Time for complete

Irra. rate Disso. rate coef. Ratio to dark disso.

(W/cm2)  (mol*ecm™2 +min~1)  rate coef. (min)
1.3 "9.35x1076 8.9 14
0.5 3.00X10°¢ 28 40
0.0 1.05 X107 - 60

Acidity : 3M HNO3z, Temp of sol. ; 20°C
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ADg
V= (18)
Sp x 104 x w/1000

where V: Coefficient of dissolution rate(mol - cm™ « min“1)
A Dy : Slope of dissolution curve obtained in tests at the beginning of
dissolution reaction(mol - min'1)
Sp 1 Specific surface area(m2/g) of UO, powder used in test shown in tabie 2
w Weight of UD, powder used{mg).

In the case of 10mg UO,, the ralio of the coefficients of the dissolution rate,Vy 4 and Vo, and the

complete dissolution times between the irradiation rates of 1.3W/cm 2 and 0W/cm2(dark) was 14.4 and
8.75, respectively, The ratio of the rate coefficienis between Vygand V.7 under 'I.3W/cm2 and

0.7W/em? was 3.3, though the ratio of the irradiation rate was 1.9. Inthe case of 100mg of UO,, the
ratio of the coefficients of the dissolution rate between V4 3 andV, was 8.9. The ratio of the rate
coefficients between V4 g and Vg g was 3.1 though the ratio of the irradiation rates was 2.6.

Thus, the increase in the irradiation rate of the Hg lamp significantly accelerated the photochemical
dissolution rate of UO, powder in 2ml of a 3M HNO4 solution at 20°C, although the effect of the

difference in the irradiation rate for 100mg of UO,, dissolution was smaller than that for 10mg.

{4) Effect of concentration of HNOg4 on photochemical dissolution rate.
Based on the resuits of Figure 9, obtained by the tests changing the level of the HNOg concentration

from 6M, 3M to IM under an irradiation rate of 0,7W/cm2. the coefficients of the photochemical
dissolution rate were calculated and are shown in Table 9.

Table § Change in photochemical Dissolution rate
depending on concentration of HNO,

Time for complet
Conc. of HNO,  Disso. rate coef. Ratio to dark © plete

disso.

(M) {mol « cm™2 * min™1) rate coef. {min)
6 420X103 3.0 14
3 105X 10°€ 4.3 75

1 1.17X1078 - -

Weight of UO, : 10mg, lrra. rate : 0.7W/cm?, Temp. of sol.: 20, - : No mea
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As shown in this table, the ratio of the rate efficients between 6M and 3M HN03 i540.0 though the
ratio of the acidity is only 2.0. The ratio of the rate coefficients between the photochemical dissolution
reaction at 0.7W/cm? and the dark reaction under 6M HNOg is 8.0. The ratio of the coefficients of the
photochemical dissolution rate at 6M and 1M HNO4 is 3580. Thus, the effect of the concentration of
HNOg on the photochemical dissoiution reaction is clearly more significant than the effect of achange

in the irradiation rate.

{5) Change in photochemical dissolution rate depending on weight of UG, dissolved
How much UO , powder can be photochemically dissolved in adefinite volume of nitric acid solution

is an important point for evaluating the applicability of this technology. Especially, as the penetration
ability of-the light is weak, and the transmittance of the Hg lamp light into the 1cm square
spectrophotometeric quartz celi containing 100mg UO,, powder in 3M HNOg solution is only 1%.

Atthe beginning of this study, we doubted whether aweight of as much as 100mg of UO , powders
can be photochemically dissolved in an amount as small as 2ml of 3M HNO4 was in fact possible.

We, therefore, examined the photochemical dissolving ability by changing the weight of the UO,
powder, Figure 10 shows the resulis when 1, 10 and 100mg of the UO, powder were photochemically

dissolved in 2ml of 3M HNO3 solution under the conditions of an irradiation rate of 1.3chm2 and a

solution temperature of 20°C.

Based on the results of Figure 10, each coefficient of the dissolution rate, the time for compiete
dissolution and the ratio of the rale coefficient to the dark reaction are shown in Table 10. As shown in
this table, the dissolution rate for 100mg UO, in 2ml of 3M HNO4 solution, which is a suspension

rather like a concentrated mud solution, is the fastest of the three variable levels. The ratio of the
coefficient of the dissolution rate between 100mgand 10mg U0, is 2.7.

Furthermore, the ratio of the time for the complete dissolution of 100 and 10 mg of UO, is 0.35.

Table 10 Change in photochemical Dissolution rate
depending on weight of UO,, powder dissloved

i Time for complet
Weight of UO,  Disso. rate coef. Ratio to dark me mplete

disso.

{mg) (mol * cm™2 - min~!)  rate coef. (min)
100 935 X106 89 14
10 3.50X106 144 40

1 : 6.78 X107 - 105

trra. rate : 1.3W/cm?, Acidity : 3M HNO,, Temp. of sol. : 20, - : No mea.
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Thus, inthe range of 1 to 100 mg, itis concluded that the larger the amount of UO o powder, the faster
the UO, powder dissolves. Although more detailed experiments and evaluations are required

hereafter for more precise and quantitative estimations, the reasons for this phenomenon are
considered nevertheless to be as follows:

« The larger the amount of UO, powder suspended in the nitric acid solution,

the greater the probability of a collision between the photoexcited nitric acid
species and the UO, powder is during the photoexciting state, the faster the

UO, powder dissolves,

- The larger the amount of UO, powder suspended in the solution, the higher the
concentration of nitrous acid generated due to the dissolution reaction is and
also the faster the UQ, is dissolved by the generated nitrous acid.

+ The catalytic effect of U022+ promotes the dissolution reaction of UG,
powder(ss)' (36)

4. Conclusion

As advanced Purex technologies, separation and coexiraction of Np from/with Pu in a mixed nitric acid
solution and effective dissolution are needed in anew nuclear fuel cycie technology in the future.

The results of this study indicate that photochemical techniques for the separation and coextraction
of Np from/with Pu, which invoive the valence adjustment followed by solvent extraction, and the
dissolution atroom temperature have much potential for the above-mentioned purpose in principle.
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ABSTRACT

la this study, we hove accomplished for the first time the photochemical valence odjustment of Py and Np for the
separation and coextraction of these elements in a ntric acld solution using UV light irradiation. Also, the separation and
coextraction of Pu and Np were substantiated in principle by the solvent exiraction using 30% TBP/n-dodecane after o
during the photochemlcof valence adjustment. By anly one photochemicol seporation operation, about 86% of Pu and about
99 of Np were distrivuted into the organlc phose and the aqueous phase, respeciively, and then by orly one photochemicai
coextraction operation, chout 86% of Pu wos distributed together with about 99% of Np into the some organic phase.
Based on these experimental data, we determined that the phatachemical oxidation reaction was due to the photoexcited
nitric acld species, "NO,™.

To confirm the strong oxidative ability of this species, the phorochemical dissolition tests of UQ, powder in a niiricacid .
solutton by UV light irradiation were carried out. The irradiation rate and the concentration of nitric acld solution significantly
aftects the photochemleal dissolution reaction, we have aiso accomplished for the first time the photochemical dissalution of
U0, at room temperature.

1. INTRODUCTION

Recent studies of actinide elements are mainly concerned with the recovery and incineration of
long-lived nuclides in order to reduce the environmental impact of the disposal by reutilizing useful
nuclides in the high-level radioactive waste. Advanced nuclear fuel cycle recycling minor actinides in
aqueous process is considered to be future technology, which demands an effective and selective
separation or coextraction technique. On the other hands, most nuclear fuel reprocessing plants have
been adopting the PUREX process technologies. Uranium(U) and plutonium(Pu) are recovered and
refined with a high recovery efficiency. Neptunium(Np), however, is distributed on both sides of the
nuclear fuel production and highly radioactive aqueous waste. This phenomenon is caused because of
the difficulty in valence adjustment of Np using various chemical reagents in nitric acid solution()-(3).

It is generally supposed that photochemical techniques offer a potential for selectivity in systems
where chemical methods offer little selectivity, Further application of photochemical techniques will
reduce the large volume of chemical reagents, process solution waste, organic solvent degradation
and damage of the process equipment because of the without using strong oxidative reagents such as
NOx gas, or high temperature. From that point of view, photochemical studies of U, Pu and Np
have been carried out for separation and reprocessing techniques mainly in the USA. These studies
can be divided into several categories which are the studies for the Photochcmical behavior of nuclear
fuel®®), Np®)-(2) and photochemical reprocessing technologies*3-(1%), These studies, however,
only describe the fundamental photochemical behavior of these elements' valences.
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We report the results of the quantitative photochemical separation and coextraction experiments of
Pu and Np, and discuss the mechanism of the photochemical redox reaction. Based on the results,
we have also attempted to use the strong oxidative ability of photoexcited nitric acid species, *NO;~
(18) for the dissolution reaction of UQ, powder at room temperature.

2. EXPERIMENTAL

2.1 Apparatus and analysis

As the light source, a super high-pressure Hg lamp (WACOM Co., Ltd. BMO-250DI) was used in
the wavelength range of 250 nm to 600 nm. The maximum output intensity was 1.5 W/em?2. Two ml
of the test solution was placed in a lem square quartz cell generally used for imradiation tests and
photospectrometry. The homogeneity and temperature of the test solution were kept at 20°C using an
clectric temperature stabilizer and a magnetic stirrer during the tests. The valences of Pu and Np in
nitric acid solutions were analyzed using a spectrophotometer (Shimazu UV-1200).

2.2 Experimental procedure
(1) Photochemical valence adjustment and solvent extraction

The Pu stock solution was previously refined using an anion exchange column, americium(Am)
was removed from the solution. The concentration of Pu and Np in the stock solution was calculated
using its specific « -radioactivity obtained by mass spectrometric analysis and the data obtained by «
-ray counting method. The test solutions of Pu and Np mixed nitric acid solution containing
additional reagents such as hydroxylamine nitrate(FAN) and hydrazine(HDZ) or urea were prepared
about 10 minutes before the start of the light irradiation tests. The concentration of Pu and Np were
1.0x1073M, additional reagents were 1.05102M. For the separation experiments, the initial valences
of Pu and Np, which simulated the partition process condition of the reprocessing, were previously
adjusted to Pu(Il) and Np(V) using HAN and HDZ. For the coextraction experiments, the initial
valences in the test solutions containing urea were Pu(IV, V1) and Np(V). Furthermore, their valence
behavior was also examined under no light irradiation (dark reaction) for the comparison to that under
the light irradiation. In these tests, the experimental variables included the irradiation rate (0, 0.05,
0.15 and 1.45 W/cm?) and the concentration of HNO4 (0.4, 1, 2 and 3 M).

After or during the light irradiation, solvent extraction operation was examined with 1 ml of 30%
TBP/n-dodecane from 1 ml of the Pu and Np mixed nitric acid solution in the quartz cell. For the
separation experiments, light irradiation and the solvent extraction were then started simultaneously,
because the adjusted valences of Pu and Np in the HNO, solution containing reductants are not stable
after stopping light irradiation®”). For the coextraction experiments, the solvent extraction operation
was done after or during the photochemical valence adjustment using the 3M HNO; solution
containing Pu, Np and urea.

(2) Photochemical dissolution
UO, powder and 2ml of a nitric acid solution are placed in a normal cell used in photospectrometry,
the solution is then imadiated®. The photochemical dissolution fraction of the UO, powder is
calculated by the ratio between the absorbances Ai(absorbance at time 1) and At(absorbance at time t
of the complete dissolution time) of UO,2* at 425nm and an arbitrary time i and t. The concentration
of nitrous acid, HNO,, a by-product of the UO, dissolution reaction, is also determined by the
-absorbance of the test solution at 370nm and a calibration curve which is obtained by analysis of
standard concentrations of HNO, from 1.0x10°% to 5.0x102 M. The experimental variables are the
irradiation rate whose levels are 0, 0.7 and 1.3W/crn'2, the concentration of HNO, whose levels are
1, 3 and 6M and the weight of the UO, powder whose levels are 1, 10 and 100mg.
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3.RESULTS AND DISCUSSION

3.1 Photochemical valence adjustment
For Pu and Np in a nitric acid solution, the extractable valences are Pu(Ivand VI) and Np(IVand V1),

while the inextractable valences are Pu(Ml) and Np(V) with 30% TBP/n-dodecane®. 1t is the
purpose of this study to defermine whether the photochemical technique can adjust the valences of Pu
and Np to suitable valences for their separation or coextraction. Therefore, three kinds of
photochemical tests as follows were carried out.

(1) the examination of the photochemical behavior of Pu and Np valences in the nitric acid solution

without addition reagent,
(2) the valence adjustment for the separation of Np from Pu, and
(3) the valence adjustment for the coextraction of Np with Pu.

(1) Photochemical reaction of Pu and Np without addition reagent

Figure 1 shows the results of the photochemical reaction of Pu and Np in 3M HNO; solution
containing no addition reagent. About 85% of Np(V) decreased and was oxidized to Np(VI) within
15 mins. This oxidation reaction is thought to be caused by the photoexcited nitric acid ion, *NO;"
(16),(201(21) | shown in Eq.(1) below. '

» The oxidation reaction of Np(v )—Np(V1) by *NO,-
*NO.- + 3H* + 26 — I-]NO2 +H,0Q,

Np022+ + B — Npozé’ 67 3 T El
! . & 1min. i "
Q. i . + o
*NO;- + 2NpQ,* + 3H* — 2Np0,2* + HNO, + H,0 BN N i
———— (1) 0.5 T HNO, :30M
\ T remat i
Ira. Rate ; 145 Wiem'
After that, the reverse reaction of Np(vi)— | JF ogh v
Np(V) progressed predominantly, and then 1}, O s .
Np(V) gradually increased. This phenomenon \ \
is caused by the relationship between the 02 o
oxidation reaction of the photoexcited nitric acid \\ prbey
jon, and the redox teaction by nitrous acid(2» = \&i L ami ]
24 of the photolysis product ,shown in Eq.(2). N ] Lol
30 400 L] 0 w0 500 o0 1000 1100
+ The reduction reaction of Np(v)~Np(V} by HNO, Wavekogh ) ,
Npo 2+ 4@ Npo + Fig.} Change in absorption specwa by photochemical reaction in Pu, Np mixed
2 27 3M HNO, soluion containing no additional reagent vs. irradiation time

'NO;- + 3H: + 22 = HNO, + H,0,
{
2NpO,2¢ 4HNO, +H,0 — 2NpO,* + NO, + 3H+
———0

Pu(Iv) is also photooxidized to Pu(VI) by the photoexcited nitric acid species and a part of the
Pu(V1) is reduced to Pu(IV) by nitrous acid®®. Therefore, for the complete valence adjustment using
the light irradiation, reagents which decompose nitrous acid such as HDZ®% or urea®® should be
added to the solution.

(2) Photochemical valence adjustment for separation )

Table 1 shows the results of values of the average photochemical reaction rate changing the
irradiation rates at the concentrations of 3M HNOj;. From the comparison among each variable level,
it was found that the photooxidation rates of Pu(Il )—Pu(IV) and Pu(1Iv)—Pu(VI) became faster, and
then the reducing reaction of Np(V)—Np(IV) became inferior compared to the photooxidation
reaction of Np(V)~Np(VI)according to the increase in the irradiation rate. The reducing reaction of
Np(V)~>Np(IV) and the oxidation reaction of Np(V)—Np(V) arc shown in Egs.(3), (4) and (5),
respectively.
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Table 1 Change in phorochemical reacticn rate according 10 increase in iradiation rate Tabis 2 Chznge in photochemical reaction rute according 1o increass in acidity

hﬂﬂﬁhﬂ Avenge photochemles] reaction nate { mol / min)* A:idky(HNO:) Avenge photochemica) resction rate { mot / mdn)*
(Wiem?) Po(l)~Po(V)  Po{MPuM)  Np{VI*NRIV) Np{Vi-+NgW) 0 Pulll}=Po(lV) PRV} NpCV - Rp(V) Np(V)—Np0M)
005 733X10% 9591077 9.13%107 . 04 107%10% 676X 107 -
015 129%104 137%10€ 206X10% . 1 s38%10% £10X%10¢
145 $52:10% 155X 10 - 180%106 3 121%10°% 107%10€ -
. Ampiao?:mﬁzl:?m ate wss ealculated as pat of change valod onof 3 129X 1073 137%10% 206%10%
n Lme. . n -
Cew n[‘::L mﬁ =1X107 :mwm:_ [HAN] and [HDZ] = 1 X102 M, Irri. rate = 0,15 Wiem2, " g:?ﬁ;m:ﬂ umtmm rie was aleled s o of hange e fs onexssaion of
: 5 {Pu} and [ip] = 1 X 10" molidm®, [HAN] and (HDZ) = 1 X102 M, s ate n 0,15 Wicm %,
~: Caa pot be observed.

« Reducing reaction of Np(V) by reductants

4NpO,* + 10H* + 2NH,OH* — 4Np* + )N,0, + 8H,0 ——— 3
4NpO,* + 11H* + NyHt  — 4Np** + N, + 8H,0 ———— @

+ Oxidation reaction of Np(v) by the photoexcited nitric acid species, *NO,~
*NO,- + 2Np** + 3H,0 — 2NpO,* + HNO, + SH* ————— (5)

The results of the values of the average photochemical reaction rate changing acidity at the

irradiation rate of 0.15 W/cm? are shown in Table 2. The increase of the acidity hastened the
photochemical reaction rate of Pu(IV)—Pu(VI). In the case of Np(V), the reducing reaction occurred
at the concentrations of 3M HNO,, all of the results at lower than 2M HNO; did not change.

As shown in these results, the most suitable condition for the separation of Np from Pu was

irradiation rate 0.15 W/em? in the 2M HNOj solution, which contains 1x10® M Pu, Np and 1x10°
M HAN and HDZ (Fig. 2). '

ASaaE e 180 Py
' | gl ] —B—rpav)| | [ meeixi0te
“ Pui1X10 M TR NV | | mpraxae’
: 3430t ; —_—N, R
Np:1x10° M i Dusin - e — HAN: 1 X104
HAN:1X107 M < | | M
05 HDZ:1%X10" M T —— VD) BNO, 1204
- . ] Tem. of Sl 20T
HNO, :20 M g ] ° ]
§ Tem, of Sol : 20'% . Pl Trre Rate 1 0.1 Wem 3
'é e, Rate 3 0,15 Whem® z
2 3
304 ;e
ootla - 5 /\
. . )
30 o M
- \ I'mm - — i ¥ \/./
" 1v) 3 ; % 20
[ PN} ¢ 07 %0mia Sipia ; 2 “\\“
! - I Oaia )
2 Fe A o=t g o ’ &
B0 M0 S0 60 MO B 9 1000 110 0 10 b ] 10 '] &
Vavelengh (bm) Time { min )
(2)Change in absorption spectrz (b) Change in abundance of valences

Fig.2 Change in Pu and Np valences by photochemical reaction in 2M HNO; containing
HAN and HDZ vs. irradiation time

(3) Photochemical valence adjustment for coextraction

The result of the photochemical valence adjustment for the coextraction of Pu and Np are shown in
Figure 3. As seen in Figure 3-(a), the absorption spectrum of Np(V) at 980 nm disappeared up to 10
minutes irradiation, Np(V) was completely photochemically oxidized to Np(VI). Pu(IV) was also
photochemically oxidized to Pu(VI) and decreased according to the imradiation time. These results
indicate that all valences of Pu and Np were photochemically adjusted to the coextractable valences

for 30% TBP/n-dodecane under the experimental conditions shown in this study.
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Fig.3 Change in absorption spectra by photochemical reaction in Pu, Np mixed
3M HNO, solution containing urea vs. irradiation time

3.2 Solvent extraction for separation and coextraction of Np from/with Pu

The solvent extraction operation was examined to confirm whether Pu and Np can be separated or
coextracted.

(1) Separation
The results of the separation by the

simultaneous operations of irradiation and solvent
extraction are shown in Table 3. As seen in this _ o
Table. Pu(m) in h 4 h o letel Table 3 Results of simultaneous operalion of irradiation and

_a = Ll( ) m ¢ aq.uco s P asc_ mpletely solvent extraction for separation of Np from Pu
disappeared after 15 minutes operation. Pu(li) (0 Abundcoss o P viaems b s v onmin e __
was photochemically oxidized to Pu(IV) and i

Pu( V1) like the results when only the operation of i o bt T“"‘m‘““‘“”“"i"'-"'““"
. . min Amin S0min
the valence adjustment was carried outf, and Pu ) — T v o
having these valences was then simultaneously As. PuV) 16 a1 47 10
extracted into the organic phase. In the case of o - paid 2
Np, most of the initial Np(V) in the aqueous o PV . ns 458 %9
phase did not change and remained in the aqueous Fe¥) 122 404 €1
- . . . . . Gross Py i Org. <0.1 23.7 86,2 871
phase depending upon its specific distribution ey 1000 63 o 150
coefficient in the solvent. About 98% of the initial O /AT - 513 510 &0
Pu(m) was photOOXidiZCd to. PU(N) Or Pu'(v.‘[) and (b} Abundances of Np valenezs i both phases va, apertion time
86.2% of Pu was extracted info the organic phase Abmosiancs (7}
during 30 minutes. During the irradiation and Wem  getbedors  Tioe of smlanaos ope. of . md ext
extraction, Pu(Iv} in the organic phase gradually - s i oein
. . . Np(¥) <01 <0.1 <0.1 <0.1
dcgreal.scd, and 'Pu(VI) inversely mcrcasad.. This a NRV) w00 o s o8
oxidation reaction of Pu(IV) to Pu(Vl) in the Ne®) @ 01 o
organic phase may be due to the photoexcited o ) o o -
nitric acid species in the aqueous phase being in NpW) <01 <01 <01
contact with both phases. Consequently, 87.1% O o b 0 <01 07 152 02
. N - 1coe 9.1 %a.5 9.8
of Pu was extractgd into the organic phase and rye - — Sors —
99.8% of Np remained in the agqueous phase only X
. * ; . Pu: LOXIO®M ENOy @ 26M
using one operation of the simultaneous Ko s 10%10% 3¢ .
irradiation and extraction. HANHDZ : 10X 102 M lers e : 0,15 Wlem?

(2) Coextraction

1. Solvent extraction operation after photochemical valence adjustment

The results of the solvent extraction for the coextraction are shown in Table 4. As seen in this table,
Pu(Iv) was gradually photooxidized to Pu({VI) and nearly 100% of the Np( V) was photooxidized to
Np(V1) after 20 mins. On the other hand, during the extraction operation, 7.7% of Np remained in
the aqueous phase after 10 minutes. The Np valence remaining in the aqueous phase was Np(V).
This indicates that part (about 8%) of Np photooxidized to Np(VI) was reduced to Np(V) during the
mixing operation with solvent. The remaining Np(V) in the aqueous phase would be completely
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extracted into the organic phase by the recycling operation. Based on these data, it was shown that
Pu and Np in a nitric acid solution were efficiently coextracted in 30 % TBP/n-dodecane using this
photochemical technique.

2. Simultaneous operation for coextraction

A simultaneous operation test of light jrradiation and solvent extraction for the coextraction of Pu
and Np was carried out using a Pu and Np mixed solution containing urea. The results of this test are
shown in Table 5. As seen in this table, the initial valences, Pu(Iv) and Pu(VI), were extracted into
the organic phase depending upon their specific distribution coefficients, and Pu(Iv) in the organic
phase decreased as Pu(VI) increased according to the irradiation time similar to the data shown i
Tables 3-(a) and 5-(a). On the other hand, Np(V') was not photochemically oxidized to Np(VI). Itis
quite different from the result shown in Table 4-(b) despite the same light irradiation.” This
phenomenon indicates that the simultaneous operation is not suitable for the purpose of the
coextraction of Pu and Np with 30 % TBP/n-dodecane.

Table 4 Results of extraction operation after photochemical Table 5 Results of simultanecus operation of irradiation and
valence adjustment for coextration of Pu and Np solvent extraction for coextraction of Pu and Np
{2)_Abundaeoss of Pu valences n both phases v3. coention e (a) Abundaness of Pu valences ks both phascs vs, cpcrtion tme
Abundance{%) Abundanes (%)
Valencz Pookachemical val. 34j. time Solv. ex. tmz Valaue Tust before Time of slmultancous ope, of i, md ext.
G mla 10 min 15 min 2 min 10 min 2 min PRtk - -
19min Lmin SCmin
Puliny <0.1 <0.1 <01 <0.1 <0.1 <01 Facil) Yy <01 o1 o1
Aq. Pu(V) 823 653 589 532 13 16 Aa PucVy P 17 09 02
PufWi) 17.7 347 4Lt 465 7.9 8.1 PugW) 110 o1 o7 100
Polll} 0.1 <0.1 P Py 01 <01
O RN} - 361 368 Oz PV . 1o 171 102
PuM) 52.5 515 Pu(¥) ' 56.2 T3 9.1
Gross Py 1 O . 8.6 823 Gross Pu in Org. - <0.1 W2 89.4 B3.8
b Ag. 114 117 & Ag, 100.0 10.8 106 10.2
Org. / Ag. - .77 7.5 Op/Ad. - 826 843 £.86
(b) Abuadances of Npy valenees in bath phases vs. coenition tine (z) Abundances of Np valesesy in both phases vs. openatios B
Amrrdance(%) Aurdance (%)
Valencs Protochamical val. adj. tisce Sclv. ext, time. . Just oo Time of simu! ope. of imn. sad ext,
Omn  Wmin  Smh Demisc  Om 20 mis porath
) 0. @1 <01 @1 <01 0.1 1Smin Xomin S0ain
A NY) 1000 70 03 .1 72 2.1 Hp(V} <0.L <. <01 0.1
Np(VI} <01 9.0 93 1000 <01 <0.1 A NR(V) 100 2 9.3 100
o) 1 = Np(¥1) <01 <0.1 0.1 0.1
ey NV} . <01 <01 Np(lV) <0.1 «0.1 <0.1
Ne(¥) 0. a3 Orz. :z::; . o.: 0.7 <0.1
. 1 0.1 0.1
Orcas Np 5 Org. : §2.3 23 (
b Ag, - 27 7.7 Chross Np fa Org. <0.1 8 0.7 <0.1
— ™ o A, 100.0 9.2 99.3 100.6
Org /A2, - 129 a Org /. N 003 0507 0,001
: 10x103 5 3
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S:’n ‘:o:'u_:‘ Temp. of ”'“m . Np 1 LOX107 M Temp of s0l ¢ BT
§ BOX1TM lrra. mate 2 143 Wom Ura : 8.0X102M Ime. pie 1 145 Wi

3.3 Photochemical dissolution

In general photochemical reactions are caused by a higher redox electrode potential of the
photoexcited species than that of the ground state species, we have considered that the photoexcited
nitric acid species, *NO,", contributed most effectively to the oxidation reactions of this study. -
Based on the results, we have also attempted to use the strong oxidative ability of *NO;" for the
dissolution reaction of UO, powder at room temperature. _

Figure 4 shows the results of the dissolution reaction of 10 mg U0, obtained with a 3M HNO,
under various irradiation rates at 20°C. As shown in this figure, the irradiation rate significantly
affects the photochemical dissolution reaction. Figure 5 shows the effect of the concentration of
HNO; to 1, 3 and 6M on the dissolution reaction of 10 mg UQ, which were obtained with a
0.7W/cm? irradiation mate at 20°C. The concentration of HNO, significantly affects the
photochemical dissolution rate of UO, powder. The results of the dissolution reaction of the U0, in
nitric acid solution can explained as follows.
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Tkeda, Y. et al®8) explained the UQ, dissolution reaction with nitric acid as follows:

UO, + 2NO,- + 4H+ = UO,?* + 2NO,(aq) + 2H,0 ——r ——(6)

2NO,(aq) + H,0 = HNO, + HNO, (
From Equations(6) and (7), Eq.(8) is derived.

UO, + NO," + 3H* =UQ,2 + HNO, + O ———memv {8)
This nitrous acid then dissolves UQ, @7,

UO, + 2HNO, + 2H* = UO,2* + 2NO + 2H,0 ——rremmemm ©
Nitrous acid is regenerated by the catalyzing reaction®”>(28) after the dissolution reaction according to
Egs.(9) and (10).

~ 2NO + HNO, + H,0 = 3HNO, (10)

Egs.(8),(9) and (10) proves that concentration of the dissolved UQ, and the generated HNO, of dark
reaction were equal in Figure 4. On the other hand, the irradiation rate and the concentration of nitric
acid significantly affected for the dissolution rate. In our previous study, the concentration of
photolysis product of nitric acid, HNO, is about 1/10? that of HNO, generated by UO,, dissolution,
and don't increase as the concentration of nitric acid. In this dissolution reaction of UQ,, therefore,
the photoexcited nitric acid species, *NOj", contributed most effectively.

The dissolution reaction of the photoexcited nitric acid is shown in Bq.(8)" as related to Eq.(8).

U0, + *NO,” + 3H* = U0t + HNO, + H,O ————- @®)

Egs.(8)',(9) and (10) also proves that concentration of the dissolved UQ, and the generated HNO,
were equal. The initial concentration of the test at 1.3W/cm? irradiation rate in Figure 4 and the test in
the 6M HINO; in Figure 5 are shown. The concentration of HNO, gradually decreases mainly due to
the decomposition reaction of HNO, by the light as follows.

{hy

ZHNO, ~—————> NO + NO, + H,O ~meemmrmeee ehy!

2

4. CONCLUSION

We should think the total environmental cost and impact of the nuclear fuel cycle technology more
important than each process efficiency, the PUREX reprocessing process should be developed more
safe and economical technology. The results of this study indicate that photochemical techniques for
the separation and coextraction of Np from/with Pu, and the dissolution at room temperature are
effective for the reprocessing techniques in principle. Therefore the photochemical technique have
much potential as an conventional and advanced technology for the purex process.
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EFEBRTHVWEEEZEZ 3. IICART. 8. crvptand(2.2.2)(
T ocryp222), EWT TP HEU T RTEBRICE DS 4 ABREN
F.CmOEEHE. L " O REPHEELTRAVWE., 52, &F
HE,. SRR LVANVEBFOREREZER L UREBEEETR L,

Crvyp222
e In“lOBWRIBEEIN TSN ANV EOERES TR N

o

e
oo
s
3
ji=d
i
i

@
i
faal
i
T

Eu?”

e Cm™ L FENHEEINRLUL TR I EBAENTWVS, (2B
KB CmORBETERGCGATHEI2N . CAABEFRENSE K T
WEXZHFLLTL., T Ln*d@#RERICLIEROST b

BCAEEVLEDDPAFHNFETOLHFIPRETHS. 20O~

H—-—BEILGCGAdREDBSFAWNVWEINCmMOFEEHEEL THLS RN
T3, )
Tb3+
e ThixalndORHIzBL., LnOEEE2B3BSLFHRETE >,
e Fucd il nwEBXZEDI AN TEYN, B IARY

PIVIZL 29N TH D,



PNC TY8607 97—002

ERETROWERE

it & % A= 71— Cat No. Lot No.
Eu(NO,), - 6H,O KANTO 14605-33 70651039
Tb(NO,), - 6H,0 KANTO 41008-23 310N1201
Cryp222 MERCK 810647 53317864
P,0O; KANTO 32196-00 70951806
(COOH), (= K) WAKO 150-00455 ECR1819
CH;CN (& 7k ) KANTO 01837-05 80851605
CH;CN(=2XBEH) KANTO 01031-3B 01031-3B
CH(OCH,), KANTO 25306-00 80454105
CH,CH,0CH,CH, WAKO 055-01155 | KCL2377
HO(ZXRzEA) KANTO 11307-3B 804R3509
D,0O MERCK 13366 Kg06407
H,S50, WAKO 192-04696 KCRE6762
HNOQO, WAKO 1453-01326 LEF4648
Nujol MERCK 71061 K22214261

DSS MERCK MX-1061 D-2277
EuRFEFE g KANTO 14576-1B 807359173
ThbEERFE KANTO 40857-18B 80259146
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3.2 Ln(l)-cryp222 FE&HE O &5

HEDERIE., EROEZETERTZIAHDILELF 25—y —
TERBELEY Y I ALV -—REEEZRINTEASEEBLEHELT
BREOFBEPINZERTIIEINENDT> . SBFEEZ L
TKIRT .

1) Ln(NO,); - 6H,0% 3.0mmol 2 EET 5.

)P0 R AN ALEF V5 — S — S TIBHEREE 5.

3) 2)2 500ml=DX 73 AAKAANS,
4) 3)iz acetonitrile (B k)% 400ml 2 M A . EHT 5.
MK ELF a5 — 2 — T(WAKOM4A,1/16)2 FHE LY v & 2
L-HBHBZEZRDLHT, EZ2EELTTLASEHNERTT 3.
6)cryp222 % 4.0mmol Z & L . acetonitrile(§d <)% 50ml iz &
ET 5.

7) 50 6)F M A . trimethyl orthoformate #) 2ml# M % 3.

)N EVFadg—2—T2FHBELAEYVYZAL—BHEEEED
FU., EEFEBEETT24EBMERT 5.

9) MEME A>T 5> 7 4% —(MILLIPORE:GVHP 025-00)
TRWVWTIEBRT 3.

10NOBEZD—F ) —INEL—F—2FLTHS0mMET

3

st

f’)‘r

(i
g

12) —

o
>
S
\I
\J
\J
\;
\J
AL
S
<
Ny
I
30

13) #&

-87—
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14) @& Z P02 ANEEEF Vv y -5 — v T—@HERx ¢
D

15) 14) % acetonitrile(fi & )% 200mlicER T 3 .

1) O=F ) —INRUL—F—Z2HBVTHSMIETEET 3,

17) —AMEE

18) &% A > L

19) &2 PO AN EEF O r—y - Tt—BH%RE R
D .

20) 15)-19)% 3. 4@EDET,

SIKNERFIBEOT70 - — 2 B3 2AEEBRZ X 4

|

>

~ 9

-]
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[n(NO3l)3 - 6H»O #J3.0mmol
EET -5 -2 TERGBED

crvp222 #54. 0mmol

200mMl=DX TS5 A3
<—— CH3CN #5400ml
o CHgCN #50mHZiERE
Vo I AL —HE S TASERER(EZEZEBELT)
<
- CH(OCHg)3 #2ml
Y/ /07\1/—%5:5%% ABSHEN(EESZEHET)
"k (%/77/7»()&&*)
zf‘fﬁﬁzoOmli (00— Y —INRL—&F—)
< CI‘IgCHzOCH2CH3
BHE(—EH)
WA TS T4 5 —)
HER2ELEF Uy —& - TEE(—ER)
<
CHﬂC\I 2200mliTiERE
B3 50mIE THA(D—5 U= TARL—F—) 3 AR DET
EE&R (AR
EH(A TS T 4N )
EREBRET I — 4 -2 TERER(—ARM)
Ln(ll)-crvp222&F &8
B 3.1 Ln(I)-crvp222 BHESWRE=WEOT 02— b
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Vi

Y ' Yoy 7 A L—
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(B E2AY)
dry No
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0 TR e —8—

2 3.2 Ln(ll)-cryp222 FHEESREBEK



PNC TY8607 97—002

3.3 Ln(ll )-cryvp222 & DEE
3.3.] CHN T EZ 9 %

ENEE0HEAEABRIEETN3RE. KEBIUEZDEF=E
(wt.%)DhHzEfE=HWEFRICEELRE., Yy >>7IVEE Eu-
crvp222 §£4 ., Tbh-cryp222 & & d»ITH0.3¢gTH .

ﬁ’j\ *ﬁ. 49),50)

(VB
[h]
[N
fiml
]

ik
Jajn
P
2t
=n

EEODSRBSER (W% E L UEETLEEIL L3

TRELL. DIHFFIEZULTICRT .

1) Ln{l)-crvp222 8 &8 0.3g 2T BT 2.

2)1)%2%%%’%%‘]50m1@:?«"’§ L. 80CETH&RT 3.

T

3) BB A EARKBSEYSSmIZEELSAMNSCUHU LTSN
FH W< D EMAD,

>
4) —BBH L., LR ZRESED.

5) EEo W AER (Whatman 540)Eﬁﬁb>"€ﬂﬁi@'§‘éo
)OI ZEEHRLAESEDEHEHI DBICEELIEANS.

7) N—7—THmB&LK{ELSE D
8) EEF (YAMATO FP-21)R i BWVW T S00C T30l =ET 5,
T 5.

il

9) Fro -y -—mTHRAEL. F
10) EEEABETE).DELDET,

ININDEE»S 2 D2ENVEEZ3 Wiz Ln(ll)E £ (Eu
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TREWLO, TbTRTh,O)DERB L LIHEDPDLES 5 =

TEET 3,

RISKAHFEWMOT7IO—-— 2 FT,

» 5N
'zmﬁ%mm@%u‘fwm@ﬁ¢®me%g%MP%%ﬁ%
%

Fﬂ
E)"
r

M
i1
9
3

& E(PERKIN ELMER: OPTIMA 3000) T &
G%Eﬁ%”mt%%ﬁﬁbt°§§®’ EE&EFLTIC

5

N
Hl
(¥al
©

plasma gas : 15 |/min

purge gas : 0.5 /min

career gas : 0.7 1/min

racdio frequency output: 1300 W

rotation times : 18.48 RPM

measurment time : maximum 2 sec,minimum lsec
m'esurement times : 3
sampling : 1.2 ml/min
delav : 60 sec

observation wavelength (Eu) : 393.048 nm

observation wavelength (Th) : 350.917 nm
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3.3.4 T RENAFBERANT PO E

?x

acetonitrile PIT B B ¢cryp222,Eu(NO,),, Tbhb(NO,),,Eu-
Ccrvp222 &4 , Tb-crvpl22 EF ORI MEARIIR AT MLz A H

R ob o R K EE (SHIMADZU:UV-2400PC)z A W THRIEL 2. &,
= O T

AT

EDH.ICPREXADASITORRR L

9 3.0mmol/l &L 2. EBOEBEEELHE

lﬁuh

E-'-]-
HN

O

‘{ |
Ht

EEBEEE
h&EELEZS
= ELF I

£

-
‘_H

el
A

ErS
r

\.ﬂ‘;
o

wavelength range : 200-600 nm
scan speed : low
stit width : 1.0 nm

sampling pitch : auto

335 FABRINRST ML OBE

cryp222,Eu-crvp222 & 4B L N Tb-cryp222 & O K 7 % I

1"

P (HITACHI:270- oO) BWwTXI3

ARG Mz FRHEDHEES

—IETRZELIL.

 HBRUBRBARY MO FE

(W3]
)
(@)}
oftd

acetonitrile # i B 17 2 Eu(NO,),, Tb(NO,), , Eu-crvp222 #
B Tb-cryp222 H#H DR N BIUVBEANY b2 EXAES

(HITACHI:850)# B W TBEL~. SHBEE CHN T 245§
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»

EENT. ICPEAN KSR OBRLDRELES BT

- fnjm
it

TS

9 3.0mmol/l &Lz, EBOLEE&EZYUTIIRT,

>

bandpass excitation : 5.0 nm
emission : 15 nm
scan speed : 15 nm/min
response : 2 sec
photemultiplier gain : low
emission filter : open

recording : sequence
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Ln(l)-cryp222&4& £0.3g

2K

g

K F50mlliEAE

80°C IZhnEk

~————— 02 o T EKERE $950ml

— BRI

feal

EoTRERZzAVWTES

BE{LAEDEDIDIEFIAND

it

o

800°C Tiagk

S3IEEsTFEFROTE— ¥ — b
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3.4 ABREEER
3. 4.1 THRHREER

O.J

A1 KBEPEBT 2 Ln(IIOREHXE AT B

KEEPIIBWT S Ln(NO,),,Ln(ll )-cryp222 &4, 1:1 Ln~
CIVP222 K BHEHDBEH AR PV ZEXARXRESFTRELRE., 0O
IR BEMNS O mmol/I B LN BEREE T o - 111

Ln-cryvp222 Rz BEOHRE FEx2 L TIoRT.

1) Ln{(NOy),; - 6H,0% 5.0X 10 mmol 2FEET 3.

2) BEXBEREB KD S50mIICERT B,

3) cryp222 ¥ 5.0X 10’ mmol 2 ET 5.

4) 37 2DKMA . BET 5.

S) 4)Z 100ml A AT S AR TIOMMIKEAZAT Yy 7L, &

0.5mmol/l 1:1 Ln-cryp222 kK EH &7 3

AL 2EWCTORKERINRT )L @ crvp222/Eu &

& crvp222 Db E S B A
Eu*:cryn222=5:1,4:1,3:1,2:1,1:1,1:2,1:3,1:4,1:5
DOFHOKEEZTREL, THRAFRIIDNWTEHEFZEZHL

CEEMNH 0. Immol/i

Rt
&
filk
L
ﬁ{.
4
S
Ik
t

TENLXAXT )

EHDEIDNBHEZHEELAE. I I TEWVC'®EZ 0.5mmol/lic 7
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D&, Crvpl222/EuENFVWEZICI S W TIHEEZE NGB RN,
BEYFORECIDOSEXITLELDOMKSENEL D7~ 0.1mmol/l
clLim, 72, BEEFEHWEIALIIELIBULERATHE->S =,
3.4.1.3 BRBED Eu-crvp222 BEDOBH AR b VELL

% 0.5mmol/l Eu~cryp222 S H K ERZHE L., TOBRE#E
Mo DENRANIIPINOBEELD{LTEXLEHEZRWTHRHEL =,

A.1.4 FFEEKEBEEDSDTO BEu-Ccryp22 88N 0O BN =R

[$3]

EXAUWERBERZHEZAVWTDH=3.808BEBEEXREREL
7o PHEZA S AE®@pH A - 4% —(TOA:HM-60S)Z AW THEL
. TOKREEEBWTH 0.5mmol/] Eu-crvp222 8 4 K 5 H %
AEL.COERBIZS Z7NT Z(USHIO:SP-M)ic & @& L /= 250W
BEEKSESES > 7(USHIO:USH-25BY) % XFE &L L THXBSE =T
e CORF. AXFET 4 )VEFZ —(HOYA:UV-34)Z B W T 340nm E

J

TOHEEOHZERL, BE A =8 (KOMATSU-YAMATO
{COOLNICSCTR-18)2 AL TREEEZ 25C IR o7, T O%
ERBLIUBREOBBLELEZERAANY MLVBEICL DB NE,

B34 AXBEFEZREERZEZTT .

4.1.5 cryp222 @ *H-NMR @l &

(%]

i

25 10mmol/kg,1.0mmol/kg cryp222 EKEZE B L 1.0
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ok

mmol/kgcrvp222 EXEBIIEE 2 0 2 7~ DDEREL., &4

~

BRABHNXEEJEOLIINM-FX100 FT-NMR)Z B W T 'H-
NMRANZ PV ZREL/A. cryp222 EABHEORE = 5 ELT

{I

IR

N
'

] @

1) cryp222# 0.1lmmol(1.0X 10’ mmol) = & T 5,
2) DI D,0OM 10g&MAERL., 4 10mmol/kg(l.0mmol/kg)

CTYD222EXRKEHE & T 3
BREIEBOKXEBEORESE® L TID F T,

sampling point : 8192
accumulation times :400
frequency width : 1000 Hz
Observation set : 51.600 kHz

pulse delay : 2.50 sec

obser\;fation frequency : 89.55 MHz

temperature : 20.0 C
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FET 7 A IN—

S TNT R

T

WIZ(K)

KET 4 NH—
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101 Lol )-cryp222 Kk EERAANO X B Y =5

(Wh]
!
oo

# 0.5mmol/1 101 Ln(I )-cryp222 A EH 2 WA L. = Al 2
SERBI VT ZHBEELTHBEEFo72.2 OB Eu- -crvp222
ﬁfé?&%:i"beﬁUV—347«f)]/5"‘%%“1’ 340nm U T O H &
D E . F7 Tb-cryp222 KB BILH LTH UV-32 7 1 L & -2
BT 32nm U TOEEDORZER LE.CORREBLUER
ROEREEZERXXAEHER VS RIRY PRI EI LD S
N7 B BERBHE 3411 EELALEE TH -, =7~ 9
1.0mmol/kg 1:1 Ln(H )-cryp222 EXBEHR AL ., B iz %@
HEfTok. CORREOEBE I 2 BEHE R BAREE 2R L
o UH-NMRRA N2 bV BIER E DB A, 101 Lol )-cryp222 &
KEBEOFEEZIFEFZLU TIo R,

1) Ln(NO,), - 6H,0 8 1.0X 10 mmol 2 & 5 3 .

2) D,0% 10g EMABRET 5.

3) crvp222 M 1.0X 10 ?mmol * &5 5,

4) 202 3NEMAER L, 1.0mmol/kg 1:1 La(l )-cryp222 & % i

B ET D
3.4.3 Eu-Tb-cryp222 /K IE #& ~ @ ¥ 88 & = &4

Eu-Th-cryp222 RKEBEEZzHBUL, chiItBEETkes > 7%
ABELTHBEEF >/, T08B UV-3438 L U-3507 4 JI

S —ZRAVTTY ORNEFORIIHNY 2 £ 5 Eu o % ¥

—-100-
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mEERBRLLEZ. COARKIBSLUVUBERARDOERER{LTEAALES
SEKERE. &£F

ZEVWERBAAR PIVAEICXLDHE XL,
&

1) Eu(NO,), - 6H,0#% 2.5X 10 *mmol 2 T8 T
2) TH(NO,), - 6H,0% 7.5X 10 ’mmol 2 T & 7

Y BLUVDzERABREREZ KD SOMIITERT 2,

4) cryp222 0. lmmol 2 E T 5.,
S))E DNIEMATERL, I00mIc A AT v TT 32,

-101-—
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K:‘;‘%
H
S
op
2
A
b
G
o]
filk

1 Ln(l)-cryp222 ¢
4.1.1 Eu-cryp222 g5 &

BEEINEZELRELT. BEARERREE ThAo7-. T~ 0EEFEIT.
7< ,acetonitrile, methanol,acetone IZ 9 E T & - 7=, benzene,

cvclohexane n-dodecane I RiE T d - 7=,

CICP RS HHW

NN
"
.
s
O
T
2
I
P
)
=4
Heal
il
3
=4

B
9_‘..

EE SN BIUICPEXR A AANTFORERIL., SEERLETF O
EEBRHEEFILIELIFELESRBREAZLNDE LD —FEnrl i,

CHNREZ #HORRE. LLI1EFK L L THELLAERLESE? -

e, RESFEIEREESERLLEOENR SN, FIT. 29
FOBRMAKZEZDI EICLDTERELEFEFVWEZSERE., £ 4.1
KW Eu-cryp222 &5 E O CHN T EZLH B EHLH B L XICPEXS

4.1.1.2 AIHRENBRRARYT )b

11z acetonitrile R I B 17 3 Eu-crvp222 5 & o o] 18 £

T

TEANRY M ERT.IOANRS FJLICIE 395nm B &L U 465nm
fTiElC B it gz AR E - RB Nz, THhib, B
NIEHEBERICEEWWPYEE=NTWH B3 AL L.

-103-
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—
-
(v a

RIGRIANT M

Bl 4.2 17 Eu-cryp222 £ &6E BB L cryp222 DFFSBR AR & K
Ve X 4.212 Eu-cryp222 8 & B L cryp222 @ IREHE BT =
AT ., Eu-crypl22# & T, CNBLUC-OESZEHO KN

M eryp222 DENLDBIBEIRNF—/MATT P LTOE, 20
el Cryp222 W EUNEM L . EEBLUVEBEEEFOELE S
TS EWC ANEFIEESINDIEC-NBLIUVC-OBEEYD
TU—Dcryp222 A0 SHSEBEIXINF—TRERIDEVD FREzXHE
TOAODDTHD. o T, BEFEINLELRTIHE EUTIL cryp222
MEMLTW 2 &8 L=,

AN
et
=
[1AN
elft

A BIUBEZIRT MV

Eu-cryp222 &4 & Eu(NO,), DE X A RI M TH ., 3D,~F,
BEULHEARTIEXE—JILRELABVWIAESNAZ., T/, Eu-
Cryp222 4 & EulNO,), THEBEARI b OB FIIARERE

WRESH, EFSEHRNEOF—2/BICYT PHWESNhE,
CDRRE Eu-cryp222 & & Eu(NO,), TH EUV' N ENL > L E

._[,J

RETHD 257 L TWA., acetonitrile ™25 % Eu-
Cryp222 #84 & EulNOD), DR AR PR 4.310. HE AN
7 hIVER4A4ITRT. E72, Bu-cryp222fH #H & EulNO),0E

—_—

&

3','.

D&I&nfmtug{‘f%%%—ié- \_ﬂ'-g}-

Lk, CHNIT &5 4 . ICPRA DI . Pl E 5

e
=
4]
]
o
ort

n

—104-
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RWAXRNT b, FRARE AN My, EEFXART MIUVB & TR
ANT PILIZ&D Euleryp222)(NO,),- 2H,O8 &G LB E L~
LT D& % Euleryp222)E =825 5

4.1.2 Tb~cryp222 & &

A ) I =0 r: N s N

HE

BEEINAHEEKET, BEMEFTH o /-,
7K ,acetonitrile, methanol,acetone IZ 8 & T& » /= o, benzene,

cyclohexane,n-dodecane i ABE T H - 7= .

—

DM BITICPENX S HXDW

=
—
o
s
O
T
Z
51
i
Sy
=
Joab
bl

EESHBLIUVICPEXHHLDH OSBRI, 2BEBHETF O
ZEBLZTLIELTHELELESERBLIORLW —FEZRL &,
CHNTZL#HORRE, 1LI1BHEELELTHELAEILEDIED -
e REBIVKEZEETZLEREHBULEDENR
2 FOBRBMUKRKES Z D I &1 &
oo B 4.1 Th-cryp222 #HE D CHNTELHIF. EEHHFB LU

ICPEXS XD HOBEERT.
’11227?% SHAEIR A NT I

B 4. 517 acetonitrile 2T 817 2 Tb-cryp222 & 4 @ 9] 3 £ 4}
WRWANRNTZ bV EFRT., TOAXRYT bJILICE 340-5380nm {5 i

el

Th3 IS BT ABEY — B Eachri-, Ihibh, BEEZIN-&E

—-105—
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4.1.2.3 FARBREIARNT b

4.6 Tb-cryvp222 £ 46 3 X W eryp222 O F 4B 2 R 7 K

= 4.2 To-cryp222 &4 5 L cryp222 @ IREH K ¥ %

Wit

AT . Tb-cryp222B 4 TH.C-NBLUC-OBKHED O K E A
Cryp222 DT NELD D BEIRNF AT PL TR, CO&
RITEulcryp222)0 B & L EHIC cryp222 O EZXTET 2 H 0

DD, o T, BTN #EE TIEI TO T cryp222 &M L T
Wb LB L e,

AN
e
o
1L
o
3

BLUBERANRT b

Tb-cryp222 &4 & Th(NO,),DE¥ A X% F LT Eu ® 54
EEBENBVERE S AN o A, Th-cryp222 & & T 1
To(NO), & D e LB X BEN R AR SN, =7, Th-
Crypel22 8 T D, ~"F, BB BER T AENRE - OEBMWMIC
TO-RAE-/BBHE N, Tocryp222 €4 & Th(NO,),T
HBRARS FVOBFERZABELARON,. EFEH BN
DE— 7 HBRYT N BSRE, DR B Thocrvp222 & &
E TEBINO), THEH TV PEA-SFFEFHIETD 5l EEz=zxm LT W
£ Th(NO,), ® 5 %

/l

5, acetonitrile TPIZHBV 5 Th-cryp222 £ 4

ARG PENZEEEATIZ., RBARNY PILEEA8IIRT. =7,

N3

Tb~cryp222 8k & Th(NO,DEHLZHBEEOLY — s 18 %

—106-—
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LT e s
4.3 127w 9 .

e, CHNRTERH. EEHH. ICPEXS XS, T8 E4
RPLANRT b, FHBRIARNT b, BHEIRT P ABEUE
AN P& D Tolervp222)(NO,), - 2H,O8 & B EL -,
LT ZosEEZ Th(crvp222) & %87 5.,

-107-—
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Z 4.1 Ln(ll)-crvp222 # K DA EHIRFE

P 578 | 8= | cen | HGD | NGO Lo

it

(93]
[{m]
[¥3)
[75)
(G
<
w2
w

Eulcryp222)(NO;),-2H,0(750.50{ (calcd.) {28.78 | 5.3

CHN &S ¥ |27.19 | 4.61 {10.1% -

E &/ 2 - - - 22.0¢4

ICP & - - - 20.17

Tb(cryp222)(NO,;),-2H,0|757.47| {caled.) [28.52 | 5.28 | 3.24 [20.98
CHN % % |24.57 | 4.08 [10.355| -

E & 5 - - - 20.56

| ICP % # - - - 20.44

= 4.2 Ln(l)-crvp222 84 & crvp222 @ IR & & ¥ &

£ & m v (C-N) v (C-0) v (C~N)
crvp222 1215mw 1136s 1068ms
Eu(cryp222) | 1152mw 1132sh- 1100s 1030s
Tb(crvp222) 1150mw 1092sh 1068s 1030s

St

4.3 Ln()-cryp222 B H & Ln(NO), D EWEZHBRNH O LK —

ZARAT
& 4 B —sfiginm)
Eu(NO3}3 | 252
Eu{cryp222) 278
Tb(NO3)3 249
Tbh(crvp222) 243

—108-
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50 IIlI[illIrITII[ilsl]lillllllilll'l'l]lilf tillilll[lilll]llIlilill!l[ii

-1 -1
lem

& / mol

0 1.;“1"[”]“[']”;-T'l'i"1"'-"1"1"1"5"(‘I'I'j'i"l"i'li'f"'l"-l"I"I"l"l"i“l".l":";“r"i:i"|"|“i".|"l'I‘TI‘T‘H'l."‘r"l"1"!'1"1'1"['["}‘1"1'1"!-['1'1-1‘ ,
360 380 400 420 440 460 480 500
- WAVELENGTH / nm
(4.1 Eu-cryp222#4, EulNO,)y BELUcryp222 D FREIBIR AR ST K )b
(1 :3.0mmol/|, B acetonitrile)
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FI.LUORESCENCE INTENSITY / arb.unit

ll'lTiIIll]IlliilTillllll]]II||IlillllliiIiIlilllllllll[ll[[liil]]TlII

5 7
—  Eu-cryp222§5{& Do— F,

"""" EU.(NO3)3

3D0—> 0 s N . A
= 'illl‘l.!lilltllIlll!r‘]'l"l'l"r"l'l-;llIl.ll[llll[!lllh[llli'rl-l&
570 280 590 600 6510 620 630 640
WAVELENGTH / nm

B44.3 Eu-cryp2228BEB L UVEUNG)DEHEAXT ML
] 1) flomad

(BhiZiE&:392.3nm, ¥5:3.0mmol/l, iE 8 acetonitrile)
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FLUORESCENCE INTENSITY / arb.unit

CT

I 5
62.3,’1,5,6 ' l/l

——  LEu-cryp222fiik
-------- Cu(NO.),

7
= I

350

(TN I%:617.8nm, 14
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5 7
Dy Fe
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<

460 480 500 520 540 560 580 600 620 0640
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M4.7 To-cryp222f8E 3 LUTbINOPDREHLANT b
(Fi2ig=:353.9nm, ¥ :3.0mmol/l, i acetonitriie)
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FLUORESCENCE INTENSITY / arb.unit
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— Tb-cryp2226itik
Th(NO,),
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T
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4.8 Th-cryp22 284533 J- Uyl\b(NO-J);,U)WJi@Z N7 N
(R B A543 7nm, PEE:3.0mmol /1, Aaitacetonitrile)
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4.2 XRBEFEH
4.2.1 FEEBR
4.2

A1l KEBRDPITZTSTZ3Ln(BIOREIANST NI

KEBRFPICBTDIEREEZ D Eulcryp222)DFEHXR A X7 bR
EulNO), 0N LD ODRBRENKEL.HITD~'F,EBKBEXRT
DUE—TJINREBEVHAESNE. E72. Eu-cryp222 K i& % (L
T Eu-crvp222)OFEH AR 7 b I)LiE Eulcryp222)0F kb D &
IBENKE L,

WAHRLNAE. IDHERIEEW DD, ~-F,BBIiBXT 32—

HFID,~F,EBILBRETO Y —JLKRER

o

SEC LT O R LW TEHRHEELBCIEERLTED AJ=x2

8 \r f{_'}nl,} g

G

L
BPE-— UM RUTOEMICELTHEBILEEE TS 3 &0

i
S

5
= E—HLTWnd, o T., UBERFXTRINSD R(EWE =z K

TP DEEEFETENLETIEEELT. 57 H(EWB %2 KEE

B
Sﬁf

h Eu FEEBICEHETIEEELTAEWD I EELE.

R(Eu): (DI?O-_}—,FZ)COHIP /(TDO_')?Fl)comp 7 (4 1)
(*Do="Fy)ion (Do~ "Fy ) |

on

(S‘DO—}'?Fl)com
Hy(Bu) = ————— (4.2)

1 )fon

T I T (A-BEA-RBEZOPr— /5% . BEO comp,.ion i g 4
EE . AFVEET KEEDIZBT A Eulecryp222),Eu-cryp222,

EuNOD. DFEHXAXRT ) EHE4L4I9ITRT .,
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KEBFILBYS2EMHRERED Th(cryp222) DR KX AR b Lz
TONOD, O ETNELDOBRABENRKEL LD, EUDESIFE
REBEWLWELD 57, Tb-cryp222 KB # (Ll T Tb-cryp222)®
FEHAXDT MWVIE Thlcryp222)0 F N LB EThHholt., ZDEE
. Tblcryp222) & KICEHEL THKE®ED T Th® & cryp222 %
R TOMURBIE R BT EERT. LA LAND. B8
UCTEMEINAEAERLEKBEP TRECIEAHEPBURE TS
DEEFAHLS, RATHFRENIBEMNERICHELD O & 25
na.

(4.3)

Wo> T, LU Th-cryp222 2 AFKEBR ELTHRIDIED> T & &L
e ER, BEUuDB S ELBEBEIZARN TR TND RITOIE % /K & i
DEFFETEICHEIT2EEEL T, He(Tb) & & K& # + @ Tb*”
GBERBUCHEILIEEEZLTAEN S,

(°Dy= "Fy) comp /(°Dy—"F)

comp

R(Tb) = (4.4)
(5D4'_>7F6)ion /(SDL?—_}?FS)EOH
(5D4"'>7F5)comp
H o (Th) = ~— (4.5)
(5D4 "_}7F5)ion

KIE B PIT BT S Thlcryp222), Tb-¢cryp222, Th(NO,), D B X A
N MNINZ2ZHELI0ICRT .,
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4.2 1.2 Eu ORI ARYT ML D cryp222/Eul* ik &5 #

Eu B EZ - & L. cryp222/Eu 2 &{bE ¥/~ 9F O Eu-
Cryp222 DRIEANRT by 2 AR ET 3 cryp222/ Eu 220
WE T REVED ERENRSNEM, cryp222/ Eu 22 TR
RIE—-EThoh, TNIDAKBEPTIE EWCIZH LT cryp222
HZEMMTEMERD TN EERECLAIZVWEEZEZ SRS, B

4.114 cryp222/Eu I 9 2 RIEW@E O Lk & 5 9,

4.2.1.3 BREOD Eu-cryp222 #HE ORI AT ML Tk

EHREDOKBEBRPIIBIT S Eulcryp222) DRI <A )0 &
BZELEMNLEIS, BHOBBREE S RABEN LR L.
MIOKHMBIR—F Lok, ZTOBOARY PILRSEBEOD
Eu-cryp222 03 D EEE ThHh-»7t., Th&b, KiciEmur
Eulcryp222)id Eu-cryp222 E R UK Bl B3 &FEZ 5N 5, T

2B Thleryp222)D H ATt XN T, Euleryp222) Tl ik % T F

(4.6)

COFUEDVTRARAD 4.2.1 4ATEATRHET D, BA4.121I0EBHBEOD
Eu(cryp222)O R ARSI N IVOBEDTLERT .,
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4.2.1.4 EEEKERSP TO Eu-cryp222 #E~DORX BN =%

B4 13K FHEHEKBERSIIZS T S Eulcryp222)0 XK EB &
CERICOREVEZBLELZRT. EURBEZTLMASBELE L
ERTHD . PHELETREHXERICE S TRE L /- B0 MmKSs
I K> TKERFPOLEC BENBLATI2RRANS . o T
CITH. Culcryp222) W T OMMBETEOLIANRBEZRS

THRT OO EREFEBEL L. XRE TR
MM EECHBRREVENLEAEL., R ITBMHMBII—FE Lo, B
RIETHSHERZEBE LD REVENLEEL . H 11IBMEII—F
EH o, TOB, RIERATOREWEIZEDHIEH 1.52 ThH -
7.

TIT. MBHICED Eulcryp222) 0B REBHP R I 3% 5 &
4.0 LD RD2ODDEMMEEASNS., Thbb,

I i B8 1

(4.7)

(4.8)
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BHE., TEAODEREHEE LT

s
S5z, 5. BERETO EHER L LD

=
REWEANLEZL . EARIATOREVEI ARG NDTNLBB L

FRELULTHAEVNIEZEEL2.13BETOTREZEXETD2DDT
HBH. = 61T, B
d

EREO 70Oy b %

B R

R(Eu)=1.534-0.24231exp(-0.3058t) - (4.9)
It R
R(Eu)=1.522-0.04255exp{(-0.2305t)-0.19432exp{(-2.10571)

(4.10)
ERoE, CO2RDOEEEEVW—FHZEZRTLTEDLH., GOHOHXDBE
HOHEN-0.19432exp(-2.1057t)DHET H D
3.

Eulcrvp222)D AL 1H 2 Tt Eu-cryp222 D RE =

N
H-
f-

5 5L 0O LM L., o T, Bl#E Eu-cryp222 z & & KE

K
t

BHELTHEHDFEDI I EITLE.
4.2.1.5 crvp222 @ 'H-NMR @l =

B 4.1414 10mmol/keg, 1l Ommol/kg cryp222 B Rk BHEB LU T

Ok 2{Exf7 cryp222 (1.0mmol/kg cryp222 B K 5 # -+ &)

—l

O 'H-NMRARZ PV EFT .43 A7 bEE DSS(Sodium-

2. 2-dimethyl-2-silapentane-5-salfonate)® A F L EZ D E %

1

0 THRAMBEEETRAVWTHEELRL, cryp222 38 387
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EEHAE Il BIED2N T
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E— 7 D0BBWEERE4.15ICFRT

SO THINE, BENS
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2.87ppm {4 1f
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A
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BILLDDDEE

o
o

-122-

=7/=, 1.0
KIZEH D triplet O S EHMA ODORNTWHWDS O IZ
5Nd, @B. &



PNC TY8607 97—002

itllllllTIll:|]||||]|[|||all—fTIi]ll|i[

— Eulcrvp222)

-~~~ Eu-cryp222
"""" Eu(NO,),

NSITY / arb.units

-
—

FLUORESCENCE INTE

b v v b v b by e s Ly

560 580 600 620 640
WAVELENGTH / nm
(4.9 EREZOEu(crye222) Eu-cryp222 8 L CEUNO ), DRIEA RS b
(= E:394.3nm, #E:0.5mmol/], i HXMEREL R
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laTIlthljillT!||Jl|xtlliT(lllTlilljlili[TIlllT_l—
SD—"7F

— Tblcryp222) 4 T3

---- Tb-cryp222

""""" Tb(NO3)3

FI.UORESCENCE IN’I‘ENSIT Y / arb._units

J_lll[lrrllllllllllI|III|Jl|l![IIIlllillllllll[r!
480 500 520 540 o>60
WAVELENGTH / nm

544,10 ?’é{rﬁ?@%@’fb(cmi’u@,Tb—CrYp222if:‘>c‘:U‘Tb(NOB)ﬂ)%i‘{;Z/\’0 1%
(BhEtix%:353.9nm, #E:0.5mmol/|, 15 & el T AR k)
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Eu-crvp222

: 10h:

FLLUORESCENCE INTENSITY / arb.units

llfll'llllIll!['Jl"'llllllll!l'Jl.lllI!]
560 580 ‘ 600 620 640
WAVELENGTH / nm

B4.12  iEfR1 f@Eu(cr}rp222 DREIEAND b ) DiEk _#Z b
(BVEiE&:394.3nm, BE:0.5mmol/L, & H B RIE R K)
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R(Eu)

1.60f

1.40

1.25

[24.13 MK A R

I_ T 1 I T i I T 1 T T T | T I T I T T 1]
F 3
i o 4 9 —9 |
. Q
N & a B
N B
- A WERCS i
i o JLRIE i
+ i I | 1 i | 1 | | I 1 1 ] i ] 1 ] L i I ..
0 5 10 15 20
time / h

BV BRI B Euleryp222) ORI ORI 2L,
(WEE:0.5mmol/), pH=3.8, i):25C)
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ppm{ )
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R4 eryp2220 H-NMRA R | ) (i D,0)
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T 2D
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(triplel)

petetetedmtmi—i==lA 0 L | T 1*1—1—1‘1"111L1[1_11;L"m-r~| e d s o T
4.0 3.8 3.6 3.4 3.2 3.0 2.8

K4.15  cryp2220 ' H-NMRA RS bV L ORUE #E:10mmol/ ke, WD, 0)

ppm(4)

2.6
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4.2.2 13 Ln(ll)-cryp222 KB ENDOXB S ER

£4.2.2.1 Eu-cryp222 ~ 0 ¥ 8 &

-~
fid

BAART MW E

ARETHEROBB L ESICREVEOERLMNE SR, ¥ 60
EEBEL-ELR oA, HEWESEMOBB E LD IED L
MAORHEEKL~EEA->Z. OB, Z0®IZ1.02FTE->TW
K. BRETHH BEUBIZBEON RSN =D, REREICHEANTX
ERFTLTHEN >/, £/2. REWBEEE—FTH - .
Eu-cryp222 O REWE B SV H(EWE OEB LT 2 & 2 @ 4.16,
4178 ABEED Eu-cryp222 DEHXRARI ML OEBET {2
(9 4.18Itx77.

AESEZELDREVEN 1OK@mMA s THEALILTHLS &S &
=L KEBRPUBFETISEHAOBNRBL LTV S & X 5 N1
5. REWENZEL2IZT 1.0 A5V DIT.
nv Eudt + crvp222 SN [Eu-cryp222}3" (4.11)

[Eu-cryp222]3*

DI@AEETIEDEEZOND, =7/, THERBIZ EU D
BN E N, HEWEMNM1.0Z TFTEIDZIEWVIBERD SiF . Eu’

ELTOBXRBARBALTWVE 2 5N2., RS Eh. ¥®
.

N

P
J
~

&
Eu-crvp222 OB R EMNEB D, EEL 7~ EWVr —
=D

i

o
[

e EDRWVTIIT (L
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(2) '"H-NMR @ &

HAEBHTIIBWT S Eu-crvp222 @ 'H-NMR AR Z b )L 0 &8

i

fEZ& 4.15ICRT . Eu-cryp222 D AR 7 MIIEXABEHIZE- T
3.05pom {38 @ triplet WE P L. 3.86ppm (T8 @ triplet A% # 41
LTWwoi, £/, singlet ' 3.74ppm F3A 5 5 3.76ppm 38 2
7 bhL. BEIAL ATk, COFREHXBEBHIZL -
T, Eu-cryp222 AR b7 o bk 2fE N cryp222 D X

N PINECEHEIWTWHLL I EZRLTWS, crvp2220 70 b >

sz icEKRKBEESO 70 F i@ Fb\tﬁ'—bf;ﬁh%iﬁ%f;m
zt@B\::T@jm%yﬁgtﬁmﬁﬁémﬁwmmﬁ@t
EBH D EE AT,

>

2 Th-cryp222 ~ M 3 B &

(L) BHART P E

AERERIETHEROZBEEDBICRTOHEEOELEANRA SN, 0
BHERIIOKADIDW TW-s72, HA(TOHIEBEEKEMOBERE &EDITED

FHBIL T, TOE., TO#EIE1.0% K€L

1
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o
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o
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1
o
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)
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~

r*?
Hid
e
i1

EDODRODMEN 10ICmMH-> TLEFLTOLS EWS3HE
AWML, KEBEFULEETHA2HEEODENRIL TV BE LEEA SR
2, ZIZT. ThOREOE {bw,tﬁr‘?mEut Flzd0ETnE
NEBLLEODRE-IJHEFNFEL TVDLDTHD, . %

NEFMBIZTOOHEXINEBEA TN, HTHIEMN 1.0F K EL T E

i

BEVIERENSIE. TOYELTORXENEIL TN ES
A5NB., ThokD, REHIT Lo T To-cryp222 DEERG
MEBID RELETO O —BARXZHEDEBRLELLE D

D& HE LT,

(2) "H-NMR # &

HESNTIBWY D Thb-cryp222 @ 'H-NMR AR P L OEBEDT
e 4,23 5% T, Th~cryp222 M A XN b NVITHBHIZE - T

3.05pom {38 @ triplet 28 4 L . 3.86pom 38 @ triplet 2% 8 0

pz@

LTWwom, 7, singlet DBBAML< B> TWWo/k, TOEFR
IAXBHIK LD T, Th-cryp222 @ AR bl 70 b 2N
7o Cryp222 DARTZ M RIET TSI EERLTOL B,
‘cryp22273\7iji\/ﬂ: NZICEKRKEEPDODTD M EENER
bf;ﬁh@iﬁ:%fc{bllc&b‘é, CITWEHENOHESERBII IO

N EELREOER S Th Ok S Mic £330 &% 27,

4.2.2.3Ln(ll)~crvp222 M9 %213

HENTIEBY 2 Ln(ll)-crvp222 0 ! H NMREE D Z T,
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Eu-crvp222 & Tbh-crvp222 O F A D% S T crvp222 D70 b >

LHBRENE, TOTOFVERUTOLIRBETES 3 ¢

EMEBADND,

[Ln-cryp222)3*t —-2Y o 1n3% + cryp222 (4.12)
Ln3t + H;0 —— Ln(OH)?* + H* (4.13)
cryp222 + HT = [H-cryp222]7 (4.14)

Z, ABHFTICBE S Ln(ll)-cryp222 DFFXANT bILH

7 &= T Eu~cryp222 & Tbh-cryp222 0@ 5 DHE TRIEA

D
HANSIA TN . EBEDOLnNO),0ORXLVISBENAELE
ek, GI2)ROEEBERLZWIBI > TWVWE2ROEERE
D LnNOJ, DR AILIDDODPBEPRBIZNELRKRB EIND Z &
L. MOPDHOERAPREI > TWDI EFTA 5D,

O, ARBRBRAITSBIY D Eu~cryp222 & Th-cryp222 ® H
BEZERT2EELAH(EWS0.6. H(Th)=0.12 TH-H7. T

LD EUTLDH

To*" DA MARKIBLEVWESFT A ON S .—]RIT,

Ln"OMAAEO LB THTOREEH Z/r (ZEFM@E, 1i4 4 >

FEINEKRFITS DN T2, THhiEERGBR &E— T

COHFESER ABHICLD2 Lo O KX OERN Ln* DMK D REE

Ta&d s &

ITFREXEITDODDTH 5,

2A2ETRBARAELDCHAERRLTHEBENL Ln* il 81
& TN EE

b
J

L EEHIBROESIC

-

5B Y

o3
&
o
!Hn

R A

n**Mr o BEBHESFAD

iy

. COEEHFBEL

ITxNF-—E5BILL2EF0EMNST=NS. LLn' "MK SFET
BT ELnE0OHEZCOMOoOFHESENSCaAD, ZE I X
N F—=¢E L TEDNAIIXIF—ODXKEEINT U =0 Ln* " &£0

-133-



PNC TY8607 97—002

DRECNHD, COROMEKPEBODELEREICED FREOEREMNR

W
Mt
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i
4
Ik
A

o7 En &
LdLladhs, Lnl @1 RMAKHSPEETEIHEEIIREL, 85

9 5 &, pH=7 T3

Rt
it
~
EL

THNT VB 1LRMAKSDAREE Y
95.99% MAHEL TV B I &iT maochxolmommﬁ%é
D FE L. Ln(\‘O)U)ﬁy‘btb‘CfﬁHﬂ"éa"LT H D EIFEIEFRUT

n D& ib?h\12(0373[17}(%‘\)‘1?@03552{:&U?ﬁi’ﬁé’i’t%&:@i
FEXAITL< n,

—FZ T . ABEEZO Ln(l)-cryp222Z 2 M B FfEELEdDO
DEHARNTMIVEBELEREIARLKRAD D O &5 E TN
mAOL. Bl INKBEMA L LIS, XBHHTO AR b
WIE~TWhhE, 2 &b n " AEBICTE TRICEEEOD
HICEELTWEZEDSDEZTZ NS . LnDERMAKLSBEETH D

Ln(OHY,H. RKILEBETH 2 EPBEINTH D Y, YRS

it

AL

WEDLInOHEAE Lo 0F RN AKSEZILLD DO &
125,

BLEED cryp2220 70 b 2fbid, XBHIZE > TEEL -

Ln* " ONASBITE > TRI D Lo DI Lo’ 0 F Kok H

EEOERICESZS O & HE L.
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