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Abstract 
The effect of HI on the desorption behavior of Pu from strongly basic anion- 

exchange resin in HNO, solutions was investigated. The desorption of Pu increased 
with increasing concentration of HNOJ in HNOrHI mixed acid solutions. On the 
other hand, it was difficult to elute Pu with the mixed acid solution containing 
more than 2.5 M HNO, since HI decomposed vigorously in the resin column as 
the HNO, concentration increased. The valence state of Pu in the effluent was a 
mixture of tri- and tetra-valences. The mixed acid solution, 1 M HNOrO.l M HI, 
was found to be adequate as an eluent for effective desorption of Pu from the 
anion-exchange resin in HNOJ media. Purification procedures for Pu were devel- 
oped for both micro- and macroamounts. 

INTRODUCTION 
For the separation and purification of Pu, anion-exchange methods have 

often been applied (1-9). Anion-exchange with HCl solutions enables the 
separation of Pu quantitatively for analytical purposes (Id), but it is un- 
desirable to operate in a glove box made of stainless steel due to the 
corrosiveness of HCl. The anion-exchange method with HN03 solutions 
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1228 USUDA ET AL. 

has been also used for the purification process of macroamounts of Pu in 
a glove box (3-9). In such a process, quantitative recovery of Pu from the 
column is difficult due to the following reasons: The Pu(1V) ions adsorb 
strongly on the anion-exchange resins in HN03 solution (& > I@) at 
moderate concentrations of HN03 ( lo) ,  and in low HN03 concentrations 
the hydroxide precipitation of Pu might occur in the resin phase even 
though the K d  values become smaller (9, 11). To recover all the Pu by 
anion-exchange with the only solutions of HN03, an extremely large vol- 
ume of eluent is required. 

Since Pu(II1) does not adsorb on the resin ( lo) ,  reduci,lg Pu(1V) to 
Pu(II1) leads to effective recovery of Pu. Solutions of 9-12 M HCl con- 
taining 0.1 M HI have been used as the eluent to achieve quantitative 
separation (3). Dilute solutions of HCl or HN03 containing reducing agent 
of Pu, such as NH20H - HC1 or FeS04, have also been used. The latter 
eluents frequently have problems, such as disturbed flow of the eluent due 
to gassing and the introduction of metal-ion impurities from the reducing 
reagents. 

In this work, HI was employed in the HN03 eluent as an alternative 
reducing agent which could be easily eliminated by evaporation. The ef- 
fective desorption of Pu from an anion-exchange resin in HN03 solution 
was examined for the elution of trace and macroamounts of Pu. 

EXPERIMENTAL 

Materials 
Glass columns of l-mL capacity (+ 4 mm x 8 cm) were used, and they 

were usually packed with a strongly basic anion-exchange resin, MCI GEL 
CA08P or DIAION SA#100 (Mitsubishi Chemical Industries Ltd., 8% 
crosslinking, 100-200 mesh, anion-exchange capacity > 1.2 meq/mL). 
Some other anion-exchange resins, DOWEX 1-X4 (4% crosslinking, 100- 
200 mesh) and BIORAD AG MP-1 (macroporous type, 100-200 mesh), 
were also used for comparison. All resins were thoroughly washed with 
concentrated HCl, distilled water, and 7 M HN03 before use. 

Hydroiodic acid, HI (55-58%), and nitric acid, HN03 (60-62%), were 
used as eluents. Hydroxylamine hydrogen chloride (NH20H * HCl), ni- 
trogen dioxide gas (NO,), and hydrogen peroxide (H202) were used as 
redox agents of Pu. All chemicals were of reagent grade and used without 
further purification. 

For experiments with microamounts of Pu, Pu extracted from spent fuel 
specimens was used. It was dissolved in concentrated HN03 solution and 
adjusted to the tetra-valence state by redox treatment with concentrated 
HN03 and NH20H HCl(3). Aged plutonium oxide powder (PuO,) was 
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DESORPTION BEHAVIOR OF PLUTONIUM 1227 

used as the source for macroamounts of Pu samples, and it was dissolved 
in 4 M HN03 solution by oxidizing with electrolytically generated Ag2 + 

(13) and prepared as Pu(1V) by introducing NOz gas at 40°C (14). 
Uranium tracer, 237U, was prepared by the 238U(r,n) reaction on a U 

target followed by purification by anion-exchange with HCl solutions and 
solvent extraction with 20% TBP-CCl, at 7 M HN03. 

Measurements of Activity and Valence States 
In the experiment for microamounts of Pu, a drop or an aliquot of 

effluent was mounted on a Ta disk (+ 24 mm x 0.05 mm thick). The 
alpha-ray spectrum was measured with a Si-surface barrier detector and 
gross a counting with a 2 wgas-flow-proportional counter. 

In the experiment eluting macroamounts of Pu, 1 mL of effluent was 
taken into a glass tube and measured for the Pu concentration by y-ray 
spectrometry on the y-rays of 129 keV for 239Pu and 149 keV for 241Pu with 
a high-purity Ge coaxial detector (EG&G ORTEC, Inc., LO-AX detector) 
at constant geometry. 

An optical waveguide spectrum analyzer (Guided Wave, Inc., Model 
200), which is based on the light transmission capabilities of broadband 
fiber optics, was used for measurement of the absorption spectrum of Pu 
(400-900 nm). The valence state of Pu was directly detected with the 
fiberhead dipped into sample solutions. 

RESULTS AND DISCUSSION 

Desorption of Microamounts of Pu (pg order) 
Figure 1 shows fractions of Pu eluted from a 1-mL column of anion- 

exchange resin (DIAION SA#100) with HN03 solutions of various con- 
centrations with and without 0.1 M HI. In this experiment, Pu adjusted 
to tetra-valence was charged to the resin column and washed with 30 column 
bed volumes (CV) of 4 M HN03 solution. Desorbed fractions of Pu with 
HI-free solutions decreased with increasing HN03 concentration. About 
90% of Pu was eluted with 35 CV of 0.1 M HN03 solution, but the Pu 
might form an insoluble tetra-valent polymer in the resin phase and/or 
hydrolyze in the effluent (9, 11). To avoid such polymerization and/or 
hydrolysis, it is necessary to keep the HN03 concentration in the eluting 
solution at least 0.3 M or higher. With 35 CV of 1 M HN03 solution, only 
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HN03-0.1M HI,6rnL 
Standing for overnight 
HNO3-O.lM H1,Gml 

100 

90 

80 s 
-2 70 
L 

c 
L 
0 

‘0 60 .- 
c 
1 

w 5c 

4c 

c 

HNO3 ,351111 1 
1 2 
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FIG. 1. Fractions of Pu eluted from the anion-exchange resin column with HNO, solutions 
of various concentrations with and without 0.1 M HI included. (DIAION SAX100: 1 mL, 

at room temperature.) 

43% of Pu was recovered. On the other hand, more than 90% of Pu was 
eluted with 6 CV of 0.5 M or higher concentrations of HN03 containing 
0.1 M HI. The recovery yields increased with increasing HN03 concen- 
tration. Complete elution was attained only in the case where 6 CV of 
HN03 containing 0.1 M HI was first added to the column and allowed to 
stand overnight. Then elution was repeated with 6 CV of the same solution 
at HN03 concentrations of 0.5 to 2 M. 

Figure 2 shows the elution curves of Pu with 0.1, 1.0, 2.0, and 2.5 M 
HN03 solutions containing 0.1 M HI. Tailing was remarkable in the 0.1 
M HNOrO.1 M HI solution. There was a dark purple color at the top of 
the column, indicating that the deposition of decomposition products of 
HI increased with increasing HN03 concentration. At HN03 concentra- 
tions over 2.5 M, the eluent flow was blocked by bubbles from HI decom- 
position. From measurements of the gross a activity on the ashed resin of 
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FIG. 2. Elution curves for microamounts of Pu with 0.1, 1, 2, and 2.5 M HN03 solutions 
containing0.1 M HI after washing the column with 30 CV of 4-7 M HNO, solutions. (DIAION 

SAX100: 1 mL, at room temperature.) 

each column, it was confirmed that the remaining Pu on the resin column 
was less than 0.2%. 

Desorption of macroamounts of Pu (mg order) 
Fifteen milligrams of tetra-valence Pu prepared in 4 M HN03 solution 

was transferred to a 1-mL column. About 40% of the capacity of the column 
was loaded with the Pu, giving a green color. The column was washed with 
5 CV of the solution to eliminate more than 99% of the 241Am from the 
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1230 USUDA ET AL. 

column. When 1 CV of 1 M HN03-0.1 M HI solution flowed down through 
the column, desorption of Pu was not effective because HI rapidly reacted 
with the Pu(1V) on the resin and decomposed, coloring the column brown. 

To recover Pu effectively from the resin phase, a large portion of Pu 
was first eluted with 3 CV of 0.3 M HN03, then the remained small portion 
(colored pale green) was well desorbed with 6 CV of a 1 M HN03-0.1 M 
HI solution. The elution profile is shown in Fig. 3. About 97% of Pu in 
macroamounts was recovered. Further elution with 6 CV of the same 
solution after the column was allowed to stand overnight resulted in quan- 
titative recovery of the rest of the Pu (about 3%). No y activity of Pu was 
observed on the resin, indicating there was less than about 0.03 g Pu/L, 
corresponded to 5 0.2% of the total Pu as determined from the lower 
limit of detection by y-ray spectrometry. 

Valence State of Pu In the Effluents 
Figure 4(a) and 4(b) shows the absorption spectra of Pu(II1) in 1 M 

HNOs-O.l M HI and 3.8 M HN03-0.1 M H202 solutions at room tem- 
perature. The upper spectrum was taken within a few seconds after adding 
HI to a solution of about 3 g Pu(IV)/L in 1 M HN03. It was observed that 
the tetra-valence material was rapidly reduced to tri-valence in 1 M HN03- 
0.1 M HI mixed acid solution. Large absorbance at a wavelength of less 

t ? 20 
a' 

l o t ,  0 0 2 4  

iu0.6 overnight 0.4 Y $ I 

E 
Q 

Am', 

6 8 10 12 14 

" 
I 

\ 0.2 

'X 
I I%, 0 

Effluent, m l  
FIG. 3. Elution profile for macroamounts of Pu (14 me) with 0.3 M HNO, and 1 M HNOr 

0.1 M HI solutions. (MCI GEL CAOBP: 1 mL, at room temperature.) 
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(b) 3.8 M HNO3-0.1 M HZOZ 
(Pu: 3 . 2  g / l )  1188 

1168 

'-,>4Y., 

-,i 

1148 
1138 

400 442 483 525 567 608 650 692 733 775 817 858 900 NM 
FIG. 4. Absorption spectra of Pu(II1) in HNO, solution containing reductants at room tem- 
perature. (a) 3.0 g/L of Pu in 1 M HNOrO.1 M HI solution. (b) 3.2 g/L of Pu in 3.8 M 

HNOrO.l M H20, solution. 

than 600 nm occurred as time passed, owing to an increase in the decom- 
position products of HI. Therefore, it was difficult to observe the absorp- 
tion band at 470 nm for Pu(1V). For comparison, a typical absorption 
spectrum of Pu(II1) is shown in Fig. 4(b); it was obtained a few hours later 
after adding Hz02 to the solution. 

Most of the Pu in the 0.3 M HN03 effluent was tetra-valent, as shown 
in Fig. 5(a), 5(b) and 5(c). Only a very small portion of Pu was detected 
in Pu(V1) just after the elution (see the 830-nm absorption band in Fig. 
5b). 

On the other hand, the Pu in the 1 M HN03-0.1 M HI effluent was a 
mixture of tri- and tetra-valent, as shown in Fig. 6(a), 6(b), and 6(c). It 
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(b) The second 1-ml aliquot of 
effluent of 0 . 3  M H N O ~  
(Pu: 3.7 g/l) 
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(a) The second 1-01 aliquot of 
effluent of 1 M HNOs-0.1 M HI 

e 1 9 2  
8185 (Pu: 3.6 g/l) 

0,78 

@,71 

0 , 6 4  

0,57 

0150 I L # I I 

(b) The fourth 1-ml aliquot of 
effluent of 1 M HN0:-0.1 M HI 
(Pu: 1.7 g / l )  

I 
( c )  The sixth 1-ml aliquot Of 

effluent of 1 M HNOs-0.1 M HI 
(Pu: 0 . 8  g/l) 

PU( I I I ) 

8153 

408 442 483 525 567 608 658 6 9 ,  733 775 817 858 988 NM 
FIG. 6. Absorption spectra of Pu(II1) and Pu(IV) i.n 1 M HNOrO.l M HI effllrent at room 
temperature. (a) 3.6 g/L of Pu in the second 1-mL aliquot of effluent. (b) 1.7 g/L of Pu in 
the fourth 1-mL aliquot of effluent. (c) 0.8 g/L of Pu in the sixth 1-mL aliquot of effluent. 
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was observed that the ratio of Pu(II1) to Pu(1V) in the effluent became 
larger in the latter part of the effluent. 

It has been reported that Pu(1V) retained strongly on an anion-exchange 
resin is desorbed by reducing it to Pu(I11) with HC1 solutions containing 
a reducing agent such as HI, N U ,  FeS04, and NHzOH * HCl (1-8). In 
such a system, Pu was first eluted as tetra-valent and later as tri-valent. 

The elution behavior may be explained as follows: With macroamounts 
of Pu, reduction of Pu(1V) to Pu(II1) is restricted, and Pu(1V) is gradually 
eluted in accordance with its decreased Kd value in 1 M HN03 during the 
first part of the elution. Later, Pu(II1) in the effluent increases as the 
reduction of Pu(1V) to Pu(II1) proceeds in the resin column. 

Purlflcatlon Procedures of Pu 
Based on the above results, purification procedures for Pu by the anion- 

exchange method with HNOj and HNOrHI solutions were developed as 
shown in Fig. 7. To determine the behavior of U, 237U tracer was used for 

I 

I 

Pu(1V) in 4-7 M HNOs solution: 1 1  ml 

-Wash 4-7 M HNOs: 25 ml 
(or 5 ml for the macro amount) 

(or 0.3 M HNOs: 3 ml for the macro amount) 
-1 M HNOS: 1 ml 

-1 M HNOs-0.1 M HI: 3 ml 
Stand for 1-3 h 

1 M HNOs-0.1 M HI: 3 ml 
r---For quantitative separation 
I Stand for overnight 
I 

1 M HNOS-0.1 M HI: 6 ml 

Anion-exchange column: R-NOS, $ 0.4 cm x 8 cm 

-----I 

FIG. 7. Puntication procedures for Pu by the anion-exchange method with HNO, and HNOr 
HI solutions. 
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DESORPTION BEHAVIOR OF PLUTONIUM 1235 

FIG. 8. Elution curves of U with 4 and 7 M HNO, solutions. (BIORAD AG MP-1: 1 mL, 
at room temperature.) 

elution with 4 and 7 M HN03 solutions as shown in Fig. 8. More than 
99.9% of U could be eliminated from the column with 20 CV of the eluting 
solutions. Plutonium samples for the isotope dilution method can be ob- 
tained from elution with 6 CV of a 1 M HN03-0.1 M HI solution. It is 
necessary to apply an additional 6 CV of the solution when quantitative 
recovery of Pu is required. 

Unless Pu is completely adjusted to Pu(IV), Pu(II1) and Pu(V1) may be 
eluted with 4-7 M HN03 (Am + U fraction). As shown in Table 1, only 
very small amounts of Pu leaked out of the column of DIAION, BIORAD, 
and DOWEX resin in the first 5-mL elution (Am fraction). However, 
several percent of Pu leaked in the succeeding elution with 1 M HN03 (U 
fraction) from the DIAION resin column but not with BIORAD and 
DOWEX. This may be due to partial oxidation of Pu(1V) to Pu(V1) on 
the resin. The elution behavior of microamounts of Pu was well reproduced 
within about +2% for repeated runs where all the conditions were kept 
the same; column conditioning, operating temperature, and the use of 
freshly prepared HNOrHI eluent. 

CONCLUSIONS 
Desorption of Pu from a strongly basic anion-exchange resin was studied 

by using HNOrHI mixed acid solutions. Plutonium recovery increased 
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TABLE 1 
Elution Distributions of Microamounts of Pu with DIAION, DOWEX, and 

BIORAD Resin Columns' 
~~ 

Effluent DIAION DOWEX BlORAD 

Sample solution: 1 ml 
7 M HN03: 5 mL 0.07 f 0.01% 0.08 f 0.01% 0.07 f 0.01% 
7 M HN03: 25 mL 5.8 f 1.6 0.004 f 0.002 0.003 f 0.001 

1 M HNO,: 1 mL 
1 M HNOrO.l M HI: 3 mL 

(stand for 1 h) 
1 M HNOrO.l M HI: 3 nnL 

(stand for overnight) 
1 M HNOrO.l M HI: 6 mE 

78.6 f 1.6 

12.1 f 1.7 

3.3 f 0.6 

92.6 f 0.1 

6.5 f 0.1 

0.65 f 0.01 

84.3 f 1.9 

12.5 f 1.4 

3.0 f 0.6 

Column 0.17 2 0.06 0.08 f 0.02 0.13 f 0.02 
~~ 

'Error: lu  (n: 3-5). DIAION: SA#100 (8% crosslinking, 100-200 mesh). DOWEX: 1-X4 
(8% crosslinking, 100-200 mesh). BIORAD: AG MP-1 (macro porous, 100-200 mesh). 

with increasing €€NO3 concentration, and Hi decomposed vigorously at 
higher HN03 concentrations. The optimum eluting solution for Pu was a 
1 M HN03-0.1 M HI mixed acid solution. Desorption conditions were 
studied for both micro- and macroamounts of Pu, and purification pro- 
cedures were established. The decomposition products of HI deposited 
slightly at the top of column, but Pu was successfully purified from more 
than 99% of Am and U. 

The present procedures nave the following advantages: complete de- 
sorption of Pu from the resin column, use of a relatively small volume of 
eluents involving simply evaporating and salt-free reagents, and adapta- 
bility for the purification of micro- and macroamounts of Pu. 
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