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Separation of Palladium from a Simulated Radioactive
Liquid Waste by Precipitation Using Ascorbic Acid

SUNG HO LEE,* CHONG HUN JUNG, JONG SIK SHON, and
HONGSUK CHUNG
KOREA ATOMIC ENERGY RESEARCH INSTITUTE

P.O. BOX 105, YUSONG, TAEJON 305-600, SOUTH KOREA

ABSTRACT

The separation characteristics of palladium (Pd) from a simulated radwaste solution by
ascorbic acid was investigated. Pd was selectively precipitated by the reduction reaction
of Pd with ascorbic acid. For a 1-component system with only Pd, over 99.9% Pd was
precipitated at ascorbic acid concentrations above 0.025 M. When the nitric acid con-
centration in a 7-components system (Pd, Rh, Ru, Fe, Mo, Cs, Sr) was below 2.0 M, Pd
over 99.5% was selectively precipitated at an ascorbic acid concentration above 0.06 M
while the other elements mainly remained in the solution. As the nitric acid concentra-
tion in the simulated solution increases, the precipitation yields of Pd decrease. Pd pre-
cipitates formed by ascorbic acid were confirmed as Pd metal from XRD analysis results.

Key Words. Palladium; Ascorbic acid; Precipitation; Reduction; Platinum
group metals; Radioactive liquid waste

INTRODUCTION

The platinum group metals (PGM) are valuable and important as noble met-
als but their natural resources are rather limited. Three of the PGM, palladium
(Pd), rhodium (Rh), and ruthenium (Ru), are produced as fission products in
nuclear reactors (1). These metals are used for catalytic processes, electronic
and electrochemical industries, anticorrosion alloys, dental applications, etc.
The demand for noble metals continues to grow steadily.
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As the number of nuclear power plants increases, the amounts of these met-
als artificially produced are becoming comparable to the amounts available as
natural resources. The noble metals generated by fission, can thus be recog-
nized as an important alternative resource toward meeting the increasing need
for noble metals (2).

In order to separate the PGM from high-level radioactive liquid waste
(HLLW), many recovery methods have been studied, for example, lead oxide
extraction method; liquid–liquid extraction method with tributyl phosphate
(TBP); adsorption method with active carbon; ion-exchange method; and pre-
cipitation methods by formic acid, hydrazine, hypophosphorous acid, and
ascorbic acid; etc. (3–7). In the case of precipitation methods by formic acid
or hypophosphorous acid, some metals are coprecipitated with Pd (2). How-
ever, Pd was selectively precipitated by ascorbic acid. In the present study the
precipitation characteristics of Pd by ascorbic acid from simulated radwaste
solutions which contained 1, 3, and 7 components were investigated.

EXPERIMENTAL

The simulated radwaste solution used in this study was composed of 1 com-
ponent (Pd), 3 components (Pd, Rh, Ru), or 7 components (Pd, Rh, Ru, Fe,
Mo, Cs, Sr), formulated as representative elements of HLLW. Their concen-
trations were adjusted to the concentrations listed in Table 1, based on the
composition of the supernatant liquor obtained after denitration of the esti-
mated HLLW from the first cycle of the Purex process for PWR spent fuel
with 28,000 MWd/MT and 5 year cooling time (8). As shown in Table 1, the
number of the elements contained in real HLLW is more than 30. However,
elements such as Cr, Cd, Ag, and so on were not added to the simulated solu-
tion because their concentrations are low and their presence may not affect the
precipitation behavior of Pd in the solution. In particular, it was reported that
most Zr and Mo can be removed during denitration of HLLW (8). Zr was
deleted and a small amount of Mo was included into the simulated solution
used in this study. The recovery step of PGM is generally arranged after the
first denitration step (2). Therefore, representative elements in the simulated
solution for this study were as follows: Pd, Rh, and Ru for PGM; Cs and Sr for
alkali and alkaline earth metals; Fe and Mo for transition metals.

The simulated solution was prepared by dissolving the nitrate salts of each
metal, e.g., Pd(II), Ru(IV), and Rh(III). Most chemical reagents for the simu-
lated solution were used in a nitrate salt form, except for Mo which was of
ammonium molybdate, (NH4)6Mo7O24�4H2O, in nitric acid. The nitric acid
and ascorbic acid used were of reagent grade.

For this experiment, ascorbic acid was added to the simulated solution in a
15-mL centrifuge tube at room temperature, and then the solution was well
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mixed with a vortex mixer (Model Fisher type 37600) for 5 minutes and al-
lowed to stand for 2 hours. Then the two phases were separated using a cen-
trifuge and a 1.0-�m cellulose membrane filter (Whatman). The concentration
ranges of nitric acid and ascorbic acid used in the experiments were 0.1 to 4
M and 0.01 to 0.14 M, respectively. The concentrations of Pd, Rh, and Ru in
the sample solution were analyzed by inductively couple plasma atomic emis-
sion spectroscopy (ICP, Model ISA Jobin-Yvon JY 50P and ISA Jobin-Yvon
JY 38 PLUS). The concentrations of Mo, Fe, Cs, and Sr were determined by
a flame atomic absorption spectrophotometer (AAS, Perkin-Elmer, Model
3100). The Pd precipitates formed by ascorbic acid were examined by an
x-ray diffractor (XRD, Model SIEMENS D5000) and a scanning electron
microscope (SEM: JEOL, JSN-5200, Japan).

RESULTS AND DISCUSSION

The redox reaction between the ascorbic acid (H2A: C6H6O6) and dehy-
droascorbic acid (A: C6H6O6) couple in acidic solution is expressed as (9):

A � 2H� � 2e ←couple→ H2A, �0.4 (potential, V)

SEPARATION OF PALLADIUM USING ASCORBIC ACID 413

TABLE 1
Chemical Compositions of the Estimated and the Simulated HLLW

Estimated Simulated Estimated Simulated
Element HLLW (mol/L) HLLW (mol/L) Element HLLW (mol/L) HLLW (mol/L)

Pd 0.018 0.018 Nd 0.0434 —
Rh 0.008 0.008 La 0.0147 —
Ru 0.034 0.034 Ce 0.033 —
Cs 0.037 0.037 Pr 0.0137 —
Na 0.076 — Pm 0.0012 —
Rb 0.0074 — Sm 0.0086 —
Sr 0.0167 0.0167 Eu 0.0019 —
Ba 0.0207 — Gd 0.001 —
Fe 0.038 0.0232 Y 0.0084 —
Cr 0.0091 — Am 0.0012 —
Ni 0.006 — Cm 0.00025 —
Mo 0.069 0.0099 U 0.0076 —
Tc 0.015 — Pu 0.00095 —
Zr 0.069 — Np 0.0015 —
Ag 0.0009 — PO4 0.0023 —
Te 0.0068 — SiO3 0.0076 —
Cd 0.0009 — H� 2 0.1–4
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The redox system and reduction reactions by ascorbic acid of the elements
used in this study are shown in Table 2. From the reduction potential of Pd by
ascorbic acid in Table 2, it is clear that Pd can be precipitated by the reduction
of Pd�2 to Pd metal as in the following reduction reaction:

Pd2� � H2A ↔ Pd(s) � A � 2H�, �0.551 (potential, V)

The precipitation characteristic of Pd by ascorbic acid in 0.5 M nitric acid
in a 1-component system is shown in Fig. 1: as the ascorbic acid concentration

414 LEE ET AL.

TABLE 2
Redox System of each Element and Reduction Chemical Reaction by Ascorbic Acid (9)

Standard Value of
Elements Oxidation–reduction system potential (V) Reduction chemical reaction potential (V)

Pd Pd2� � 2e ↔ Pd(s) �0.951 Pd2� � H2A ↔ Pd(s) � A � 2H� �0.551
Rh Rh3� � 3e ↔ Rh(s) �0.76 2Rh3� � 3H2A ↔ Rh(s) � 3A � 6H� �0.34
Ru Ru4� � e ↔ Ru3� �0.908 2Ru4� � H2A ↔ 2Ru3� � A � 2H� �0.508
Fe Fe3� � e ↔ Fe2� �0.771 2Fe3� � H2A ↔ 2Fe2� � A � 2H� �0.371
Mo MoO2

2� �2H� � e ↔ MoO2
3� �0.48 2MoO2�

2 �2H� � H2A ↔ 2MoO3� �A �0.08
Sr Sr2� � 2e ↔ Sr(s) �2.89 Sr2� � H2A ↔ Sr(s) � A � 2H� �3.41
Cs Cs� � e ↔ Cs(s) �2.92 2Cs2� � H2A ↔ Cs(s)� A � 2H� �3.32

FIG. 1 Precipitation fraction of palladium with the concentration of ascorbic acid in a 1-
component system [HNO3 concentration: 0.5 M].
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increases, the precipitation yield of Pd increases. Over 99.9% Pd was precip-
itated at ascorbic acid concentrations above 0.025 M. Figure 2 shows the pre-
cipitation characteristics of 3 elements with ascorbic acid concentration in 0.5
M nitric acid. From the results, over 99.9% Pd was quantitatively precipitated
at ascorbic acid concentrations above 0.03 M while the other elements mainly
remained in the solution. Based on the reduction potential of Rh by ascorbic
acid, Rh can also be precipitated; however, Rh was not precipitated at all.
From this result it is supposed that more activation energy may be required for
the complete reduction of Rh.

Based on the reduction potential of Ru by ascorbic acid in Table 2, it is ap-
parent that Ru4� may be reduced to Ru3� by ascorbic acid, and Rh is also a
reducible element by ascorbic acid. Therefore, it is estimated that the required
ascorbic acid concentration in the 3-components system is more than that in a
1-component system for the same yield of Pd precipitate. The precipitation
characteristics of each element with the concentration of ascorbic acid in 0.1
and 0.5 M nitric acid are shown in Figs. 3 and 4. From the results, Pd was se-
lectively precipitated with an increase of the ascorbic acid concentration while
the other elements were scarcely precipitated. Over 99.5% Pd was precipitated
at an ascorbic acid concentration above 0.04 M. On the other hand, the ascor-
bic acid concentration required for the complete reduction of elements in-
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FIG. 2 Precipitation fraction of each element with the concentration of ascorbic acid in a
3-components system [HNO3 concentration: 0.5 M].
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FIG. 3 Precipitation fraction of each element with the concentration of ascorbic acid in a
7-components system [HNO3 concentration: 0.1 M].

FIG. 4 Precipitation fraction of each element with the concentration of ascorbic acid in a
7-components system [HNO3 concentration: 0.5 M].
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creased because of the presence of metals reducible by ascorbic acid such as
Ru, Rh, and Fe. Figure 5 also shows the precipitation characteristics of Pd with
the ascorbic acid in 2.0 M nitric acid. As shown in Figs. 3 and 4, as the ascor-
bic acid concentration increases, the precipitation yield of Pd increases. Pd
was quantitatively precipitated at ascorbic acid concentrations above 0.06 M
while other elements mainly remained in solution. Over 99.5% Pd was pre-
cipitated at an ascorbic acid concentration above 0.06 M. Figure 6 shows the
dependency of the precipitation yield of Pd on the nitric acid concentration in
a 3-components system. The yield of Pd precipitation was found to be in-
versely proportional to the nitric acid concentration. Based on this result and
the positive reduction potential of nitrate ion (NO3

�) (10), it is likely that NO3

in the nitric acid solution may be reduced to nitrite (NO2
�) ion or nitrosyl

(NO�) ion by the ascorbic acid. Therefore, as the nitric acid concentration in-
creases, the yield of Pd precipitation decreases, and a greater quantity of ascor-
bic acid is required for complete reduction of elements.

To investigate the characteristics of Pd precipitates formed by ascorbic
acid, XRD and SEM analyses were carried out. Based on the XRD and SEM
results shown in Figs. 7 and 8, it was confirmed that the Pd precipitate was
Pd metal made up of aggregated particles of less than 0.1 �m due to a fast
reduction reaction.

FIG. 5 Precipitation fraction of each element with the concentration of ascorbic acid in a
7-components system [HNO3 concentration: 2.0 M].
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FIG. 7 XRD pattern of Pd precipitates in 1 and 3 components systems.

FIG. 6 Effect of nitric acid concentration on precipitation yield of Pd by ascorbic acid in a
3-components system.
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CONCLUSIONS

The precipitation characteristics of Pd by ascorbic acid in a simulated rad-
waste solution were investigated. Pd was selectively precipitated by the re-
duction reaction of Pd with ascorbic acid. Over 99.9% Pd in 1- and 3-compo-
nent systems in 0.5 M nitric acid was quantitatively precipitated at
concentrations of ascorbic acid above 0.025 and 0.03 M, respectively. Over
99.5% Pd was selectively precipitated by an ascorbic acid concentration above
0.06 M when the nitric acid concentration of a 7-component system was be-
low 2.0 M, while other elements mainly remained in solution. As the nitric
acid concentration in the simulated solution increases, the precipitation yields
of Pd decrease and the concentration of ascorbic acid required for complete re-
duction of elements increases.

XRD and SEM analyses of the Pd precipitates formed by ascorbic acid con-
firmed that they were Pd metal and made up of aggregated particles of less
than 0.1 �m due to a fast reduction reaction. It is assumed that Pd precipitate
has a purity over 99% because Pd is selectively precipitated by ascorbic acid
from the simulated radwaste solution and exists in a metal form.

Based on these experimental results, Pd can be easily and selectively
separated from a simulated radwaste solution by ascorbic acid.

SEPARATION OF PALLADIUM USING ASCORBIC ACID 419

FIG. 8 SEM photograph of Pd precipitate in a 3-components system.
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