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INTRODUCTION

During solvent extraction reprocessing of

spent nuclear fuel (SNF), about a half of fis-

sion Ru, Rh and Pd contained in it (3–30 kg/t

of a heavy metal) remains in high level wastes

(HLW) of PUREX process [1, 2]. Ecological as-

pects of HLW handling are connected with the

necessity to recover platinum metals (PM) from

a mixture of fission products before or during

waste vitrification [2]. Under perspective frac-

tionating of  long-lived radionuclides of  HLW

(for subsequent transmutation of minor acti-

noids), PM can be recovered as a separate frac-

tion along with the fractions containing acti-

noids, Sr–Cs, etc. [3, 4]. Group extraction of

PM can be achieved by reducing with sugar [2]

or formic acid [3] during HLW denitration, by

fusion with a lead collector [2], by sorption on

activated carbon [3]. Methods of PM recovery

from the resulting concentrates have not been

developed, because an exposure for 30–50 years

is necessary in order to decrease the activity

of Ru and Rh radionuclides. As far as palladi-

um is concerned, its radioactivity is determined

by the long-lived 107Pd (T1/2 = 6.5 106 years)
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Abstract

In relation to the problem of recovery of fission palladium from highly active liquid wastes from spent
nuclear fuel reprocessing, the efficiency of a flow sheet based on solvent extraction and electrochemical
processes for palladium purification from a number of accompanying elements (Ag, Te, Se, Sb) was tested
using model (in the absence of radiation) nitrate-nitrite solutions. The flow sheet is composed of two extrac-
tion cycles which involve solvent extraction of palladium with petroleum sulphides, washing of the extracts
with acid solutions,  and palladium stripping with aqueous ammonia. In the first cycle imitating recovery from
HLW, ~99 % Pd and ~25 % Ag is recovered and separation from other accompanying elements is achieved.
High efficiency of palladium separation from silver (105) is achieved during the second cycle due to solvent
extraction affining from hydrochloric solution. For passing from the ammonia strip liquor of  palladium and
silver,  which is the final product of  the first cycle,  to the starting hydrochloric solution for the second cycle,
electrochemical operations are applied, involving co-deposition of these metals on the cathode followed by
their anodic dissolution in HCl solution. The efficiency of these operations was also not less than 99 %. At the
final stage,  purified palladium is recovered from the strip liquor of  the second cycle as a difficultly soluble
trans-dichlorodiammine (“palladozammine”, PZA). End-to-end palladium fraction extracted with the help of
this flow sheet is 97–98 %. No Te, Se or Sb admixtures were detected in the resulting PZA; Ag content is close

to the level observed in the reference experiment (mass concentration 10–5 %).
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isotope, which is a soft β-radiator (35 keV) and

is responsible for almost constant radioactivity

of fission palladium. So, in the foreseeable fu-

ture,  it is reasonable to develop a technology

of recovery and fine purification with the fac-

tor of separation from accompanying radionu-

clides 105–107 [1], which may find limited ap-

plication in a number of works in nuclear in-

dustry excluding any direct contact with man

and mixing of  the fission palladium with natu-

ral one. Development of laser and plasma pro-

cedures of isotope separation and reduction

of the price of these procedures will allow

one to separate 107Pd in the future and to use

stable isotopes of fission palladium without limi-

tations [1, 2]. This problem is urgent because

need for palladium on the world market ex-

ceeds overall demand for all the other plati-

num metals, while the cost of palladium is

high [5].

Industrial technologies of the recovery of

fission palladium are unavailable at present,

though  works are known which deal with the

recovery of fission palladium preparations from

actual solutions by means of sorption [6] and

solvent extraction [7]. The possibility to achieve

the required factor of fission palladium sepa-

ration from Ag, Ru and Rh radionuclides much

higher than the requirement for the conven-

tional affining of  natural palladium was not

investigated in those works. On the basis of

previous investigations [8–10], we proposed a

solvent extraction procedure for palladium re-

covery and affining from acidic nitrate – nit-

rite systems in application to the recovery of

fission palladium from HLW. The procedure

consists of two extraction cycles, electrochemical

operations providing the transfer from the first

cycle to the second one (affining), and the fi-

nal recovery of  purified palladium in the form

of difficultly soluble trans-dichlorodiammine.

The goal of the present work is laboratory

testing of the efficiency of this procedure for

the separation of palladium from a series of

accompanying elements (Ag, Te, Se and Sb)

on the basis of the direct measurement of

their content in the intermediate and final

products. Admixtures were introduced only into

the initial imitates (in the absence of radioac-

tive components) in concentrations close to their

calculated concentrations in typical HLW. Such

an approach helps achieving a more adequate

correspondence of the stoichiometry and con-

centrations of element forms to their actual

status in the products obtained by the proce-

dure under examination,  which varies from

one stage of the process to another depending

on chemical medium of the liquid products.

EXPERIMENTAL

We used chemical reagents: HNO3, NH4OH,

AgNO3 of “kh. ch.” grade (chemically pure),

metal Pd  (99.9 %),  Sb (Su-000), Se (“os. ch.”

22-4 – specially pure), and Te (TV-4). Extract-

ant was concentrate of petroleum sulphides

(PS, 10 % sulphide sulphur, distillation range

507–633 K), extracted from sulphurous petro-

leum with 86 % H2SO4. Diluent for PS was

technical-grade triethyl benzene (TEB) with

isomer mixture content of 99.2 %.

Standard solutions of elements on the basis

of 3M HNO3 were prepared by dissolving met-

als in concentrated (Pd and Sb) or 1 : 1 diluted

HNO3 (Se and Te) followed by dilution with

water. Imitate solution obtained by mixing stand-

ard solutions was subjected before solvent ext-

raction to nitration with nitrogen oxides until

constant effective redox potential of solution

was achieved. For the aqueous HNO2/HNO3 sys-

tem [1], this means achievement of steady

HNO2 concentration, which was estimated in

agreement with calibration using nitric solu-

tions of NaNO2 to be about 10–2 M.

Solvent extraction operations (solvent ext-

raction,  washing,  stripping) were carried out

in separating funnels at room temperature

(295–298 K) and a given ratio of the volumes

of organic and aqueous phases (r). The phases

were mixed manually for time interval τ and

separated after emulsion layering as a result

of  settling. Before analysis,  aliquots of  phases

were additionally centrifuged.

The volumes of imitate (500 ml) and other

initial solutions for experiments were chosen

taking into account product sampling for analy-

sis, and a minimal amount of solution neces-

sary to fill electrochemical cells (50 ml). Tech-

nical difficulties connected with the necessity

to process large volumes of solutions in sepa-

rating funnels did not allow carrying out ex-
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traction operations at optimal temperature (in

the 2nd cycle, elevated temperature is opti-

mal for solvent extraction), phase volume ra-

tio and duration of mixing. The volume of

washing solutions was increased to provide ef-

ficient washing of  large internal surface of

separating funnels;  the volume of  strip solu-

tion in the 1st cycle was increased taking into

account minimal volume necessary for filling

electrolyzer. To compensate a decrease in the

rate of heterogeneous processes due to low

temperature (295–298 K) and insufficient in-

tensity of mixing large volumes of phases in

separating funnels by manual shaking, mixing

time was also increased substantially, though

under optimal conditions several seconds and

minutes are sufficient for quantitative recove-

ry in the 1st and the 2nd cycles, respectively.

Electroextraction of palladium from ammo-

nia strip liquor of  the 1st solvent extraction

cycle in experiments B and C (see below) was

carried out in two stages. At the first stage, the

main amount of palladium was deposited as a

metal on a flat titanium cathode without mix-

ing the electrolyte at the current density of

500 A/m2; at the second stage the residual

amount of palladium was recovered on volu-

minous porous carbon fibre cathode (graphi-

tized VINN-250 material) with the solution flow-

ing through it with the help of set-up de-

scribed in [12]. Overall current density was

2000 A/m2. In experiment A, electroextraction

was carried out in one stage using carbon fibre

cathode. The anodic dissolution of palladium

from titanium and carbon fibre electrode (CFE)

was performed in a 4 M HCl aqueous solution

at the current density of 500–1000 A/m2.

Concentrations of elements in solutions were

determined by atomic absorption with HITACHI

Z-8000 instrument in flame or in graphite ato-

mizer. In order to establish detection limit un-

der the experimental conditions for each oper-

ation, blank experiments were carried out us-

ing the corresponding solutions in which Pd,

Ag, Te, Se and Sb were absent.

RESULTS AND DISCUSSION

Experiment flow sheet is shown in Fig. 1.

The movement of palladium over sequential

stages of the process is shown in bold arrows.

The products of  stages which were analysed

are marked with numbers in circles. The flow

Fig. 1. Flow sheet of the experiment.
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sheet includes two solvent extraction cycles. Both

cycles include solvent extraction of palladium

with petroleum sulphides, washing the extracts

with aqueous solutions of acids and palladium

stripping with aqueous ammonia solutions. The

first cycle imitates palladium recovery from

HLW and served to separate palladium from

the major part of accompanying elements ex-

cept silver. The goal of the second cycle is fine

separation of palladium from silver. This is

achieved by solvent extraction affining of pal-

ladium from hydrochloric medium from which

silver is not extracted [10]. To pass from the

ammonia strip liquor containing palladium with

silver admixture,  which is the final product

of the 1st cycle, to the hydrochloric solution

which is initial for the second cycle, electro-

chemical operations of the joint deposition of

palladium and silver in the form of metals on

cathode followed by anodic dissolution of these

metals in aqueous HCl solution are used. At the

final stage,  purified palladium is recovered

from the strip product of  the 2nd cycle in the

form of  polycrystalline PZA precipitate.

Characteristics of the major operations

Three experiments (A, B, C) were carried

out using different initial model solutions; the

experiments included operations of the two

solvent extraction cycles, electrochemical cyc-

le and PZA precipitation. The results of  ex-

periments are shown in Table 1. Numbers of

products in the Table coincide with those in

the Fig. 1, while sign “<” (less) indicates that

the concentration of an element in the pro-

duct is below the given value of the blank

experiment for this element.

The first solvent extraction cycle consists of

solvent extraction,  washing and stripping of

palladium; these operations are carried out at

one step each.

1. Palladium solvent extraction from the

model nitrate-nitrite solution with a 0.3 M so-

lution of PS in triethyl benzene at r = 0.1 and

τ = 1 min provides the recovery of 99.8–100 %

of palladium, 58–63 % of silver with 10-fold

concentrating, and almost complete separation

of the admixtures of tellurium, selenium and

antimony, which are not detected in all the

subsequent products. A freshly prepared ex-

tractant was used in experiment A; extractants

regenerated one and two times after A experi-

ment and A, B experiments were used in ex-

periments B and C, respectively.

2. Washing the extract with 0.5 M HNO3 at

r = 1 and τ = 3 min is accompanied by the

removal of 46–52 % of silver without notice-

able losses of palladium (<0.01 %).

3. Stripping of  99 %  of  palladium and 94 %

of silver is performed with a 3 M NH4OH so-

lution and 10 g/l NH4NO3 at r = 1 and τ =
5 min. The residual content of these metals in

the recovered extractant, taking into account

the stoichiometry of extracted complexes of

palladium and silver, corresponds to binding

not more than 0.001 M of the extractant (0.3 %

of the initial PS content). In experiment B,

we used stripping solution regenerated once as

a result of cathode recovery of palladium in

experiment A;  freshly prepared stripping so-

lution was used in experiments A and B.

Direct recovery of palladium in the first

solvent extraction cycle in experiments A–C

was more than 99 % as a mean, according to

palladium content in extract, or 99.5–99.7 %

according to the total residual content in raffi-

nate,  washing water and regenerated extrac-

tant.

Electrochemical cycle involves correction of

the strip liquor volume to 50 ml,  electroextrac-

tion of palladium on a flat and /or voluminous

porous electrode under cathode polarization from

ammonia medium followed by the dissolution

of palladium in the aqueous HCl solution under

anode polarization of the electrode.

1. In experiments B, C, due to insufficient

amount of  the strip liquor of  the 1st cycle,

we added 3 M NH4OH and 10 g/l NH4NO3

solutions till the volume of 50 ml, which was

necessary to fill the electrolysis cell; this caused

dilution of  the strip liquor by a factor of  1.1

and 1.7, respectively. The corrected solution is

designated as “initial electrolyte”».

2. Electroextraction of palladium from the

initial electrolyte was carried out in experi-

ments B, C in two stages. At first, the major

part of palladium was deposited onto a flat

titanium cathode; Pd remaining in solution at

a level of 1 g/l was recovered with the help
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of carbon fibre cathode. In experiment A, only

CFE was used. The solution obtained as a result

of  the cathode treatment is designated as “re-

generated stripping solution”. The degree of

electrochemical recovery of palladium from

strip liquor is more than 99 %. Judging from

the residual concentration in the regenerated

strip solution (74 (A),  2 (B) and 3 mg/l Pd (C)),

two-stage electrolysis is more efficient. This is

due to the fact that in the case of high palla-

dium content the pores of CFE get filled with

the metal phase, which decreases the working

surface area of the electrode and hinders elec-

trolyte circulation through it.

ÒÀBLE 1

The distribution of palladium and accompanying metals over the main products of the flow sheet

 Product Exp. ÑÌ, mg/l

Pd Ag Te Se Sb

  1 Model solution À   1020   45.5 270 16 14

B      920   41.6 245 16 12

C   1070   45.5 – –  –

 2 Raffinate À           1.7   17 275 16 14

B           1.0   17.5 245 16 12

C           0.15   19.2 – – –

  3 Washing HNO3 À           0.3 110 <0.02 <0.02 <0.02

B <0.2 112 <0.02 <0.02 <0.01

C <0.1 112 – –  –

  4 Strip liquor À   9450   94 <0.01 <0.02 <0.02

B   9500 120 <0.01 <0.02 <0.01

C 10 600 122 – –  –

  5 Regenerated extractant À        14     5.5 <0.02 <0.02 <0.02

B        25     8 <0.02 <0.02 <0.02

C        32     8 – – –

  6 Initial electrolyte À   9450   94 <0.01 <0.02 <0.02

B   8740 111 <0.01 <0.02 <0.01

C   6080   70 –  –  –

  7 Regenerated stri p solution À        74     1.6 <0.01 <0.02 <0.02

B          2.3     0.28 <0.01 <0.03 <0.03

C           3.2     0.17 <0.01 <0.03 <0.02

  8 Initial solution II À   5200   68 – <0.04 <0.02

B   7580 119 – <0.06 <0.02

C   5450   74 –   – –

  9 Raffinate À      103   64 – – –

10 Washing HCl À            0.2     0.5 <0.01 – –

11 Washing water À            0.1     0.06 <0.01 – –

12 Strip liquor À 42 000 <0.01 <0.05 – –

13 Regenerated extractant À         48 <0.02 – – –

14 Mother solution À         80 <0.003 <0.01 – –

15 PZA precipitate* À        50.34 1 ⋅ 10-3** <4 ⋅ 10-4 <4 ⋅ 10-4 <4 ⋅ 10-5

B        50.34 2 ⋅ 10-5 <4 ⋅ 10-4 <4 ⋅ 10-4 <4 ⋅ 10-5

C        50.34 1 ⋅ 10-5 <4 ⋅ 10-4 <4 ⋅ 10-4 <4 ⋅ 10-5

 *Content of elements is given in per cent.

**Judging from silver concentration in the ammonia strip liquor No. 12 (<0.01 mg/l),  its elevated concentration

in PZA precipitate in experiment A can be caused by accidental contamination during the precipitation of  PZA and

during the preparation of  sample for analysis.

No.
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3. Complete dissolution of palladium from

titanium and carbon fibre electrodes is achieved

under anode polarization in the 4 M HCl aque-

ous solution resulting in the “initial solution II”

for the 2nd solvent extraction cycle. Some de-

crease in Pd concentration in product No. 8 in

comparison with product No. 6 is connected with

sampling for analysis and mastering the elec-

trolysis modes, and with subsequent dilution

in order to recover the solution volume.

Both electrochemical operations do not in-

volve separation of Pd from Ag.

The second solvent extraction cycle (affin-

ing) consists of sequential signle-step opera-

tions of solvent extraction of palladium, acid-

ic and water washing of  the extract,  and strip-

ping.

1. Solvent extraction of palladium from the

solution based on 4 M HCl is carried out with

0.5 M PS solution in triehtyl benzene at r = 0.33

and τ = 1 h. Extractant regenerated in experi-

ment B was used for experiment C; freshly

prepared one was sued in experiments A and

B. At this stage, 3-fold concentrating and sepa-

ration of palladium from the major part of

silver is achieved. With complete (>98 %) ex-

traction of palladium, more than 94 % of

silver remains in raffinate.

2. Washing the extract with 4 M HCl at r = 1

and τ = 10 min and with water causes the re-

moval of residual silver from the extract; sil-

ver content becomes lower than that in the

blank experiment.

3. Extraction of more than 99 % of palla-

dium by stripping is performed with 6 M

NH4OH solution at r = 3 and τ = 30 min. No-

ticeable residual Pd content (48 mg/l) in the

regenerated extractant is due to non-optimal

conditions of experiment A, which, however,

would not have a decisive importance in mul-

tiple cycling use of  the extractant.

The precipitation cycle includes obtaining

the PZA precipitate,  filtering an washing.

1. In order to precipitate palladium in the form

of difficultly soluble PZA (trans-[Pd(NH3)2Cl2]),

strip liquor from the 2nd cycle is neutralized

by 0.5 M HNO3 solution to pH 1–2 under mode-

rate cooling (about 283 K). The yield of PZA

was measured in experiment A; it was about

98 %.

2. Separation of  the precipitate from mother

solution was carried out by filtering with a

porous glass filter followed by washing with

cold water and alcohol. In order to analyse im-

purities by means of atomic absorption, the

mother solution was united with washing wa-

ter (a 12.5-fold dilution);  PZA precipitate dried

at a temperature of 373 K was dissolved in

HCl under heating. No Te, Se and Sb impuri-

ties (less than (4–40) 10–5 %) were detected in

the resulting PZA; Ag content is at the level

of (1–2) 10–5 %.

Mass balance for palladium and silver with

respect to all the products of the described

flowsheet, calculated for experiment A, agrees

at a satisfactory error of 5–7 % with the

amount of these metals introduced with the

initial imitate solution.

Efficiency of the solvent extraction

electrochemical flow sheet

Laboratory test in three independent ex-

periments provided general confirmation of

all the results of  preliminary investigations of

separate stages [8–10] and showed stable re-

producibility of palladium separation factor

with respect to the tested impurities. In fact,

as early as at the first cycle, at solvent extrac-

tion stage Pd is separated from Te, Se and Sb,

which remain in raffinate;  their content in the

products of all subsequent stages is below the

level of blank (reference) experiments. As a

result, the lower limit of palladium separa-

tion factors in the first cycle is estimated as

SPd,Te>3 104, SPd,Se>2 103 and SPd,Sb>2 104. Af-

ter affining solvent extraction cycle, these fac-

tors are to increase by several orders of mag-

nitude, but they cannot be measured due to

limited sensitivity of  the analysis method.

Fine separation of palladium from silver

occurs at the 2nd cycle mainly at the solvent

extraction stage, as well as during washing. The

concentration of Ag in the solutions at all the

subsequent stages is lower than that of the

blank experiment. As suggested by good repro-

ducibility of results in experiments B and C,

mass concentration of Ag in PZA is (1–2) 105 %.

In this case, the through separation of palla-

dium from silver starting from the initial mod-
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el solution till the PZA precipitate is SPd,Ag ≈
(1–2) 105. On the basis of the data about the

composition of  strip liquor of  the 2nd cycle,

the overall separation factor over the two sol-

vent extraction cycles is close to SPd,Ag ≈ 2 105,

that is,  no additional separation from silver

occurs during PZA precipitation,  and during

electrochemical operations connecting the sol-

vent extraction cycles.

Special experiments and results obtained by

us previously [9] show that separation coeffi-

cients (βPd, M) for palladium and a number of

accompanying elements in HLW (Ru, Rh, Mo,

Zr, La, Fe, Ni), which were not investigated

in the present work, for solvent extraction with

PS from nitrate-nitrite solutions are at a level

of 106–107; for the recovery from hydrochlo-

ric media, they are 106–107 for Ru and Rh,

104–105 for Mo, Zr, Se and Cs.

Under the experimental conditions, no neg-

ative action of organic substances on palladi-

um electroextraction and no effect of nitrous

acid on the stability of extractant were ob-

served. More detailed investigations concern-

ing these problems will be described in sepa-

rate communications. The applicability of twice

and once regenerated extractant solution and

strip solution for further use at the correspond-

ing stages of the process is demonstrated. No

worsening of recovery characteristics was ob-

served.

For practical implementation of the flow

sheet, extraction operations should be per-

formed in phase counter-flow mode. Under

optimal modes, it is possible to use centrifugal

extractors with phase contact time not more

than 10 s in the 1st cycle, in order to minimize

radiation chemical action of highly active HLW

on the extractant and diluent; in the 2nd cycle

under the conditions of substantial decrease in

radiation, it is possible to use devices of the

mixer-settler type with phase contact time

about 10 min at increased temperature (303–

308 K). The products No. 2 and 3 (see Fig. 1) are

united into highly active liquid wastes; accord-

ing to the optimal estimation, their volume

exceeds the volume of the initial HLW by only

5 %. These wastes do not contain new compo-

nents and can be processed further according

to the existing technology of HLW processing.

A united solution of products No. 9–11 and 14

is a weakly active liquid waste containing HCl,

silver, residual palladium and perhaps traces

of  some accompanying elements. In principle,

it is possible to provide electrochemical addi-

tional recovery of  Pd and Ag from these

wastes, with subsequent return for processing

according to the flowsheet; partial recovery

of HCl by evaporating the waste and utiliza-

tion of the residue (investigation of the radia-

tion and chemical stability of the components

of the organic phase was planned but has not

been performed yet).

CONCLUSION

Laboratory testing of the solvent extrac-

tion flow sheet with model solutions confirmed

the main parameters obtained at earlier stages

of investigation of separate operations involved

in the flow sheet. This is true both for the

completeness of palladium recovery and con-

centrating (through recovery is 97–98 % with

40-fold concentrating), and for the quality of

the resulting palladium. The content of all im-

purities in palladium is determined by the ref-

erence experiment and is at a level of 10–5 %,

therefore, it is necessary to apply nuclear-

physical methods to obtain more accurate val-

ue of palladium separation factor. This ques-

tion can be answered only with the help of

special experiments with imitate solutions con-

taining radionuclides of main impurities (Ag,

Ru, Sb, Se, Te, etc.) with high specific activi-

ty, in order to reliably estimate separation fac-

tors at a level of 106–107 and higher, or ex-

periments with real HLW. In addition, lengthy

pilot tests are necessary in order to reveal the

stability of separation factors, selectivity of

recovered solutions of  extractants and strip

solutions and their real losses under multiple

application.

The investigation is supported by ISTC project

No. 1052–98.
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