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a b s t r a c t

The electrochemical behavior of palladium (II) in nitric acid medium has been studied at platinum and
stainless steel electrodes by cyclic voltammetry. The cyclic voltammogram consisted of a surge in cathodic
current occurring at platinum electrode at a potential of −0.1 V (vs. Pd), which culminates in a peak at
−0.3 V was due to the reduction of Pd(II) to Pd. This was accompanied by a broad scant anodic peak (Ia

p)
at 0.25 V during scan reversal. Reduction of Pd(II) was irreversible and the diffusion coefficient was found
to be 2.35 × 10−8 cm2/s at 298 K. At stainless steel electrode, a surge in the cathodic current occurring at
−0.4 V (vs. Pd) was due to palladium deposition, which was immediately followed by a steep increase in
cathodic current at −0.66 V due to H+ reduction. Electrolysis of palladium nitrate from 1 M to 4 M nitric
igh-level liquid waste
lectrodeposition

acid medium at stainless steel electrode resulted in complete recovery of palladium with reasonably
high Faradaic efficiency depending upon nitric acid concentration. However, the recovery and Faradaic
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. Introduction

PUREX process is being adopted for the separation of uranium
nd plutonium from the spent nuclear fuel dissolver solution [1].
he nitric acid raffinate obtained after extraction is known as “high-
evel liquid waste” (HLLW), which contains significant quantities
f valuable fission platinoids [2]. Most of the isotopes of platinum
roup metals (Ru, Rh and Pd) formed from fission reaction are non-
adioactive or weakly radioactive. For example fission palladium is
omposed of few stable isotopes (83%) and a radioactive 107Pd(17%),
hich is a soft �− emitter with a half-life of 6.5 × 106 years. The

ntrinsic radioactivity of 107Pd is very weak and can be tolerated
or several industrial applications. Therefore, there is a growing
nterest in the recovery of palladium from HLLW [3].

Several separation methods such as solvent extraction [4], ion
xchange [5], non-aqueous methods [6], etc. have been reported
or the recovery of palladium. Excellent reviews in this regard
y Kolarik and Renard [3,7,8], and Pokhitonov and Romanovskii
9], detail the methods reported to date for the separation of fis-

ion platinoids. The electrochemical method for the separation
nd recovery of palladium is one of the easy and promising tech-
iques due to its simplicity, accessibility of reduction potential of
alladium in nitric acid medium. Besides, this method does not

∗ Corresponding author. Fax: +91 44 27480065.
E-mail address: tgs@igcar.gov.in (T.G. Srinivasan).
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ered (to 40%) in the case of electrolysis from simulated high-level liquid
ompetitive reactions.

© 2008 Elsevier Ltd. All rights reserved.

emand the addition of external reagents in HLLW. Koizumi et al.
10] reported the electrolytic extraction of fission platinoids from
itric acid medium. A recovery of 90%, 23% and 10% was reported
espectively for the deposition of Pd, Rh and Ru, and the deposi-
ion rates were reported to decrease with increase of nitric acid
oncentration. Ozawa et al. developed a new strategy for the back
nd of nuclear fuel cycle, known as Adv.-ORIENT, to enhance the
eparation of potentially useful fission products such as palladium
nd transmutation of minor actinides [11,12]. Kirshin et al. [13]
tudied the electrolytic recovery of palladium from nitric acid solu-
ions and reported the efficiency of the process in the presence of
NO3, NaNO3, uranium and other admixtures. However, detailed
lectrochemical behavior of palladium (II) in nitric acid medium,
peciation and recovery from simulated waste of fast reactor fuels
as not been reported so far. Therefore the objective of the present
aper is to report the results of the electrochemical behavior of
d2+ in nitric acid medium, investigated by cyclic voltammetry.
lectrodeposition of palladium in the presence of various interfer-
ng elements present in high-level liquid waste, effect of nitric acid
oncentration, and recovery from simulated high-level waste, etc.
re also reported.
. Experimental

All the chemicals used in the study were of analytical AR grade.
alladium (II) nitrate in nitric acid solution (10%, w/v) was procured
rom Arora Matthey, Kolkata, India.

http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:tgs@igcar.gov.in
dx.doi.org/10.1016/j.electacta.2008.08.034
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.1. Voltammetry of palladium (II) nitrate in nitric acid

A solution of palladium nitrate (20 mM) in nitric acid medium
as prepared by dissolving a required quantity of palladium nitrate

tock in appropriate concentration of nitric acid (25 mL). Elec-
rochemical studies and electrolysis were conducted at 298 K.
n voltammetric measurements, platinum wire was used as the
orking (cylindrical, SA = 0.11 cm2) and counter electrodes, and
alladium wire was used as quasi-reference electrode. All the
oltammetric data were obtained after IR compensation. Elec-
rodeposition was conducted on a stainless steel (6 cm2) plate
ith platinum plate as counter electrode and palladium wire as

uasi-reference electrode. The choice of stainless steel as working
lectrode during electrolysis was due to its inexpensiveness and
ts easy availability for scaling-up operations. After the deposition,
he plate was washed extensively with acetone and deionized water
efore subjecting it for morphological examination.

.2. Instrumentation

Cyclic voltammograms of the solutions were recorded using
utolab (PGSTAT- 030) equipped with an IF 030 interface. UV–Vis
bsorption spectrum was recorded using Shimadzu UV–Vis spec-
rometer model 2500. A Philips field effect scanning electron

icroscope (SEM), model XL 30, with energy-disperse spectrom-
ter (EDS) working at 30 kV was used to examine the surface
orphology and elemental composition of the deposit.

. Results and discussions

Fig. 1 shows the cyclic voltammogram of palladium (II) in
itric acid medium recorded at platinum electrode at the potential
weeping rate of 100 mV/s. A surge in the cathodic peak current
ccurring at a potential of −0.1 V (vs. Pd), which culminates in
peak at −0.3 V, is due to the reduction of palladium. A broad

xidation wave is observed at 0.25 V during scan reversal, indi-
ating that the reduction of palladium (II) at platinum electrode
s irreversible. Increasing the nitric acid concentration decreases

he cathodic peak current (Ic

p) and broadens the cathodic wave.
his effect could be attributed to the conversion of free palladium
II) ion in to various nitro-complexes of palladium. The absorp-
ion spectra of Pd(II), shown in Fig. 2, also exhibits a bathochromic
hift with increase in the concentration of nitric acid due to nitrate

ig. 1. Comparison of cyclic voltammograms of Pd(II) in different concentrations of
NO3 recorded at platinum electrode. Quasi-reference: palladium wire, T = 298 K,

can rate = 0.1 V s−1.

t
d
s
c

F
n

ig. 2. Comparison of UV–vis absorption spectrum of Pd(II) in various concentra-
ions of nitric acid. [Pd] = 1 × 10−4 M.

omplexation. Purans et al. [14] studied the structure and speci-
tion of Pd2+ in nitric and perchloric acid medium. The stability
onstants for the complexation of palladium (II) ion with nitrate
ons in nitric acid medium, derived from solvent extraction data,

ere reported by Tarapcik [15]. Based on those stability constants
ˇ1 = 3.28, ˇ2 = 2.13, ˇ3 = 0.223, ˇ4 = 0.004) speciation of palladium
n nitric acid medium was determined and is depicted in Fig. 3.
t is seen that in 0.1 M nitric acid medium, majority of palladium
xists as free ion [Pd(H2O)4]2+ and its concentration decreases
ith increase in the concentration of HNO3. The concentration of

Pd(NO3)(H2O)3]+ is maximum at 1 M HNO3, and the concentra-
ion of neutral species, [Pd(NO3)2(H2O)2], increases with increase
n concentration of nitric acid. Accordingly, the �max observed in the
isible absorption spectrum of palladium nitrate solution, shown in
ig. 2, is also shifted bathochromically with increase in the concen-

ration of nitric acid. Thus, the charge of the electroactive species
ecreases with increase in the concentration of nitric acid that
eems to reduce the diffusion of palladium species and lowers the
athodic peak current (Ic

p).

ig. 3. Speciation of various Pd(II) nitrate complexes in various concentrations of
itric acid.
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ig. 4. Comparison of cathodic sweep voltammograms of Pd(II) present in var-
ous concentrations of nitric acid recorded at platinum rotating disc electrode
r = 500 rpm). Counter electrode: platinum wire. Reference electrode: palladium
ire. T = 298 K, scan rate: 0.01 V s−1.

The electrochemical behavior of palladium (II) was also investi-
ated at rotating disc electrode. Fig. 4 shows the cathodic sweep
oltammogram of palladium (II) present in nitric acid medium
ecorded at platinum rotating disc electrode (radius = 1.5 mm) at
he scan rate of 10 mV/s. It is observed that the cathodic current
ncreases with increase of applied potential due to the reduction
f palladium (II) ion, which is subsequently followed by increase of
athodic current arising from the reduction of H+ ion (H2 evolution).
limiting current for the reduction of palladium (II) is obtained only
n the case of reduction from 0.1 M nitric acid medium, where dis-
inct curves for the reduction of palladium (II) as well as for H+ are
bserved. However, at higher nitric acid concentrations the onset
f reduction of palladium is shifted to more negative potentials
nd merges with H+ reduction. In addition, since the concentra-

4

s

ig. 5. Cathodic sweep voltammogram of Pd(II) present in 0.1 M nitric acid recorded at p
outecky–Levich (1/i vs. ω−1/2) plots. The limiting current measured at −0.4 V.
Acta 54 (2009) 1083–1088 1085

ion of H+ is very high (4 M) as compared to palladium (II) ion
in 20 mM), the reduction of palladium (II) at RDE is not appar-
nt in the voltammogram shown in Fig. 4. A similar behavior of
roadening of cathodic wave and shifting of cathodic peak poten-
ial (Ec

p) to more negative values is also observed during the cyclic
oltammetric investigations (Fig. 1). Therefore the diffusion coeffi-
ient of palladium (II) could be determined only for the reduction
rom 0.1 M nitric acid medium using Levich equation, shown in Eq.
1) [16,17], that relates the limiting current (il) and angular velocity
ω = 2�r/60, r is revolutions per minute).

l = 0.62nFCAD2/3�−1/6ω1/2 (1)

1
i

= 1
iK

+ 1

0.62nFCAD2/3�−1/6ω1/2
(2)

here � is the kinematic viscosity (10−2 cm2/s). Fig. 5 shows the
athodic sweep voltammogram of palladium (II) in 0.1 M nitric
cid at various rotation rates (300–1500 rpm) recorded at plat-
num rotating disc electrode. It is observed that the limiting current
ncreases with increase of rotation speed. The limiting current
s measured at a potential of −0.40 V and plotted against ω1/2.
he linear regression of the data showed that the intercept is
arginally deviating from the origin, as shown in Fig. 5. There-

ore, Koutecky–Levich equation (Eq. (2)) is used for determining
he diffusion coefficient [16,17], where i is the magnitude of cur-
ent at a potential of −0.4 V in the present case and iK is the current
n the absence of any mass transfer effects. A plot of inverse of
urrent (1/i,) against ω−1/2 (Koutecky–Levich plot) is also shown
n Fig. 5. From the slope of the straight line the diffusion coeffi-
ient of palladium (II) in 0.1 M nitric acid medium was found to be
.35 × 10−8 cm2/s.

. Electrolysis experiments
.1. Selection of applied potential

Electrodeposition of palladium from nitric acid medium was
tudied at constant applied potential. The experiments involved

latinum rotating disc electrode at various rotations. Insert: Levich (il vs. ω1/2) and
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Table 1
Electrolysis of palladium (II) nitrate (total Pd taken for electrolysis −55 mg) solution in 4.0 M nitric acid medium at various applied potentials

Applied potential (vs. Pd) Charge passed in coulombs Time, h Recovery obtained Expected deposit for the
charge passed (grams)

Faradaic efficiency (%)

grams %

−0.4 0.252 8.5 0 0 0 0
− <0.0
− 0.0
− 0.0
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0.45 2 8.5
0.5 191 9.3
0.6 154 4.6

lectrolysis of a 20 mM palladium nitrate solution in nitric acid
edium with stainless steel (6 cm2) as cathode and platinum plate

s anode. The potential was varied from −0.4 V (onset of palladium
II) reduction at stainless steel electrode) to −0.6 V (vs. Pd) to choose
he optimum potential required for electrolysis. The result of elec-
rolysis of palladium nitrate solution from 4 M nitric acid medium
s tabulated in Table 1. It is observed that the recovery of palla-
ium deposit increases with increase of applied negative potential
nd at potentials more negative than −0.5 V (vs. Pd), the recovery
s quantitative. However, increasing the applied negative potential

ay also favor other undesirable redox reaction and considering
his and duration of electrolysis the potential of −0.5 V is chosen
s the optimum potential for electrolysis using stainless steel as
athode.

.2. Variation of [HNO3]

The influence of nitric acid concentration on the electrodepo-
ition of palladium was studied at a constant applied potential
f −0.5 V. The concentration of nitric acid was varied from 1.0 M
o 4.0 M. Fig. 6 shows the number of coulombs passed as a func-
ion of time at various nitric acid concentrations. It is observed
hat there is a gradual increase in the coulombic charge density
number of coulombs passed per unit area) in the initial stages
f electrolysis and after three hours there is an abrupt increase in
he passage of coulombic charge. Significant deposition of palla-

ium was visually observed on cathode during this abrupt increase

n passage of coulombic charge density. This is accompanied by a
apid change in the color of the solution from dark orange to color-
ess. The concentration of palladium left in the solution after six
ours of electrolysis was found to be below the detection limit

ig. 6. Charge–time curves for the electrodeposition of palladium on a stainless
teel plate from different nitric acid concentrations. A = 5.92 cm2. Time = 8 h. Poten-
ial = −0.5 V (vs. Pd). Counter electrode: platinum.
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05 <5 0.0028 36.3
55 100 0.1053 52.2
55 100 0.0848 64.8

<0.5 ppm) of a spectrophotometric method using Arsenazo III as
oloring agent. In all these experiments, significant evolution of
ases, hydrogen and NOx, was observed at the working electrode
nly when the experimental solution was becoming colorless. The
ecovery of palladium was quantitative at all nitric acid concentra-
ions investigated and the Faradaic efficiency (calculated after eight
ours of electrolysis) was −75% at 1.0 M nitric acid and was lowered
o −55% at 4.0 M nitric acid. This could be due to the electrochemical
eduction [18] of nitrate or H+ ion (discussed below). The deposit
btained from the electrolysis was subjected to surface morpho-
ogical examination by scanning electron microscopy (SEM). The
eposit, shown in Fig. 7, is uniform all over the surface of stainless
teel electrode with a dendrite growth observed in all cases. The
endrites seem to increase with increase in the concentration of
itric acid.

The interference of various cations and anions during the depo-
ition of palladium was investigated by cyclic voltammetry using
tainless steel as working electrode, platinum as counter electrode
nd palladium as quasi-reference (same electrode system used for
lectrolysis). The cyclic voltammogram of 0.1 M nitric acid solution
ecorded at stainless steel electrode is shown in Fig. 8A and the
itric acid is stable from −0.9 V to 0.17 V (vs. Pd). The reduction
f palladium (II) from nitric acid medium is compared with the
eduction of various ions such as Ag(I), UO2

2+, NO3
−, Fe(II), etc.,

hat are likely to be present in high level liquid waste and also
ower the Faradaic efficiency of palladium deposition. A surge in
he cathodic current occuring at −0.4 V (vs. Pd), is due to palla-
ium deposition (Fig. 8B), which is subsequently accompanied by
steep increase in cathodic current at −0.66 V, is due to H+ reduc-

ion. Such behavior is not observed during the deposition of silver
one of the fission products) on cathode (Fig. 8C). This clearly indi-
ates that the reduction of palladium (II) from nitric acid medium
esults in a deposition of metallic palladium on stainless steel elec-
rode and due to the characteristic property of palladium metal,
he deposit seems to catalyze the underpotential reduction of H+

on [18] at the electrode. It is also observed from Fig. 8 (voltammo-
rams C to F), that the onset of reduction for a solution of silver
itrate, uranyl nitrate, ferric nitrate and sodium nitrate in nitric
cid medium at stainless steel electrode occurs at the potentials, of
0.3 V, −0.71 V, −0.81 V,−0.65 V respectively. These potentials are
ery close to the onset of reduction (−0.4 V) of palladium (II). How-
ver, when palladium is co-existing in the solution along with these
ons the reduction reactions are shifted to lower negative potentials
i.e. underpotential reduction) as shown in Fig. 8 (voltammograms

to J). This indicates that the initial deposition of palladium on
tainless steel electrode modifies the electrode surface to metallic
alladium, favors underpotential reduction and also substantially

ncreases the cathodic current in all cases. These factors tend to
ower the Faradaic efficiency of palladium deposition.
It was also found that lowering the applied negative potential
towards nobler) lowered the recovery palladium (as tabulated in
able 1) and the presence of rare-earth elements, strontium and
esium (equal to the amounts present in HLLW shown in Table 2)
id not affect the recovery of palladium to any significant extent.
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F and simulated high-level waste. (A) 1 M HNO3, (B) 2 M HNO3, (C) 3 M HNO3 and (D) fast
r image D.
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Table 2
Elemental compositions of simulated high-level liquid waste (HLLW) showing pres-
ig. 7. SEM images of palladium obtained by electrolysis from different nitric acids
eactor high-level waste. Magnification 2000× for A, B and C images and 1000× for

owever, when the mole ratio of uranium to palladium exceeds
our and presence of sodium nitrate (>0.5 M) in 0.1 M HNO3 solu-
ion lowers the recovery (40% after 8 h at −0.5 V) and Faradaic

fficiency significantly. This could be due to other undesirable elec-
rochemical reactions as discussed above. A similar behavior was
lso reported by others [10,13]. Krishin et al. [13] suggested that the
resence of U(VI) in HLLW promotes the reduction of nitric acid and

owers the current efficiency.

ig. 8. Cyclic voltammograms of various interfering ions present in 0.1 M HNO3

edium recorded in the absence of palladium (C–F) and in the presence of palladium
G–J), at stainless steel working electrode. Counter electrode: Pt wire. Reference elec-
rode: Pd wire. T = 298 K. (A) 0.1 M HNO3, (B) 50 mM Pd, (C) 2 mM AgNO3, (D) 0.3 M
aNO3 (high concentration of NaNO3 required to obtain the reduction wave), (E)
mM Fe(NO3)3, (F) 30 mM UO2(NO3)2, G = 9 mM AgNO3, H = 0.3 M NaNO3, I = 6 mM
e(NO3)3, J = 30 mM UO2(NO3)2. The voltammograms G–J were obtained in the pres-
nce of 50 mM PdNO3.

surized heavy water reactor and fast breeder reactor spent fuel compositions [19]

Element Elements present (g/L)

PHWR (6500 MWd/tonne) FBR (80,000 MWd/tonne)

Sodium 3.01 3.00
Iron 0.50 0.50
Nickel 0.10 0.10
Selenium 0.01 0.01
Strontium 0.19 0.14
Zirconium 0.77 0.89
Cesium 0.55 1.12
Barium 0.31 0.41
Lanthanum* 0.26 0.48
Cerium 0.54 0.69
Praseodymium 0.24 0.34
Neodymium 0.86 1.131
Samarium 0.17 0.05
Europium 0.02 0.31
Gadolinium 0.02 0.07
Silver 0.02 0.13
Cadmium 0.02 0.04
Yttrium 0.10 0.08
Promethium 0.03 0.05
Terbium 0.001 0.01
Dysprosium 0.001 0.005
Uranium 18.33 2.64
Technetium 0.18 0.26
Molybdenum 0.73 1.09
Ruthenium 0.46 0.81
Rhodium 0.13 0.26
Palladium 0.27 0.60
Chromium 0.10 0.10
Rubidium 0.08 0.06
Tin 0.02 0.02
Antimony 0.01 0.01
Tellurium 0.10 0.16
Acidity (M) 4.0 4.0

*La: added for Y, Pm, Te, Dy; Tc, Mo: not added; Co: added as Ni; Ru, Rh, Rb: added
as Pd; Sn, Sb, Te: not added due to poor solubility. Excess palladium taken to study
the feasibility of extraction.
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.3. Recovery of palladium from simulated high level waste

Electrolysis of simulated waste solution was carried out to assess
he feasibility of separating palladium from high-level liquid waste
olution. The composition of simulated HLLW [19] is shown in
able 2. Electrolysis was carried out at −0.5 V (vs. Pd) using stain-
ess steel as cathode and platinum as anode for eight hours. The
esults obtained from the electrolysis of palladium nitrate present
n simulated high-level waste of PHWR and FBR are identical. In
hese experiments, gradual deposition of palladium on cathode was
bserved during initial stages of electrolysis. However, copious evo-
ution of gases accompanied by rapid increase in coloumbic charge
ensity was observed after 4–5 h of electrolysis. Subsequently there
as no significant deposition of palladium even after eight hours.

herefore, the electrolysis was discontinued after five hours and
he recovery was determined to be −40% (in some experiments
t was 25–30%) and Faradaic efficiency was 30%. The lower recov-
ry and Faradaic efficiency could be due to the presence of several
nterfering ions like uranium (VI), nitrate, iron, silver, etc. in HLLW

hose redox reactions to lower valent state also occur near palla-
ium deposition potential in nitric acid medium (Fig. 8). In contrast,
lectrodeposition of palladium was quantitative when electrolysis
as carried out in nitric acid medium alone as described earlier.

n those experiments, significant gas evolution was observed only
fter 80% of palladium was deposited. However, in the present case,
he presence of elements such as iron, silver, nitrate in simulated
LLW limits the deposition of palladium and facilitates the com-
etitive redox reactions and gas evolution (H2, NOx), that seems
o be responsible for lower recovery and Faradaic efficiency. The
EM image of the palladium deposit obtained from the HLLW of
ast reactor is shown in Fig. 7, which also indicates the formation
f dendrites during deposition.

. Conclusions

The neutral palladium (II) nitrate specie existing in 3–4 M nitric

cid medium undergoes an irreversible single step two-electron
ransfer to metallic palladium at platinum electrode. While the pal-
adium nitrate present in nitric acid medium could be quantitatively
ecovered by electrolysis at −0.5 V (vs. Pd), several complications
ggravated in the presence of interfering elements of HLLW such

[

[
[

a Acta 54 (2009) 1083–1088

s silver, nitrate, iron, etc. during electrolysis. Due to these, the
ecovery and Faradaic efficiency was below 40%. The study, there-
ore, suggests the requirement of other separation methods either
ndependent or coupled with electrochemical method for the quan-
itative recovery of palladium from high-level liquid waste.
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