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anism of palladium ions into
Prussian-blue nanoparticles in a nitric acid solution
toward application for the recycling of precious
metals from electronic and nuclear wastes

Jun Onoe, *a Shinta Watanabe,ac Hideki Masuda,†b Yusuke Inaba,c Miki Harigaic

and Kenji Takeshitac

We have investigated the uptake mechanism of palladium (Pd: one of the most important elements in

industry used as a catalyst) ions into Prussian-blue nanoparticles (PBNPs) in a nitric acid solution via

high-resolution electron transmission microscopy, inductively coupled plasma atomic emission

spectroscopy, powder X-ray diffraction, and ultraviolet-visible-near infrared spectroscopy in combination

with first principles calculations. Comparison of the structural and electronic properties of PBNPs

between before and after a 24 h sorption test reveals that the Pd2+ ions incorporated into PBNPs by the

substitution of Fe2+ ions of the PB framework while maintaining the crystal structure, and the

substitution efficiency is estimated to be 87% per PB unit cell. This implies that 0.30 g of Pd can be

recovered by using 1 g of PB having the chemical formula KFe(III)[Fe(II)(CN)6]. The present finding

suggests that PB (or its analogues) can be applied to recycle noble and rare metals from electronic and

nuclear wastes.
1. Introduction

The recovery of rare metals from both electronic wastes (E-
wastes) and nuclear wastes (N-wastes) is a key technology for
sustainably maintaining and developing our society from the
viewpoints of energy and environmental issues.

In the former case, the abundance of rare metals (ruthe-
nium: Ru, rhodium: Rh, palladium: Pd, rhenium: Re, osmium:
Os, iridium: Ir, platinum: Pt, and gold: Au) is 10�6 to 10�9 order
lesser than that of rock-forming elements (sodium: Na,
magnesium: Mg, aluminum: Al, silicon: Si, potassium: K,
calcium: Ca, and iron: Fe).1 Although they are not uniformly
scattered over the world in nature, fortunately, we have already
stored them in E-wastes. For example, the amount of Au con-
tained in 1 t of a mobile phone is 300–400 g, which is 10–80
times higher than that found in 1 t of natural ores. Other
elements also demonstrate a situation similar to Au. Conse-
quently, the recovery of those elements from E-wastes is much
ineering, Nagoya University, Furo-cho,
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more effective and efficient compared to their collections from
the natural ore. However, conventional processes for recycling
precious metals (so-called INCO method) require numerous
operations (distillation, oxidation, reduction, precipitation and
separation), which make the processes complicated and time-
consuming. In addition, it is hard to extract or adsorb triva-
lent metals (Ru, Ir, and Rh) chloride anions.

In the latter case, the spent nuclear fuels generated from the
power plants are vitried at the reprocessing plant. Aer the
separation of uranium (U) and plutonium (Pu) from the spent
fuels for reuse as new fuels using the PUREX (Plutonium
Uranium Redox Extraction) method, the high-level radioactive
liquid wastes (HLLWs) are vitried and geologically disposed.2–4

In the vitrication processes, the platinum-group metals
(PGMs) (particularly Ru, Rh, and Pd) and molybdenum (Mo)
cause severe problems: (i) PGMs tend to settle on the sidewall
surface of a glass melter, resulting in an inhomogeneous
thermal distribution of the melter, and (ii) Mo forms a low-
viscosity uid compound so-called “yellow phase” in the vitri-
ed object.5,6 These degrade the quality and stability of the
vitried objects due to heterogeneity and increase both the
disposal spaces and cost in conjunction with additional vitried
rods obtained by ushing the glass melter. Considering that Ru,
Rh, and Pd with amounts of 2.09, 0.36, and 1.20 kg, respectively,
are generated in 1 t of used nuclear fuels (burnup: 30 000 MWd/
t, cooling period: 150 days) for light-water reactors (their
generated amounts will increase 1.5–2 times for fast breeder
RSC Adv., 2021, 11, 20701–20707 | 20701
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reactors), it is useful to recover PGMs from HLLW not only for
the disposal of nuclear wastes but also for the recycling of rare
metals from our alternative perspective. It is worth noting that it
takes a few decades to reduce their radioactive levels below the
safety standard except for 107Pd long-lifetime nuclide (half-life:
6.5 million years). Recently, we have demonstrated that
aluminum hexacyanoferrate, which is one of Prussian blue (PB)
analogues, exhibits high uptake ability against PGMs in the
nitric acid solution.7However, the uptakemechanism is still not
clear, though it is important to develop higher performance
sorbents.

The aim of the present study is to solve those issues using PB
or PB analogues (PBAs), one of the metal hexacyanoferrates
(MHCFs), as a sorbent.8,9 Since MHCFs have a simple cubic
lattice structure such as a jungle gym (Fig. 1), wherein divalent
(M2+) and trivalent (M3+) metal cations are cross-linked with each
other via a cyano-group anion (CN�) and exhibit numerous fasci-
nating features,10–12 they have been extensively investigated from
the viewpoints of both scientic and industrial aspects.13–19

Recently, PB (FeHCF) was applied for the removal of radioactive
cesium-134 (134Cs) and 137Cs from contaminated soils, which was
caused by the Fukushima nuclear plant accident in 2011 (ref.
20–24) because PB has the jungle-gym cubic structure (see Fig. 1)
with a 0.5 nm interstitial site (4c site in the F�43m space group) that
played a role in trapping the Cs ions efficiently. The uptake
mechanism of PB for multi-valent metal ions is still not clear,
Fig. 1 (a) Schematic model of the unit cell for the cubic lattice
structure of metallic ferrocyanide; (b) and (c) are the projected
atomistic models along [001] and [110] directions, respectively.

20702 | RSC Adv., 2021, 11, 20701–20707
although three possible sorption processes can be considered: (i)
surface adsorption, (ii) insertion or diffusion into the interstitial
sites (nanospace) in a manner similar to Cs ions, and (iii) substi-
tution of Fe with metals in the framework of PBs.

In order to develop high-performanceMHCF sorbents for the
recovery of PGMs from E- and N-wastes, it is necessary to reveal
the sorption characteristics of PB for these metal ions. In the
present study, we reported the uptake mechanism of Pd ions (as
one of the representative of the rare metals) for PB nano-
particles (PBNPs) in nitric acid solution at the rst stage. Aer
the crystal structure and size distribution of pristine PBNPs
were characterized via high-resolution transmission electron
microscopy (HRTEM), the sorption efficiency of Ru, Rh, and Pd
into PBNPs and the elution efficiency of Fe from PBNPs were
examined by the 24 h sorption test using inductively coupled
plasma atomic emission spectroscopy (ICP-AES). As shown in
Table 1, since Pd exhibits the highest sorption efficiency among
them, the uptake mechanism of Pd into PBNPs is focused in the
present study. The changes in the structural and electronic
properties of PBNPs before and aer the sorption test of Pd ions
via powder X-ray diffraction (XRD) and ultraviolet-visible-near
IR (UV-Vis-NIR) spectroscopy techniques in combination with
rst principles calculations.
2. Experimental and theoretical
procedures
2.1. Experimental procedures

PBNPs were synthesized by mixing potassium hex-
acyanoferrate(II) (5 mmol, K4[Fe(CN)6]$3H2O, Kanto Chemical)
with iron(III) nitrate (10 mmol, Fe(NO3)$9H2O, Wako) in an
aqueous solution. PB precipitates thus formed were rinsed with
ultrapure water aer centrifugation (3000 rpm) and ltration for
ve times. Subsequently, PBNPs were dried at 75 �C for 12 h and
thereaer placed in the vacuum desiccator for 3 h.

The crystal structure and size distribution of PBNPs thus
formed were examined via HRTEM (JEOL: JEM-2010F, an inci-
dent electron energy: 200 keV). A small amount (�0.01 mg) of
the PBNP was introduced into a glass tube (15 mm in diameter
and 40 mm in length). 10 mL of ethanol was added into the
tube, and subsequently, NPs in ethanol were dispersed using an
ultrasonic bath for 5 min. Thereaer, 10 mL of the supernatant
solution was taken by a micropipette and dropped on a copper
Table 1 The sorption efficiency of Pd ions into PBNPs and the elution
efficiency of Fe ions fromPBNPs after the 24 h sorption test, alongwith
those for Ru and Rh ionsa,b

Ru Rh Pd

Sorption efficiency (%) 33.1 68.2 99.9
Elution efficiency of Fe ion (%) 19.5 23.9 43.5
Substitution efficiency (%) 39.0* 47.8* 87.0
Amount of recovery per 1 g PB (g) 0.287* 0.292* 0.302

a *Prediction. b Sorption efficiency (%) ¼ (Cinitial � Cnal)/Cinitial � 100.
Here, Cinitial and Cnal denote the concentration of Pd ions in the nitric
acid solution before and aer the 24 h sorption test, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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(Cu) mesh equipped with collodion carbon lms. Aer the Cu
mesh was dried in air for more than 30 min, PBNPs dispersed
on the mesh were observed via HRTEM.

The sorption test of Pd ions (1 mM) for PBNPs (500 mg) was
carried out in a 1.5 M nitric acid solution (10 mL) upon shaking
for 24 h. Subsequently, the mixtures were centrifuged to sepa-
rate the NPs from the solution, and the concentration (C) of Pd
ions in the supernatant liquid was measured before (Cinitial) and
aer (Cnal) the test via ICP-AES (ICPE-9000, Shimadzu) in order
to estimate the sorption efficiency [(Cinitial � Cnal)/Cinitial �
100%] of Pd ions into PBNPs. The concentration of Fe ion in the
supernatant liquid aer the sorption test was measured via ICP-
AES, and the elution efficiency of Fe ions when compared to the
initial amount of PBNPs was estimated. Details of the sorption
test conditions were provided elsewhere.7

Powder XRD patterns and UV-Vis-NIR diffuse reectance
spectra of the pristine and Pd-sorbed PBNPs were measured using
a Rigaku RINT2200 (Cu Ka) and Shimadzu UV-2600 spectropho-
tometer, respectively. The diffuse reectance spectra thus obtained
were converted to the corresponding absorption spectra in terms
of the Kubelka–Munk conversion equation.
2.2. Theoretical calculations

The theoretical density-of-states (DOSs) and absorption spectra
of pristine and Pd-sorbed PBs were examined using CASTEP,25

which is one of the rst principles calculations based on density
functional theory (DFT).26,27 The Vanderbilt form ultraso pseu-
dopotentials28 were adopted throughout the present calculations.
The exchange–correlation potential was considered within GGA
(PBE).29 The cut-off energy for the plane wave is 550 eV, and the
Brillouin zone was sampled on the 5 � 5 � 5 Monkhorst–Pack
Fig. 2 (a) TEM image of PBNPs (inset: ED pattern) and (b) histogram of
primary NP size.

© 2021 The Author(s). Published by the Royal Society of Chemistry
grid30 for all of the primitive cell calculations. All of the DFT
calculations were performed with the GGA+U method based on
a simplied, rotationally invariant approach.31 The numerical error
was estimated to be less than 1 meV per atom by cut-off and k-
point convergence tests. The geometric optimization was per-
formed until the residual forces and stresses dropped below
0.01 eV Å�1 and 0.02 GPa, respectively.
3. Results and discussion
3.1. TEM characterization of PBNPs

Fig. 2(a) and (b) show a typical TEM image (inset shows the
electron diffraction, ED, pattern) and the size distribution of the
PBNP aggregates, respectively. Here, the surrounding gray
image shows the carbon collodion lm. The TEM images
demonstrate that the PB formed an aggregate of NPs. The size of
the aggregation is in an order of 100 nm, whereas the size of the
PB primary NP is in the range of 6–26 nm with an average
diameter of 13 nm (obtained from the result of Fig. 2(b)). As
shown in the inset, the ED pattern shows a hallo pattern as the
number of the PB aggregates on the carbon lm is so less in the
present observation. Thus, most part of the ED measurement
area was the collodion lm (amorphous carbon).32 In order to
examine the structure of the individual PBNP in detail, we next
observed one of the primary PBNPs via HRTEM.
Fig. 3 (a) HRTEM image of PBNPs, (b) the FFT pattern corresponding
to the HRTEM image, (c) the magnified HRTEM image focused on the
PB crystalline NP, and (d) the FFT pattern corresponding to the
magnified image.

RSC Adv., 2021, 11, 20701–20707 | 20703

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra01794b


Fig. 5 UV-Vis-NIR spectra of PBNPs before (black) and after (red) Pd
sorption. The arrows indicate the individual peaks originating from the
Fe(II)–Fe(III) charge-transfer transitions. These spectra were not
normalized at 215 nm.
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Fig. 3 shows the HRTEM images of PBNPs at wide (a) and
narrow (c) scales, along with their corresponding fast Fourier-
transformed (FFT) patterns (b) and (d), respectively. Here, the
white rectangle in the image (a) indicates the magnied area
corresponding to image (c). As shown in Fig. 3(b), four orthog-
onal lattice fringes appear as indicated by arrows, and in fact,
the FFT pattern (b) shows the spots corresponding to the lattice
fringes. From the magnied image (c), we observed two
different lattice distances of 0.49 nm and 0.37 nm, which are in
good agreement with those of d002 (0.50 nm) and d220 (0.35 nm)
for cubic lattice (a ¼ 1.00 nm) of PB,33 respectively. Accordingly,
the HRTEM lattice image (c) seems to project the crystal struc-
ture of one PBNP itself. In order to conrm that the lattice
image shows a simple cubic crystal structure, we next compared
the magnied lattice image with a simulated one.

Fig. 4 shows the observed (a) and simulated (b) HR lattice
images of the PB crystalline NP along the [110] direction. The
former image (a) is taken from some small area in Fig. 3(c),
whereas the latter image (b) is obtained using the QSTEM code34

based on a multi-slice method. Comparison between them
indicates that these are basically similar to each other, although
the observed image (a) includes some electron-beam (EB)
induced damages (some inhomogeneous contrasts) to some
extent. Thus, the present TEM results demonstrated that PBNP
possesses a simple cubic crystal structure (see Fig. 1).
3.2. Uptake mechanisms of Pd ions into PBNPs

Table 1 summarizes the sorption efficiency of Pd ions incorporated
into PBNPs, the elution efficiency of Fe ions from PBNPs, the
substitution efficiency of Pd with Fe, and the amount of Pd recov-
ered per 1 g PB aer the 24 h sorption test along with those for Ru
and Rh ions. As shown in Table 1, Pd ions exhibited the highest
sorption and elution efficiency values among the PGM ions. Thus,
we focused on Pd ions in order to understand the sorption prop-
erties of PBNPs at the rst stage. The other two terms (substitution
efficiency and amount of uptake) will be discussed later.

Fig. 5 shows the UV-Vis-NIR spectra of PBNPs before (black)
and aer (red) Pd ion sorption. Here, the three arrows indicate
Fig. 4 Comparison between the observed (a) and simulated (b)
HRTEM lattice images of the crystalline PBNP observed along the [110]
direction.

20704 | RSC Adv., 2021, 11, 20701–20707
the individual peaks originating from the charge-transfer (CT)
transitions from Fe2+ to Fe3+.35 It can be seen that the two kinds
of spectral changes aer the sorption of the Pd ion: (i) a drastic
decrease in the CT absorption intensity of around 600 nm and
(ii) a new broad band appearing in the region of 1000–1400 nm
and longer. Since the intense peak due to the Fe2+–Fe3+ CT
transitions around 600 nm drastically decreased aer Pd sorp-
tion, it is reasonable to consider that Fe2+/Fe3+ ions are
substituted with Pd2+. This is also strongly supported by the
elution rate of Fe ion from PBNPs, as shown in Table 1.

To understand those spectral changes, we theoretically
examined the electronic structure and absorption spectra for
the pristine and Pd-sorbed PBNPs using two kinds of models:
Pd2+ substituted with Fe2+ (Model 1) and with Fe3+ (Model 2).
Fig. 6 shows the schematic illustration of two substitution
models: Models 1 (le) and 2 (right) [top], theoretical density-of-
states (DOSs) for Model 1 (le) andModel 2 (right) [middle], and
theoretical absorption spectra for Model 1 (le: red) and Model
2 (right: green) along with that of the pristine PB (blue)
[bottom]. For the results of DOS, the Fermi level (EF) is located at
0 eV, the occupied and unoccupied DOSs are located below and
above EF, respectively, and the positive and negative values of
DOS indicate the up and down spin states, respectively. The
partial DOSs shown by gray, blue, and red colors correspond to
the s-, p-, and d-orbitals, respectively. As shown in Fig. 6, Model
1 (Fe2+ / Pd2+ substitution) indicates that the valence band at
EF and below consists of the Pd2+-4d orbital, whereas the lowest
unoccupied band consists of the Fe3+-3d orbital. On the other
hand, Model 2 (Fe3+ / Pd2+ substitution) indicates that the
valence band at EF and below consists of the Fe2+-3d orbital,
whereas the lowest unoccupied band consists of the Pd2+-4d
orbital. The difference in the energy levels between the Pd2+-4d and
Fe3+-3d DOSs for Model 1 became smaller when compared to that
obtained between the Fe2+-3d and Fe3+-3d DOSs for the pristine PB
(see Fig. 3 of ref. 35), whereas the energy difference between the
Fe2+-3d and Pd2+-4d DOSs for Model 2 became larger than that
obtained between the Fe2+-3d and Fe3+-3dDOSs for the pristine PB.
Correspondingly, the absorption band due to CT transitions is red-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Schematic of two substitution models (top). Theoretical density-of-states (DOS) for Model 1 (left) and Model 2 (right) (middle). Here,
the Fermi level (EF) is located at 0 eV along the energy axis. The occupied and unoccupied DOSs are located below and above EF, respectively.
The positive and negative values of DOS indicate the up and down spin states, respectively. The partial DOSs indicated by gray, blue, and red
denote s-, p-, and d-orbitals, respectively. Theoretical absorption spectra of Model 1 (left: red) and Model 2 (right: green) along with that of
pristine PB (blue) (bottom).
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and blue-shied for Model 1 and Model 2, respectively, when
compared to that obtained before Pd sorption [bottom]. Conse-
quently, Model 1 qualitatively explained the spectral changes of
PBNPs aer Pd sorption (Fig. 5), thus concluding that Pd2+ ion was
substituted with Fe2+ ion of PB.

Since the ionic radius (0.78 �A) of Pd2+ is a little larger than
that (0.75�A) of Fe2+,36 the lattice constant should be expanded to
some extent aer the substitution of Pd2+ with Fe2+ completely.
Then, we measured the XRD patterns of PBNPs before (black)
and aer (red) Pd-ion sorption. As shown in Fig. 7, the XRD
pattern (black) shows that PBNP has a face centered cubic (FCC)
structure (space group: F�43m), which is consistent with the TEM
results of Fig. 3 and 4. The lattice constant and crystallite size
were estimated by tting the (200) diffraction peak with the
pseudo-Voigt function and using the Scherrer equation37 with
a constant of 1.5, respectively. Here, the constant value meant
© 2021 The Author(s). Published by the Royal Society of Chemistry
an area-weighted effective diameter along the direction of the
diffraction vector. Since PB has the FCC structure and its XRD
pattern was tted with the (200) plane diffraction peak, the
crystallite size was found to be 16 nm using the Scherrer
equation, which is a little bit larger than that (13 nm) obtained
from TEM results of Fig. 2. The TEM technique measured the
supernatant of the ultrasonically dispersed fraction of PBNPs,
which contained smaller NPs in the ensemble, while the larger
ones remained not solubilized in ethanol when the TEM samples
were prepared. Thus, the average size of the entire ensemble
measured via XRD is larger than that obtained by TEM.

In addition, it was obtained from both XRD patterns that the
lattice constant was estimated to be 10.16 �A for the pristine
PBNPs and 10.21�A for the Pd-sorbed PBNPs. This indicated that
the lattice constant was effectively expanded aer Pd ion
substitution. Furthermore, since the two XRD patterns were
RSC Adv., 2021, 11, 20701–20707 | 20705
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Fig. 7 Powder XRD patterns of the pristine (black) and Pd-sorbed (red)
PBs. The crystal structure of PB is shown in the inset.
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almost the same as for each other, it is reasonably concluded
that the Pd2+ ion substitution with Fe2+ ion proceeded with the
maintenance of the jungle-gym structure.

The conclusions on the uptake mechanism of Pd ions into
PBNPs can allow us to estimate the substitution rate of Fe2+ with Pd2+

from the results of Table 1, by considering the PB unit cell (Fig. 1)
with the inclusion of four Fe2+ and four Fe3+ atoms. Assuming that
the amount of Fe(II) elution is equal to that of the Pd(II) substitution
(namely, the amount of Pd and Fe diffusion inside the nanospace of
PBNPs is neglected), the substitution efficiency was obtained to be
87%. This implied that 0.30 g of Pd can be recovered using 1 g of PB
with a chemical form of KFe(III)[Fe(II)(CN)6]. As shown in Table 1, if
the uptake mechanism of Ru and Rh ions into PBNPs proceeds in
amanner similar to that of Pd ions (substitutionwith Fe2+/Fe3+), their
substitution efficiency and the amount of uptake per 1 g of PB can be
predicted, as the valueswith asterisk (*) in Table 1. This is in progress
for Ru and Rh elements.

Thus, the present ndings demonstrate that PB (or its
analogues) will be one of the candidates to be developed to
recycle the noble and rare metals from E- and N-wastes.
4. Summary

We have examined the uptake mechanism of Pd ions to PBNPs
in the nitric acid solution for the 24 h sorption test viaHR-TEM,
powder XRD, and UV-Vis-NIR spectroscopy techniques in
combination with rst principles calculations and revealed that
the Pd2+ ions are sorbed into PBNPs by substitution with Fe2+

ions of the PB framework while maintaining the PB framework.
Assuming that the amount of Fe(II) elusion is equal to that of
Pd(II) substitution, the substitution efficiency is estimated to be
87%. This implied that 0.30 g of Pd can be recovered using 1 g of
PB. The present ndings demonstrate that PB (or its analogues)
will be one of the candidates to be developed to recycle the
noble and rare metals from E- and N-wastes.
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