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ABSTRACT: Previously, we have demonstrated that thermal-assisted techniques can accelerate
the extraction of inert platinum group metals (PGMs), while they still have several concerns about
difficulty of temperature control in actual extraction contactors and safety risks arising from
heating organic solvents. In this study, we report a complexation−distribution separated extraction
process for the accelerated extraction of inert PGMs. This extraction method includes two steps:
(1) complexation of PGMs with extractants in aqueous solution and (2) distribution of the formed
complex from the aqueous phase to organic one. We separately investigated the complexation and
distribution processes for typical inert PGMs such as Ru(III) and Rh(III) in the presence of water-
soluble N,N,N′,N′-tetra-alkylpyridinediamide ligands (PDA) and bis(trifluoromethylsulfonyl)-
amide (Tf2N

−) counteranions. As a result, the water-soluble complexes of Ru(III) and Rh(III)
with PDA can be formed in 0.5 M HNO3(aq) within 3 h under heating at 356 K. The formed complexes were extracted to the 1-
octanol layer containing Tf2N

− within 5 min at room temperature, where this hydrophobic anion plays an important role to promote
extraction of PGMs as an anionic phase-transfer catalyst (PTC). Consequently, we successfully established and demonstrated the
complexation−distribution separated extraction process for the accelerated extraction of inert PGMs using a water-soluble ligand and
anionic PTC.

■ INTRODUCTION

Platinum group metals (PGMs) are highly required in a variety
of commercial and industrial applications. This high demand
for PGMs will lead to scarcity of resources because of their
limited availability from natural environments. To address this
issue, recovery of PGMs from wasted materials like electronic
devices and automotive catalysts is necessary to be
developed.1−3 In another aspect, several PGMs like Ru(III),
Rh(III), and Pd(II) occur in spent nuclear fuels after power
generation and may cause a problem in vitrification of high-
level radioactive wastes (HLWs).4,5 Therefore, the develop-
ment of separation of PGMs is important to make safe and
long-term disposal of the nuclear wastes.
The general techniques for recovery and separation of PGMs

are pyrometallurgical and hydrometallurgical processes.6,7

Solvent extraction is a promising hydrometallurgical process
and is frequently employed, while extraction of some inert
PGMs like Ru(III) and Rh(III) has problems with low
recovery efficiency in a realistic operating time. This issue is
due to the slow kinetics of the complexation reactions, in
accordance with the extremely long lifetime of the water
exchange reaction (τH2O) of these inert PGMs.8

To accelerate the extraction reactions of inert PGMs, we can
employ thermal-assisted techniques including microwave
irradiation and convection heating, as demonstrated in our
previous studies.9,10 We reported that the extraction of Ru(III)
and Rh(III) from HNO3 aqueous solution (aq) to betainium

bis(trifluoromethylsulfonyl)amide ([Hbet][Tf2N], Figure 1)
ionic liquid (IL) took 3.5 and 113 days to reach an

equilibrium, respectively, at 298 K, while equilibrated within
1 and 3 h at 353 K. This thermal assistance may accelerate the
complexation of PGMs with extractants, whereas the formed
complex is sometimes difficult to be efficiently partitioned to
an organic phase. To improve this situation, we can add an
anionic phase transfer catalyst (PTC) l ike bis-
(trifluoromethylsulfonyl)amide (Tf2N

−, Figure 1).11 Using
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Figure 1. Schematic structures of [Hbet][Tf2N] and TBPDA.
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this PTC, the extraction of Ru(III) and Rh(III) in the
HNO3(aq)/1-octanol system was promoted to 95 and 90%
from 29 and 5%, respectively.
However, employing thermal-assisted techniques in the

extraction of inert PGMs will provide some concerns in terms
of safety and realistic use. In the thermal-assisted extraction, we
have to mix and heat aqueous and organic phases together.
This heating treatment involves a high risk because organic
solvent normally shows flammability and volatility. Therefore,
it is possible to cause fire and poisoning. The other problem is
that temperature control of common extraction contactors like
mixer−settlers and pulsed columns will not be simple, making
the extraction process more complicated.
In this context, we aim to establish and demonstrate a

realistic PGM extraction method with thermal assistance for
the accelerated extraction of inert PGMs. Although we are
aware that selectivity, capacity, and back extraction are also of
great interest, the primary solvent extraction process and its
fundamentals must be ensured first. Therefore, we report
herein extraction behavior of Ru(III) and Rh(III) from
HNO3(aq) to 1-octanol. The reasons why we have selected
HNO3(aq) herein are (i) it is a practical aqueous system for
separation of PGMs from radioactive wastes, and (ii) a
simulated feed system should be as simple as possible in terms
of coordination chemistry. We are aware that aqueous feed
solutions based on HCl(aq) or aqua regia are more popular for
recycling PGMs. However, such systems are more challenging
compared with HNO3(aq) because the chloro complexation to
inert PGMs such as Ru(III) and Rh(III) is much stronger.
Here, we select pyridinediamide (PDA) as an extractant in this
study because a PDA like N,N,N′,N′-tetra-n-butyl-2,6-
pyridinediamide (TBPDA, Figure 1) was previously confirmed
to present a high potential in the extraction of inert PGMs.11

We also employ PTC to enhance extraction of inert PGMs in
this study.

■ RESULTS AND DISCUSSION
Consideration on Design of the Realistic PGM

Extraction Method with Thermal Assistance. To address
these concerns about the difficulty of temperature control in
actual extraction contactors and safety risks arising from
heating organic solvents, we have to further discuss what is an
optimal design for a realistic extraction process of the inert
PGMs based on the extraction mechanism.
The extraction mechanism can be divided into the following

two steps; (1) complexation of Mn+ with an extractant and (2)
distribution equilibrium of the formed complex between
aqueous and organic phases, although it is not always easy to
know the actual sequence of these reactions in the usual
extraction chemistry. The rate-determining step in the PGM
extraction must be the complexation step as exemplified by
their inertness in the water-exchange reactions.8 We wonder
that the heating treatment in our thermal-assisted extraction is
actually required to accelerate this complexation step, and does
not largely affect the kinetics of the distribution part. If this
hypothesis is correct, we can actually separate these two steps
into the different processes, as shown in Figure 2. The first
process is designed to prepare a PGM complex with a ligand,
[MLn]

m+, in an aqueous solution, where the thermal assistance
is required. Here, both ligand and [MLn]

m+ must be soluble in
the aqueous phase sufficiently. Therefore, we need to design
molecular structures of water-soluble ligands. In the next
distribution step, the aqueous solution is mixed with an organic

phase (e.g., 1-octanol) to extract [MLn]
m+ formed in the

aqueous solution to the organic phase, where the heating
treatment is not always necessary. To promote the distribution
of PGM from the aqueous phase to the organic one, the
positive charge on [MLn]

m+ formed in this system must be
neutralized. Therefore, a hydrophobic counteranion like Tf2N

−

should be employed as a charge compensator and a metal
carrier to the organic phase, so-called PTC, being demon-
strated in our former work.11 In this complexation−
distribution separated extraction process, any organic solvent
is no longer necessary to be heated, leading that the safety
concerns in the thermal-assisted extraction will be overcome.
In addition, the technical problems arising from the difficulty
in temperature control of the actual extraction contactors will
also be resolved.
The first task in this study is molecular design of water-

soluble ligands because TBPDA (Figure 1) we used previously
is strongly hydrophobic and only soluble by 1.3 mM in
HNO3(aq). Here, we decided to shorten the terminal alkyl
chains of PDA, as shown in Figure 3, to increase its

hydrophilicity to solubilize a ligand molecule and its PGM
complex in an aqueous phase. Such a water-soluble ligand may
provide difficulty in the actual extraction of PGMs due to the
lower lipophilicity of its complex formed in the aqueous phase.
To resolve this problem, charge compensation with a
hydrophobic PTC anion will facilitate the extraction of
PGMs coordinated with the water-soluble ligand. In the next
sections, we are going to examine step-by-step whether or not
our concept described above indeed works well in the actual

Figure 2. Conceptual artwork of the complexation−distribution
separated extraction process for inert PGMs.

Figure 3. Schematic structures of several water-soluble ligands related
to this work.
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extraction chemistry of the typical inert PGMs such as Ru(III)
and Rh(III).
Synthesis and Characterization of Water-Soluble

Ligands. Various water-soluble PDA ligands, as shown in
Figure 3, were synthesized through a reaction between 2,6-
pyridinedicarbonyl dichloride and a secondary amine in the
presence of K2CO3 or NEt3 in tetrahydrofuran (THF), as
described in Scheme 1. Consequently, TMPDA was obtained
as white powder, whereas DEDMPDA, TEPDA, DMDPPDA,
and DEDPPDA were afforded as slightly yellow oil or solid. All
PDA ligands were identified by 1H and 13C{1H} NMR and IR
spectroscopy, as shown in Figures S1−S20. In the 1H NMR
spectra of DEDMPDA, DMDPPDA, and DEDPPDA, all the
terminal alkyl chains are not chemically equivalent (see Figures
S6, S14, and S18), suggesting that these ligands do not have
any 2-fold axes in their actual molecular structures, as shown in
Figure 3.
The hydrophobicity of these PDA ligands was estimated in

terms of the logarithmic partition coefficient (log P) in the 0.5
M HNO3(aq)/1-octanol system.12,13 Furthermore, the sol-
ubility of these PDA ligands in 0.5 M HNO3(aq) was also
quantified from the 1H NMR spectra of the saturated solutions.
The results are summarized in Table 1 together with those of

TBPDA. Note that the solubility of DMDPPDA cannot be
determined because this oily material is fully miscible with 0.5
M HNO3(aq). The resulting solubility data indicate that all of
the PDA ligands prepared here are water-soluble enough to be
utilized in the complexation−distribution separated extraction
process we proposed in Figure 2.
Thermal Acceleration of the Complexation Process of

Ru(III) and Rh(III) in the Aqueous Phase. In the next step,
the complexation of Ru(III) and Rh(III) with PDA in
HNO3(aq) was investigated by means of ultraviolet−visible
(UV−vis) absorption spectroscopy. In this process, we
intended to know whether a water-soluble M−PDA [M =
Ru(III) and Rh(III)] complex is indeed formed and to clarify
how long this reaction actually takes. We selected TMPDA as a
ligand because it is a white powder, and therefore, suitable for
this spectroscopic study.

Ru(III) (5 mM) or Rh(III) (1.5 mM) was dissolved in 0.5
M HNO3(aq) with TMPDA (30 mM) at 356 K, followed by
recording UV−vis absorption spectra of this solution every 30
min. As shown in Figure 4a, the intensity of the characteristic

absorption band of Ru(III) at 450 nm increased with elapse of
time and reached equilibrium within 3 h. These results indicate
that the complexation process of Ru(III) with TMPDA reaches
equilibrium within 3 h. The observed apparent first-order rate
constant (kobs) of the complexation of Ru(III) with TMPDA at
356 K was evaluated to be 2.2 × 10−4 s−1 from the exponential
curve for absorbance at 450 nm as a function of elapse of time,
as shown in Figure S21a. In addition, the nitrosyl ligand (NO)
should still remain coordinated to the center Ru3+ even after
the complexation with TMPDA because the typical absorption
band in the range of 380−400 nm has always appeared through
the recorded UV−vis spectral series, as shown in Figure 4a.14

A similar result was also obtained in the Rh(III) system, as
shown in Figure 4b. The intensity of the absorption band
centered at 370 nm increased with elapse of time and reached

Scheme 1. Preparation of PDA Ligands

Table 1. Logarithmic Partition Coefficients of PDA Ligands
(log P) in the 0.5 M HNO3(aq)/1-Octanol System and
Solubility of PDA Ligands in 0.5 M HNO3(aq)

ligand log P solubility/M

TMPDA −1.460 2.25
DEDMPDA −0.610 1.58
TEPDA 0.308 0.55
DMDPPDA 0.689 fully miscible
DEDPPDA 0.980 0.40
TBPDA 1.315 0.0013

Figure 4. UV−vis absorption spectra of 0.5 M HNO3(aq) containing
5 mM Ru(III) (a) or 1.5 mM Rh(III) (b) with 30 mM TMPDA at
356 K. Inset: progress of absorbance at 450 nm [Ru(III)] and 370 nm
[Rh(III)] at 356 K with elapse of time.
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equilibrium within 2 h. The kobs value of the complexation of
Rh(III) with TMPDA at 356 K was estimated to be 6.3 × 10−4

s−1, as shown in Figure S21b. Consequently, we have
confirmed that the water-soluble M−PDA complexes [M =
Ru(III) and Rh(III)] can be formed in 0.5 M HNO3(aq) as
expected.
Additionally, we also investigated the complexation reactions

of Ru(III) and Rh(III) with TMPDA at 298 K, as shown in
Figure S22. As a result, we did not observe any change in the
absorption spectra of Ru(III) and Rh(III) up to 5 h. These
results indicate that the complexation reactions of Ru(III) and
Rh(III) with TMPDA do not proceed at 298 K practically. The
difference between the kinetic aspects at 356 and 298 K
demonstrated that elevating temperature efficiently promotes
the complexation reactions of Ru(III) and Rh(III) with
TMPDA.
The complexation equilibria, as observed in Figure 4, can be

postulated as follows.

nRu(NO) PDA Ru(NO)(PDA)n(aq)
3

(aq) (aq)
3+ [ ]+ +F

(1)

nRu PDA Ru(PDA)n(aq)
3

(aq) (aq)
3+ [ ]+ +F (2)

where the subscripted “(aq)” indicates the location of a species.
The details in the stoichiometry of each reaction will be
assessed in a mechanistic discussion described later.
Distribution Process of Ru(III) and Rh(III) from the

Aqueous Layer to the Organic Phase at Room Temper-
ature. Based on the results of UV−vis absorption spectros-
copy, we next investigated the distribution process of the M−
PDA complexes [M = Ru(III) and Rh(III)] from the 0.5 M
HNO3(aq) layer to the 1-octanol phase. First, a mixture of M
[5 mM, M = Ru(III) and Rh(III)] and a water-soluble PDA
ligand (30 mM, Figure 3) in 0.5 M HNO3(aq) was heated at
356 K for 5 h. This reaction time is long enough to complete
the complexation process of Figure 2, as demonstrated in the
former section. After that, this aqueous solution was shaken
with 1-octanol containing 500 mM LiTf2N at room temper-
ature (RT), where LiTf2N was employed to provide Tf2N

− as
an anionic PTC, in accordance with our former work.11 We
have continued shaking the aqueous and organic phases up to
2 h in the distribution experiments. As a result, extractabilities
were not different from those at 5 min. Therefore, we
concluded that 5 min is long enough to reach the distribution
equilibria in the systems tested here.
As shown in Figure 5, the extractability (E %) of Ru(III) and

Rh(III) was plotted as a function of log P of the PDA ligands.
As a general trend, E % of both Ru(III) and Rh(III) increases
with an increase in the hydrophobicity of the PDA ligand
pronounced by log P. For instance, the least-hydrophobic
ligand, TMPDA (log P = −1.460), gave the lowest E % of
Ru(III) (17%) and Rh(III) (15%). In contrast, DEDPPDA,
the most-hydrophobic (log P = 0.980) in the ligands tested
here, afforded much higher E % such as 72 and 48% for
Ru(III) and Rh(III), respectively. This contrast clearly
indicates that the difference in hydrophobicity arising from
the alkyl substituents of PDA ligands strongly affects E % of
Ru(III) and Rh(III). DEDPPDA does not simply show the
highest E % only in the PDA ligands tested here but is also
more efficient for Ru(III) and Rh(III) extraction from
HNO3(aq) compared with other extractants like an amino
acid derivative bearing a polyalkylated-aminocarbonyl group,
tri-n-butyl phosphate, and tri-isooctylamine in ordinary organic

solvent systems.15,16 In these former systems, E % from
HNO3(aq) was up to ca. 10% or less. Although extraction
mechanisms are not always fully clarified, we wonder that
inertness of these PGMs in ligand substitution reactions is one
of the main reasons of such inefficient extraction, as we pointed
out in the introduction section. Higher E % of Ru(III) and
Rh(III) can be actually achieved using ILs as alternative non-
aqueous phases.9,10,17,18 However, much higher cost and
difficulty in handling due to higher viscosity compared with
ordinary organic solvents are main critical drawbacks of ILs in
the solvent extraction. Our current work successfully
demonstrated that the solvent extraction of Ru(III) and
Rh(III) from HNO3(aq) can be facilitated even using an
ordinary organic solvent like 1-octanol. In addition, E % of
Rh(III) was lower than that of Ru(III) using the same PDA
ligand, resulting in the different distribution ratio of M−PDA
complexes [M = Ru(III) and Rh(III)] in the 0.5 M
HNO3(aq)/1-octanol system.
Consequently, the complexation−distribution separated

extraction process we proposed in Figure 2 is successfully
demonstrated for the solvent extraction of Ru(III) and Rh(III)
from HNO3(aq) to 1-octanol using appropriately selected
PDA as the water-soluble ligand and Tf2N

− as an anionic PTC
hydrophobic enough. This extraction process overcomes the
difficulty of temperature control in actual extraction contactors
and safety risks arising from heating organic solvents in the
thermal-assisted extraction proposed in our previous stud-
ies.9−11 In connection with eqs 1 and 2, the distribution
equilibria, as shown in Figure 5, can be postulated as follows.

Ru(NO)(PDA) 3A Ru(NO)(PDA) An n(aq)
3

3(org)[ ] + [ ]+ − F
(3)

Rh(PDA) 3A Rh(PDA) An n(aq)
3

3(org)[ ] + [ ]+ − F (4)

where the subscripted “(aq)” and “(org)” indicate the location
of a species. A− denotes a counteranion like Tf2N

− and NO3
−,

which makes an ion pair with [Ru(NO)(PDA)n]
3+ or

[Rh(PDA)n]
3+ to compensate electric charge balance in both

aqueous and organic phases. Note that the addition of Tf2N
−

as an anionic PTC is required to enhance E % of PGMs by
compensating the positive charge of the extractable species.

Figure 5. Extractability (E %) of Ru(III) (black) and Rh(III) (red) as
a function of log P of the PDA ligand in the 0.5 M HNO3(aq)/1-
octanol system. Experiment processes and conditions: the HNO3(aq)
containing 5 mM M [M = Ru(III) and Ru(III)] and 30 mM PDA was
heated at 356 K for 5 h. After cooling to RT, the aqueous solution was
stirred at RT for 5 min with 1-octanol containing 500 mM LiTf2N. E
% was derived from the initial and final concentrations of each PGM
in the aqueous phases.
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This significant impact has already been confirmed in our
former work.11 The details how [Tf2N

−] affects the extraction
chemistry of the current system will be described in the later
discussion about extraction mechanisms.
Reaction Mechanisms of Ru(III) and Rh(III) in the

Complexation−Distribution Separated Extraction Proc-
ess. Our next concern is to clarify the extraction mechanisms
of the inert PGMs in the studied systems. Although the
coordination chemistry of Ru3+ in HNO3(aq) is quite
complicated,19,20 a Ru(III) species is believed to be present
as a nitrosyl species like Ru(NO)3+, as suggested spectroscopi-
cally in Figure 4a. Rh(III) in an aqueous solution is believed to
be present as [Rh(H2O)6]

3+ even in the presence of 0.5 M
HNO3.

21

To determine the stoichiometry of the PDA ligand in eqs 1
and 2, we investigated the effect of the ligand concentration on
the extraction of Ru(NO)3+ and Rh3+. Here, we selected
TEPDA for this purpose because this ligand exhibits relatively
high E % of Ru(NO)3+ and Rh3+, as shown in Figure 5. Figure
6 shows plots of E % of Ru(NO)3+ and Rh3+ as a function of

[TEPDA]. As a result, E % of Ru(NO)3+ and Rh3+ first
increased with an increase in [TEPDA] and then reached the
plateau region at 64 and 52%, respectively. In the usual
extraction chemistry, an ordinary approach to determine the
stoichiometry of a ligand bound to a metal ion is the slope
analysis of the full logarithmic plot of the distribution ratio (log
D) as a function of the ligand concentration. Figure S23 shows
that the slopes of the best fit line for log D as a function of
log[TEPDA] were estimated to be 0.22 and 0.37 for
Ru(NO)3+ and Rh3+, respectively. Nevertheless, these slopes
do not meet any reliable stoichiometry of ligands. To express
this situation, we have to further discuss the results, as shown
in Figure 6.
The plateau region of E %, as shown in Figure 6, implies that

complexation reactions in eqs 1 and 2 have predominantly
proceeded in the aqueous solution, when [TEPDA] is high
enough. In the following distribution step, we have simply
observed the partitioning of the formed complexes [Ru(NO)-
(TEPDA)n]

3+ and [Rh(TEPDA)n]
3+ between the aqueous and

organic phases, as shown in eqs 3 and 4. Note that no term of
[TEPDA] appears in these distribution processes because of
completion of the complexation and inertness of these PGMs,
as demonstrated in the kinetic study described above.

Therefore, slope analysis frequently employed in usual solvent
extraction studies is not suitable to determine the stoichiom-
etry in the current systems. However, the stoichiometric
information must be involved in the observed trends, as shown
in Figure 6. Consequently, we decided to take another
approach to clarify the ligand stoichiometry in eqs 1 and 2
in terms of sensitivity of estimated stability constants of the
[M(TEPDAn)]

3+ complexes toward different n.
For better understanding, the complexation and distribution

processes are simplified as follows.
Complexation process:

nM L MLn(aq) (aq) (aq)+ = (5)

Distribution process:

ML 3A ML (A)n n(aq) 3(org)+ = [ ] (6)

where M, L, and A are a metal ion, ligand, and counteranion,
respectively. Charges of M and A are omitted for clarity. We
have already known the concentrations of M (CM

ini) and L (CL
ini)

initially loaded to the aqueous phase. Note that E % of the
[MLn] complexes should be always constant at those points in
the plateau region observed in Figure 6 [E %pl: 64% for
Ru(NO)3+, 52% for Rh3+]. Therefore, the total concentrations
of the [MLn] complexes actually formed in the aqueous phase
at the complexation process of Figure 2 C( )ML

com
n

can be
calculated as follows.

C C E

C C E

( )/( % /100)

( )/( % /100)

ML
com

Morg
dis

pl

M
ini

Maq
dis

pl

n
=

= − (7)

where CMorg
dis and CMaq

dis denote concentrations of M present in
the organic and aqueous phases after the distribution process,
as shown in Figure 2, respectively. The latter is directly
determined by inductively coupled plasma atomic emission
spectroscopy (ICP-AES) in the experiments of Figure 6.
Accordingly, the concentrations of non-coordinated M (CM

com)
and free L (CL

com) in the aqueous phase at the complexation
process are evaluated as

C C CM
com

M
ini

ML
com

n
= − (8)

C C nCL
com

L
ini

ML
com

n
= − (9)

As a result, the gross stability constants of the [MLn]
complexes (βn) in the aqueous solution of the complexation
process can be expressed as follows.

C C C( )/( )n
n

ML
com

M
com

L
com

n
β = (10)

If the stoichiometry of L (n) in eq 5 is correctly postulated,
βn should be constant regardless of the difference in CL

ini.
Taking into account the possible total coordination numbers
around the Ru3+ and Rh3+ centers up to 6 and tridentate
coordination manner of the PDA ligand, n would be 1 or 2.
Using eqs 7−10, logarithmic βn (log βn) of [Ru(NO)-

(TEPDA)n]
3+ and [Rh(TEPDA)n]

3+ at different CL
ini of

TEPDA was calculated, as summarized in Table S1. Assuming
n = 1, log β1 of [Ru(NO)(TEPDA)]

3+ and [Rh(TEPDA)]3+

complexes was evaluated to be 3.04 ± 0.58 and 2.54 ± 0.41,
respectively. When n = 2, log β2 of [Ru(NO)(TEPDA)2]

3+ and
[Rh(TEPDA)2]

3+ was estimated to be 5.52 ± 1.48 and 5.13 ±
1.67, respectively. These results indicate that the stoichiometry
of TEPDA (n) in both eqs 1 and 2 should be 1. The formation

Figure 6. Effect of the concentration of TEPDA on Ru(NO)3+ and
Rh3+ extraction from 0.5 M HNO3(aq) to 1-octanol. The
experimental procedure is as following: HNO3(aq) solution
containing 5 mM Ru(NO)3+ or Rh3+ with 2−120 mM TEPDA was
heated at 356 K for 5 h, followed by cooling and mixing with 1-
octanol dissolving 500 mM LiTf2N for 5 min at RT.
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of 1:1 complexes is also in line with that using TBPDA (Figure
1) we reported previously.11 Therefore, this stoichiometry
seems to be common to these inert PGMs with the PDA
ligands.
Our next task is to clarify the stoichiometry of counteranion

in eqs 3 and 4. In the current system, the possible
counteranions are Tf2N

− and NO3
−. First, we studied the

dependency of log D of Ru(NO)3+ and Rh3+ on log[Tf2N
−]

using TEPDA, as shown in Figure S24. As a result, log D of
Ru(NO)3+ and Rh3+ increased with an increase in [Tf2N

−].
These results indicate that employing an anionic PTC like
Tf2N

− can actually enhance the extraction of Ru(NO)3+ and
Rh3+ in this study. The slopes of the best fit line were evaluated
to be 1.09 and 0.81 for Ru(NO)3+ and Rh3+, respectively,
indicating that the stoichiometry of Tf2N

− in both eqs 3 and 4
seems to be close to 1. After involving the Tf2N

−, the ion-pairs,
{[Ru(NO)(TEPDA)]Tf2N}

2+ and {[Rh(TEPDA)]Tf2N}
2+,

still have two positive charges which must be compensated
through the extraction. NO3

− is only available as another
counteranion present in this system. Therefore, two NO3

−

should be involved in the actual distribution process. We have
previously studied the slope of the best fit line for log D of
Ru(NO)3+ as a function of log[NO3

−] using TBPDA.11

However, the slope did not meet the expected stoichiometry of
NO3

− because the activity coefficient of each species should be
strongly affected by the wide variation of ionic strength from a
large range of [NO3

−].
In summary, we conclude that the complexation−distribu-

tion separated extraction of Ru(NO)3+ and Rh3+ in
HNO3(aq)/1-octanol system proceeds through the following
reaction mechanisms.
Complexation process:

Ru(NO) PDA Ru(NO)(PDA)(aq)
3

(aq) (aq)
3+ [ ]+ +F (11)

Rh PDA(aq) Rh(PDA)(aq)
3

(aq)
3+ [ ]+ +F (12)

Distribution process:

Ru(NO)(PDA) 2NO Tf N

Ru(NO)(PDA) (NO ) (Tf N)

(aq)
3

3(aq) 2 (org)

3 2 2 (org)

[ ] + +

[ ]

+ − −

F (13)

Rh(PDA) 2NO Tf N

Rh(PDA) (NO ) (Tf N)

(aq)
3

3(aq) 2 (org)

3 2 2 (org)

[ ] + +

[ ]

+ − −

F (14)

Stability of PDA Ligands in HNO3(aq) and Impact on
Coordination and Extraction Chemistry of Ru(III) and
Rh(III). Up to now, we have successfully demonstrated the
extraction of the inert PGMs such as Ru(NO)3+ and Rh3+, as

we proposed in Figure 2. Nevertheless, we still had a concern
about the stability of the PDA ligand because the carbon−
nitrogen bond of PDA could be broken in HNO3(aq)
especially under heating treatment. Scheme 2 shows the
possible reaction scheme of stepwise decomposition of PDA
through H+-catalyzed hydrolysis of the amide moieties.
To assess this issue, TEPDA in 0.5 M HNO3(aq) was heated

at 356 K, followed by recording 1H NMR spectra of this
solution at 0, 2, 5, 23, and 46 h. The obtained results are
shown in Figure S25a,b together with 1H NMR spectra of 2,6-
pyridinedicarboxylic (c) acid and diethylamine (d) in 0.5 M
HNO3(aq) as predictable decomposition products. As a result,
we observed that signal intensities at 1.04, 2.83, 7.66, 8.10,
8.15, and 8.23 ppm gradually increased with elapse of time, as
shown in Figure S25a,b. These signals can be associated to 2,6-
pyridinedicarboxylic acid (8.15 and 8.23 ppm) and diethyl-
amine (1.04 and 2.83 ppm) afforded by hydrolysis of TEPDA,
in accordance with Figure S25c,d. Another set of 1H NMR
signals detected at 7.66 and 8.10 ppm can be assigned to 6-
(diethylcarbamoyl)picolinic acid. This species can be assigned
to the product of the first hydrolysis of TEPDA. Although its
reference spectrum is not available, its appearance prior to that
of 2,6-pyridinedicarboxylic acid is in line with the stepwise
decomposition, as shown in Scheme 2. This result indicates
that the hydrolysis reaction of TEPDA actually proceeds in
HNO3(aq) even in the absence of metal ions at 356 K.
Now, we wonder whether or not such hydrolysis reactions

have to be considered in the formation of [Ru(NO)-
(TEPDA)]3+ and [Rh(TEPDA)]3+ in our complexation
process followed by solvent extraction. To confirm the stability
of [Ru(NO)(TEPDA)]3+ and [Rh(TEPDA)]3+, we assessed
the thermal stability of TEPDA (30 mM) in 0.5 M HNO3(aq)
in the presence of 5 mM Ru(NO)3+ or Rh3+ in a similar
manner to Figure S25. The obtained 1H NMR spectra are
shown in Figures S26 and S27 for Ru(NO)3+ and Rh3+

systems, respectively. As a result, we observed that a signal
intensity at 2.83 ppm of diethylamine slightly increased with
elapse of time, indicating that the hydrolysis reaction of
TEPDA indeed proceeds in HNO3(aq) in the presence of
Ru(NO)3+ or Rh3+. However, the concentrations of this
decomposition product estimated from the peak integrals were
2.4 mM at 3 h (Figure S26) and 1.8 mM at 2 h (Figure S27) in
the presence of Ru(NO)3+ and Rh3+, respectively. These
results indicate decomposition of 1.2 and 0.9 mM TEPDA,
which are still smaller than that of the metal concentrations (5
mM) loaded to these samples. As shown in Figure 4a, we have
already confirmed that complexation of Ru(NO)3+ with
TMPDA is completed within 3 h and remains unchanged up
to 5.5 h. We also demonstrated that complexation of Rh3+ with
TMPDA is completed within 2 h and remains unchanged up to

Scheme 2. Predictable Stepwise Hydrolysis Reactions of PDA under Acidic Conditions
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4.5 h, as shown in Figure 4b. We believe that the difference in
the terminal alkyl chain lengths of TEPDA and TMPDA is
unlikely to strongly affect coordination chemistry of M3+ [M =
Ru(NO) and Rh] and hydrolytic decomposition of these
extractants in the current systems. Consequently, we have
confirmed that TEPDA is gradually hydrolyzed in HNO3(aq)
under heating at 356 K, whereas such hydrolysis does not have
any impact on formation of [Ru(NO)(TEPDA)]3+ and
[Rh(TEPDA)]3+ and their extraction chemistry in the current
systems.
When the sample solution of Figure S26 was kept for several

weeks at RT, we observed deposition of brown crystals in the
NMR tube. The crystal structure was determined using the
single-crystal X-ray diffraction method. As shown in Figure
S28 , o n e 2 , 6 - p y r i d i n e d i c a r b o x y l a t e d , o n e 6 -
(diethylcarbamoyl)picolinate, and one nitrosyl are bound to
the Ru3+ center to give an octahedral complex, while we did
not find the parent TEPDA itself in this complex. This result
implies that TEPDA is indeed hydrolyzed upon long contact
with HNO3(aq).
Demonstration of Multistage Extraction of Ru(III) and

Rh(III) Mixtures. After single-stage extraction of Ru(III) and
Rh(III) was confirmed, we next intended to demonstrate
feasibility and extendability of the complexation−distribution
separated extraction process (Figure 2) to a more practical
multistage extraction process. Both Ru(NO)3+ and Rh3+ (5
mM each) were dissolved in 0.5 M HNO3(aq) with
DEDPPDA (30 mM), followed by heating at 356 K for 5 h
to complete the complexation process. Herein, we selected
DEDPPDA because it gave the highest E % of Ru(NO)3+ and
Rh3+, as shown in Figure 5. After completion of the
complexation process, this aqueous phase was vigorously
shaken with 1-octanol containing 500 mM LiTf2N at RT. After
separation of the organic layer, the aqueous phase was again
contacted with a fresh organic solvent having the same
composition with that used in the first cycle. The distribution
process was repeated four times to examine the efficiency of
the multistage extraction. Figure 7 shows the cumulative E %
(E %cum) of Ru(NO)3+ and Rh3+ as a function of extraction
stages. As a result, E %cum of Ru(NO)3+ and Rh3+ increased
with an increase in the number of extraction cycles. After the
fourth cycle, E %cum of Ru(NO)3+ and Rh3+ reached up to 97

and 92%, respectively. These results indicate that the
complexation−distribution separated extraction process, as
shown in Figure 2, is indeed appropriate for multistage
extraction. Moreover, to compare the single and multistage
extraction experiments, the open symbols, as shown in Figure
7, denote the ideal E %cum of Ru(NO)3+ and Rh3+ in each
extraction stage calculated from the result of single-stage
extraction, as shown in Figure 5 [E % in each stage: 72% for
Ru(NO)3+ and 48% for Rh3+]. As a result, actual and predicted
E %cum of Ru(NO)3+ and Rh3+ at each extraction stage are very
close to each other, indicating that interference between
Ru(NO)3+ and Rh3+ is negligible even in the multistage
extraction. In addition, actual feed solutions such as HLW
generated from the reprocessing process for spent nuclear fuels
do not contain only PGMs but also other fission products and
minor actinides. At this moment, we do not assess selectivity
toward PGMs in the current HNO3(aq) system because PDA
has not been chosen as a promising extractant for mutual
separations in the actual HLW treatment. There is still much
space to select or improve ligand molecular structures to
design better extractants on demand of separation and
recovery. Our main focus in this study is to confirm the
feasibility of the complexation−distribution separated extrac-
tion process, as shown in Figure 2, which has been successfully
demonstrated, as described above. This makes a solvent
extraction process more realistic even for inert metal ions like
Rh(III) and Ru(III).

■ CONCLUSIONS

In this study, we designed and demonstrated a complexation−
distribution separated extraction process for the accelerated
extraction of inert PGMs. We have confirmed that the water-
soluble [M(PDA)]3+ complexes [M = Ru(NO) and Rh] can
be successfully formed in 0.5 M HNO3(aq) under heating
treatment. The [M(PDA)]3+ complexes in the aqueous phase
were rapidly and efficiently extracted to the 1-octanol layer at
RT within 5 min. The actual forms of extractable species would
be [M(PDA)](NO3)2(Tf2N) [M = Ru(NO) and Rh], where
Tf2N

− significantly enhances the solvent extraction as an
anionic PTC. This concept of extraction we proposed here
overcomes the problems of safety risks and temperature
control in the actual solvent extraction process of chemically
inert species and significantly expands the application of our
thermal-assisted techniques. As our next tasks, we further
investigate the coordination and structural chemistry of
extractable species in the current extraction system. Back
extraction of PGMs from the organic phase to aqueous phase is
also of interest in the next step. Possible methods like
removing PTC or employing hydrophilic PTC will be
investigated. Furthermore, molecular design of water-soluble
ligands should be improved to make them more chemically
stable toward hydrolysis. We intend to expand applicability of
this complexation−distribution separated method to the
solvent extraction of PGMs from HCl(aq), a more practical
aqueous system for precious metals recycling from their social
stocks so-called urban mining.

■ EXPERIMENTAL SECTION

Materials. All chemicals employed in this study were of
reagent grade and used as received. The water-soluble PDA
ligands were prepared as follows and characterized by 1H and
13C{1H} NMR (JEOL JNM ECX-400) and IR spectroscopy

Figure 7. Actual and calculated total extractability (E %) of
Ru(NO)3+ and Rh3+ as a function of extraction cycles in 0.5 M
HNO3(aq)/1-octanol system. The experimental procedure is as
following: 0.5 M HNO3(aq) solution containing 5 mM Ru(NO)3+

and Rh3+ with 30 mM DEDPPDA was heated at 356 K for 5 h. This
aqueous solution was repeatedly shaken four times with fresh 1-
octanol solution containing 500 mM LiTf2N for 5 min at RT.
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[JASCO FT/IR-4700 with diamond prism attenuated total
reflection (ATR) apparatus].
Synthesis of TMPDA. Potassium carbonate (0.0962 mol,

FUJIFILM Wako Pure Chemical Corporation) and dimethyl-
amine hydrochloride (0.0193 mol, Tokyo Chemical Industry
Co., Ltd.) were added to THF (40 mL, Kanto Chemical Co.,
Inc.) in a 100 mL round-bottom flask. The mixture was stirred
at RT overnight and cooled in an ice bath. THF (5 mL)
containing 2,6-pyridinedicarbonyl dichloride (0.00961 mol,
Wako Chemical Ltd.) was slowly added to the mixture using a
dropping funnel. Additional THF (10 mL) was then further
loaded. The mixture was stirred in the ice bath for 6 h and at
RT overnight. After removing the white precipitate by
filtration, the supernatant was concentrated using a rotary
evaporator to give a white powder of TMPDA (30% yield).
General Procedure of Synthesis of PDA Ligands. 2,6-

Pyridinedicarbonyl dichloride (0.00961 mol, Wako Chemical
Ltd.) and triethylamine (0.0193 mol, Kanto Chemical Co.,
Inc.) were dissolved in THF (40 mL, Kanto Chemical Co.,
Inc.) in a 100 mL round-bottom flask. After the mixture was
cooled in an ice bath, THF (5 mL) containing N-ethylmethyl-
amine, diethylamine, N-methylpropylamine, or N-ethylpropyl-
amine (0.0192 mol, Tokyo Chemical Industry Co., Ltd.) was
slowly added using a dropping funnel. Additional THF (10
mL) was then further loaded. The mixture was stirred in the
ice bath for 1 h and at RT overnight. After removing the white
precipitate by filtration, the supernatant was concentrated
using a rotary evaporator. The residue was dissolved in
dichloromethane (30 mL) and mixed with 2 M HCl(aq) (2
mL). The organic layer was separated, mixed with a small
portion of K2CO3 and MgSO4, and rested for 15 min. Then,
solid materials were removed by filtration. Any volatile material
in the filtrate was removed using the rotary evaporator.
Characterization of PDA Ligands. TMPDA. Yield: 30%,

white powder. 1H NMR (CDCl3, δ/ppm vs TMS): 3.05 (s,
6H, NCH3), 3.14 (s, NCH3), 7.66 (d, J = 8.0 Hz, 2H, 3,5-H),
7.90 (t, J = 8.0 Hz, 1H, 4-H). 13C{1H} NMR (CDCl3, δ/ppm
vs TMS): 35.82, 39.14, 124.11, 138.16, 153.27, 168.39. IR
(ATR) cm−1: 1635 (>CO).
DEDMPDA. 35%, yellow powder. 1H NMR (CDCl3, δ/ppm

vs TMS): 1.16 (m, 3H, NCH2CH3), 1.26 (m, 3H, NCH2CH3),
3.01 (s, 3H, NCH3), 3.10 (s, 3H, NCH3), 3.36 (q, J = 6.8 Hz,
2H, NCH2CH3), 3.60 (q, J = 7.2 Hz, 2H, NCH2CH3), 7.64 (q,
J = 8.8 Hz, 2H, 3,5-H), 7.89 (t, J = 8.0 Hz, 1H, 4-H). 13C{1H}
NMR (CDCl3, δ/ppm vs TMS): 12.01, 13.70, 32.90, 36.42,
42.87, 45.90, 123.95, 138.10, 153.48, 168.23. IR (ATR) cm−1:
1642 (>CO).
TEPDA. 42%, yellow powder. 1H NMR (CDCl3, δ/ppm vs

TMS): 1.15 (t, J = 7.2 Hz, 6H, NCH2CH3), 1.26 (t, J = 7.2 Hz,
6H, NCH2CH3), 3.35 (q, J = 7.2 Hz, 4H, NCH2CH3), 3.56 (q,
J = 6.8 Hz, 4H, 4H, NCH2CH3), 7.62 (d, J = 7.6 Hz, 2H, 3,5-
H), 7.87 (t, J = 7.6 Hz, 1H, 4-H). 13C{1H} NMR (CDCl3, δ/
ppm vs TMS): 12.8, 14.29, 40.22, 43.32, 123.70, 138.00,
153.63, 168.13. IR (ATR) cm−1: 1627 (>CO).
DMDPPDA. 61%, yellow oil. 1H NMR (CDCl3, δ/ppm vs

TMS): 0.75 (q, J = 7.6 Hz, 3H, NCH2CH2CH3), 0.97 (t, J =
7.2 Hz, 3H, NCH2CH2CH3), 1.64 (m, 4H, NCH2CH2CH3),
2.98 (d, J = 4 Hz, 2H, NCH3), 3.09 (d, J = 1.2 Hz, 2H,
NCH3), 3.27 (q, J = 7.2 Hz, 3H, NCH2CH2CH3), 3.50 (t, J =
7.6 Hz, 3H, NCH2CH2CH3), 7.62 (t, J = 8.4 Hz, 2H, 3,5-H),
7.86 (t, J = 7.6 Hz, 1H, 4-H). 13C{1H} NMR (CDCl3, δ/ppm
vs TMS): 10.92, 11.33, 20.25, 21.65, 33.40, 37.12, 49.71, 52.69,

124.01, 138.07, 153.45, 168.64. IR (ATR) cm−1: 1646 (>C
O).

DEDPPDA. 70%, yellow oil. 1H NMR (CDCl3, δ/ppm vs
TMS): 0.74 (t, J = 7.2 Hz, 3H, NCH2CH2CH3), 0.97 (t, J =
7.6 Hz, 3H, NCH2CH2CH3), 1.11 (q, J = 7.2 Hz, 3H,
NCH2CH3), 1.24 (t, J = 7.2 Hz, 3H, NCH2CH3), 1.61 (m, 2H,
NCH2CH2CH3), 1.70 (m, 2H, NCH2CH2CH3), 3.25 (t, J =
7.6 Hz, 2H, NCH2CH2CH3), 3.34 (q, J = 7.2 Hz, 2H,
NCH2CH3), 3.45 (t, J = 6.8 Hz, 2H, NCH2CH2CH3), 3.54 (q,
J = 7.2 Hz, 2H, NCH2CH3), 7.62 (q, J = 6.8 Hz, 2H, 3,5-H),
7.85 (t, J = 7.6 Hz, 1H, 4-H). 13C{1H} NMR (CDCl3, δ/ppm
vs TMS): 11.09, 11.52, 12.78, 14.28, 20.83, 22.23, 40.70, 43.65,
47.07, 50.23, 123.95, 137.99, 153.63, 168.39. IR (ATR) cm−1:
1642 (>CO).
The detailed results of the characterization of PDA ligands

are reported in Supporting Information.
Measurement of the Partition Coefficient of PDA

Ligands. The pre-equilibrated 1-octanol containing TMPDA,
DEDMPDA, TEPDA, DMDPPDA, DEDPPDA, and TBPDA
(30 mM) was mixed with the pre-equilibrated 0.5 M
HNO3(aq), respectively. The volume ratio between aqueous
and organic phases was always maintained at 1:1. After 30 min
mixing for equilibration, the organic layer (630 μL) was mixed
with a methanol-d4 solution (70 μL) dissolving a standard
material (benzyl bromide). Concentrations of PDA ligands in
the organic layer were determined by 1H NMR peak integrals
compared with that of benzyl bromide as a reference. The
value of log P of the PDA ligand was calculated as follows.

Plog log( PDA / PDA )org aq= [ ] [ ] (15)

PDA PDA PDAaq ini org[ ] = [ ] − [ ] (16)

where [PDA]org and [PDA]aq denote the concentrations of
PDA ligands in the organic phase and the aqueous phase after
equilibration, respectively. [PDA]ini denotes the concentrations
of PDA ligands in the organic phase at the initial state.

Measurement of Solubility of PDA Ligands. TMPDA,
DEDMPDA, TEPDA, DMDPPDA, DEDPPDA, and TBPDA
were added to 0.5 M HNO3(aq) solutions, respectively, until
deposition was observed. After the solutions were centrifuged,
supernatants were mixed with sodium acetate aqueous solution
as a reference and deuterium oxide. Concentrations of PDA
ligands in the mixture were determined by 1H NMR peak
integrals compared with that of sodium acetate as a reference.

Single-Element Extraction of Ru(III) and Rh(III). The
pre-equilibrated 0.5 M HNO3(aq) containing a metal ion (M)
like 5 mM Ru(NO)3+ or 5 mM Rh3+ was loaded into a plastic
tube with the PDA ligand. The aqueous solution was heated at
356 K for 5 h in an aluminium block dry bath (ASONE-THB-
1). After cooling to RT, the aqueous solution was mixed with a
pre-equilibrated organic solvent (1-octanol) containing
LiTf2N. The volume ratio between aqueous and organic
phases was always maintained at 1:1. The mixture was shaken
at 1500 rpm in a high-speed shaker for 5 min. For analysis, a
small amount of mixture was centrifuged. The M concentration
in the aqueous layer was determined by ICP-AES (Thermo
Scientific iCAP7200 Duo). The values of E % and D were
calculated as follows.

E % 100 ( M M )/ Mini aq ini= × [ ] − [ ] [ ] (17)

D ( M M )/ Mini aq aq= [ ] − [ ] [ ] (18)
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where [M]ini and [M]aq denote the metal concentrations in the
aqueous phase at the initial state and after the extraction,
respectively.
Multistage Extraction of Mixture of Ru(III) and Rh(III).

The pre-equilibrated 0.5 M HNO3(aq) containing 5 mM
Ru(NO)3+ and 5 mM Rh3+ was loaded into a plastic tube with
a 30 mM DEDPPDA ligand. The aqueous solution was heated
at 356 K in a dry bath for 5 h. After cooling to RT, the aqueous
solution was mixed with a pre-equilibrated organic solvent (1-
octanol) containing 500 mM LiTf2N. The volume ratio
between aqueous and organic phases was always maintained
at 1:1. The mixture was shaken at 1500 rpm in a high-speed
shaker for 5 min at RT and was centrifuged. After separation of
the organic layer, the aqueous phase was separated from the
mixture and repeatedly stirred with same but fresh organic
solvent. This distribution process was repeated four times. For
analysis, a small amount of the mixture after each distribution
process was centrifuged. The M concentration in the aqueous
layer was determined by ICP-AES (Thermo Scientific
iCAP7200 Duo). The value of E %cum at each extraction
stage was calculated as follows.

E % 100 ( M M / Mncum ini ( cycle)aq) ini= × [ ] − [ ] [ ] (19)

where [M]ini denotes the metal concentrations in the aqueous
phase at the initial state and [M](n cycle)aq denotes the metal
concentration in the aqueous phase after n extraction cycle (n
= 1−4).
Single-Crystal X-ray Diffraction. A single crystal of the

[Ru(NO)]3+ complex with 2,6-pyridinedicarboxylate and 6-
(diethylcarbamoyl)picolinate deposited in the NMR sample
tube was mounted on a Kapton capillary equipped with the
goniometer head. Intensity data were collected using Rigaku
XtaLAB mini II with graphite monochromated Mo Kα
radiation (λ = 0.71075 Å). The obtained diffraction data
were analyzed by Olex2 software package22 suited with
SHELX. The structure was solved by SHELXS or
SHELXT23,24 and expanded using Fourier techniques. All
non-hydrogen atoms were anisotropically refined by SHELXL
2017/1. Hydrogen atoms were refined as riding on their parent
atoms with Uiso(H) = 1.2Ueq(C). The final cycle of the full-
matrix least-squares refinement on F2 was based on the
observed reflections and parameters and converged with the
unweighted and weighted agreement factors, R and wR,
respectively. The crystallographic data were described in the
caption of Figure S28.
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