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ABSTRACT: A new multidentate soft-ligand 2,6-bis(S,6-dinonyl-1,2,4-triazine-
3-yl)pyridine (NonBTP) was synthesized. The solvent extraction of Pd(Il) and
some typical metals Ru(1II), Mo(VI), Fe(IlI), Co(II), Zr(IV), and Ni(II) with
NonBTP/30 % 1-octanol—70 % 1-dodecane was investigated at 298 K. It was
performed by examining the effects of contact time and the concentration of
HNO; in the range of (0.42 to S.11) M. NonBTP showed a strong extraction
ability and high selectivity for Pd(II) over the tested metals, which had very weak
or almost no extraction. The optimum acidity in the extraction of Pd(Il) was
around 3.0 M HNOj,. It was ascribed to the complexation of Pd(II), a weak Lewis
acid and an electron-pair acceptor, with nitrogen inside NonBTP, a weak Lewis
base and an electron-pair donor. The extraction of NonBTP for Pd(II) was an
exothermic reaction. The composition of the extracted species was determined to
be Pd(NO;),2NonBTP. Considering the excellent complexation of minor
actinides MAs(III) with NonBTP, the results are beneficial to simultaneous
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partitioning of MA(III) and Pd(II) from highly active liquid waste by the NonBTP-containing extraction system.

B INTRODUCTION

It is known that one of the important purposes in the re-
processing of nuclear spent fuel is the partitioning and recovery
of uranium and plutonium by 30 % tri-n-butyl phosphate/
kerosene through the Purex or its modified extraction process.
As a result, an extremely complicated system, highly active
liquid waste (HLW) with a high HNO; concentration, was
produced. A variety of the fission and nonfission products
(FPs) such as the long-lived minor actinides MAs(III), rare
earths REs(III), heat generators Cs(I) and Sr(II), noble metals,
Fe(II)—Fe(III), Mo(VI), Tc(VII), and Zr(IV), and so forth are
contained in HLW.> To reduce the potential risk of HLW to
the environment and human health, the elimination of the
radionuclides to treatment and disposal of HLW are therefore
significant. However, effective partitioning of relevant nuclides
has always been one of the most challenging works these years.
Most attention has been focused on the separation of MAs(III)
such as Am(IIT) and Cm(III) from HLW because of the parti-
tioning and transmutation (P/T) strategy.a'_9 Some attention is
concentrated on the separation of heat emitting nuclides, Cs(I)
and Sr(I1)."°~"> Almost no attention has been focused on the
partitioning of the long-lived Pd(II) from HLW.

Divalent palladium is one of the fission products in HLW. It
is generated by the fission of uranium or plutonium in nuclear
reactor or by f3-decay of adjacent species. The radioactive '*’Pd
with a half-life of 6.5-10° year is a soft S-emitter of 0.035 MeV
energy. Its quantity in nuclear spent fuel is approximately (1 to
2) kg per ton. It was reported that the removal of Pd(II) from
HLW might likely make the vitrification of HLW in final
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geological disposal easier. The effective elimination of Pd(II)
from HLW is therefore valuable.

To separate the specific radionuclides Cs(I), Sr(I), MAs-
(111), PA(II), and others, the advanced partitioning technologies
entitled SPEC (Strontium/cesium Partitioning from HLW by
Extraction Chromatography) and MPS (the long-lived MA
(1) and Pd(II) Separation by extraction chromatography)
processes have been developed recently.'®'” Two heat
generators Cs(I) and Sr(II) were separated utilizing two
novel macroporous silica-based supramolecular recognition
materials (SSRM), calix[4]arene-crown/SiO,—P, and 4,4',(5")-
di(tert-butylcyclohexano)-18-crown-6(DtBuCH18C6)/SiO,—
P.'®' The long-lived MA(III), Pd(II), and others showed no
adsorption onto these macroporous silica-based materials and
then flowed into effluent along with Pd(II), Zr(IV), Mo(VI),
Rh(III), Ru(III), REs(III) (Y and from La to Lu), Na(I), K(I),
Fe(III), MAs(III) (Am and Cm), and 2.0 M HNO; (noted as
the MA-Pd-group). Subsequently, the long-lived Am(III),
Cm(1II), and Pd(II) in the MA-Pd-group were partitioned by
the novel macroporous silica-based soft-ligand 2,6-bis(5,6-
dialkyl-1,2,4-triazine-3-yl)pyridine (dialkyl-BTP) impregnated
materials (SSLM) dialkyl-BTP/SiO,—P as shown in Figure 1.
The MA-Pd-group was separated into (1) REs(III), Mo(VI),
Na(I), K(I), Ru(1II), Rh(III), and Zr(IV) and so forth (non-
adsorption group), (2) Pd, and (3) MAs(III), respectively, by
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Figure 1. MPS: an advanced concept process of the MA(III) and
Pd(II) Separation together from HLW by extraction chromatography
utilizating the novel macroporous silica-based soft-ligand material.

using 0.2 M thiourea/0.1 M HNOj; and 0.01 M HNO;/1.0 M
NaNO; as eluents. However, the preliminary investigations
such as the complexation mechanism, the composition of the
complex of Pd(II) with these novel macroporous silica-based
nitrogen-containing soft-ligand materials, and the others have
not been reported yet. Seeking an effective pathway to make
the complexation of Pd(II) with dialkyl-BTP clear is therefore
valuable.

Solvent extraction is one of the conventional separation
technologies. It is effective for the determination of the com-
plexation and complex composition of metals with chelating
agents. Dialkyl-BTP as shown in Figure 2 is a multicoordinate
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Figure 2. Chemical structure of 2,6-bis(S,6-dialkyl-1,2,4-triazine-3-yl)
pyridine (dialkyl-BTP).

soft-ligand containing seven nitrogen atoms. The results showed
that it had an excellent extraction ability and selectivity for trivalent
MASs(III) over all of the REs(II).**** Similar to dialkyl-BTP,
some derivatives of bipyridines also exhibited the same extraction
properties for MAs(IIT) and REs(III).>* "> On the other hand, in
terms of the traditional Lewis theory of acid—base reactions,
nitrogen in dialkyl-BTP or the derivative of bipyridine has a much
better coordination ability for the elements in the d-block in the
periodic table of elements. It is therefore predicted that some
fission products Zr(IV), Ru(Ill), and Mo(VI) might also have a
more or less adverse impact on the separation of MAs(III) and
Pd(II). From this viewpoint, utilizing the principle and experi-
mental method of the solvent extraction to investigate the com-
plexation of Pd(II) with dialkyl-BTP is meaningful. However,
regarding the complexation of Pd(II) with dialkyl-BTP or the
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derivatives of bipyridines either in chromatographic separation
with a stationary phase or in solvent extraction has not been
reported yet. The composition of the complex of Pd(II) with
dialkyl-BTP or the derivatives of bipyridines in HNO; medium
has not been understood.

To understand the complexation of Pd(II), the purpose of
the present work was to obtain some valuable experimental data
by solvent extraction. The main objective was focused on: (1)
synthesis of a new multidentate soft-ligand 2,6-bis(S,6-dinonyl-
1,2,4-triazine-3-yl)pyridine (NonBTP), which was performed
by a multistep reaction; (2) investigation of the extraction
properties of some typical fission and nonfission products
Ru(1II), Zr(IV), Mo(VI), Fe(Ill), Co(II), and Ni(Il) with a
NonBTP-containing mixture composed of 30 % 1-octanol and
70 % 1-dodecane. It was carried out by examining the effects of
contact time, the HNO; concentration in the range of (0.42 to
5.11) M, and temperature, and (3) determination of the
optimum concentration of HNOj in the extraction of Pd(Il),
the extraction mechanism, and the complex composition of
Pd(II) with NonBTP. The possibility and feasibility of
application of the NonBTP-containing extraction system in
partitioning of MA(III) and Pd(II) together from HLW were
evaluated.

B EXPERIMENTAL PROCEDURE

Materials. The metal nitrates ZrO(NO,),-2H,0, Fe-
(NO,);6H,0, M'(NO;), (M" = Co and Ni), and (NH,)¢
Mo,0,,-4H,0 used were of analytical grade. Palladium nitrate
solution with 4.5 wt % of Pd(II) was provided by the Tanaka
Noble Metal Co. Inc., Japan. Ruthenium nitrosyl nitrate solu-
tion with 1.5 wt % of Ru(Ill) was provided by the Strem
Chemicals (Newburyport, MA). The ionic strength (1) in aqueous
phase in the determination of the composition of the complex of
Pd(II) was maintained by the addition of a stock solution of
NaNO;. The concentrations of the tested metals in HNO,
solution were around 5.0-107> M.

A soft-ligand with multinitrogen donors, 2,6-bis(S,6-dinonyl-
1,2,4-triazine-3-yl)pyridine (NonBTP) as shown in Figure 3,
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Figure 3. Molecular structure of 2,6-bis(S,6-dinonyl-1,2,4-triazine-3-yl)
pyridine (Non-BTP).

was synthesized quantitatively by the multistep reactions. The
diluents, 1-octanol and 1-dodecane, used in organic phase were
available commercial products. To avoid the formation of the
third phase in solvent extraction, a mixture composed of 30 %
1-octanol and 70 % 1-dodecane was used as the organic phase
to dissolve NonBTP. Based on the excellent solubility of
NonBTP, no any additive was used in organic phase. The other
organic and inorganic reagents were of analytical grade and
were used without further treatment.

Synthesis of NonBTP. The preparation of NonBTP was
performed through three steps.26 It was described as: (1) the
synthesis of 2,6-pyridinedicarboxamide dihydrazone by the
reaction of 2,6-pyridine with 85 % of hydrazine hydrate,
performed for 30 h at 303 K and then recrystallized by water;
(2) synthesis of a a-diketone CH,(CH,),CH,COCOCH,(CH,),-
CH; by the reduction of CH;(CH,),CH,COOCH,CH; with
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sodium in xylene/diethyl ether and then oxidation of the
resultant intermediate product with Cu(CH;COO),'H,0 in
70 % acetic acid medium, and (3) synthesis of NonBTP through
the reaction of 2,6-pyridinedicarboxamide dihydrazone with
CH,(CH,),CH,COCOCH,(CH,),CH, in dichloromethane,
carried out for 3 h at 313 K and then recrystallized with
ethanol. The resultant NonBTP, a yellow product, was char-
acterized by elementary analysis, 'H NMR, and electrospray
ionization mass spectrometry (EI-MS). The purity of NonBTP
was determined to be more than 98.5 %. The synthesis
technical route of NonBTP is shown in Figure 4.
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Figure 4. Technical route of synthesis of 2,6-bis(5,6-dinonyl-1,2,4-
triazine-3-yl) pyridine (Non-BTP).
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Measurement of the Distribution Ratio. The extraction
of the tested metal with NonBTP was performed at 298 K
except that of the experiment of the temperature effect. It was
controlled using a TAITEC MM-10 model thermostatted water
bath.

Equal volumes (S cm®) of a HNO, solution containing the
tested metals as an aqueous phase and of a mixture composed
of NonBTP, 30 % l-octanol, and 70 % 1-dodecane as an organic
phase, pre-equilibrated with HNO; of the same concentration
without containing metals, were mixed into a ground glass-stopped
equilibration tube, it was then shaken mechanically at 120 rpm.
Preliminary studies showed that the extraction equilibrium was
established within 30 min. To ensure that the equilibrium was
reached fully, the contact time of two phases was extended to 90
min. The concentrations of NonBTP, the tested metal, and the
ratio of aqueous phase to organic one were 201072 M, 5.0-1073
M, and 1:1. The concentration of HNOj; in aqueous phase was
in the range of 0.4 to 4.0 M. The ionic strength in aqueous phase
was kept constant by the addition of a stock solution of NaNOs.
After the phases were centrifuged and separated, the concen-
trations of the tested metals in aqueous phase were determined
using a Varian 700-ES model simultaneous inductively coupled
plasma-optical emission spectrometer (ICP-OES, Varian, Inc., the
United States of America) The distribution ratio (D) of the tested
metals was calculated by the following equation:

D = C(0)/C(a) (1)

In eq 1, C,) and C(,) represent the equilibrium concentrations of
the tested metals in organic phase and the aqueous phase,
respectively.

B RESULTS AND DISCUSSION

Dependence of the Tested Metal Extractions on
Contact Time. It is known that in liquid—liquid solvent
extraction, the effective extraction of metal ion is achieved by
the formation of the extracted species between extractants and
metal jons through the coordination bonding in organic phase.

1269

Therefore, the extraction ability and selectivity of extractants for
metal ions strongly depends on the intensity of the chemical
complexation. There are seven nitrogen atoms in the molecular
structure of NonBTP. According to the Lewis theory of acid—
base reactions, the Lewis bases donate pairs of electrons while
acids accept them. A Lewis acid may be any ion or molecule
that can accept a pair of nonbonding valence electrons, that is, a
Lewis acid is an electron-pair acceptor. A Lewis base is any
substance that can donate a pair of nonbonding valence
electrons and is therefore an electron-pair donor. Based on the
Lewis theory, Pd(1I) located in d-block in the Periodic Table of
Elements is considered to be an electron-pair acceptor, that is, a
Lewis acid due to the unsaturated p-orbits, while the other
tested metal ions are also thought as the Lewis acids. Opposite
to Pd(II), the NonBTP molecule is an electron-pair donor, that
is, a Lewis base. Because the nitrogen atom is a so-called soft-
atom, NonBTP acts as a soft Lewis base. Since the hardness
and softness of the Lewis acids of the tested metal ions
including Pd(II) are different, so, the complexation of these
metals with NonBTP in solvent extraction might be different.
As a result, it might result in the different extraction ability and
selectivity of NonBTP for these metal ions.

To understand the extraction behavior of NonBTP, a
mixed organic solvent composed of 30 % 1-octanol and 70 %
1-dodecane was used to dissolve NonBTP. The dependence of
the extraction of some typical fission and nonfission products
Ru(1II), Fe(IIl), Co(Il), Zr(IV), Ni(II), Pd(II), and Mo(VI)
with NonBTP/30 % 1-octanol-70 % 1-dodecane in 2.0 M
HNO; with a change in contact time was investigated at 298 K.
The results are shown in Figure S.
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Figure 5. Dependence of the tested metals extraction with NonBTP
on contact time in 2.0 M HNO; at 298 K.

With an increase in contact time, the extraction of Pd(II)
with NonBTP increased quickly at initial 30 min and then kept
constant, reflecting that it reached the extraction equilibrium.
The distribution ratio (D) of Pd(II) in excess of 30 min was
always greater than 76S, while the tested metals Ru(III),
Fe(IlI), Zr(IV), Co(11), Ni(Il), and Mo(VI) showed weak or
almost no extraction with NonBTP. The distribution ratios (D)
of them at contact time of 90 min were always less than 0.1553.
Such a low value in the distribution ratio resulted from the
weak complexation of these metals with a nitrogen atom inside
the NonBTP molecule.

According to the Lewis theory of acid—base reactions, the
trivalent Fe(III) is considered to be a hard Lewis acid substance
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being capable of effective recognizing and accepting a pair of
nonbonding valence electrons from a hard Lewis base with the
electron-pair donor. So, no extraction of Fe(III) was ascribed to
the lack of affinity of the soft-base nitrogen in NonBTP
molecule for the hard-acid Fe(Ill). Namely, no effective com-
plexation of NonBTP with Fe(IIl) resulted from the unmatched
properties of the Lewis acid—base reaction. On the other hand, the
tested Ru(I11), Zr(IV), Co(II), Mo(VI), and Ni(II) are considered
to be the intermediate Lewis acid in hardness. This made the
properties of the Lewis acid—base reaction of these metals with
NonBTP unmatched. As a result, almost all of the tested Ru(III),
Fe(IlT), Zr(IV), Co(II), Ni(II), and Mo(VI) might have no
adverse impact on the extraction of Pd(II).

Opposite to the tested metals mentioned above, the
NonBTP/30 % 1-octanol—70 % 1-dodecane system showed a
strong extraction ability for Pd(II). This is attributed to the
chemical complexation of Pd(II) with NonBTP. Pd(II) was a
soft Lewis acid containing an unsaturated d-orbital. It thus
matched with that of a soft Lewis base. This makes it possible
that the strong complexation might occur as Pd(II) acting as a
soft Lewis acid accepted the pairs of nonbonding valence
electrons from nitrogen in NonBTP, a soft-Lewis base. As a
result, the stable complex of Pd(Il) ion with NonBTP through
N—Pd coordination bonding was formed. The strong
extraction of Pd(II) was therefore considered to the effective
complexation with NonBTP.

Based on the above discussion, the difference in the extrac-
tion of the tested metal ions exhibited that, in 2.0 M HNO;,
NonBTP had an excellent extraction ability and high selectivity
for PA(I) over all of the tested elements. Namely, the tested
metals Ru(1Il), Fe(1ll), Zr(IV), Co(1l), Ni(1I), and Mo(VI)
had no adverse impact on the extraction of Pd(Il) with NonBTP.
This is beneficial to the effective separation of Pd(Il) from an
acidic HLW utilizing NonBTP by solvent extraction.

Dependence of the Tested Element Extractions on
the HNO; Concentration. In terms of the special molecular
structure of NonBTP, the nitrogen atom inside NonBTP has a
high affinity for HNOj; to form the stable ammonium nitrates.
It is therefore that the HNO; concentration would exhibit signifi-
cant effect on the extraction of the tested metals with NonBTP. It
was reported that HLW generated in reprocessing of nuclear spent
fuel is a HNO; medium usually around the concentration of
3.0 M." As a result, it is possible that the extraction of Pd(II)
with NonBTP caused by the chemical complexation and the
protonation of NonBTP with HNO; in the extraction process
would be two competing reactions.

The impact of HNO; concentration in the range of (0.42 to
5.11) M on the extraction of Pd(II) and the other tested typical
metals Ru(IIl), Fe(III), Zr(IV), Co(Il), Ni(II), and Mo(VI)
with NonBTP was investigated at 298 K. It was performed at a
metal concentration of 5.0-10™> M, a phase ratio of 1:1, and
contact time of 120 min. The corresponding results are illu-
strated in Figure 6.

As can be seen, with an increase in the concentration of HNO;,
the extraction of Pd(II) with NonBTP increased quickly from
042 M HNO; to 3.18 M HNO; and then basically kept
constant to 5.11 M HNO;. The distribution ratio (D) of Pd(1I)
was 80.78 in 0.42 M HNO;, 1319 in 1.63 M HNO;, 6447 in
3.18 M HNO;, and 6452 in 5.11 M HNO,;. Meanwhile, the
other tested metals Ru(III), Fe(III), Zr(IV), Co(II), Ni(II), and
Mo(VI) showed weak or almost no extraction with NonBTP.
The corresponding distribution ratios (D) of them were always
less than 0.6. NonBTP had an excellent extraction ability and
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Figure 6. Dependence of the tested metal extractions with NonBTP on
the concentration of HNOj in the range of (042 to 5.11) M at 298 K.
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high selectivity for Pd(II) over all of the tested metals. The
optimum acidity of the Pd(II) extraction in the experimental
conditions was therefore determined to be around 3.0 M
HNO,.

Extraction Mechanism of Pd(ll) with NonBTP. If one
assumes that in HNO; medium, the composition of the
extracted species of Pd(II) with NonBTP is mPd-
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(NO,), nNonBTP, then the extraction equilibrium of Pd(II)
with the chelating extractant NonBTP is expressed as:

de2+(a) + 2mNO3_(a) + nNonBTP(o)

= mPd(NO3), nNonBTP(,) )

The extraction constant (K,,) can be described as:

Kex = [MPd(N03)2-nN0nBTP](O)

/([Pd**]" () [NO3 ™" ) [NonBTPT"(g)) (4

The distribution ratio of PA(II) (D) is

D= m[Pd(NO3)2~nNonBTP](O)/[Pd2+](a) (4)

According to eqs 3 and 4, the relationship between the distribution
ratio and the extraction constant can be described as:

logD =n log[NonBTP](O) + (m - l)log[Pd2+](a)
+ 2m log[NO3_](a) + log mK ey Q)

In terms of eq S, the distribution ratio D was measured by
varying the concentrations of NonBTP in organic phase at fixed
the concentration of Pd(II) and the other experimental
conditions. A plot of log D versus log[NonBTP],) yielded a
straight line with a linear slope close to 2, that is, n = 2, as
shown in Figure 7. Similarly, the influence of the Pd(II)
concentration on the distribution ratio of Pd(II) was studied at
constant concentrations of NonBTP and the others, and a plot
of log D versus log[Pd],) is shown in Figure 8. The slope of the
resultant straight line is close to 0. It showed that the extracted
species of Pd(II) and NonBTP was a kind of mononuclear
complex in metal under the experimental conditions, that is,
m = 1. The effect of the concentration of NO5;~ on the
distribution ratio of Pd(II) was investigated at the other fixed
experimental conditions. A plot of log D versus log[NO; ],
got a straight line with a linear slope close to 2, that is, 2m = 2,
m = 1, as shown in Figure 9. A 1:2 type of the extracted species
between Pd(II) and NonBTP was formed. The composition of
the complex of Pd(Il) with NonBTP was therefore determined
to be Pd(NO;),2NonBTP. The coordination number of
Pd(II) in the complex Pd(NO;),-2NonBTP was 4.7

The reaction equation of the extraction of Pd(II) with
NonBTP in the mixture of l-octanol and 1-dodecane was
represented as follows:

2Pd* () + 2NO3™ ) + NonBTE(,)
= Pd(NO3),2NonBTP(,) (6)

The equilibrium constant (K,.) of the Pd(I) extraction was
calculated, and the corresponding value logK,, was 5.886. The
chemical structure of the extracted species, Pd(NO,),-2NonBTP,
is shown in Figure 10.
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HNO,.

Dependence of NonBTP Extraction on Temperature.
The dependence of the extraction of NonBTP/30 % I-octanol—
70 % 1-dodecane system for the tested metals in 3.0 M HNO;
with a change in temperature from (283 to 308) K was inves-
tigated. The results are depicted in Figure 11.

The extraction curve of PA(I) decreased gradually with
increasing the temperature. It indicated that, in 3.0 M HNO;,
the extraction of NonBTP for Pd(II) was an exothermic
reaction. In other words, increasing the operation temperature
in experimental conditions was adverse to the Pd(II) extraction.
Therefore, the reasonable temperature in the Pd(II) extraction
with NonBTP was considered to be at room temperature or at
298 K. Meanwhile, the extraction behavior of the other metals
with NonBTP was different. The extraction of Co(II) showed a
very slow increase with increasing the temperature, while the
extraction of the others almost kept constant except for
Mo(VI).

In terms of the linear slope of the plot of In D vs 1/T as shown
in Figure 12, the thermodynamic parameters, the change in
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Figure 12. Relationship between In D and 1/T.

enthalpy (AH®), free energy (AG®), and entropy (AS°), of the
extraction reaction of Pd(II) with NonBTP was calculated by the
Arrhenius law d InD/dT = AH°/RT® and Gibbs free energy AG® =
AH® — TAS®. The corresponding values were listed in Table 1.

Table 1. Thermodynamic Parameters of the Extraction
Reaction of Pd(II) with NonBTP

thermodynamic

parameters 283 K 288 K 293 K 298 K 303 K 308 K
AH®, KJ-mol™ —32.98
AS°, Jmol'K™! —1248 —13.00 -—13.02 -—13.05 -12.86 -—12.93
AG®, KJ-mol™  —29.71 —29.16 —2921 —29.13 —2923 —29.27

B CONCLUSION

In the treatment of HLW, most attention has been focused on
partitioning of the long-lived MAs(III) such as Am(III) and
Cm(1II) as well as the heat-emitting nuclides Cs(I) and Sr(II),
while almost no attention is concentrated on the separation of
197Pd. To reduce the potential risk of HLW to environment, the
simultaneous separation of MAs(III) and Pd(II) from HLW
might be beneficial to the partitioning and transmutation (P/T)
strategy. For this purpose, a multidentate soft-ligand 2,6-
bis(5,6-dinonyl-1,2,4-triazine-3-yl)pyridine (NonBTP) was syn-
thesized.

The extraction behavior of some fission and nonfission
products Ru(III), Mo(VT), Pd(1I), Fe(III), Co(1I), Zr(IV), and
Ni(II) with NonBTP/30 % 1-octanol—70 % 1-dodecane was
studied at 298 K. The effects of contact time, the HNO;
concentration in the range of (042 to S.11) M, and tempera-
ture on the extraction of Pd(II) were investigated. The com-
position of the extracted species, the optimum extraction acidity,
the extraction property, and mechanism of bivalent Pd(II) with
NonBTP were evaluated. NonBTP showed an excellent extraction
ability and high selectivity for Pd(II) over all of the tested metals.
Some important parameters of chemical engineering in the Pd(II)
extraction were obtained.

The results obtained considering of the strong complexation
of MAs(III) with NonBTP are valuable for the simultaneous parti-
tioning of MAs(II) and Pd(I) from HLW by the NonBTP-
containing extraction system. Meanwhile, it is very valuable for
understanding the adsorption mechanism as well as the
adsorption—separation cycle in the advanced MPS (the long-
lived MA(IIT) and Pd(II) Separation by extraction chromatog-
raphy) process developed recently.
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