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Tailoring the Coordination Micro-Environment in Nanotraps
for Efficient Platinum/Palladium Separation
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Xiaofeng Guo, Abdullah M. Al-Enizi, Ayman Nafady, and Shengqian Ma*

Recovering platinum group metals from secondary resources is crucial to
meet the growing demand for high-tech applications. Various techniques are
explored, and adsorption using porous materials has emerged as a promising
technology due to its efficient performance and environmental beingness.
However, the challenge lies in effectively recovering and separating individual
platinum group metals (PGMs) given their similar chemical properties.
Herein, a breakthrough approach is presented by sophisticatedly tailoring the
coordination micro-environment in a series of aminopyridine-based porous
organic polymers, which enables the creation of platinum-specific nanotraps
for efficient separation of binary PGMs (platinum/palladium). The newly
synthesized POP-o2NH2-Py demonstrates record uptakes and selectivity
toward platinum over palladium, with the amino groups adjacent to the
pyridine moieties being vital in improving platinum binding performance.
Further breakthrough experiments underline its remarkable ability to separate
platinum and palladium. Spectroscopic analysis reveals that POP-o2NH2-Py
offers a more favorable coordination fashion to platinum ions compared to
palladium ions owing to the greater interaction between N and Pt4+ and
stronger intramolecular hydrogen bonding between the amino groups and
four coordinating chlorines at platinum. These findings underscore the
importance of fine-tuning the coordination micro-environment of nanotraps
through subtle modifications that can greatly enhance the selectivity toward
the desired metal ions.
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1. Introduction

Platinum group metals (PGMs) are the
collective name of six noble metallic ele-
ments, including platinum (Pt), palladium
(Pd), rhodium (Rh), osmium (Os), irid-
ium (Ir) and ruthenium (Ru), which are
clustered together in the periodic table
and possess distinctive chemical and phys-
ical properties, such as excellent elec-
trical conductivity, high catalytical activ-
ity, and strong corrosion and oxidation
resistance.[1–3] These characteristics make
them indispensable in a variety of high-
tech applications, including the manu-
facturing of electronic and electrical de-
vices, catalysts for a range of chemi-
cal and electrochemical reactions, fuel
cells, medical materials, and chemotherapy
medication.[4–7] Among their notable ap-
plications, PGMs are highly regarded for
their exceptional catalytic properties in au-
tomotive catalytic converters, such as Three-
Way-Catalyst (TWC), Diesel-Oxidation Cata-
lyst (DOC), Selective Catalytic Reduction.[8]

However, the scarcity of PGM ores and
the intricate processes involved in min-
ing and refining contribute to the high
cost of recovering these precious metals

from primary sources. Recycling them from secondary resources
has emerged as a technically feasible and cost-effective solu-
tion to meet the growing demand for these metals in various
industries.[9–12]

Spent automotive catalytic converters are highly valuable sec-
ondary resources of PGMs, as their PGM content per unit is
significantly higher compared to corresponding mineral ores.
The recovery of PGMs from these spent catalysts has gained
considerable attention, which is believed as a promising al-
ternative to supplement the declining primary production of
PGMs.[13–16] Conventional methods used in recycling industries,
such as pyrometallurgy and hydrometallurgy, have already been
explored for PGM recovery; and biometallurgical techniques in-
cluding bioleaching and biosorption, have also been investigated
through bench-scale tests.[8] Those techniques, however, often in-
volve hash chemical and physical treatments, which are energy-
consuming, environmentally polluting, and expensive. More-
over, spent automotive catalytic converters, such as TWC, typ-
ically contain multiple PGMs, which presents a challenge in
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Scheme 1. Schematic illustration of tailoring coordination micro-
environment in nanotraps with enhanced platinum binding affinity and
the corresponding structures of aminopyridine-based POPs investigated
in this study.

recovering and separating the different PGMs individually due
to their similar chemical properties. Thus, developing an envi-
ronmentally benign and economical method for PGM recovery
and separation is highly needed. In response to this need, ad-
sorption technology using porous materials, such as porous silica
materials,[17–20] metal–organic frameworks,[21,22] and porous or-
ganic polymers (POPs),[23–26] has been studied to extract PGMs
from aqueous solutions as an alternative to traditional tech-
niques. However, current adsorbents still face challenges such
as low uptake capacity, slow adsorption kinetics, limited selec-
tivity toward target PGMs, and difficulties in material reusability.
These challenges highlight the necessity for the deliberate design
of the coordination micro-environment of binding sites in adsor-
bents to overcome these limitations.

POPs are recognized as a representative advanced porous
material constructed solely from organic linkers; their building
blocks can be precisely tailored by diverse functional groups, of-
fering them plenty of opportunities for task-specific adsorbent
design.[27–37] POPs also bear several advantageous features, in-
cluding large surface areas, exceptional chemical and thermal sta-
bility, as well as flexible structures, which render them to be uti-
lized in various applications with preliminary success.[38–42] Pre-
vious research in our laboratory involving palladium extraction
has revealed that the addition and positioning of amino groups
adjacent to the pyridine binding site significantly enhanced the
nucleophilicity of palladium nanotraps, thereby improving the
palladium recovery performance.[23] On the basis of the find-
ings and outcomes from this study, an aminopyridine-based nan-
otrap with subtle modification was rationally designed as a cus-
tomized “nanopocket”, whose coordination micro-environment
favors platinum over palladium, thus achieving the efficient sep-
aration of Pt/Pd in the aqueous phase (Scheme 1). It is impor-
tant to note that our approach differs from previous reports that
primarily focused on the separation of platinum and palladium

using palladium-preferred adsorbents.[24] The novel POP-based
adsorbent we present herein is able to selectively capture and
hold platinum from a binary solution containing both platinum
and palladium, thereby allowing for the collection of a pure palla-
dium solution by separating it from the mixed PGM solution that
passes through the separation column filled with our newly syn-
thesized aminopyridine-based POP, addressing the challenge of
directly obtaining pure palladium outflow from a palladium and
platinum mixed solution.

2. Results and Discussion

2.1. Materials Synthesis and Characterization

To prepare the pyridine-based POPs, vinyl-functional pyridine
and aminopyridine (single or double amino groups in one
pyridine unit) compounds were first synthesized. The result-
ing monomers were subsequently dissolved in dimethylfor-
mamide (DMF) with free-radical initiator azobisisobutyronitrile
(AIBN) to undergo free-radical polymerization, yielding three
final polymeric materials, namely POP-Py, POP-oNH2-Py, and
POP-o2NH2-Py, respectively, with the subtle difference in the
coordination micro-environment for the comparison of palla-
dium and platinum binding performance. Thereinto, POP-Py
and POP-oNH2-Py have been researched for extracting palladium
in our previous work and would also be used for the investiga-
tion of Pt/Pd separation in the aqueous phase as the reference.[23]

The transformation from the aminopyridine monomers into the
respective polymers was confirmed by the solid-state 13C nu-
clear magnetic resonance spectra (Figure S1, Supporting Infor-
mation). The appearance of a strong peak at ≈32.8 ppm re-
ferred to the vinyl groups after the polymerization reaction.[43]

The porosity properties of the newly synthesized POP-o2NH2-Py
were subsequently investigated through nitrogen sorption mea-
surements collected at 77 K (Figure S2, Supporting Informa-
tion), revealing that the resulting POP possesses a combination
of micro- and mesopores which act as concentrated nanotraps
with ample chelating sites to enable the exceptional trapping
of the desired analyte, providing superior capture capabilities.
The Brunauer–Emmett–Teller (BET) surface area of POP-o2NH2-
Py was calculated to be 215 m2 g−1, which is approximately
half the value of POP-oNH2-Py (555 m2 g−1)[44] presumably due
to its denser molecular packing resulting from more confined
nanospace of POP-o2NH2-Py. The scanning electron microscopy
and transmission electron microscopy (TEM) images illustrated
that POP-o2NH2-Py is inherently amorphous with hierarchical
porous structures, showcasing irregularly agglomerated particles
with non-uniform particle sizes of a few microns (Figure S3, Sup-
porting Information). Moreover, the resulting POP displayed dis-
cernible larger pores associated with its macropores which facil-
itated mass transfer.

2.2. Platinum/Palladium Sorption Studies

Inspired by the previous success of POP-Py and POP-oNH2-Py
used for palladium extraction, we first evaluated the platinum
and palladium uptake capacities of all three POPs via a batch of
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Figure 1. PGMs sorption performance evaluation. a) Palladium adsorption isotherms. b) Platinum adsorption isotherms. c) Comparison of platinum and
palladium adsorption performance using POP-o2NH2-Py. d) Kinetic performance of POP-o2NH2-Py in platinum (red) and palladium (navy) adsorption.

adsorption experiments. To obtain the adsorption isotherms, ad-
sorbents were treated in a set of Pd2+ solutions with concentra-
tions ranging from 10–800 ppm. After contacting 12 h to achieve
equilibrium, all solutions were filtered and the residual Pd2+ con-
centrations were determined by ICP. The adsorption isotherms
were displayed in Figure 1a, POP-o2NH2-Py was found to fit the
Langmuir model, which was similar to that of POP-Py and POP-
oNH2-Py; the correlation coefficient was higher than 0.99 (Figure
S4, Supporting Information). However, the uptake capacity of
POP-o2NH2-Py was only 314 mg g−1, which was much lower than
that of reported pyridine-based POPs, POP-Py (715 mg g−1) and
POP-oNH2-Py (766 mg g−1). Interestingly, the increased electron-
donating ability from the extra amino group doesn’t contribute to
the binding affinity. The palladium adsorption performance, by
contrast, is hindered by this subtle modification of the coordina-
tion micro-environment in nanotraps.

Following the palladium adsorption experiments, we then in-
vestigated the platinum adsorption performance of synthesized
POPs. A sequence of solutions with increased Pt4+ concentra-
tions (10–600 ppm) was prepared; an identical experimental pro-
cess was used for determining the maximum capacities of all
three POPs for platinum adsorption. Equilibrium platinum up-
take capacity as a function of equilibrium platinum concentra-
tion is showcased in Figure 1b. Remarkably, POP-o2NH2-Py ex-
hibited superior platinum uptake capacities compared to both
POP-Py and POP-oNH2-Py. The introduction of additional amino
groups further facilitates the binding affinity toward Pt4+ ions,
thereby improving the overall uptake performance. As shown

in Figure 1b, there is an insignificant increase in POP-oNH2-
Py (297 mg g−1) for platinum adsorption compared to POP-
Py (254 mg g−1), whereas POP-o2NH2-Py (460 mg g−1) outper-
formed with more than 1.8-fold and 1.5-fold superiority to POP-
Py and POP-oNH2-Py respectively, which stands out as one of
the most effective adsorbents for platinum extraction with a high
uptake capacity to date, while exhibiting a high Pt/Pd uptake se-
lectivity observed thus far as well. (Figure 2, Table S1, Support-
ing Information).[21,45–61] Typically, a lower surface area of an ad-
sorbent could hinder adsorption performance by impeding the
approach of dissolved metal ions to binding sites. However, in
the case of these pyridine-based POPs for platinum adsorption,
this drawback is mitigated. Accordingly, the additional incorpo-
ration of amino groups in POPs proves to be more crucial than
the adsorbents’ porosity in enhancing the binding affinity toward
Pt4+ ions, consequently improving the adsorption performance.
To deepen our comprehension of the adsorption mechanism of
POP-o2NH2-Py toward platinum and palladium, the BET surface
area measurements of Pd/Pt@POP-o2NH2-Py were initially con-
ducted to ascertain the occupation of Pd and Pt ions within the ab-
sorbents’ cavities. The significantly diminished surface areas of
both Pd@POP-o2NH2-Py (128 m2 g−1) and Pt@POP-o2NH2-Py
(37 m2 g−1) in comparison with raw POP-o2NH2-Py (215 m2 g−1)
indicated a decrease in the accessibility of nanotraps in adsor-
bents upon loading with Pd or Pt ions, verifying its strong ad-
sorption performance for both platinum and palladium (Figure
S6, Supporting Information). Powder X-ray diffraction was sub-
sequently employed to investigate the presence of these two
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Figure 2. Comparison of platinum equilibrium uptake capacity as a function of Pt/Pd uptake selectivity of POP-oNH2-Py with that of other benchmark
sorbent systems (refer to detailed information of samples in Table S1, Supporting Information).

metals in the treated adsorbent samples. However, no distin-
guishable peaks corresponding to palladium or platinum species
used in sorption experiments were detected in the loaded POP-
o2NH2-Py samples, indicating that the palladium and platinum
ions are likely uniformly dispersed and bound within the nan-
otraps of POP-o2NH2-Py (Figure S7, Supporting Information).
High-angle annular dark-field scanning transmission electron
microscopy combing with corresponding energy-dispersive X-ray
analysis was additionally performed to further examine the dis-
tribution of adsorbed Pd and Pt ions in POP-o2NH2-Py (Figures
S8,S9, Supporting Information). These images provided clearer
views into the arrangement of both Pt and Pd ions within the
treated adsorbent material at the atomic level, revealing the
strong binding interaction between Pt/Pd ions and POP-o2NH2-
Py.

Given this intriguing phenomenon and the promising out-
comes observed in the selective extraction of platinum over pal-
ladium using POP-o2NH2-Py (Figure 1c), further investigation
was conducted to evaluate the kinetic efficiency of this adsorbent
material to examine the impact of the additional amino groups
on enhancing the binding affinity of the pyridine moiety toward
platinum ions. 20 mg of POP-o2NH2-Py was added in 200 mL of
5-ppm Pd2+ and Pt4+ solutions, respectively, 3 mL aliquots were
taken out at appropriate time intervals to monitor the adsorption
performance. The filtered solutions were analyzed via ICP-MS
for determining the remaining Pd2+/Pt4+ concentrations and the
content of Pd2+/Pt4+ was measured over time. Both palladium
and palladium concentrations were reduced to ppb level within
20 min, and the remaining Pt4+ concentration in the solution was
18 ppb after 3 h, whereas the equilibrium concentration of Pd2+

was ≈400 ppb (Figure 1d). The time-course adsorption curves
were fitted to a pseudo-second-order kinetic model (Figure S10,
Supporting Information), suggesting that the rate-determining
step in platinum and palladium adsorption was dominated by
chemisorption. To further quantify the binding affinity of POP-

o2NH2-Py toward different PGMs, the distribution coefficient
(Kd) was calculated at the equilibrium values (Table S2, Sup-
porting Information). In the platinum solution, the Kd of POP-
o2NH2-Py (2.7 × 106 mL g−1) was noted to showcase higher bind-
ing affinity by two orders of magnitude compared to that of POP-
o2NH2-Py (9.5 × 104 mL g−1) in the palladium solution, which
confirmed the contribution of extra amino groups for binding
platinum ions.

2.3. Binding Mechanism Investigation

To examine the platinum and palladium binding environments
within two types of aminopyridine-based POP adsorbents and to
gain insight into the underlying reasons for their distinct per-
formance on various PGMs, we investigated the samples us-
ing various spectroscopic techniques. X-ray photoelectron spec-
troscopy (XPS) profiles were first collected. In the XPS surveys,
the strong signals of Pd 3d and Pt 4f appeared in tested POP-
oNH2-Py and POP-o2NH2-Py, confirming that both absorbents
were able to capture platinum and palladium (Figure 3a–f).
For both Pd@POP-oNH2-Py and Pd@POP-o2NH2-Py, two dis-
tinct peaks observed at 343.2(1) and 337.9(8) eV correspond-
ing to 3d3/2 and 3d5/2 in the Pd2+ range, verifying the pres-
ence of Pd2+ bound within the aminopyridine-based POPs.[62]

Furthermore, the valence state of Pt in the treated POP adsor-
bents can also be confirmed through Pt 4f spectra, where dou-
blet peaks at 76.5 (4f5/2) and 73.2(1) (4f7/2) eV were assigned to
Pt4+.[63] The variation of N 1s spectra of two adsorbents after
loading platinum and palladium was remarkable. As shown in
Figure 3a, a significant increase in the binding energy of the
N 1s peak was observed in Pd-loaded POP-oNH2-Py, whereas
no change was found after loading platinum, indicating more
charge (electron density) is transferred from the N to the Pd
metal that results in a higher binding energy. On the contrary,
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Figure 3. Binding mechanism investigation. a–c) XPS spectra of POP-oNH2-Py treated by palladium or platinum. d–f) XPS spectra of POP-o2NH2-Py
treated by palladium or platinum. g,h) EXAFS spectra of palladium and platinum loaded POP-oNH2-Py. i,j) EXAFS spectra of palladium and platinum
loaded POP-o2NH2-Py. k) IR spectra of pristine (gray), Pd-(purple) and Pt-(red) loaded POP-o2NH2-Py, and l) shows the difference spectra in the region
1720–1560 cm−1 obtained by subtracting the spectrum of pristine POP-o2NH2-Py from Pd-(purple) and Pt-(red) loaded one.

the N 1s signal in Pt-loaded POP-o2NH2-Py exhibited a notice-
ably larger upward shift compared to the Pd-loaded sample,
indicating the larger charge transfer and stronger binding be-
tween N and Pt (Figure 3d). This evidence indicated the pres-
ence of different complexation mechanisms between platinum

and palladium with the dual-aminopyridine-based POP adsor-
bents.

To probe the coordination environment of both PGMs in the
adsorbents, X-ray absorption fine structure (XAFS) spectroscopy
measurement was further performed (Figure 3g–j). The results
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Figure 4. a) Single-crystal structures of Pd@o2NH2-Py-Br and b) the DFT
optimized structure of Pt@o2NH2-Py-Br.

revealed that both POP-oNH2-Py and POP-o2NH2-Py demon-
strated similar coordination patterns for palladium and plat-
inum. However, the bonding between Pd and N atoms in POP-
oNH2-Py had a shorter bond length compared to the bonding
between Pt and N atoms in the same adsorbent (Table S3, Sup-
porting Information). Conversely, the Pt was found to be bound
to N atoms with shorter bond lengths than Pd in POP-o2NH2-
Py, indicating a polar opposite binding mechanism for palladium
and platinum ions compared to POP-oNH2-Py, highlighting the
distinct coordination environments of the two adsorbents. To
gain more detailed structural information, attempts were made
to complex the corresponding small molecular ligands with pal-
ladium and platinum salts to obtain monomeric equivalents. A
single crystal of the palladium complex, named Pd@o2NH2-Py-
Br, was successfully obtained through the slow evaporation of a
mixed water/THF solution containing Na2PdCl4 and the ligand
(Figure 4a, Table S4, Supporting Information); however, efforts
to crystallize Pt@o2NH2-Py-Br suitable for X-ray crystallographic
studies were unsuccessful. Upon mixing the PtCl4 solution with
the ligand solution, an instantaneous formation of a dark brown
precipitate occurred, even in highly diluted solutions, suggest-
ing that the strong binding affinity between platinum salt and
the ligand impedes the formation of suitable conditions for crys-
tal growth. Through analyzing the obtained single-crystal data, it
was observed that Pd@o2NH2-Py-Br exhibited a binding config-
uration where two pyridine units were bound to one palladium,
similar to the coordination fashion observed in Pd@oNH2-Py
from our previous work.[23] Additionally, two chloride (Cl) groups
were coordinated to the palladium atom, further confirming the
similarity in coordination patterns between the two compounds,
which also validated the EXAFS results. Based on the similar co-
ordination modes observed in POP-o2NH2-Py for both palladium
and platinum through EXAFS measurements, a suggested struc-
ture for Pt@o2NH2-Py-Br is presented in Figure 4b. In this pro-
posed structure, the pyridine-based ligand maintains coordina-
tion of two, similar to the coordination observed in Pd@oNH2-
Py-Br.

The preferential capture for platinum over palladium by POP-
o2NH2-Py indicates that the subtle modifications introduced to

its nanotraps result in a higher affinity for platinum ions. The
difference in affinity can be attributed to the hydrogen bond-
ing interactions between the amino group and the coordinated
chloride ligand. In the proposed structure of Pt@o2NH2-Py-
Br, the four coordinated chloride ligands associated with the
platinum center could form stronger intramolecular hydrogen
bonds with the four amino groups in the ortho position of dual-
aminopyridine ligand. In contrast, in Pd@o2NH2-Py, only two
chloride atoms coordinated with the palladium salt participate
in the formation of intramolecular hydrogen bonding. This en-
hanced intramolecular hydrogen bonding contributes to the sta-
bility of the platinum complex and enables POP-o2NH2-Py to se-
lectively capture platinum over palladium. To examine the evi-
dence of stronger intramolecular hydrogen bonding in Pt@POP-
o2NH2-Py, we further measured ─NH2 vibrational modes in-
cluding stretching (𝜈) and scissoring (𝛿) bands using IR spec-
troscopy, which serve as a sensitive diagnosis for H-bond based
on their frequency position,[64] similar to the well-studied H2O
vibration.[65,66] As a rule, the formation of a stronger hydrogen-
bond or higher degree of the hydrogen-bonded network leads to
a larger red-shift of stretching frequency and blue-shift of the
scissoring frequency with respect to the free chemical group.
The samples were dried under heated airflow to remove trapped
moisture species, which absorb strongly at 3000–3600 cm−1 and
thus obscure the hydrogen-bonded N─H stretching bands in
this region. The dry pristine sample shows their 𝜈(─NH2) bands
distinctly at 3460, 3353, and 3213 cm−1, and 𝛿(─NH2) band at
1575 cm−1 as determined by difference spectra (Figure 3k,l).[67]

In Pd and Pt@POP-o2NH2-Py samples, all 𝜈(─NH2) bands ex-
hibit marked red shift and 𝛿(─NH2) band blue shift, giving clear
evidence of H-bonding formation on the amine group. More in-
terestingly, the shift observed in Pt@POP-o2NH2-Py is notice-
ably larger than in Pd@POP-o2NH2-Py, implying that the former
is subject to stronger H-bonding interaction. Such findings are
supported by the DFT calculated and optimized structure model
(PdCl2@o2NH2-Py and PtCl4@o2NH2-Py) in Figure S11 (Sup-
porting Information) that shows the closer distance between Cl
and H of NH2 in Pt@POP-o2NH2-Py. To further illuminate the
grounds for the distinctive platinum sorption performance over
palladium, the binding energies calculations for the geometry-
optimized complexes were conducted as well, revealing a more
compact complex of PtCl4@o2NH2-Py (445.8 kJ mol−1) in con-
trast with PdCl2@o2NH2-Py (211.2 kJ mol−1).

2.4. Selective Platinum Adsorption

Subsequently, we assessed the selective adsorption performance
of the adsorbents using a binary solution containing plat-
inum and palladium. We subjected 5 mg of the adsorbents
to a 200 mL binary solution containing equal concentrations
(≈50 ppm) of palladium and platinum for 12 h under stirring.
In the POP-oNH2-Py adsorption system, the platinum concen-
tration was decreased from 43.1 to 37.7 ppm, while the re-
maining platinum concentration leftover upon treatment with
POP-o2NH2-Py was 37.1 ppm. The Kd values for platinum and
palladium were calculated to study the selective platinum ad-
sorption by POPs. The results revealed that the Kd value of
POP-o2NH2-Py for platinum was more than twice as high as
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Figure 5. Pt/Pd selectivity evaluation. a) The selective adsorption performance of adsorbents was evaluated in the binary solution of platinum and
palladium with equal concentrations (≈50 ppm). b) The selective adsorption performance of adsorbents was evaluated in the binary solution of platinum
and palladium with equal molar concentrations (≈0.4 mm).

that for palladium (Figure 5a, Table S5, Supporting Informa-
tion). By comparison, POP-oNH2-Py demonstrated a higher bind-
ing affinity toward palladium than that for platinum. Further-
more, the sorption performance of aminopyridine-based POPs
was assessed in the presence of equal molar concentrations
of platinum (≈0.4 mm, 78.7 ppm) and palladium (≈0.4 mm,
42.8 ppm) to gain deeper insights into the superior affinity
of POP-o2NH2-Py toward platinum compared to palladium at
the molecular level. The platinum uptake capacity of POP-
o2NH2-Py was measured at 0.8 mmol g−1 (or 156 mg g−1),
which was twice as high as the palladium uptake capacity
(0.4 mmol g−1, or 43 mg g−1) (Figure 5b, Table S6, Support-
ing Information). On the other hand, the other adsorbent, POP-
oNH2-Py, demonstrated a preference for capturing palladium
with a capacity of 2.4 mmol g−1 (or 255 mg g−1), while its
platinum uptake capacity was measured at 1.4 mmol g−1 (or
273 mg g−1).

2.5. Breakthrough Experiments

Based on these experimental results and evidence, it can be con-
cluded that POP-o2NH2-Py has the potential utility for Pt/Pd
separation, and the bench-scale breakthrough experiments were
conducted to depict its separation performance accurately. Sub-
sequently, dynamic breakthrough experiments were carried out
on a binary mixture of platinum and palladium, with concentra-
tions of 50 ppm each, using POP-o2NH2-Py. The experiments
were conducted in a packed 1 mL syringe containing 100 mg of
the adsorbent material, under ambient conditions (Figure 6a).
The prepared binary solution was passed through the syringe
under control by a syringe pump at a rate of 10 mL hr−1. As
shown in Figure 6b, POP-o2NH2-Py was able to effectively sepa-
rate the equimass Pt/Pd mixtures. Following a breakthrough pe-
riod of 50 min, the first liquid fraction, which exclusively con-
tained palladium, was eluted and subsequently analyzed using

Figure 6. Breakthrough experiments. a) Schematic illustration of the breakthrough experiments. b) Experimental breakthrough curves for
Pt/Pd (50/50 ppm) binary solution in a laboratory-scale separation column packing with POP-o2NH2-Py. c) Experimental breakthrough curves for a
cycling test of the Pt/Pd binary solution with the same concentrations in the separation column packing with POP-o2NH2-Py.
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Figure 7. Breakthrough experiments in simulated TWC solution. a) Experimental breakthrough curves for Pt/Pd (50/100 ppm) solution containing
competing ions Na+ (1500 ppm), Mg2+ (3400 ppm), Al3+ (13 000 ppm), Ca2+ (550 ppm), and Cr3+ (400 ppm) in a laboratory-scale separation column
packing with POP-o2NH2-Py. b) Experimental breakthrough curves for a cycling test of POP-o2NH2-Py using simulated TWC solution.

ICP; and rapidly it reached up to a highly pure grade without
platinum outflow. This effective separation process was sustained
for 55 min, providing a promising timeframe for obtaining pure
palladium. The first liquid fraction containing both palladium
and platinum was detected at 105 min, as the platinum uptake
neared saturation, resulting in breakthrough. Considering the
importance of adsorbent durability in a real-world application,
the recyclability of POP-o2NH2-Py was also conducted. We car-
ried out a multicycle binary solution breakthrough experiment
under identical conditions using thiourea, HCl, and NaOH so-
lutions in sequence as eluents to flush the reacted adsorbent
packed in the syringe. It is worth noting that there is no signifi-
cant loss in the breakthrough time and the preferential capture of
platinum persisted over five consecutive cycles (Figure 6c), con-
firming the promising potential of POP-o2NH2-Py for Pt/Pd sep-
aration in industrial applications. Furthermore, the synthesis of
POP-o2NH2-Py is highly accessible, requiring only two steps for
obtaining the functional monomer; and meanwhile, the polymer-
ization of vinyl-functional monomers can be effortlessly scaled
from gram to kilogram levels via easily free-radical polymeriza-
tion with the assistance of a common free-radical initiator, such
as AIBN. Moreover, the material economy is another crucial con-
sideration for practical applications. The cost analysis reveals that
the price of POP-o2NH2-Py is ≈$37 per gram (Table S7, Support-
ing Information), which is comparable to other PGM adsorbents,
further underscoring its suitability for real-world applications be-
yond the laboratory.

To evaluate the potential applicability of POP-o2NH2-Py for
Pd/Pt separation in a real-world scenario, cyclic breakthrough ex-
periments for Pt/Pd separation were conducted using a custom-
made simulated TWC aqueous solution in an effort to assess the
PGM separation performance. The simulated TWC aqueous so-
lution, with Pd and Pt concentrations of 100 and 50 ppm respec-
tively, was prepared by incorporating competing metal ions in-
cluding Na+ (1500 ppm), Mg2+ (3400 ppm), Al3+ (13 000 ppm),
Ca2+ (550 ppm), and Cr3+ (400 ppm), according to the metal
element analysis of typical spent catalytic converters ceramic
honeycomb.[68] Dynamic breakthrough experiments were then
performed using these solutions, under identical experimental
conditions to our bench-scale breakthrough experiments. As de-
picted in Figure 7a, Pt and Pd can be effectively separated by

POP-o2NH2-Py under competitive separation conditions with a
breakthrough period of ≈20 min; by ≈80 min, the Pt outflow
commenced from the separation column. The used adsorbent in
the column was regenerated and refreshed by sequential elution
with thiourea, HCl, and NaOH solutions. The separation perfor-
mance of POP-o2NH2-Py nearly remained after five consecutive
cycles (Figure 7b), strongly demonstrating that POP-o2NH2-Py
possesses superior long-term stability and recyclability even in
complex real-world scenarios, uncovering its significant poten-
tial as a next-generation material for PGM separation.

3. Conclusion

To conclude, we successfully developed an aminopyridine-based
POP with a specifically tailored coordination micro-environment
in nanotraps, which is capable of efficiently and selectively cap-
turing platinum. Our study demonstrates that subtle modifica-
tions in the coordination micro-environment can have a signif-
icant impact on the coordination behavior of metal complexes.
The dual-amino functionalized POP, POP-o2NH2-Py, exhibits an
opposite binding affinity toward platinum and palladium com-
pared to its predecessor, POP-oNH2-Py. Leveraging this unique
adsorption model of POP-o2NH2-Py, we have established a viable
system for the excellent separation of Pt/Pd and high palladium
productivity from binary solutions. This research presents an ex-
citing example of a POP-based adsorbent that addresses the chal-
lenge of complex PGM separation through subtle modifications
in its nanotraps, opening up new avenues for the future design
of highly efficient adsorbents by finely tuning their coordination
micro-environment.

[CCDC 2 283 799 contains the supplementary crystallographic
data for this paper. These data can be obtained free of charge from
The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif .]

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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