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The recovery of palladium from waste streams is of

importance for metal recycling and environmental

remediation. Herein, we present a “single-ion trap”

strategy for efficiently recovering Pd(II) from super-

acidic solutions and laboratory wastes. This was real-

ized by rational design and synthesis of an antiparallel

stacked covalent organic framework (ACOF) with

hydrazine-carbonyl sites and pyridine sites for coop-

erative Pd(II) capture. The single-ion traps provided

Lewis base sites with a high Pd(II) binding affinity,

enabling the trapping of Pd(II) ions under a wide

range of conditions. The developed ACOF-1 adsor-

bent demonstrated fast kinetics, excellent selectivity,

and a high adsorption capacity of 412.9 ± 14.2 mg/g

for Pd(II) in a 3M HNO3 solution. When applied in a

packed column, ACOF-1 dynamically captured Pd(II)

from3MHNO3 solutions or laboratorywastes contain-

ing trace amounts of palladium and many other

metals, realizing extraction efficiencies of 232.9

and 320.9 mg/g, respectively. Detailed experimental

and theoretical studies revealed that the single-ion

traps offered exceptionally strong binding of Pd(II)

under both acidic and high ionic strength conditions,

enabling selective adsorptive behavior not accessible

using traditional adsorbents. Importantly, the general

design strategy reported here could be used to create

porous adsorbents for the capture of other precious

metals.
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Introduction

As one of the most important precious metals, palladium

finds widespread use in catalysis,1–3 electronic devices,4–6

corrosion resistance alloys,7 and medicine.8,9 Pd-based

catalysts started to be used in organic synthesis more

than one hundred years ago, with market demand for Pd

increasing rapidly in recent years. Due to its low natural

abundance, the market price of palladium reached an

extremely high price of $3099/ounce in 2022, reflecting

growing global demand and consumption.10 To offset the

supply-demand imbalance, the processing of secondary

sources of Pd is necessary such as the recovery of Pd

from spent catalysts,11,12 high-level liquid nuclear waste

(HLLW),13,14 or scrap electronics.15 In addition, if Pd-wastes

are not treated properly, they can cause serious environ-

mental pollution. Therefore, developing techniques for

the selective recognition and recovery of suchmetal from

waste has become a top priority. However, Pd recovery

from palladium-containing scrap and waste is very chal-

lenging owing to the extreme conditions in which the

Pd(II) and Pd(IV) ions separations must be performed,

including (1) solutions where the concentration of palla-

dium is low such as solutions obtained by dissolving Pd

metal or Pd alloys in acid; (2) coexistence of other metal

ions or high ionic strength environments; (3) strongly

acidic and complex components in an acidic solution or

HLLW; (4) Pd ions complexed by organic ligands as

found in homogeneous catalysts and laboratory wastes,

increasing the complexity of Pd extraction.

A number of methods, such as aluminum reduction16 or

bioreduction,17,18 have been developed for the separation

and recovery of palladium from strongly acidic solutions.

However, the highly oxidizing nature of nitric acid hinders

Pd(II)/Pd(IV) reduction, reducing the recovery efficiency

and increasing the cost. Therefore, improved extraction

methods need to be found for palladium recovery from

highly acidic solutions. Recently, adsorption-based re-

covery using regenerable adsorbents has shown promise

in terms of cost, practicality, and sustainability.

Various adsorbent materials such as porous carbon,19

reduced graphene oxide,20 titanium dioxide,15 silica,21–23

biomaterials,17 carbon nitride,24 organic polymers,11,25–30

metal–organic frameworks (MOFs),31–34 and covalent or-

ganic frameworks (COFs)35–41 have been used to recover

precious metals such as Au(III), Pt(IV), and Pd(II) from

aqueous solution. On the basis of host–guest interac-

tions, various strategies have been developed to improve

metal-binding affinity and afford high adsorption capac-

ity and selectivity. For palladium ions, the common

approaches include building noncovalent interactions

and cooperative interactions. In general, Pd(II) adopts

a square-planar coordination geometry, involving four N,

four O, or two O and two N atoms of organic ligands to

produce a planar [Pd(II)N4], [Pd(II)O4], or [Pd(II)N2O2]

units, respectively (Figure 1a).42,43 In a recent notable

contribution, this palladium chelation strategy was

adopted in the development of COF materials for the

extraction of Pd(II) under mild conditions.41 However,

despite tremendous efforts to maximize the binding

affinity between palladium ions and adsorbents, few

adsorbents are capable of selectively capturing Pd(II)

under highly acidic and high ionic strength conditions.

Herein, to accomplish this ambitious task, we proposed

and validated the design of COFs containing single-ion

traps for the recognition and efficient recovery of Pd(II)

from acidic waste solutions and laboratory waste. First,

we observed that the traditional eclipsed (AA) stacking

configuration of a parent COF created Pd(II) cheating

sites with only two electron-donating atoms (N, or O)

from organic linkers (Figure 1b), and two further O atoms

from NO3
− ions or solvent molecules completing a

square-planar coordination. However, the electron-do-

nating contribution from interlayer atomswas limited and

could not be utilized effectively due to the overlap of the

parallel sites. With these considerations in mind, we en-

visaged that by converging cooperative functions into

the nanospace of COFs, it should be possible to boost the

host–guest interactions; thus, enhancing the recognition

and dynamic uptake efficiency of Pd(II) under extreme

conditions. Therefore, a robust COF (denoted as ACOF-1)

with an antiparallel stacked structure was designed and

synthesized in this contribution (Figures 1b,c). Benefiting

from its large porosity, hydrophilicity, specific Pd(II) bind-

ing affinity, and interlayer synergetic (Lewis base sites

serving as single-ion traps, Figure 1d), ACOF-1 exhibited

the highest Pd(II) uptake (412.9 ± 14.2 mg/g) among

top-performing adsorbents in 3M HNO3. Subsequent

breakthrough experiments revealed that ACOF-1 could

efficiently recover Pd(II) from laboratory waste liquid. The

calculated dynamic adsorption capacities reached as high

as 232.9 and 320.9 mg/g in 3M HNO3 and laboratory

waste, respectively. Moreover, ACOF-1 was regenerated

readily and recycled with negligible losses in palladium

recovery, maintaining its structure after elution. These

results demonstrated the feasibility of the single-ion trap

strategy for the selective capture of Pd(II) under extreme

conditions, guiding the future rational design of novel

adsorbents for the recovery of other precious metals.

Experimental Methods

Synthesis of ACOF-1

In a typical synthesis, 2,5-bis(3-hydroxypropoxy)

terephthalohydrazide (BHTH, 34.2 mg) and 5,5′,5″-(ben-

zene-1,3,5-triyl)tripicolinaldehyde (BTPA, 39.3 mg) were
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dissolved in a mixture of 1,4-dioxane (1 mL)/mesitylene

(1 mL)/acetic acid (AcOH, 6 M, 0.2 mL) in a 5 mL glass

ampoule tube, then transferred to an ultrasonic device.

After 30min of ultrasound, the ampoule tube was frozen

and sealed in a N2 atmosphere, followed by heating in an

oven at 120 °C for 3 days, which yielded pale yellow

powder (ACOF-1) after filtration, washing with ethanol

and acetone, and finally, drying at 35 °C.

Synthesis of ACOF-2

In a typical synthesis, BHTH (17.1 mg) and 5′-(4-formyl-

phenyl)-[1,1′:3′,1″-terphenyl]-4,4″-dicarbaldehyde (TFPB,

19.5 mg) were dissolved in a mixture of 1,4-dioxane

(0.5 mL)/mesitylene (0.5 mL)/AcOH (6 M, 0.1 mL) in a

5 mL glass ampoule tube, then transferred to an ultra-

sonic device. After 30 min of ultrasound, the ampoule

tube was frozen and sealed in a N2 atmosphere, followed

by heating in an oven at 120 °C for 3 days, which yielded

pale yellow powder (ACOF-2) after filtration, washing

with ethanol and acetone, and finally, drying at 35 °C.

Results and Discussion

Synthesis of antiparallel stacked COF

As shown in Figure 1c, antiparallel stacked ACOF-1 was

synthesized through condensation of BTPA and BHTH

under the solvothermal condition in mesitylene/

1,4-dioxane (1/1, by volume) using AcOH as the catalyst

at 120 °C for 3 days. The chemical structure of the

as-synthesized ACOF-1 was determined by Fourier-

transformed infrared (FT-IR) spectroscopy and 13C sol-

id-state cross-polarization magic angle spinning nuclear

magnetic resonance (13C CP/MAS NMR) spectroscopy.

The appearance of an FT-IR peak at 1667 cm−1, attributed

to an imine C=N stretching mode, together with the

disappearance of –CHO signal at 1702 cm−1 characteristic

of BTPA, suggested the complete reaction of the start-

ing reagents (Figure 2a).44,45 The 13C CP/MAS NMR spec-

trum of ACOF-1 showed an imine C=N peak at 152 ppm

(Figure 2b), further confirming the aldimine condensa-

tion reaction between BTPA and BHTH. The 13C NMR

Figure 1 | (a) Schematic illustration of planar [Pd(II)N4], [Pd(II)O4], or [Pd(II)N2O2] units. (b) Schematic illustration of

traditional AA stacking (left) and antiparallel AA (anti-AA) stacking (right) in COF adsorbents, showing how

antiparallel stacked layers form fully exposed Pd(II) binding sites, significantly enhancing the utilization and affinity

of binding sites. (c) Illustration of the synthesis of ACOF-1 with Lewis base sites as single-ion traps. (d) Illustration

showing Pd(II) binding in the AA and anti-AA stacked structures. COF, covalent organic framework; ACOF-1,

antiparallel stacked covalent organic framework.
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signals at 69, 61, and 33 ppm, associated with the

carbon-hydroxyl chain, further verified the formation of

polymeric frameworks.46

Next, powder X-ray diffraction (PXRD) and Pawley

refinement analyses were conducted to study the crys-

tallinity of ACOF-1. The PXRD pattern of ACOF-1 exhib-

ited intense peaks at 2θ = 2.49°, 4.21°, 4.92°, 6.40°, 8.43°,

and 26.37° (Figure 2c), which could readily be assigned to

diffraction on (100), (110), (200), (210), (220), and (001)

planes, respectively. Pawley refinement revealed ACOF-1

to crystallize in the P6cc space group with lattice

parameters of a = b = 42.3108 Å, c = 7.2582 Å,

α = β = 90°, and γ = 120°, together with the negligible

profile differences (Rwp = 4.49%, Rp = 3.16%) (Supporting

Information Table S1). The structural simulation matches

the antiparallel AA stacking structural models well

(Figures 2c,d and Supporting Information Figure S1). The

theoretical layer distance and pore diameter in ACOF-1

are∼3.8 Å and ∼3.6 nm, respectively. To further probe the

stacking structure, we built other possible models by

arranging linkers in eclipsed AA stacking and staggered

AB stacking configurations (Figure 2c and Supporting

Figure 2 | (a) FT-IR spectra of ACOF-1 and used linkers. (b) 13C CP/MAS solid-state NMR spectra of ACOF-1.

(c) Experimental PXRD pattern of ACOF-1 with corresponding Pawley refinement (red), antiparallel AA stacking

simulated results (blue), and Bragg positions (pink) showing good fits to the experimental data (gray) with minimal

differences (green). The inset shows the structural model of ACOF-1 assuming the antiparallel AA stacking configu-

ration. Simulation results based on eclipsed AA (navy) and staggered AB (orange) stacking configurations were used

for comparison. (d) Top and side view of the antiparallel AA stacking crystal structures of ACOF-1. (e) SEM image of

ACOF-1. (f,g) N2 sorption isotherms and pore size distributions measured at 77 K for ACOF-1. (h) PXRD patterns of

ACOF-1 after treatment under different conditions for 24 h. (i) Contact angle for the water droplet on a pressed pellet

of ACOF-1. FT-IR, Fourier-transformed infrared; ACOF-1, antiparallel stacked covalent organic framework; 13C CP/MAS

solid-state NMR, magic angle spinning solid-state carbon-13 nuclear magnetic resonance; SEM, scanning electron

microscopy; PXRD, powder X-ray diffraction.
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Information Figure S1). In contrast, the simulated PXRD

pattern for the eclipsed AA stacking exhibited intense

peaks at 2θ = 2.26°, 3.92°, 4.53°, 5.99°, 6.79°, 7.87°, and

25.04° corresponding to (100), (110), (200), (120), (210),

(220), and (001) planes, respectively, and showed addi-

tional differences to the experimental pattern on ACOF-1

in the 2θ range between 10° and 20°. Further, the stag-

gered AB stacking could be ruled out by comparing the

experimental and simulated PXRD patterns from 2θ ∼10°
to 15°, whereas the simulated PXRD pattern of the anti-

parallel structure was in excellent accord with the experi-

mental PXRD pattern. Taken together, the simulated

PXRD patterns for the eclipsed AA stacking and stag-

gered AB stacking configurations were inconsistent with

the experimental PXRD signal for ACOF-1. The fact that

ACOF-1 crystallized in the antiparallel AA stacking mode

was likely due to intramolecular hydrogen bonding in-

volving the BHTH linker (N–H···O), which plays a decisive

role in the orientation of the hydrazine groups on the

linkers (Figure 1c).47–49 Moreover, the repulsion between

oxygen atoms of carbonyl groups in adjacent layers was

expected to assist crystallization in a reverse parallel

stacking configuration.49,50 Scanning electronmicroscopy

(SEM) revealed ACOF-1 to possess a nanowire morphol-

ogy (Figure 2e).

Porosity and stability properties

The porosity of ACOF-1 was determined from nitrogen

sorption isotherms collected at 77 K for activated sam-

ples. As shown in Figure 2f, ACOF-1 demonstrated a

typical type-II isotherm with a steep uptake at P/P0 from

0.05 to 0.35, suggesting mesoporous character. The

calculated Brunauer–Emmett–Teller (BET) surface area

was approximately 900m2/g. The pore size was estimat-

ed to be ∼3.6 nm using a nonlocal density functional

theory (NLDFT) method, which perfectly matched its

theoretical value of 3.6 nm (Figure 2g). Thermogravi-

metric analysis (TGA) revealed that ACOF-1 possesses

good thermal stability up to 300 °C under a N2 atmo-

sphere (Supporting Information Figure S2). The chemical

stability of ACOF-1 was investigated by immerging

samples in tetrahydrofuran (THF), dimethylformamide

(DMF), 3M NaOH, and 6M HNO3, respectively. The PXRD

patterns showed the crystalline structure of the frame-

work was largely retained (intensities slightly reduced)

after all these treatments (Figure 2h). The extraction

of palladium from spent nuclear fuel (high radioactivity)

is a promising alternative method for obtaining large

amounts of palladium. Therefore, we next studied the

radiation resistance of ACOF-1 by exposing the sample to

γ-rays. PXRD confirmed that the integrity of the frame-

work was retained (intensities slightly reduced) after 200

and 400 kGy γ-ray doses (Figure 2h). The surface wet-

tability of ACOF-1 was probed by water contact angle

measurements. The contact angle of a water droplet on

ACOF-1 was 59.8°, suggesting hydrophilic properties

(Figure 2i). Taken together, the specific structural fea-

tures, large porosity, and excellent stability of ACOF-1

suggest the potential for use as an adsorbent for metal

extraction, such as Pd(II) recovery for waste aqueous

solutions. Therefore, we next conducted a series of

experiments to assess the adsorption performance of

ACOF-1 toward Pd(II) under various conditions.

To validate the utility of the single-ion traps in ACOF-1

for Pd(II) recovery, we synthesized an isostructural

ACOF-2 by reaction of TFPB and BHTH at 120 °C. The

synthesis and characterization data for ACOF-2 are pro-

vided in the Supporting Information (Supporting Infor-

mation Figures S3–S12 and Table S2). ACOF-2 showed a

similar structure to ACOF-1 but did not contain any

pyridine N units in the framework.

Pd(II) adsorption studies

To evaluate the Pd(II) recovery ability of the COFs,

preliminary experiments were carried out in 3M HNO3

solutions to determine the optimal adsorbent/liquid ratio,

adsorption capacity, and adsorption kinetics. An adsor-

bent/liquid ratio of 0.5 g/L was used for subsequent

adsorption experiments (Figure 3a). Next, the Pd(II) ad-

sorption ability of ACOF-1 was determined at initial HNO3

concentrations ranging from 0.5 to 3M. ACOF-2, com-

mercial D152, D101, Al2O3, and activated carbon were

employed for comparison (Figure 3b). ACOF-1 showed

a higher Pd(II) removal efficiency compared to ACOF-2

and the commercial adsorbents, suggesting excellent

adsorption properties under super acidic environments

(Figure 3b). To evaluate the adsorption capacity of the

different adsorbents in 3M HNO3, adsorption data were

executed by varying the Pd(II) concentration from ∼25
to 500 ppm. After 24 h, the adsorption capacity of

ACOF-1 was 412.9 ± 14.2 mg/g, which exceeded its

structural analogue ACOF-2 (220.2 ± 14.2 mg/g) under

the same conditions (Figure 3c). The adsorption

isotherm curves fitted well with the Langmuir model,

indicating a monolayer adsorption process (Figure 3c

and Supporting Information Table S3). As shown in

Figure 3d, most reported studies have focused on the

extraction of Pd(II) in relatively weak acid solutions, with

only a few studies examining Pd(II) recovery in such

highly acidicmedia. Nevertheless, the adsorption capac-

ity of ACOF-1 exceeded other previously reported

sorbents in 3M HNO3 (Figure 3d and Supporting

Information Table S4).11,21–25,27,29,31–34,39,41,51–55 Next, kinetic

isotherms were obtained in ∼100 ppm Pd(II)/3M HNO3

solutions, with ACOF-1 demonstrating extremely rapid

kinetics, achieving a palladium uptake of 176.4 ± 6.2 mg/

g within 100 min (Figure 3e). Furthermore, the adsorp-

tion data followed a pseudo-second-order kinetic model

exhibiting a perfect linear relationship with a high cor-

relation coefficient R2 (>0.99), suggesting that the Pd(II)
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adsorption by ACOF-1 involves chemical adsorption

(Figure 3e and Supporting Information Table S5).

ACOF-2 showed relatively slow kinetics and much lower

adsorption capacities under similar conditions, which

confirmed the key role of single-ion traps formed by

the antiparallel AA stacking in ACOF-1.

The excellent adsorption performance of ACOF-1 en-

couraged us to assess the Pd(II) adsorption selectively in

the presence of other competing metal ions, such as Cs

(I), Ba(II), Cd(II), Ni(II), Sr(II), La(III), Pr(III), Pb(II), U(VI),

and so on. Therefore, we carried out the Pd(II) adsorp-

tion experiments in a simulated high-level liquid waste

solution (acidity ∼3M HNO3) (Supporting Information

Table S6). The calculated distribution coefficient

(Kd) and removal efficiency of ACOF-1 toward Pd(II)

were ∼349.4 × 103 mL/g and >99.4%, respectively, much

higher than the values determined for the other metal

ions, suggesting a specific binding affinity for Pd(II)

(Figure 3f and Supporting Information Figure S13).

Significantly, the Pd(II) adsorbed ACOF-1 could be easily

eluted by using a mixture of 0.5 mol/L thiourea/

0.5 mol/L HCl solutions, and over 94% Pd(II) removal

retained after the recycle test (Supporting Information

Figure S14). The Pd(II) removal efficiency of ACOF-1 was

unaffected by 200 and 400 kGy γ-radiation doses, con-

firming its excellent radiation stability (Supporting

Information Figure S15). PXRD and FT-IR showed

that ACOF-1 retained its crystallinity after Pd(II)

Figure 3 | (a) Pd(II) removal by ACOF-1 at various adsorbent/liquid ratios. (b) Effect of initial HNO3 concentration on

the removal of Pd(II) by ACOF-1, ACOF-2, and commercial adsorbents (D152, D101, Al2O3, and activated carbon).

(c) Sorption isotherms of Pd(II) by ACOF-1 and ACOF-2. (d) The comparison of saturated Pd(II) uptake capacities for

various adsorbents. (e) Pd(II) adsorption kinetics onACOF-1 andACOF-2 at an initial Pd(II) concentration of∼100ppm.

(f) Selectivity of ACOF-1 and ACOF-2 for different cations in simulated HLLW solution. (g) Experimental column

breakthrough curves for simulated high-level liquid waste solution (acidity ∼3MHNO3) by ACOF-1 (the inset shows the

palladium eluted from the used column after successive washings with a mixture of thiourea/HCl). (h) Breakthrough

curves for a laboratory waste liquid by ACOF-1 (the inset shows the palladium adsorbed to the column and then eluted

from the column after adsorption). ACOF-1/2, antiparallel stacked covalent organic frameworks; HLLW, high-level

liquid nuclear waste;
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adsorption experiments and elution (Supporting

Information Figure S16).

Next, dynamic Pd(II) breakthrough experiments were

conducted using a simulated HLLW acidic solution to

simulate the treatment of acidic waste containing Pd(II).

As a result, ACOF-1 can effectively adsorption of Pd(II)

from 3M HNO3, reaching equilibrium after treatment with

280 mL of solution (Figure 3g), with a dynamic uptake

capacity as high as 232.9 mg/g (Figure 3g). Other metal

ions quickly eluted through the ACOF-1 packed column,

again confirming the preferential uptake of Pd(II).

Chemical reactions and catalysis experiments can pro-

duce a lot of palladium-containing waste liquids in a

chemistry laboratory. By recycling such lab waste, the

need to mine new palladium can be reduced. Therefore,

we next carried out Pd(II) adsorption experiments in

organic solvents containing dissolved Pd(II) and also

Pd-containing laboratory wastes (including H2O, ethanol,

ethyl acetate, Na+, Ni2+, UO2
2+, NO3

−, etc.). The adsorption

efficiencies of ACOF-1 for Pd(II) in ethyl acetate and

ethanol were ∼99.5% and 99.2%, respectively (Supp-

orting Information Figure S17). Commercial adsorbent

materials showed much lower removal efficiencies under

similar conditions. Then we evaluated Pd(II) adsorption

performance by ACOF-1 in laboratory waste. The break-

through volume for Pd(II) was 380 mL, with the adsorp-

tion capacity being 320.9 mg/g (Figure 3h). The excellent

selectivity and high capacity suggest that ACOF-1 was a

promising adsorbent for Pd(II) recovery from palladium-

containing organic solutions and lab wastes.

Adsorption mechanism

After showing the excellent Pd(II) recovery performance

of the ACOF-1 in 3M HNO3 and laboratory waste streams,

we next attempted to gain an in-depth understanding of

the Pd(II) adsorption mechanism by carrying out X-ray

photoelectron spectroscopy (XPS), X-ray absorption

spectroscopy (XAS), DFT calculations, and molecular

dynamics (MD) simulations. XPS spectra revealed the

presence of intense Pd signals after the adsorption experi-

ments (Supporting Information Figure S18). Compared

with the N 1s spectrum of ACOF-1 (which showed three

distinct nitrogen environments as expected based on the

COF’s structure), a new N 1s signal appeared around

406.5 eV after Pd(II) adsorption, which could readily be

assigned to charge-balancing NO3
− ions, suggesting the

coordination of Pd(II) involved NO3
− (Figure 4a). The Pd

3d spectrum of ACOF-1, following palladium adsorption

showed peaks at 338.6 and 343.8 eV in a 3:2 area ratio,

assigned to the Pd 3d5/2 and Pd 3d3/2 signals of Pd(II)

(Figure 4b).56 No Pd(0) was detected, indicating that

Pd(II) was not reduced by the COF during adsorption.

The Pd K-edge X-ray absorption near-edge structure

(XANES) spectrum of ACOF-1 after Pd(II) adsorption was

similar to those collected for the PdO and PdCl2 reference

samples, with the edge position being typical for Pd(II),

consistent with the XPS results (Figure 4c). The Fourier-

transformed extended X-ray absorption fine structure

(EXAFS) spectrum exhibited a main peak at ∼1.6 Å in R

space, which was assigned to Pd-N/Pd-O bonds formed

between the single-ion traps and Pd(II) (Figure 4d).25

Fitting the curve indicated a local Pd(II) environment

including one NO3
− ion, one oxygen atom, and two nitro-

gen atoms from the single-ion traps (Figure 4e–g and

Supporting Information Table S7). Furthermore, the

EXAFS wavelet transform analyses exhibited a maximum

intensity of 7.0 Å−1 in k space (together with 1.6 Å in R

space), consistent with Pd-N and Pd-O contributions and

providing further evidence for a square-planar [Pd(II)

N2O2] coordination (Figure 4h).

Next, Gibbs free energy changes (ΔG) associated with

the binding of Pd(II) to the various possible adsorption

sites in ACOF-1 were calculated and compared to better

understand the adsorption mechanism. Figure 5a shows

the thermodynamically feasible coordination geometries

and corresponding Gibbs free energy changes. Pd(II)

binding to the single-ion traps in ACOF-1 offered the

lowest ΔG value of −34.37 kcal/mol, much lower than

other hypothetical coordination modes, revealing that

the extra layer of antiparallel AA stacking generated

hydrogen bonding with the single Pd(II) ion trap, stabi-

lizing the system. These results suggested the single-ion

traps identified by EXAFS offered the strongest binding

affinity towards Pd(II). Subsequently, we explored the

adsorption dynamics of Pd2+ onACOF-1 in HNO3 solutions

by using MD simulations. Ni2+ and UO2
2+ ions were select-

ed as the competing ions for the simulation. The molar

ratio of Pd2+: Ni2+: UO2
2+ used in the simulation was 1.5:1:1.

The simulation revealed that Pd2+ was adsorbed into the

channels of ACOF-1 after immersing the sample in solu-

tion within 20 ns, while Ni2+ and UO2
2+ passed through the

sample without adsorption (Figure 5b). After ∼60 ns, the

adsorbed amount of Pd2+ increased with almost no other

adsorbed cations, indicating an extraordinary affinity

for Pd2+ even at high concentrations of other competing

ions. At ∼100 ns, the amount of adsorbed Pd2+ greatly

exceeded adsorbed Ni2+ and UO2
2+, verifying a high bind-

ing affinity toward Pd2+ in the HNO3 solution. Moreover,

Figure 5c–e shows the nonbonded interaction energy

diagrams for Pd2+/ACOF-1, UO2
2+/ACOF-1, and Ni2+/

ACOF-1 during the MD simulation. The calculated Van

der Waals interaction between Pd2+ and the COF was

−1.89 kJ/mol, whilst the Coulombic interaction between

Pd2+ and ACOF-1 was −16.20 kJ/mol (Figure 5c). Com-

bining the two contributions, the total intermolecular

interaction energy between Pd2+ and the COF was

−18.10 kJ/mol, higher than that of Ni2+/ACOF-1

(−3.31 kJ/mol) and UO2
2+/ACOF-1 (−14.18 kJ/mol). The
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results further verified the strongbinding affinity between

Pd(II) ions and single ion traps of ACOF-1 (Figure 5c–e).

The sorption data, spectroscopic data, and theoretical

calculation results revealed the excellent adsorption per-

formance of ACOF-1 toward Pd(II) ions under super acidic

and high ionic strength conditions.

The aforementioned results validated our “single-ion

trap” strategy that involved building electron-donating

(Lewis base) sites into the COF for palladium recovery

under extreme conditions. This approach took advantage

of the antiparallel stacking manner of the ACOF-1 frame-

work, which effectively utilized the cooperation between

the hydrazine-carbonyl sites and pyridine sites (creating

single-ion traps for Pd(II) ions). The single-ion trapped

coordinate Pd(II) in a square-planar mode, forming the

stable [Pd(II)N2O2] units; thus, ensuring a strong binding

affinity for Pd(II). The developed ACOF-1 overcame the

long-term challenge of Pd(II) recovery under super acid-

ic and high ionic strength conditions. High dynamic

adsorption capacities and efficiency were obtained in

column experiments under practical conditions. These

results demonstrated how slight modifications to COF

adsorbents could greatly enhance their performance for

selective metal ion capture. The results suggested that

Figure 4 | (a) N 1s XPS spectra of ACOF-1 before and after adsorption of Pd(II). (b) Pd 3d XPS spectrum of ACOF-1

after adsorption of Pd(II). (c) Pd K-edge XANES spectra for ACOF-1 after adsorption of Pd(II) and references. (d) Pd

K2-weighted χ(k) function of EXAFS spectra for ACOF-1 after adsorption of Pd(II) and references. (e, f) Fitting curves

for ACOF-1 after adsorption of Pd(II). (g) The ACOF-1 structure used as a model for the EXAFS analysis. The Pd atom

(orange sphere) is bound with two N atoms (blue spheres), one O atom (red sphere) from ACOF-1, and one oxygen

atom from NO3
− to form a square-planar [Pd(II)N2O2] unit. (h) Wavelet transform contour plots for ACOF-1 after

adsorption of Pd(II). Pd foil, PdO, and PdCl2 were employed as reference materials in panels c–h. XPS, X-ray

photoelectron spectroscopy; ACOF-1, antiparallel stacked covalent organic framework; EXAFS, extended X-ray

absorption fine structure.
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ACOF-1 is a promising adsorbent for industrial palladium

recovery applications.

Conclusion
We have successfully developed an antiparallel stacked

COF-based adsorbent containing single-ion traps for

Pd(II) recovery from aqueous solutions. The single-ion

traps formed from interlayer atoms showed cooperative

electron-donating contributions, which exhibited a signif-

icant effect on selective Pd(II) adsorption and separation

performance. The developed ACOF-1 demonstrated

good stability, high adsorption capacity, selectivity, and

reusability toward Pd(II) under extreme conditions. To

the best of our knowledge, this work represents the first

report of a COF capable of Pd(II) recovery in 3M HNO3

Figure 5 | (a) Models for Pd2+ binding to different sites in ACOF-1 and the corresponding Gibbs free energy changes

(ΔG). (b) Selected snapshots from the MD simulation showing the Pd2+ adsorption process on ACOF-1 in HNO3 solution.

(c) Time evolution of the nonbonded interaction energies between COF and Pd2+ (Pd2+-COF, total energy of intermo-

lecular interaction; Pd2+-COF-vdw, Van derWaals interaction between Pd2+ and COF; Coulomb interaction between Pd2+

and COF). (d) Time evolution of the nonbonded interaction energies between COF and UO2
2+ (UO2

2+-COF, total energy

of intermolecular interaction; UO2
2+-COF-vdw, Van derWaals interaction between UO2

2+ and COF; Coulomb interaction

between UO2
2+ and COF). (e) Time evolution of the nonbonded interaction energies between COF and Ni2+ (Ni2+-COF,

total energy of intermolecular interaction; Ni2+-COF-vdw, Van der Waals interaction between Ni2+ and COF; Coulomb

interaction between Ni2+ and COF). ACOF-1, antiparallel stacked covalent organic framework; MD, molecular dynamics.
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and organic waste liquids containing palladium residues.

We expect that this work will provide a new design

concept for solid adsorbents for palladium (and other

precious metals) recovery from waste.
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Supporting Information is available and includes addi-

tional chemicals, instrumentation, crystallographic data,

FT-IR spectra, solid-state 13C CP/MAS NMR spectra,
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analysis, SEM images, contact angle, XPS spectra, Pd(II)

extraction experimental details, adsorption data and fit-

ting results, XAS fitting results, DFT calculations, and MD

simulation.
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