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ABSTRACT

This work reports the synthesis of pyridyltriazol-functionalized UiO-66 (UiO stands for
University of Oslo), namely UiO-66-Pyta, from UiO-66-NH, through three post-synthetic
modification (PSM) steps. The good performance of the material derives from the observation
that partial formylation (~21% of -NHCHO groups) of H,BDC-NH, by DMF, as persistent
impurity, takes place during synthesis of the UiO-66-NH,. Thus, to enhance material
performance, firstly, the as-synthesized UiO-66-NH, was deformylated to give pure UiO-66-
NH,. Subsequently, the pure UiO-66-NH, was converted to UiO-66-N3 with nearly complete
conversion (~95 %). Finally, the azide-alkyne[3+2]-cycloaddition reaction of 2-ethynylpyridine
with the UiO-66-N3 gave the UiO-66-Pyta. The porous MOF was then applied for the solid-
phase extraction of palladium ions from aqueous medium. Affecting parameters on extraction
efficiency of Pd(Il) ions were also investigated and optimized. Interestingly, UiO-66-Pyta
exhibited selective and superior adsorption capacity for Pd(Il) with maximum sorption capacity
of 294.1 mg g™ at acidic pH (4.5). The limit of detection (LOD) was found to be 1.9 pg L™. The
estimated intra-day and inter-day precisions are 3.6% and 1.7%, respectively. Moreover, the
adsorbent was regenerated and reused for 5 cycles without any significant change in the capacity
and repeatability. The adsorption mechanism was described based on various techniques such as
FT-IR, PXRD, SEM/EDS, ICP-AES, and XPS analyses as well as density functional theory
(DFT) calculations. Notably, as a case study, the obtained UiO-66-Pyta after palladium
adsorption, UiO-66-Pyta-Pd, was used as an efficient catalyst for Suzuki-Miyaura cross-coupling

reaction.
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1. Introduction

Owing to its unique properties, palladium is increasingly used in research laboratories
and industrial technologies including catalysis, electronics, pharmaceutics, and corrosion
protection.’™ Also, platinum group metals (PGMs) find extensive utility as automotive exhaust
catalysts. * However, the use of palladium has important limitations, such as high-cost, toxicity
at higher concentrations, and limited availability of natural resource . Various technologies for
the recovery of Pd(ll) including liquid phase extraction,” membrane filtration,® and ion
exchange’ have been reported. These methods suffer from some drawbacks such as the
incomplete recovery, generation of high volumes of wastes, high costs and labor requirements
and less selectivity. Solid-phase extraction (SPE) is known as an economical and effective
strategy for the recovery of metal species,®™ because of its low cost, simplicity, selectivity
improvement, and less usage of organic solvents. Up to now, most precedents have been focused

1112 graphene oxide,*® functionalized mesoporous silica,** and ionic liquid-SBA-15"

on chitosan,
as adsorbents for recovery of palladium. However, from the viewpoint of economics and
environment control, the introduction of effective approaches/adsorbents for extracting and
recovery of this valuable metal is still necessary.® '° Metal-organic frameworks (MOFs) as new
generation of porous materials, are 3D crystalline and low-dense structures constructed from
inorganic nodes and organic ligands.'** MOFs can be rationally pre-designed and synthesized
to have very high surface area, high porosity (pore size values ranging from a few angstroms to
several nanometers), high stability, and unique properties.”® Using post-synthetic modification
(PSM) reactions on MOFs, it is possible to introduce new functional groups into the MOF lattice

after its formation, tuning precisely the chemical and physical properties, allowing the

obtainment of the desired materials.?® 2 As a result, MOFs have attracted considerable attention



for their important applications in various areas such as gas storage and separation,*’” % %

chemical catalysis and photocatalysis,®**" drug delivery,” and removal of toxic chemicals.? *
Zr-containing MOFs are one of the most widely used class of MOF materials due to their high
chemical, thermal, and mechanical stability as well as their relatively low-toxicity.*" *? The high
stability derives from the strong interaction of highly oxophilic Zr(IV) sites with negatively
charged carboxylate linkers. The large accessible surface area and porosity of MOFs permits

easy diffusion of ions/molecules within the 3D framework, thereby, improving the adsorption

performance of these materials. As a result, a series zirconium MOFs have been used as

3 34, 35 6

adsorbents for removal of uranium,* selenium, arsenic,® and other metal ions.*” The
adsorption performance mainly derives from interactions between target ions and Zr-nodes
associated with the unique high surface area and highly ordered structures of the MOFs.

It has been demonstrated that the efficiency, selectivity, and adsorption capacity of a
MOF towards ion metals are also largely influenced by the presence of substituents on the

37, 38

organic linkers, resulted from replacement terephthalic acid in the parent MOF by

substituted terephthalic acid® ** ***! or modifying of MOFs by post-synthetic strategies.® ***
For example, the post-modification of UiO-66-NH- by resorcyl aldehyde via an imine formation
was reported for the selective adsorption of lead ions in aqueous media with a maximum
adsorption capacity of ~190 mg g>.* Ui0O-66-NH, modified by thiourea showed good
adsorption capacity of 117 mg g™ and 232 mg g™, respectively, for the removal of Cd(ll) and
Pb(11), performing better than the parent UiO-66-NH, MOF.* The ASUiO-66 MOF (AS:
allylsulfanyl) was used for the extraction of Pd(ll), revealing a low saturation capacity of 45.4
123

mg g~ Very recently, the MOF-808 has been post-synthetically modified with

ethylenediaminetetraacetic acid (EDTA), as a chelating group, and the sorbent exhibited non-



specific high affinity toward 22 kinds of metal ions covering soft acids (such as palladium), hard
acids, and borderline acids.**

However, the introduction of new and specific functional groups/ligands into MOFs
providing high selectivity, rapid adsorption rate, and high adsorption capacity for transition
metals such as palladium ions is highly demanded.

Recently, pyridine-triazole ligands have emerged as promising ligands for the recovery of
Pd(11).** *® Pd coordination to the pyridyl nitrogen and the medial nitrogen of the triazole ring
was observed for these complexes, according to the X-ray crystallographic analyses.

Based on the precedents mentioned above, we anticipated that a robust, porous MOF-
containing pyridine-triazole functional group could be a suitable material for the SPE of Pd(lI).
Therefore, a MOF material involving pyridyltriazol ligand named as UiO-66-Pyta (Pyta:
pyridyltriazol) was designed through a three-step sequential modification process, starting from a
robust Zr-MOF, UiO-66-NH,. The Pyta-functionalized MOF was then applied as an efficient
sorbent for the SPE of palladium from aqueous solutions. To the best of our knowledge,
precedents have neglected hydrolysis of formamide groups prior to PSM of amino-functionalized
UiO-66 MOF. This work demonstrates the PSM of MOFs for rapid, selective, and highly
efficient capture of palladium ions. Interestingly, the UiO-66-Pyta MOF after adsorption of Pd is
converted into an efficient and reusable catalyst for Suzuki-Miyaura cross-coupling reaction,

which is an innovative example for making waste-to-treasure.

2. Experimental Section

2.1 Materials



All reagents and solvents were purchased from commercial sources and were used as
received, unless noted otherwise. Zirconium chloride (ZrCl4, > 99.5%), 2-aminoterephthalic acid,
azidotrimethylsilane ((CHs)sSi-Ns, TMS-Ns, 95%), tert-butyl nitrite ((‘Bu-ONO, 90%), methanol
(CH30H), 2-ethynylpyridine, hydrofluoric acid (HFaq 47-51%), chloroform (CHCIs, puriss. p.a.,
> 99%), and silica gel (Sorbent Technologies, 60 A, 40-63 pm) were obtained from commercial
sources (Sigma-Aldrich, Germany) and used as received. Dichloromethane (DCM) was distilled
and stored over molecular sieves (4 A) under an atmosphere of argon. All thin layer
chromatography (TLC) analyses were performed on TLC Silica gel 60 RP-18 F254S plates with
aluminium sheets (Merck KGaA, Germany). UiO-66 was prepared from terephthalic acid instead

of 2-aminoterephthalic acid based on the literature procedure.*’

2.2 Characterization

'H NMR spectra were recorded on a Bruker (Germany) Avance 400 MHz (399.49 MHz
for 'H) spectrometer at ambient temperature in DMSO-ds/HFaq mixture. The sample (ca. 2 mg)
was digested with sonication in DMSO-dg containing small amounts of hydrofluoric acid (5-10
ul of HFaq in 700 pl of DMSO-dg) and the resulting solution was analyzed by *H NMR
spectroscopy. *H chemical shifts are referenced to the residual proton resonance of solvent on the
d scale. Caution: Aqueous HF is toxic and corrosive. Inhalation and contact with skin and eyes
must be avoided. Powder X-ray diffraction (PXRD) patterns were collected on a Philips Xpert
diffractometer (Amsterdam, The Netherlands) with monochromated Cu Ko radiation (A = 1.5418
A) within the range of 1.5° < 20 < 50°. Fourier-transform infrared (FT-IR) spectra were recorded
in the range 500-4000 cm™ using KBr pellets on a Perkin Elmer Spectrum-FTIR Version

10.01.00 (USA). The morphology of the samples was characterized using scanning electron



microscopy (SEM, MIRA3 TESCAN, Czech Republic). The N, adsorption isotherms at 77 K
were measured using an ASAP 2010 Micrometrics Instrument Corp., USA. The samples were
degassed in vacuum at 120 °C for 12 h and then measured at 77 K. The data were analyzed using
the TriStar 11 3020 V1.03 software (Micromeritics, Norcross, GA). The determination of analyte
in solution was done by UV-Vis spectrophotometer (UV-2100 RAY Leigh, Beijing, China) in
maximum wavelength (410 nm). The pH meter model 630 Metrohm combined with glass
electrode was used for measurement of solution pH. The Zeta potential of the samples was
determined by dynamic light scattering (DLS) measurements at 25 °C after dispersion in
agueous medium at different pH values. X-ray photoelectron spectra (XPS) of the solid prepared
was collected on a SPECS spectrometer with a MCD-9 detector using a monochromatic Al (Ka=
1486.6 eV) X-ray source (Germany). Thermogravimetric analysis (TGA) were measured on a
Mettler Toledo TGADSC under N, atmosphere. GC-MS analysis was carried out on a computer-
interfaced Agilent Technologies 6890 Network instrument equipped with an Agilent 5973
Network mass-selective detector (USA). The column used was a 30-m HP-5 capillary column

(30 m x 0.320 mm x 0.25 pm film thickness) with Flow rate = 0.9 mL/min.

2.3 Synthesis of MOFs

Synthesis of UiO-66-NH,

UiO-66-NH, was synthesized according to the procedure reported by Corma and co-

workers.*’

Preparation of pure UiO-66-NH,



The as-synthesized UiO-66-NH, (500 mg) was refluxed in methanol (50 mL) for 24 h.
The solid was filtered off and washed with methanol. The sample was then dried at room
temperature under vacuum and by heating to 100 °C under vacuum for 2 h in an oven to give the
pure UiO-66-NH; (deprotected Zr-MOF). This MOF was used in the next step. The sample was
activated under dynamic vacuum at 150 °C for 12 h. Prior to N, isotherm measurements, the

activation process was required.

Synthesis of azide-functionalized (UiO-66-N3)

Freshly dried UiO-66-NH, (100 mg, 0.342 mmol of -NH,) was suspended in THF (4.0
mL) in a glass vial (~12 mL). The vial was placed in an ice bath and t-BuONO (1.94 mL, 16.42
mmol, 48 eq) was added and stirred followed by adding TMSN; (1.70 mL, 12.99 mmol, 38 eq)
to the resulting mixture over 5 min. The reaction was stirred for 6 h at room temperature before
being quenched by decanting the solvent after centrifugation. Excess reactants were removed by
washing the solid in THF (three times) and CH,CI, (three times). Drying at room temperature

under vacuum yielded a yellow powder of azide-functionalized UiO-66 (UiO-66-N3).

Synthesis of pyridyltriazol-functionalized UiO-66 (UiO-66-Pyta)

To a glass vial, azide-functionalized MOF (90 mg, 0.0471 mmol, 0.283 mmol of -N3)
was suspended in degassed DMF (1.5 mL). 2-ethynylpyridine (1.4 equiv. in total vs. N3 loading,
0.396 mmol) was added and the resultant mixture stirred for 10 min followed by adding Et;N (5
equiv., 1.415 mmol, 0.2 mL) and Cul (10 mol%). The reaction mixture was stirred at 55 °C for
48 h. The functionalized MOF was collected by filtration, washed by DMF (two times), and

soaked at 55 °C in fresh DMF for 2 h. The solid was then centrifuged and washed with CH3;CN



(three times) followed by soaking in CH3CN for 24 h. The resultant MOF was then recovered

and washed by THF (three times) and dried at room temperature under vacuum.
2.4 Adsorption Experiments

In this study, SPE experiments were carried out at ambient temperature. The 25 mL
sample solution containing 1 mg L™ of palladium was mixed homogeneously with 0.01 g
adsorbent in a conical-shaped bottom glass tube. Later, the pH of this mixture was adjusted
between 1 to 6 with 0.1 M HNO3; and NaOH. After that, the mixture was shaken for enough time
(2-30 min). After the extraction, the suspension was centrifuged at 5000 rpm. The supernatant
solution was then discarded and the palladium ion amounts were determined in it by UV-Vis
spectrophotometry. Also, for desorption measurements, the adsorbent was gathered in the bottom
of glass tube. For desorption of palladium from sorbent, the eluent solvent (0.1 mol L™ HNO3)
was added to the adsorbent and the suspension was shaken for sufficient time (2-30 min).
Finally, the collected eluent solvent was discarded and 20% KI solutions were added to it. This
solution was transferred to a UV-Vis spectrophotometer for determination of amount of
palladium.

The amount of palladium ions extracted from solution per unit mass of sorbent was obtained

based on the following equation:

0=[E5 v

Where C; and Cs are the concentrations of palladium ion before and after extraction, M is the

mass of adsorbent (g) and V is the volume of the aqueous phase in mL.

2.5 Computational details
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The geometries of ligands and complexes in different possible bonding modes were
optimized at the B3LYP method* * using the Gaussian09 program package.>® The relativistic
effective core potential (ECP) basis set of Lanl2dz was used for the Pd(l1) ion,”" *? and the 6-

31G were used for the other atoms.
2.6 Reusability Experiment for Suzuki-Miyaura Cross-Coupling Reaction

UiO-66-Pyta bearing Pd ions (UiO-66-Pyta-Pd) was washed with methanol and dried
under vacuum at 110 °C for 3 h and then used as catalyst for Suzuki-Miyaura cross-coupling
reaction as follows: A mixture of bromobenzene (1 mmol), phenylboronic acid (1.2 mmol),
K>CO3 (2.0 mmol), EtOH (6 mL) and catalyst (10 mg) were placed in a Schlenk tube and stirred
in air, at 80 °C for 2 h. After completion of the reaction, the catalyst was separated and then the
mixture was extracted three times with ethyl acetate. The product yield was determined by gas
chromatography (GC) analysis. Purified product was characterized by *H NMR spectroscopy

(see SI).
3. Result and Discussion
3.1 Characterization of multifunctional Zr-MOF, UiO-66-Pyta

Firstly, UiO-66-NH, was synthesized using Corma method.*” ** 'H NMR spectrum of
digested MOF in a DMSO-ds/HF5q mixture showed a partial formylation (~21% of -NHCHO
group) of 2-aminobenzene -1,4-dicarboxylic acid (H,BDC-NH;) by DMF, as impurity, due to
the synthetic conditions (see NMR data in ESI, Figures S1-S3). Therefore, the as-synthesized
UiO-66-NH, was deformylated by post-synthetic deprotection (PMD) in refluxing methanol,

converting the formylamido groups to amino groups (Figure S3). UiO-66-NH; with chemical

11



formula ZrgO4(OH)4(NH,BDC)s (NH,BDC = 2-aminoterephthalate) consists of 12-coordinate

hexanuclear [Zrs(us—0)4(us—OH)4]*** nodes connected with each other by 12 carboxylate groups

of the linkers to give super octahedral and super tetrahedral cages.>* *®> Using deprotected UiO-

66-NH,, the azide-functionalized UiO-66 (UiO-66-N3) was prepared by post-synthetic

modification (PSM) with tert-butyl nitrite followed by reaction with trimethylsilyl azide. Finally,

the azide-alkyne[3+2]-cycloaddition (click) reaction of 2-ethynylpyridine with the UiO-66-N3

gave pyridyltriazol-functionlized UiO-66, UiO-66-Pyta (Scheme 1).

O._OH
NH,
zrcl, 1) CH3COOH, DMF
2)120°c, 24 h
07 ™OH
H,BDC-NH,

)kNH

Zrg
j i / Zr6

MeOH reflux
Zrg 24 h

Z‘G@ (7o)

UiO-66-NH,

ZrG

A
R 17

UiO-66-Pyta

PSM

_——

Cul, EtgN,
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Zrg

\

— Zrg

// Zrg

(e
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THF
rt,6h

Zrg
©// Zr6

iz

Ui0-66-N;

Scheme 1. Schematic synthesis; PMD, and PSMs of UiO-66-NH; towards formation of UiO-66-

Pyta.



'H NMR spectra of the digested MOFs in HF/DMSO-ds solution indicate grafting of 95%
of azide groups for UiO-66-N3 and 24% of Pyta ligand for UiO-66-Pyta (see Figs S4 & S5 in
ESI). FT-IR spectrum of the pure UiO-66-NH, showed the disappearance of the peak at about
1650 cm™ related to the formyl group after the deformylation process (Fig. 1). The FT-IR
spectrum of UiO-66-N3 displayed the appearance of azide band at about 2125 cm™. A significant
decrease of the azide characteristic band (Fig. 1) after the click reaction was observed, in
agreement with Pyta formation and synthesis of UiO-66-Pyta. FT-IR spectra are, thus, in

accordance with the NMR data.
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Ui0-66-Pyta

Pure UiO-66-NH,

Intensity (a.u.)

As-synthesized UiO-66-NH,

I v I v I v I v I v I v 1 v 1
3900 3400 2900 2400 1900 1400 900 400
Wavelength (cm™)
Figure 1. FT-IR spectra of UiO-66-NH; and other corresponding Zr-MOFs obtained through the

PMD and PSMs. From bottom to up: a) as-synthesized UiO-66-NH,, b) Pure UiO-66-NH, c)

Ui0-66-N3, and d) UiO-66-Pyta

The phase purity of the MOFs submitted to three PSMs was characterized by PXRD. The
peaks in the PXRD patterns of the MOFs match well with the simulated pattern of UiO-66 (Fig.
2).>° The PXRD patterns indicated that the UiO-66-Pyta is isostructural with the parent UiO-66.
Also, the patterns showed that the crystallinity and structure of MOFs were retained during the

modification process (PMD and PSMs) (Fig. 2).
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Figure 2. PXRD patterns of simulated UiO-66(Zr) and synthesized Zr-MOFs through the

modification processes: as-synthesized UiO-66-NH;, pure UiO-NH;, UiO-66-Ns, and UiO-66-

Pyta.

Nitrogen gas sorption measurement of the activated UiO-66-Pyta at 77 K exhibited type I
gas adsorption isotherm (Fig. 3) with a Brunauer-Emmett-Teller (BET) surface area of 460 m* g
! Asseen in Fig. 3, the BET surface area of UiO-66-NH, was increased from 890 m? g* to 1120

m? g™ after the first PSM (deprotected UiO-66-NH,) which then decreased, respectively, to 785

15



m? g™ through the second PSM (UiO-66-N3) and 460 m? g™ via the last PSM (UiO-66-Pyta). The

results are in agreement with the success of the modification steps.
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Figure 3. N, sorption measurements at 77 K for as-synthesized UiO-66-NH,, pure UiO-NHo,

UiO-66-N3, and UiO-66-Pyta.

The scanning electron microscope (SEM) images of the UiO-66-Pyta showed cubic-
shaped crystals with a mean diameter of about 100 nm (Figure 4). It was observed that the UiO-

66-NH, crystals retained their size after the three consecutive PSMs.
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\ i
SEM HV: 15.0 kV WD: 2.69 mm SEM HV: 15.0 kV WD: 2.15 mm MIRA3 TESCAN
View field: 2.77 pm Det: InBeam 500 nm View field: 2.77 pm Det: InBeam 500 nm

Figure 4. SEM images of a) as-synthesized UiO-66-NH; (before the post modifications) and b)

UiO-66-Pyta (MOF obtained after the post modifications).

Furthermore, thermogravimetric analysis (TGA) of the solid under N, atmosphere
indicated that the MOF is stable up to ~500 °C (Figure %). It is supposed that the weight loss
below 200 °C is due to the evaporation of the solvent trapped in the framework and mass lose
above 370 °C (in the temperature range 370-550°C) is related to the decomposition of the
organic linker. Overall, the available characterization data confirmed the successful synthesis of

the UiO-66-Pyta via the three PSMs.

3.2 Optimization of the extraction conditions using the UiO-66-Pyta as adsorbent

The pH has an important role controlling palladium ion extraction. According to Fig. 5,
the extraction efficiency (R%) increases with an increase in pH of solution from 1 to 4.5 and
after that R% remains nearly constant with subsequent increases of pH. Therefore, the maximum

17



R% of palladium ions is already reached at pH 4.5. The pH effect on the extraction recovery may
be related to the surface charge of adsorbent and palladium ions. Zeta potential of the adsorbent
at various pH was shown in Figure S7. Based on the Fig. S7, the isoelectric point of the
adsorbent is about 3.9. Therefore, the adsorbent has positive charge below of isoelectric point
and negative charge above it. In pH 4.5, the adsorbent has negative charge while palladium ions
have positive charge, thereby, the condition for an optimal extraction is fulfilled. At pH values
below 3.9, the electrostatic repulsions between adsorbent and analyte ions results in the decrease

of the extraction efficiency. Thus, pH 4.5 was used in the subsequent experiments.

pH

Figure 5. Effect of pH on the extraction efficiency of palladium ions (Extraction conditions:

amount of adsorbent = 10 mg, and extraction time = 10 min).

The effect of mass adsorbent on the extraction of palladium ions was also studied. As
depicted in Figure S8, the data showed that the R% increased with an increase of the amount of

the adsorbent from 5 mg to 10 mg, presenting the considerable strong extraction capability of the

18



adsorbent. When the amount of adsorbent was higher than 10 mg, the extraction efficiency was
not further increased. Thereby, in the next experiments, 10 mg of the MOF sorbent was used.
The effect of extraction time was then investigated in the range of 2 min to 20 min. The results
indicated that 5 min was enough to extract palladium ions from the aqueous solution (Figure 6).
There was no significant increasing in the extraction efficiency of analyte with longer extraction
times. These results indicated that an efficient extraction of palladium ions could be attained in 5
min. Therefore, this extraction time was used for subsequent experiments. The high efficiency
and fast extraction time demonstrated the strong interaction between adsorbent and palladium
ions under the suggested procedure. Furthermore, the effect of MOF particle size on the uptake
of Pd was considered. When, the average particle size was decreased from ~100 nm to ~70 nm
(preparation details in Sl and Fig. S9), only a slight decrease of adsorption time (from 5 min to

~4 min) without no significant e on Pd(Il) removal was observed.

120
100 -
A
N
@
80 -
60 T T T T
0 5 10 15 20 25

Extraction time (min)

Figure 6. Effect of extraction time on the extraction efficiency of palladium ions (Extraction

conditions: amount of adsorbent = 10 mg, and pH = 4.5).
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Desorption of palladium ions from the adsorbent is also crucial in SPE. Hence, a series of
experiments on the eluent solvent, volume of eluent, and desorption time were performed. Nitric
acid and hydrochloric acid were evaluated as eluent solvent using 10 mg of the adsorbent. The
results showed that desorption efficiency of HNO3 was better than that of HCI. Thus, HNO3 was
used as optimal eluent solvent. After that, we investigated the concentration and volume effect of
HNO3 on the extraction efficiency. According to Fig. S10, with the increase of concentration of
the eluent solvent, the extraction efficiency was increased. Also, the volumes of 0.5, 0.7 and 1.0
mL were examined and the results showed the extraction efficiency was remained almost
constant. Based on these experiments, 1.0 mL (0.1 mol L™) of HNOj3 for 5 min was chosen for
desorption experiments. Sample volume in preconcentration method is an important parameter,
there being convenient issue to achieve the highest possible preconcentration factor, particularly
when analyzing trace elements in real samples. Therefore, the sample volume effect was studied
in the range of 25 to 500 mL under optimal conditions. In this research, quantitative extraction
efficiency was considered when the extracted Pd overcomes 95% of the initial value. The
extraction efficiency of palladium ions was quantitative to 250 mL; beyond this volume the
extraction efficiency decreased. Thereby, the 250 mL was taken as an optimal sample volume.
The reason for the decrease in palladium extraction efficiency could be the saturation of the
active sites of the sorbent by solvent competition. Thus, it was concluded that the

preconcentration factor was 250.0 with the eluent volume of 1.0 mL.

3.3 Adsorption performance

Figure 7 indicated the adsorption isotherm which was fitted to the Langmuir model by

nonlinear regression model. The equation of this model is given as follows.>® >
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C 1 C
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Where q (mg g™) is the equilibrium adsorption amount of palladium ions on the adsorbent and
Ce (mg mL™Y) is the equilibrium concentration of palladium ions in the sample solution.
Furthermore, gn (Mg g™) is the maximum adsorption amount of palladium ions and K (mL mg™)
is the Langmuir adsorption constant. According to the results obtained by the model, the gy, of

the adsorbent was found to be 294.1 mg g™ with determination coefficient (R?) of 0.98.

300

250

50

0 4 T T T T T
0 100 200 300 400 500 600

Co (mg L)

Figure 7. Palladium ions adsorption equilibrium isotherms (Extraction conditions: amount of

adsorbent = 10 mg, pH = 4.5, and extraction time = 5 min).

3.4 Interference ions
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lon selectivity is an important factor for selective extraction and detection of palladium
ions in aqueous samples. Also, numerous cations may be present in natural water samples with
palladium ions. In this study, we investigated the selectivity of the adsorbent in the presence of
several foreign ions, which can coexist with palladium ions in natural water samples. Table S1
shows the tolerance limits of each ion. These results showed that the UiO-66-Pyta adsorbent was
capable of selective palladium ions even in the presence of the high concentration of interfering

ions, including Li*, Na*, K*, Ca?*, Mg®*, Zn?*, Pb®*, Fe**, Mn**, Ni?*, Co®*, AI**, Cu**, Ag".

3.5 Effect of salt addition

In the present study, the effect of salt addition on the extraction of Pd by the sorbent was
investigated as shown in Fig. S11. According to this Figure, the extraction recovery decreased
when the concentration of salt increased due to the increasing competitive ions for the active

adsorption sites.

3.6 Comparison of this method with the other works

Table 1 shows a comparison of the extraction efficiency of above UiO-66-Pyta adsorbent
with previously reported sorbent for palladium ions. According to these results, UiO-66-Pyta
adsorbent has the maximum adsorption capacity so far reported and the material can be used as
efficient and appropriate adsorbent for the extraction of palladium ions from aqueous solutions.
Interestingly, the functionalized MOF showed higher maximum adsorption capacity than UiO-66

and UiO-66-NH- under identical conditions.

Table 1. Comparison of this method with other related
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procedures for determination of palladium ions

Adsorbent Om (Mg g?) Ref

Ethylenediamine-modified magnetic chitosan

138.0 [11]

nanoparticles
Chitosan/graphene oxide composite 216.92 [12]
Graphene oxide 80.77 [13]
Functionalized mesoporous silica 184.5 [14]
Aliquat-336 impregnated onto SBA-15 212.76 [15]

This
UiO-66 125.0

method

This
UiO-66-NH, 197.0

method

This
UiO-66-Pyta 294.1

method

3.7 Reusability of the adsorbent for extraction of palladium ions

Figure 8 shows the reusability of adsorbent for removal of palladium ions. According to
this figure, the extraction efficiency was reduced from 96.9% to 81.7% after 5 times. The
decrease could be ascribed to the strong binding of some Pd(ll) ions to the functional groups of
the nominal MOF, leading to an incomplete desorption of Pd(Il) species, and thereby, a slightly

decrease on the number of binding sites for the consecutive sorption/desorption cycle.”
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Nevertheless, in the fifth cycle, the extraction efficiency was still as high of 81.7%. These
measurements revealed that UiO-66-Pyta has the potential to be used as a recyclable sorbent for

extraction of Pd(ll) ions from aqueous solution.

80 -
S 60 A
S 60
40 |
20 -
0

1 2 3 4 5

Cycle times

Figure 8. Reusability cycles of adsorbent for extraction of Pd ions.

3.8 Procedure validation

Under optimized conditions, the UiO-66-Pyta sorbent was used to determine the figure of
merits such as, linearity, limit of detection (LOD), and intra- and inter-day precisions. The
proposed method provided the linearity in the range of 0.01 to 1.5 mg L™ with the correlation
coefficient (R%) of 0.999. The LOD = 3(Sd) blank/ m (Sd is the standard deviation and m is the
calibration curve slope) of 1.9 pgL™ was obtained. The precision was characterized with the
intra-day and inter-day relative standard deviation (RSD%, n = 5, ¢ = 0.1 mg L™) on the same

day and five consecutive days. The intra-day and inter-day precisions were obtained 3.6% and
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1.7%, respectively. These results illustrated the appropriate and satisfactory reputability and

reproducibility of the procedure for extraction of palladium ions in agueous samples.

3.9 Adsorption Mechanism

For the study of the Pd adsorption mechanism by UiO-66-Pyta, zeta potential
measurement of the sorbent was firstly carried out at different pH (Figure S7). As shown in the
Fig. S7, the isoelectric point of adsorbent is about 3.9, indicating that the sorbent is negatively
charged at the pH above 3.9. This is useful for the sorption of Pd(ll) as a soft acid. Therefore, in
pH 4.5, Pd(Il) can coordinate to the nitrogen donor atoms of the ligand, corresponding to the
optimal extraction conditions. The interaction between Pd(1l) and UiO-66-Pyta was investigated
using FT-IR, PXRD, SEM/EDX, TGA, and XPS. In contrast to the spectrum of UiO-66-Pyta, the
FTIR spectrum of palladium-loaded UiO-66-Pyta exhibited a shift of the peaks at 3442, 1581
(C=N band), 1386, 1259 (C-N band) and 1151 cm * to 3413, 1575, 1383, 1257, and 1151 cm %,
respectively (Fig. S12). These shifts indicated that Pyta and Zr-oxo/OH® might be the active sites
in the sorption of Pd(11).*> > On the other hand, the comparison of the FT-IR spectrum of the
MOF before and after Pd loading also indicates that the structure of the MOF was retained after
palladium adsorption. The UiO-66-Pyta-Pd was then characterized using PXRD to investigate
whether palladium ions are certainly present in the MOF or not. As given in Fig. S13, the XRD
patterns of UiO-66-Pyta before and after Pd loading are almost the same with the exception of
the peak at about 39.9° related to the (111) plane of palladium (JCPDS # 89-4897),%° probably
indicating the presence of Pd species. Furthermore, SEM and energy-dispersive spectroscopy
(EDS) were performed for UiO-66-Pyta before and after extraction of Pd(ll) and the results are

given in Figure S14 & S15. No difference in morphology was observed between the two set of
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images (Figs 4 and S14). The EDS analysis of UiO-66-Pyta-Pd revealed the presence of
elements such as C, O, Zr and Pd, confirming the Pd adsorption on the UiO-66-Pyta (Figure
S15). Furthermore, TGA curve of the UiO-66-Pyta-Pd is almost coincident to that of the pristine
MOF, UiO-66-Pyta, revealing that the structure integrity is maintained throughout the Pd
adsorption process (Figure S6). These results indicated the stability of UiO-66-Pyta during the
adsorption-desorption experiments. In comparison to UiO-66-Pyta, an additional experiment was
performed using the pristine Zr-MOF (UiO-66-NH;) as sorbent under the optimized extraction
conditions. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) analysis of
Ui0O-66-Pyta-Pd showed 2.3-fold higher palladium loading than UiO-66-NH,-Pd. The g, of the
UiO-66-NH, as adsorbent was found to be 197 mg g* which is less than that of the UiO-66-Pyta
(see Table 1). The experiments confirmed the effective role of the Pyta as bidentate ligand* and
active binding site for Pd(I1) sorption.

To further characterize the nature of the binding sites, X-ray photoelectron spectroscopy
(XPS) profiles of UiO-66-Pyta before and after Pd(I1) adsorption were recorded. XPS analysis of
the UiO-66-Pyta-Pd exhibited two peaks attributed to the Pd(Il) at binding energy at 334-346
eV,*! confirming the presence of Pd(ll) into the UiO-66-Pyta (Figures S16). The comparison of
the N 1s and O 1s binding energies for UiO-66-Pyta before and after Pd(11) adsorption is shown
in Figure S17. The N 1s spectrum of the UiO-66-Pyta-Pd showed a shift in the peak position
towards higher binding energy (~1 eV) compared with the as-prepared UiO-66-Pyta, indicating a
decrease in the electron density of N atoms caused by the strong coordination of N with Pd*".
These observations are in good agreement with those reported in the literature on the
coordination of Pd®* ions on N atoms.** ®* ® The N 1s spectrum can be deconvoluted in three

main components: C=N (399.39 eV) and N-N=N (400.7 and 401.7 eV) of the pyridyltriazol, and
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the -N=N*=N" (400.9 and 402 eV) of the azido groups.®® ® The O 1s spectral signal (Figure S17)
of the UiO-66-Pyta-Pd also displays a contribution of oxygen coordinated to Pd ions, as it is
evident from its relatively peak broadness compared to that of UiO-66-Pyta, in agreement with
the reported data for Zr MOF adsorbents towards metal binding.>>®° O 1s spectrum peak before
Pd(I1) adsorption corresponds to oxygen atoms present as the Zr-oxo/OH on Zrg nodes and to the
dicarboxylate linkers.?% % ® XPS data indicate that Pd®* interact not only N atoms, but also with
oxygen functional groups, also in good agreement with previous reports.®®® It should be,
however, noted that Pd(l1) is a soft metal ion and has a high affinity for soft donor atoms.”
Therefore, Pd forms stronger bonds with nitrogen compared to oxygen. Hence, the O 1s, N 1s,
and Pd 3d XPS spectra data confirm that Pd** is adsorbed by the UiO-66-Pyta, nitrogen-
containing functional groups playing a major role as binging sites.

To gain further understanding on the interaction of Pd(Il) within UiO-66-Pyta, DFT
calculations were performed to assess the potential binding sites of UiO-66-Pyta for palladium
adsorption and their relative interaction energy. Accordingly, the optimized geometries (Figure
9) and the binding energies (Table 2) for a series of Pd(Il) complexes taken as models of the
different binding site in UiO-66-Ptya were calculated. As shown in Figure 9, the adsorption of
Pd(I1) was studied for a series of structures modelling the following binding sites of UiO-66-
Pyta: (1) N3 and N4 sites of Pyta ligand, (I1) N2 of Pyta ligand, (I111) N3 of the residual azide
groups, (IV) N1 of the residual azide groups, (V) oxygen groups of Zrg-node (u3-OH), and (V1)

cation-z interaction with phenyl ring.

(1) (1
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Pd(I1)

(1) (1V)

Pd(I1)

Pd(11)

V) (V1)

Fd

-0

Figure 9. Optimized structures of different single ligand binding sites of UiO-66-Pyta for the
adsorption of Pd(I1): (I) N3 and N4 sites of Pyta ligand, (I11) N2 of Pyta ligand, (111) N3 of the
residual azide groups, (V) N1 of the residual azide groups, (V) oxygen groups of Zrg-node (us-

28



OH), and (VI) cation-x interaction with phenyl ring. The dark grey, white, dark blue, red, and

light blue spheres are carbon, hydrogen, nitrogen, oxygen, and zirconium atoms.

The binding energy was calculated as the difference between the energy of the complex

and the sum of the energies of its fragments (ligand and Pd(I1)):

AE = Ecomplex - (Eligand +E Pd(ll))

where E is the electronic energy of each optimized structure.

The AE values (in kcal mol™) for the adsorption of Pd(11) by the mentioned binding sites

are summarized in Table 2.

Table 2. The results of the calculations at the
B3LYP/(C, H, O, N: 6-31g; Pd(ll): LANL2DZ)
level of theory.

Optimized structure AE (kcal mol™)
| -76.53
11 -38.94
1 -26.51
v -25.50
Vv -46.69
VI -22.08

As can be seen in Table 2, the adsorption strength follows the order of | (-76.53) <V (-
46.69) < 11 (-38.94) < 111 (-26.51) < IV (-25.50) < VI (-22.08). According to the calculations, it
appears that all the binding sites could have interaction with Pd(Il) in water medium.
Remarkably, the results proved that the chelation of Pd(Il) ion simultaneously with two N atoms
in Pyta as bidentate ligand (structure 1) is the most stable and favorable one among the other

interactions considered. Moreover, interaction of Pd(ll) with the aromatic ring (structure V1) of
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the linker through the cation--m interactions has a similar adsorption energy as that of Pd(ll)
interaction with the azide N atoms. All the above observations confirmed that the plausible
selective adsorption mechanism was due to the interactions between palladium(Il) and the N-

binding sites of Pyta, but Pd(Il) can interact also with other possible sites.

3.10 Sample analysis

The possibility that the UiO-66-Pyta adsorbent based SPE coupled with UV-Vis
spectrophotometric procedure for the determination of palladium in real samples was also
examined and the results presented in Table 3. The real samples were collected from Zabol city
in Iran. The results showed that UiO-66-Pyta has good accuracy for extraction of palladium ions
from real samples. Therefore, this procedure could be applied successfully for both extraction

and determination of palladium ions from natural water samples.

Table 3. Determination of palladium ions in water samples.

palladium content (ug L™)

Sample R%
Added Found (+ *RSD%)

Tap water 50.0 495 (x1.7) 99.0

100.0 98. (£ 1.6) 98.5

Ground water 50.0 49.3(x1.8) 98.6

100.0 97.9 (£ 1.5) 97.9

? Relative standard deviation
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3.11 Reuse of the UiO-66-Pyta-Pd as catalyst

As a case study, the UiO-66-Pyta adsorbed Pd ions was used as a catalyst for Suzuki-
Miyaura cross-coupling reaction®® (see Scheme S1). Notably, the reaction of phenylboroinc acid
and bromobenzene in the presence of UiO-66-Pyta-Pd resulted in 80% yield of biphenyl as the
desired product after 2 h. Under identical conditions, the use of UiO-66-Pyta afforded no product
yield. When, UiO-66-NH,-Pd was employed as catalyst, only 30% yield of the desired product
was obtained. These experiments suggest that the high catalytic activity of UiO-66-Ptya-Pd
derives from the formation of the stable chelated palladium complex of pyta-Pd(Il) (model I in
Figure 9), “® demonstrating again the potential of UiO-66-Ptya to adsorb Pd(II). Notably, the
nominal MOF catalyst showed excellent recyclability without losing its activity for up to three
runs (Table S2). The recovered catalyst showed no structural changes after being used as catalyst
respect to the fresh one as evidenced by SEM (Fig. 4, Fig. S14 and Fig. S18). Furthermore, ICP-
AES analysis of the reaction filtrate obtained after the completion reaction indicated only a very

negligible amount of Pd species.

Conclusions

In this study, for the first time, we synthesized a robust and porous UiO-66-based MOF,
UiO-66-Pyta from UiO-66-NH; through the three PSMs. The UiO-66-Pyta was applied for
highly efficient and selective adsorption of palladium, as a heavy metal, from a solution
containing other ions. Adsorption measurements showed that UiO-66-Pyta performs better than
other sorbents to remove trace metal amounts and the pyta ligand, Zr-OH, residual azide groups
and aromatic rings are all contributing to the adsorption performance of UiO-66-Pyta for Pd(ll).

XPS analysis and DFT calculations clearly confirmed the prevalent role of the Pyta ligand for the
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efficient and selective binding of Pd(Il) ions. The complexation of Pd(Il) with Ptya renders UiO-
66-Pyta-Pd as a heterogeneous and reusable catalyst for an important organic transformation
such as the SuzukiMiyaura cross-coupling reaction. The cooperative process (heavy metals in
real samples—adsorption—-catalysis) offered in this work opens up a new direction for waste
water treatment and water purification. The highly performance and stability of the MOF in the
heavy metal adsorption, less amount of the used sorbent, and short time of the process indicate

the material as good candidate for industrial and sustainable applications.
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