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In recent years there has been a developing interest in the capture of Ag() ions from wastewater. In this work
we present the synthesis and characterization of two maodified thiol-containing UiO-66 metal-organic frame-
works (MOFs) capable of removing Ag(l) from aqueous solution. Mercaptoacetic acid (HMAc) was used as a
modifier and incorporated as mercaptoacetate into the MOFs. The modulation of the UiO-66 synthesis with
HMAC represents an easy and low-cost method for the introduction of thiol groups into the UiO-66
framework, while preserving the general UiO-66 properties like porosity and stability. The usage of very high
equivalents of HMAc in relation to ZrCly led to reproducible formation of the rare hexagonal close packed
(hcp) topology of UiO-66 instead of its common face-centered cubic (fcu) packing. The materials showed a
maximum uptake for Ag() from aqueous solutions of over 84 mg g™ for the fcu structure and 36 mg g~* for
the hep structure. The uptake follows a Langmuir type behavior for both topologies. Uptake kinetics indicates
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Introduction

Metal-organic frameworks (MOF) are potentially porous materials
built by organic ligands connected to metal nodes." Zirconium(v)-
based MOFs are widely studied® and show relatively high chemical*
and hydrothermal stability.” They are promising materials for
applications in catalysis,® gas storage/separation’ and for drug
delivery.® Functionalized zirconium MOFs (Zr-MOFs), especially
Ui0-66,>'° a relatively water-stable MOF with the organic linker
benzene-1,4-di-carboxylate (BDC>~),* showed promising potential
for wastewater treatment as it is capable of removing heavy metal
ions of mercury'™'*> and chromium™ or other impurities."*”** In
addition UiO-66 is regarded as non-toxic, which is of great impor-
tance for the purification of water.'®>°

Thiol-modified Zr-MOFs should be useful for the uptake or
removal of soft Lewis-acid metal cations like Hg** and Ag" from
water. To this day few thiol modifications of UiO-66 have been
reported in the literature and were synthesized from thiol-
functionalized linkers'>'*?! through postsynthetic linker
exchange or linker modification."> Yee et al. described the
synthesis with 2,5-dimercapto-1,4-benzenedicarboxylic acid
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a pseudo second-order rate law for the initial uptake before diffusion control takes over.

(H,DMBD), yielding UiO-66 type MOFs, which they tested for
the removal of Hg?". Their MOF had incorporated 15 wt% sulfur.
However, they observed very high amounts of disulfide groups
via thiol oxidation. The BET surface area was 513 m”> g~ ', which
is around half the BET surface area of unmodified UiO-66.>"
H,DMBD, as the obvious thiol-functionalized common linker
terephthalate, would guarantee a high sulfur content, but is not
commercially available and has to be synthesized in a complex
3-step organic synthesis under protective gas.”' >

Yang et al. reported two UiO-type MOFs with the organic
linkers mercaptosuccinic acid (MSA) and dimercaptosuccinic
acid (DMSA) forming zirconium fumarate analogs Zr-MSA and
Zr-DMSA with ~12 wt% sulfur for Zr-MSA and surface areas of
513 m® g ' and 275 m” g, respectively."? Just recently Ding et al.
postsynthetically introduced rhodanine into UiO-66 (UiO-66-Rd)
and amino-functionalized UiO-66-NH,, (UiO-66-NH,-Rd). The func-
tionalized MOFs showed BET surface areas of 518-606 m”> g ',
sulfur contents of less than 5 wt%, and achieved high uptake of
silver from aqueous solution but at the expense of a decrease of
crystallinity in PXRD and BET surface area.>

Silver ions (Ag') and colloidal silver (silver nanoparticles
Ag-NP) are known for their microbiological toxicity>>*® The
toxicity of silver nanoparticles seems to be associated with their
release of silver ions into the surrounding media.>””*® This
antimicrobial effect led to numerous applications of silver ions
or nanoparticles in consumer goods,”>' and in medical
applications.>’* The massive amount of silver used for such

© 2021 The Author(s). Published by the Royal Society of Chemistry
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applications leads to an increasing release of silver nanoparticles
and silver ions into wastewater*>** and a drastically increased
exposure of living organisms and the environment to silver(r)
ions and silver nanoparticles. The effects of silver on the human
organism are still a widely researched topic. In vitro studies
showed the accumulation of silver nanoparticles in human
tissue and organs.>* Several in vitro studies concentrate on the
toxicity of silver sources on cell lines.*>*® Therefore strategies for
the removal of silver sources become more and more important.
Until now several materials have been evaluated for the removal
of silver, including mercapto-functionalized polymers,*”*® coffee
grounds®® or inorganic materials like layered hydroxides®® and
mercapto-functionalized nanosized TiO,.*' In 2016 Conde-
Gonzalez et al. demonstrated the promising properties of MOFs
for silver removal by using the MOF HKUST-1 to adsorb silver
nanoparticles from water.*?

We note that in the literature the terms
“adsorption” are often used for the metal-thiolate binding in
porous materials. Adsorption refers to physisorption, while
metal-thiolate binding is chemisorption. To avoid ambiguity,
we will use the terms “uptake” or “removal’” here. The thiophilic
character of silver and mercury metal cations is well-known in
the literature and can be explained by the HSAB concept (HSAB =
hard and soft acids and bases) where interactions of soft Lewis
bases (like thiol or thiolate) and soft Lewis acids are preferred.*?

It is well established that the addition of monocarboxylic acid
modulators, like benzoic acid or acetic acid,®> can enhance the

“filtration” or

formation of defects in UiO-MOFs,**** which in turn can improve
porosity,*® stability’” and even catalytic activity.** In this work we
used mercaptoacetic acid (HMAc, Scheme 1) to modulate the
synthesis of UiO-66, opening the potential of an easy and low-cost
method for the introduction of thiol groups into the UiO-66 frame-
work, while preserving general UiO-66 properties like porosity and
stability. The mercaptoacetic acid modulator should be incor-
porated as mercaptoacetate (MAc™) into the framework to enhance
the uptake capacities of UiO-66 in the removal of silver ions.

When using high amounts of HMAc (100 eq.) versus ZrCl, we
identified a change in the structure from the usual UiO-66 face-
centered cubic (fcu)*® structure to a hexagonal close packed
(hep) structure, which was rarely described in the literature
after the first observation in 2018.*° To the best of our knowl-
edge we herein present the first functionalized structure of a
hep UiO-66 MOF. We tested two of the synthesized MOFs for
the removal capacities of silver(1) from aqueous solution.

Experimental
Materials and methods

Zirconium(wv) chloride (ZrCl,, purity >98%) and potassium
cyanide (KCN, purity >97%) were obtained from Alfa Aesar,
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Scheme 1 Structure of mercaptoacetic acid (HMAc).
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benzene-1,4-dicarboxylic acid (H,BDC, purity 98%)
obtained from Sigma Aldrich and mercaptoacetic acid (HMAc,
purity 98%) was obtained from PanReac AppliChem. All
solvents were of analysis grade. All chemicals and solvents were
used without further purification. AAS standard solution for
silver (AgNO;, with Ag(r) concentration = 1000 mg L', stabi-
lized by HNO3) was obtained from Sigma Aldrich. Ultrapure
water was produced with a Merck Millipore Synergy© system.

Powder X-ray diffraction. Powder X-ray diffraction (PXRD)
data were acquired with a Bruker D2 Phaser diffractometer
using Cu Kol/a2 radiation with 2 = 1.5418 A at 30 kv. All
diffractograms were obtained employing a “low-background sam-
ple holder” at 20 angles from 5-50° at a scan rate 0.125° s~ ..
Diffractograms for hcp UiO-66-MAc-100 eq. were additionally
obtained using a Rigaku Miniflex 600 and Cu Ko1/02 radiation
(A =1.5418 A at 40 kV). The samples were measured at 20 angles
from 2-50°.

FT-Infrared (FT-IR). FT-Infrared (FT-IR) spectra were
obtained on a Bruker FT-IR Tensor 37 spectrometer with a
resolution of 2 ecm ™ in the 4000-550 cm ™" region. All samples
were measured as KBr disks.

Raman spectra. Raman spectra were acquired using a Bruker
MultiRAM-FT Raman spectrometer equipped with a Nd:YAG-laser.
Excitation wavelength of the laser was 1064 nm. All spectra were
measured for at least 2500 scans (up to 5000) at a laser intensity of
at least 50 mW (up to 700 mW).

Nitrogen (purity 99.9990%) physisorption isotherms. Nitrogen
(purity 99.9990%) physisorption isotherms were measured on a
Quantachrome Autosorb-6 at 77 K. All samples were activated
under a vacuum (1 x 10~ mbar) and an enhanced temperature of
393 K for 3 h before every sorption measurement. The Brunauer—
Emmett-Teller (BET) specific surface area was calculated from
the measured nitrogen physisorption isotherms. Multipoint-BET
surface areas were determined at relative pressures p/p, between
0.01 and 0.05.

Argon (Ar) (purity 99.999%) physisorption experiments.
Argon (Ar) (purity 99.999%) physisorption experiments were
carried out at 87 K using a Quantachrome Autosorb iQ MP
equipped with a Quantachrome cryocooler to adjust the tempera-
ture. Total pore volumes were calculated from the Ar-isotherms at
plpo = 0.8. Pore size distribution was calculated with QSDFT
calculations using the “Ar at 87 K Carbon QSDFT, slit pore,
QSDFT equilibrium” model.

Thermogravimetric analysis (TGA). Thermogravimetric analysis
(TGA) was performed on a Netzsch Thermo-Microbalance Appa-
ratus TG 209 F3 Tarsus, at a ramp rate of 5 K min~*' under a
synthetic air flow. All samples were previously dried at 60 °C under
a vacuum for at least 12 h.

Scanning electron microscopy (SEM). Scanning electron
microscopy (SEM) images were obtained using a Jeol JSM-6510LV
QSEM advanced electron microscope equipped with a LaBg
cathode at 5-20 kV. The microscope was equipped with a Bruker
Xflash 410 silicon drift detector for energy-dispersive X-ray (EDX)
spectroscopy. The samples were previously dried at 60 °C under a
vacuum for at least 12 h. All samples were coated with gold (Au) using
a Jeol JFC 1200 finecoater (20 mA for 25 s) before the measurements.

was
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UV/Vis spectra. UV/Vis spectra were recorded on an Analytik
Jena Specord S 600 (190-1100 nm) in quartz glass cuvettes.

Elemental analysis (CHNS). Elemental analysis (CHNS) was
carried out using an Elementar Analysensysteme vario MICRO
cube. All samples were previously dried at 60 °C under a
vacuum for at least 12 h.

Atomic absorption spectroscopy (AAS). Atomic absorption
spectroscopy (AAS) was carried out on a PerkinElmer PinAAcle
900T equipped with a multi-element silver and gold hollow
cathode lamp and a 10 cm acetylene-air burner.

1H NMR spectra. 'H NMR spectra were recorded on a Bruker
Avance I11-600. All samples were dissolved in 1 mol L' NaOD/
D,O by mixing 20 mg of dried MOF sample with 600 pL of
NaOD/D,O and ultrasonication for 2 h. After the samples were
shaken for 4 d (VWR®™ Mini Shaker at 200 rpm), the samples
were again ultrasonicated for 4 h to ensure maximum diges-
tion. Excess MOF and residual ZrO, were removed by ultracen-
trifugation (10 min, 30000 rpm). During the measurements, the
d1 relaxation time was set to 20 s and the samples were
measured for 128 scans to ensure reliable integrals.

X-ray photoelectron spectroscopy (XPS). X-ray photoelectron
spectroscopy (XPS) was conducted on a ULVAC-PHI VersaProbe
II microfocus X-ray photoelectron spectrometer. The spectra
were recorded with the usage of a polychromatic aluminum Ko
X-ray source (1486.8 eV) and referenced to the carbon 1s orbital
with a binding energy of 284.8 eV. The CasaXPS, version
2.3.19PR1.0, copyright 1999-2018 Casa Software Ltd program
was utilized for the fit of the experimental XP spectra.

Synthesis

All materials were synthesized using a protocol for the synthesis
of acetic acid modulated UiO-66,® by employing mercaptoacetic
acid instead of acetic acid (Scheme 2).

In a typical synthesis, 1 mmol of ZrCl, (229 mg) and 1 mmol
(170 mg) of terephthalic acid (benzene-1,4-dicarboxylic acid,
H,BDC) were mixed with 25 mL of N,N-dimethylformamide
(DMF) and 5 mL of water in a Pyrex bottle with a screw-cap.
Mercaptoacetic acid (10-100 eq. in relation to ZrCl,) was added
and dissolved under ultrasonification for 10 minutes (for used
weights and exact molar ratios see Table S1, ESIT). Afterwards
the bottle was placed in an oven and heated to 120 °C for 24 h
(ramp time 3 h for heating and 3 h for cooling). The solid
product was separated by centrifugation, decanting the super-
natant, and washing three times with 35 mL of methanol
(MeOH) for 24 h each. Finally, the colorless solid was

H o
H,O
DMF
+ HS —> Ui0-66-MAc
ZrCly,  + OH 24 h
120° C
(¢] H

Zirconium(IV)-chloride  H,BDC HMAc

Scheme 2 Reaction scheme for the mercaptoacetic acid (HMAc)-

modulated synthesis of UiO-66-Mac.
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centrifuged and dried at 60 °C under a vacuum. Obtained yields
were between 234 and 249 mg. Products are denoted as UiO-66-
MAc-X, with X = 10, 30, 50 or 100 of used equivalents of HMAc
versus ZrCl, in the synthesis. Importantly, the amount of
incorporated MAc™ is only between 0.37 and 0.80 eq. However,
in the literature it is common to name the samples according to
the equivalents of modulator used during the synthesis in
relation to the metal salt.®

MOF stability tests. MOF stability tests were conducted by
shaking the samples on a VWR® Mini Shaker at 200 rpm for 24 h
in ultrapure water (Merck Millipore Synergy©) or in a buffered
solution with pH 4 or pH 10. The samples were washed twice
with methanol (10 mL each) and dried at 70 °C under air after
centrifugation. The products were subsequently examined with
PXRD to determine whether decomposition had taken place.

Silver ion removal studies. Silver ion removal studies were
conducted as follows: A commercial AAS standard silver(r)
nitrate solution (1000 mg L™, stabilized by HNO;) was diluted
with ultrapure water (Merck Millipore Synergy©) to 2, 10, 50,
100, 250 and 500 mg L~ '. Then 10 mg of the dried MOF was
mixed with 10 mL of the diluted silver-containing solutions and
shaken over night for 12 h under exclusion of light to prevent
possible photoreduction of silver. The MOF was separated from
the dispersions by centrifugation and decantation and the
decanted solution diluted to 1 mg L~ " based on their initial
concentrations. Silver ion uptake was quantified through AAS
determination of the supernatant solution. All silver uptake
experiments were carried out twice and the remaining concen-
tration of each batch was determined in triplicate.

Silver ion removal kinetics. Silver ion removal kinetics was
followed through AAS. For this purpose, 10 mg of the dried
MOF samples were shaken under exclusion of light with 20 mL
of a 10 mg L™ silver solution (VWR® Mini Shaker at 200 rpm).
After 2, 5, 10, 30, 60 and 120 minutes, samples were taken as
described above, diluted to 1 mg L™* based on their initial
concentration and measured by AAS. All uptake-kinetic experi-
ments were carried out twice. For further information on the
analysis of the silver uptake and the uptake-kinetic studies see
Sections S9 and S10, ESIL.{

Regeneration studies of the MOFs after Ag(1) uptake. Regen-
eration studies of the MOFs after Ag(1) uptake were conducted
by soaking the Ag-loaded MOFs after the 12 h silver uptake
experiments in a freshly prepared aqueous solution of 10 mL of
potassium cyanide (500 g L") for 24 h on a shaking plate
(VWR® Mini Shaker at 200 rpm). All samples were kept under
exclusion of light. After decanting the potassium cyanide
solution, samples were washed twice with ultrapure water
and dried at 60 °C under a vacuum. Samples were investigated
by SEM-EDX mapping and PXRD measurements.

Results and discussion

Synthesis and characterization

The synthesis of UiO-66-MAc-X from ZrCl, and terephthalic
acid with different equivalents of mercaptoacetic acid as the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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modulator yielded colorless solids after drying (Fig. S1, ESIt).?
The products form small primary particles, which are highly
agglomerated (Fig. S2-S5, ESIT), possibly due to the formation
of interparticle S-S disulfide bonds on the MOF surface
through air oxidation of the thiol groups. The designation of
the products as UiO-66-MAc-X with X = 10, 30, 50 or 100 used
equivalents of HMAc in the synthesis followed the general
principle of modulated UiOs used in the literature, where the
synthesis equivalents of the modulator are indicated, even if
the actually incorporated amount is much lower. In our work
here, the amount of MAc™ incorporated is only between 0.31
and 0.80 eq. in relation to the organic linker. However, a large
excess of modulator can have additional, for example morpho-
logical, effects. When Shearer et al. investigated the influence of
different modulators in the synthesis of UiO-66, the amount of
incorporated modulator was only between 0.1 and 0.8 eq. in
relation to the organic linker. Yet, an increased amount of
modulator (6 to 100 eq.) during the synthesis led to the
additional effect of a stepwise phase change from the fcu phase
of UiO-66 to a primitive cubic reo phase.®> Zhao et al. synthe-
sized nano-sized MIL-101(Cr) through the addition of up to
17 eq. of acetic acid (vs. Cr and H,BDC).”° With increasing
equivalents of benzoic acid as modulator (from 3 to 10 eq.)
under otherwise similar hydrothermal synthetic conditions.
Instead of nanocrystals of MIL-101(Cr) the microparticulated
MIL-88B(Cr) product was formed.>" In 2019 Yang et al. had briefly
noted the idea of using mercaptoacetic acid as a modulator for the
synthesis of a thiol-modified UiO-66 but concentrated on the use
of thiol-modified mercaptosuccinate and dimercaptosuccinate
linkers for the removal of chromates."

The powder X-ray diffraction (PXRD) patterns of UiO-66-
MAc-X match the simulated pattern of fcu UiO-66 for X = 10,
30, and 50 (Fig. 1).>> The broadening of the reflexes can be
explained through the formation of very small crystallites (Fig.
S2-85, ESIY).

When conducting the synthesis in the presence of 100 eq. HMAc
there was a reproducible change in the powder pattern indicating
the presence of a different phase (see UiO-66-MAc-100 eq., Fig. 1).

A
e

UiO-66-MAc-100eq

UiO-66-MAc-50eq

UiO-66-MAc-30eq

UiO-66-MAc-10eq

UiO-66 sim.

5 10 15 20 25 30 35 40 45 50
20 [°]
Fig.1 PXRD patterns of UiO-66-MAc with different HMAc equivalents

used in the synthesis and simulated diffractogram of UiO-66 (from CIF
CCDC 837796).%2
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—— UiO-66-MAc-100eq

—— hcp UiO-66 sim

A T |

5 10 15 20

25 30 35 40 45 50

20[°]
Fig. 2 PXRD pattern of UiO-66-MAc-100 eq. and simulated diffracto-
gram of hep UiO-66 (from CIF CSD-Refcode: KINGUM).*°

A powder pattern with higher resolution and measured to lower
angles of 20 < 5° (Fig. 2) was in good accordance with the
simulated PXRD of the hexagonal close packed (hep) phase of
Ui0-66, first reported in 2018 by Ermer et al.*®

A Dbrief structural description of feu and hep UiO-66 is
provided in Section S7, ESI. thep UiO-66 was, so far, obtained
by either using a terephthalate-containing ionic liquid or
poly(ethylene terephthalate) as linker or by using large amounts
of hydrochloric acid or acetic acid modulators.**** To the
best of our knowledge there is no functionalized hep UiO-66
known. PXRD patterns showed the transition to the hep struc-
ture starting with the use of ~80 eq. HMAc in relation to ZrCl,
(for details see Section S14, ESIt). The product showed hcp
reflexes in the PXRD pattern but with poor crystallinity com-
pared to the 100 eq. UiO-66-MAc. This may be due to the
formation of both feu and hep phases albeit in small and not
well-developed crystallites. The use of 90 eq. HMAc yielded the
hep structure of UiO-66. The amount of incorporated MAc™ in
Ui0-66-MAc was determined by digestion '"H NMR, (details in
Section S3, ESIt), and by TGA (details in Section S4, ESIt).
All samples were dried before the measurements to ensure a
minimal presence of residual solvent. From digestion "H-NMR
and from TGA analysis the molar BDC> :MAc ratios are
directly obtained (Table 1). Elemental CHNS analysis (Table S4,
ESIt) shows the presence of significant amounts of sulfur but
does not provide the possibility to derive a sum formula or linker
to modulator ratio because of the undefinable solvent residues.
With the sum formulae derived from NMR and TGA, the found
wt% sulfur matches the calculated values reasonably well.

In the ideal UiO-66 formula of [ZrsO,(OH),(BDC)s] the molar
Zr:BDC ratio is 1:1. However, UiO-66 is subject to linker
defects, which are the basis for MAc incorporation.

The number of linker defects can be calculated from TGA
analysis (details Section S4, ESIt) by a procedure from Shearer
et al® This method is, however, not suitable for the hcp-
structured UiO-66-MAc-100 eq. because the decomposition
does not lead to pure ZrO,.*> The comparison of the sulfur
contents derived from the linker defect analysis and from
CHNS analysis is presented in Section S4 and Table S5, ESL.¥

Mater. Adv., 2021, 2, 804-812 | 807
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Table 1 Determination of incorporated modulator amount in UiO-66-MAc-X

UiO-66-  BDC®> :MAc™ 'H-  BDC® :MAc~ BDC®> :MAc™ from defect ~ BDC® :MAc~

MAc- NMR* TGA? cale.’ average Sum formula?

10 eq. 1:0.30 1:0.29 1:0.35 1:0.31 Zrs04(0OH),(BDC) 55(MAC)1 42

30 eq. 1:0.62 1:0.55 1:0.50 1:0.56 Zr40,(OH),(BDC); g5(MAC), 15

50 eq. 1:0.77 1:0.85 1:0.79 1:0.80 Zr40,4(0OH),(BDC); 33(MAC),.6,

100 eq. 1:0.64 1:0.50 Method not suitable 1:0.57 [(Zre04(OH),)2(OH)6](BDC)s5 73(MAC)3 27

“ Detailed calculation presented in Section S3, ESI. ” Molar ratios directly determined from weight loss steps. Further details in Section S4, ESI.
¢ Sum formula calculated from linker-defect calculations presented in Table S5, ESL. For further details see Section S4, ESIL 4 Sum formula
calculated from the average linker to modulator ratios under the assumption that one BDC>~ linker in ideal fcu UiO-66 with the formula
[Zrs04(OH)4(BDC)s] and in ideal hep UiO-66 with the formula [(Zrs0,(OH),),(OH)s(BDC)s] is replaced by two MAc™ molecules.

When the BDC?~ linker defects are assumed to be replaced by
two MAc~ equivalents a BDC> :MAc™ ratio is obtained.

The three BDC> :MAc™ ratios from NMR, TGA and linker-
defect analysis agree within experimental error and the average
BDC?>™ :MAc™ ratio was taken as the basis for a sum formula
(Table 1). In addition, SEM-EDX with elemental mapping
allowed us to estimate the Zr:S ratio (Section S2, ESIf). The
wt% sulfur from elemental CHNS analysis (Table S5, ESIt) as
well as the Zr- and S-EDX mappings show a uniform and
concomitant distribution of Zr and S over the entire particles
(Section S2, ESIf). The amount of introduced modulator MAc™
increased with the amount of used modulator during the
synthesis for fecu structured UiO-66-MAc-10 eq. to -50 eq. At
100 eq. modulator the UiO-66 phase changed from fcu to hep.

At the same time a lower incorporated modulator content was
found for the hep structured UiO-66-MAc-100 eq. This correlates
with a decreased Zr-BDC-linker ratio of 1:0.75 for the hep phase
compared to 1: 1 for the feu structure (see structural information
for fcu and hep UiO-66 in Section S7, ESIT).

The FT-IR spectra of UiO-66-MAc showed no visible vibra-
tions which can be assigned to the MAc™ modulator (Section
S5, ESIt). Slight differences in the intensities of the -CO, linker
vibrations between feu structured UiO-66 and the hep phase
can be explained by the differences between the SBUs.

However, -SH and C-S vibrations are Raman active and in
general show stronger vibration bands compared to the intensities
in IR-spectroscopy. In the Raman spectra (Section S5, ESIT) for the
50 eq. and 100 eq. modulated UiOs, signals at 2580 cm ™' can be
assigned to —SH vibrations (Section S5, ESIT) and were reproduci-
bly visible after enhancing the laser power up to 700 mW and with
longer measurements.

The strong agglomeration of primary particles may be due to
the formation of interparticle S-S disulfide bonds on the MOF
surface after thiol oxidation through oxygen from air. Yee et al.
reported the formation of disulfide bonds in their 2,5-
dimercapto-1,4-benzenedicarboxylate UiO-MOF.>' There were,
however, no characteristic S-S vibrational signals visible in IR-
or Raman-spectroscopy in UiO-66-MAc-X (Section S5, ESIT),
which indicates that the amount of such S-S bonds, if any, will
be very low.

Nitrogen sorption measurements at 77 K of the 10 to 50 eq.
fcu materials showed a Type IV isotherm with H2 hysteresis
(Fig. 3), indicating that the samples are micro- to
mesoporous.”® The mesoporosity can be caused by the linker
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1200 1—— Ui0-66-MAc-10eq UiO-66-MAc-30eq

—— Ui0-66-MAc-50eq —+— UiO-66-MAc-100eq
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Relative pressure p/p, [-]

Fig. 3 Ny sorption isotherms of UiO-66-MAc-10 eq., 30 eq., 50 eq. and
100 eq. at 77 K. Filled symbols: adsorption; empty symbols: desorption.

defects and/or by the aggregation of the nano-sized MOF
crystallites, forming meso- (and macroporous) cavities.’” This
aggregation could also be induced by S-S bonds between the
crystallites. H2 hysteresis can be attributed to pore-blocking/
percolation in a narrow (H2a) or wider (H2b) range of pore
necks or to cavitation-induced evaporation. The hysteresis
decreased with increasing amounts of modulator. For hep
UiO-66-100 eq. the sorption isotherm is a combination of Type
I (for the microporosity at low p/p,) and Type II (at high p/p,,
given by macroporous adsorbents) as the adsorbed multilayer
appears to increase without limit when p/p, = 1. There is only a
small hysteresis loop for the hep sample.

The total BET surface area decreased with increasing modulator
content (Table 2). BET surface areas of the MAc -modulated fcu
MOFs with 1290-1070 m* g~ ' compare well with the surface areas
of unmodulated UiO-66 of 1100 m* g~ *,** and modulated UiO-66
ranging from 700 up to 1600 m> g~ ".>**>® Also, the BET surface
area of hep UiO-66-MAc-100 eq. is in good accordance with the
literature values."*>*™®

The total surface area was differentiated into the internal
micropore surface area (A;,) and the external surface area (Agy)
by the #-plot and the V-t-method (Table 2). The external surface area
refers to all non-microporous areas and includes the surface area
originating from meso- and macropores, ie. pores with diameters
larger than 2 nm. Interestingly, Ar, with 825-896 m* g~ did not

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Porosity characteristics of UiO-66-MAc
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Apy [m* g7] Viowal” [cm® g7 Pore sizes® [A]

Material Sper® [m* g7 A’ [m? g7 "]
Lit. feu Ui0-66" 700-1700 790-1600

10 eq. 1289 830

30 eq. 1253 896

50 eq. 1072 825

Lit. hep UiO-66° 700-900 708-920

100 eq. 912 708

98-101- 0.3-0.6 7,11
459 0.85 11, 29, 54, 89, 106
357 0.65 14, 29, 50, 110
247 0.39 7,10, 27, 48, 103
204 0.32-0.45 7,10

204 0.35 7,11, 26, 100, 154

“ Multipoint BET between p/p, = 0.01 and 0.05. * Internal micropore surface area determined from ¢-plot and the V-t method. © External surface
area, i.e., the surface area from meso- and macropores, determined from the ¢-plot and V-t method. ¢ Total pore volume at p/p, ~ 0.8. ¢ Pore size
distribution for UiO-66-10 eq. and -30 eq. determined from nitrogen sorption, for -50 eq. and -100 eq. by Ar sorption, see Section S6, ESI.

f Depending on the used modulator.®**%%7%2 ¢ values for Ay, and Agy are from our measurements.

change much for the fcu UiOs when considering typical error
margins or +20 to 50 m> g . Yet, the smaller the amount of
MAc modulator the higher the external surface area (Agy) or the
lower the ratio of Ay, to Agy. The increased meso/macroporosity for
smaller modulator amounts in the fecu UiOs is evident from the
enhanced hysteresis when going from 50 eq. over 30 eq. to the
10 eq. sample (Fig. 3). The total pore volume Vi, corresponds to
the literature values of small sized feu UiO-66 particles,” which
range from 0.3 to 0.6 cm® g~ % and to the hep UiO-66, for which
Vioral Values of 0.32 and 0.45 cm® g~ were found.” >

Pore size distribution (using the QSDFT method) and total
pore volumes were calculated from nitrogen or argon (Ar)
physisorption isotherms (Table 2 and Fig. S36 to S41, ESIT).

Pore size distribution by Ar sorption isotherms showed
micropores of the same size as the triangular pore window
(~6 A), the tetrahedral pore (~8 A) and the octahedral cage of
feu UiO-66 (at around 11 A).°* In defect-rich UiO-type structures
the tetrahedral pore size is often increased from 8 A to 10-12 A,
which is consistent with the presented data.®® Also, for the hep
UiO the micropores of 7 and 10 A are in good accordance with
the literature values.”® For all samples, additional mesopores
above 2 nm (Table 2, Fig. S37, S39-541, ESIT) can be due to linker
defects or formed through agglomeration of small MOF particles
by dithiol-bonds (see the SEM images in Fig. S4 and S5, ESIY).

Removal of silver(1)-ions from aqueous solutions

The above-determined UiO pore sizes should allow hydrated
silver(r) ions to fit inside the pores of the thiol-functionalized
MOFs for sorption from aqueous solutions. The literature states
the diameter of a hydrated AgNO; ion pair in aqueous solution
as 6.3 A and for hydrated Ag" in solution as 4.8 A. Both values
refer to the distance from silver to the oxygen atoms of water in
the first hydration shell.®® Stability tests were carried out at pH
4, 7 and 10 with UiO-66-MAc-50 eq. and UiO-66-MAc-100 eq. to
determine the potential pH range for the silver uptake experi-
ments. Powder X-ray diffractograms show that UiO-66-MAc-50 eq.
(Fig. S45, ESIt) is stable in water at pH 7 but loses crystallinity
at pH 4 and decomposes at pH 10. The literature reported that
UiO-66 is stable under acidic conditions up to pH 1 for
extended periods,” while decomposing under basic conditions.
For hep UiO-66-MAc-100 eq. (Fig. S46, ESIt) the results show
preservation of the structure at pH 7 and 4, whereas at basic
conditions (pH 10) the material loses crystallinity. Ermer et al.*°

© 2021 The Author(s). Published by the Royal Society of Chemistry

49,53-55

has shown stability for hep UiO-66 from pH 0 to pH 12 over a
period of three days. The lower pH-stability of the thiol-
modified UiO-66 MOFs is reasoned by the high number of
defects. Hence, the silver uptake experiments and the kinetic
studies were carried out at pH 7, at which both MOFs tended to
be stable for at least 24 h.

Removal of silver(r) from water was tested with UiO-66-MAc-
50 eq., because of its high amount of incorporated sulfur-
containing modulator. Additionally, hep UiO-66-MAc-100 eq.
was also tested for the removal of silver to check how the
different structures influence the behavior for silver uptake.
The maximum Ag(1) uptake for UiO-66-MAc-30 eq. was lower
than that for UiO-66-MAc-50 eq. but slightly higher than that
for UiO-66-MAc-100 eq., which we refer to as the lower and
similar to slightly higher sulfur content of UiO-66-MAc-30 eq.
compared to those of UiO-66-MAc-50 eq. and UiO-66-MAc-100 eq.
(for the silver(i) uptake of UiO-66-MAc-30 eq. see Section S12,
ESIT). Both UiO-66-MAc-materials exhibit a steep uptake of
silver ions with increasing Ag-concentration, akin to a Type I
isotherm. A plateau is reached at a concentration of 164 mg L ™"
with an Ag” uptake of 84 mg g~ * for UiO-66-MAc-50 eq., and at a
concentration of 216 mg L' with an Ag” uptake of 32 mg g~*
for UiO-66-MAc-100 eq. (Fig. 4). Both isotherms could be best
fitted by a Langmuir adsorption isotherm model (Fig. 4b,
details in Section S9, ESIt). Therefore, it corresponds well to
previous reported uptake behaviors for the capture of Ag(1) and
other heavy metal ions like Hg(n) with MOFs.""'%2*

The uptake depends on the incorporated sulfur amount,
which is around 1.5 times higher in UiO-66-MAc-50 eq. over
-100 eq. as determined in the CHNS analysis.

If the uptake of silver takes place at the thiol group of the MAc
modulator then 38 mol% of the sulfur atoms in UiO-66-MAc-50 eq.
become occupied by silver and 21 mol% in UiO-66-MAc-100 eq.
SEM-EDX mappings after the uptake experiments for 12 h in
500 mg L~ silver solution showed Ag to be evenly distributed over
the MOF particles together with zirconium and sulfur (Fig. S53 and
S54, ESIt). There are no significant silver EDX signals observed
outside of the MOF particles, so it is verified that the decrease of
silver concentration is solely due to the uptake in the MOF.

Porous materials like MOFs and COFs (covalent-organic
frameworks) and also clay-type composite materials show a
wide distribution in silver ion uptake capability between 8 and
450 mg g~ '. Most materials follow Langmuir-type adsorption

Mater. Adv., 2021, 2, 804-812 | 809
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Fig. 4 Isotherms of the Ag() removal with UiO-66-MAc-50 eq. (a) and

UiO-66-MAc-1000 eq. (c) (ge = uptake at equilibrium; ce= concentration
at equilibrium). (b and d) Correlated fitted equilibrium data by the linearized
Langmuir adsorption model.

models and the uptake can be described by chemisorption.
For example, Ding et al. were able to reach a maximum uptake
of 163 mg g~ ' for their rhodanine (rd) post-functionalized UiO-66-
NH,-rd,>* where each rhodanine moiety contains two accessible
sulfur atoms. Conde-Gonzalez et al. achieved a silver nanoparticle
uptake of around 80 mg g ' with HKUST-1.*> Other materials
show uptake between 8 mg g~ for expanded perlite, which is a
volcanic glass,* 35 mg g~ for Fe;0,@Si0,@TiO,-1IP* (IIP = ion
imprinted polymer), nearly 227 mg g for a magnetite, thiourea and
glutaraldehyde-modified chitosan resin® and up to 450 mg g™ for a
MgAl-ayered double hydroxide®” (a literature overview is provided in
Table S11 in Section S15, ESIT).

Ding et al. observed a comparatively small Ag™ uptake of 15 to
20 mg g ' at a silver equilibrium concentration of 500 mg L ™" in
pure UiO-66, which increases gradually with rising concentration.>
While UiO-66-MAc-50 eq. reached the maximum uptake at
a concentration of 200 mg L' Ag', pure UiO-66 reached
the maximum of 20 mg g ' at ~500 mg L~ ">* Therefore, the
incorporation of thiol-groups into the framework enhances the
sorbent-sorptive interactions, which is the affinity for silver, result-
ing in pore filling at very low concentrations. Ding et al. noticed the
same effect for their rhodanine-modified UiO-66 derivates.”* The
introduced MAc modulator enhances the maximum specific
uptake up to 4 times for UiO-66-MAc-50 eq. and around 1.5 times
for hep UiO-66-MAc-100 eq. compared to unfunctionalized UiO-66.

The kinetic silver uptake curves for UiO-66-MAc-50 eq. and
-100 eq. (Fig. 5) were fitted to a pseudo second-order model
until 30 minutes, when a change to pseudo first-order seemed
to occur (Fig. 5 and Fig. S48, equations in Section S10, ESIT).
Both models are often described for the removal of heavy
metals from aqueous solutions with solid sorbents, including
MOFS‘11,13,24,68

We suggest that for the second-order kinetics both the silver
and thiol concentrations determine the chemisorption of silver
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UiO-66-MAc-100 eq. (b) from a starting Ag* concentration of 10 mg L%
Linear fit for pseudo second-order kinetics (c) and for pseudo first-order
kinetics (d) for the uptake in UiO-66-MAc-50 eq. See Fig. S48, ESI for the
linear fits for the uptake in UiO-66-MAc-100 eq.

on easily accessible thiol groups, for example, at the outside of
the particles and near the pore mouths. The chemisorption is
then followed by the thiol groups inside the MOF pores, which
is most likely diffusion controlled.®*”°

X-ray photoelectron spectra show the oxidation state of silver
in UiO-66-MAc-50 eq. and UiO-66-MAc-100 eq. as a mixture of
predominantly Ag(0) and to a minor extent of Ag(1), indicating
largely the reduction of silver(i) to silver(0) through the oxidation
of thiol groups and for the remaining Ag(i) the formation of R-S-
Ag bonds (for XPS spectra and detailed analysis see Section S13,
ESIT). At the same time, the crystallinity of the UiO samples
decreases in the presence of increasing silver concentration
concomitant with the uptake (for PXRD and N,-sorption see
Section S13, ESIf). After the silver() uptake experiments
nitrogen-sorption isotherms showed a significant loss in BET
surface area (Fig. S51, ESIf) consistent with the intended pore
filling. It was not possible to restore the BET surface area by
regeneration through silver removal with KCN (Fig. S58, ESIY)
This behavior was also reported by Ding et al. for their
rhodanine-UiO-66-NH,.>* A possible regeneration of the
Ag@UiO-66 samples was investigated through the silver extrac-
tion with potassium cyanide (KCN),”* by formation of the
dicyanoargentate(i) complex [Ag(CN),]". SEM-EDX verified the
successful extraction of silver with KCN as only background
noise was detected for silver at the MOF particles, yet the
previous crystallinity of the MOF samples was not reinstated
according to PXRD (see Section S13, ESIf).

Conclusion

We were able to reproducibly synthesize UiO-66 with the usage
of Mac™ as a modulator, yielding a highly porous, microcrystal-
line UiO-66 with evenly distributed modulator as seen in the

© 2021 The Author(s). Published by the Royal Society of Chemistry
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SEM-EDX mappings. The amount of incorporated modulator
was thoroughly determined by several analytical techniques,
whereas in the literature often only the defect characterization
is used to quantify the amount of modulator.

UiO-66-MAc MOFs showed high sulfur contents for a modu-
lated UiO-MOF with very high BET surface areas in the range of
typical UiO-66 BET surface areas. The PXRD data for the
products that were synthesized with 10, 30 and 50 eq. HMAc
exhibited the typical fcu topology associated with UiO-66,
whereas the synthesis with 100 eq. HMAc reproducingly yielded
hep UiO-66. To the best of our knowledge, this is the first
functionalized hep UiO-66.

The thiol-group was still intact after the synthesis as seen in
the FT-Raman results. The presented synthesis route therefore
offers a fast and cost-efficient possibility for the in-situ functio-
nalization of UiO-66 with thiol groups. Mercaptoacetic acid as a
modulator represents an affordable and easy way of introdu-
cing thiol groups into UiO-MOFs yielding high incorporated
sulfur amounts of up to 7 wt%, while keeping the expected BET
surface area of UiO-66.

The incorporation of Mac™ modulator ligands with free thiol
groups led to enhanced uptake of Ag" from aqueous solutions
when compared to non-functionalized UiO-66, with a maximum
uptake of up to 84 mg g~ * for Ui0-66-MAc-50 eq. and of 32 mg g *
for UiO-66-MAc-100 eq. The uptake isotherms followed the
Langmuir model and an initial pseudo second-order kinetics.
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