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MOF-808, a metal-organic framework containing ZrgOg clusters, can serve as a secure anchoring point
for stabilizing copper single-sites with redox activity, thus making it a promising candidate for catalytic
applications. In this study, we target the incorporation of Cu-MOF-808 into a mixed-matrix membrane
for the degradation of tyrosol, an emerging endocrine-disrupting compound commonly found in water
sources, through Fenton reactions, developing innovative technologies for water treatment. We success-
fully demonstrate the effectiveness of this approach by preparing catalytic membranes with minimal
metal leaching, which is one of the primary challenges in developing copper-based Fenton hetero-
geneous catalysts. Furthermore, we utilized advanced synchrotron characterization techniques, combin-
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ing X-ray absorption spectroscopy and pair distribution function analysis of X-ray total scattering, to
provide evidence of the atomic structure of the catalytic copper sites within the membranes. Additionally,
we observed the presence of weak interactions between the MOF-808 and the organic polymer, poten-
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Introduction

The presence of endocrine-disrupting compounds (EDCs) in
drinking water sources is of growing concern due to their
potential to mimic hormones in our bodies and cause severe
health problems."? Among them, alkyl phenol pollutants are a
big group of natural constituents of petroleum oil and may be
found in produced water discharged from offshore oil and gas
installations. Their complex chemical nature makes their
degradation in wastewater a significant challenge.® Various
chemical methods have been employed to tackle the removal
of organic water pollutants from wastewater, such as coagu-
lation, hydrolysis, ion exchange, and chemical precipitation.*
However, these technologies are often associated with high
operating costs, toxic by-products, and limited degradation of
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tially explaining their enhanced stability.

EDCs.? To address these limitations, advanced oxidation pro-
cesses stand out as efficient techniques due to their high oxi-
dation efficacy and lack of secondary pollutants. One example
are Fenton reactions, which have garnered attention for their
versatility and effectiveness in removing organic pollutants
from water.® However, the recyclability of Fenton-like techno-
logies is often limited by active site leaching under common
working conditions.”

In this context, crystalline porous materials such as Metal-
Organic Frameworks (MOFs) present interesting properties
towards the removal of emerging water pollutants.®™* Some of
them are related to their large specific surface areas and pore
volumes, associated with high sorption capacities; stabilization
of active sites, where pollutants can be adsorbed and
degraded; high stability in water (some of them); chemical tai-
lorability; potential for large-scale synthesis and manufactur-
ing as monoliths, pellets, membranes, or columns, for their
implementation in decontamination devices.">™> Among the
large family of MOFs, those based on Zr(wv)-oxo clusters are the
most promising materials for practical applications since they
exhibit rich structural types and high chemical stability,
especially in water. The Zrg(p3-O)y(ps-OH), (or ZreOg, for
clarity) octahedral cluster is the secondary building unit (SBU)
found in many archetypical Zr-MOFs, such as UiO-66,
NU-1000, and MOF-808.'°'® Zr-MOFs based on ZrsOg struc-
tural units have been shown to be active in the degradation of
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toxic compounds, mainly due to the combined presence of
strong Lewis acid Zr(wv) sites and the basic nature of the -OH/-
O ligands within the ZrgOg clusters."®?® Furthermore, the
incorporation of a second metal cation within the Zr-MOF
framework, as a local functional defect, can induce new pro-
perties and modify the Lewis acidity of zirconia clusters
making them even more active.”’ Thus, post-synthetic modifi-
cations can be used as a method to incorporate metal sites in
Zr-MOFs for improving their catalytic activity by stabilizing
active sites in the porous structure.”” In this regard, MOF-808
is a promising material that has attracted much attention in
the last years, due to the occurrence of open-sites within the
ZrsOg cluster. MOF-808 is composed of [Zrs(p3-O)a(ps-
OH),(HCOO)e] clusters as SBUs surrounded by 6 benzene-
1,3,5-tricarboxylic acid (BTC) molecules as linkers (Fig. 1A). In
particular, the low connectivity of 6 of the SBUs within
MOF-808 (i.e. UiO-66 has a connectivity of 12) allows a wide
variety of chemical modifications, both by insertion of organic
ligands and metal sites, opening new opportunities for the
development of porous materials with improved properties.>*>*
All these advantages of MOFs have been widely demon-
strated at the laboratory scale; however, some difficulties
linked to the processing of MOF powders have hindered their
industrial application in many cases. In the field of water treat-
ment, the use of a target material as a powder may cause
unwanted secondary pollution, therefore an additional fil-
tration step is required. Thus, there is an emerging interest in
developing strategies for improving the processability of MOFs
for practical applications.® In this sense, membranes allow
energy savings for an industrial scenario,>” and the possibility
to use MOFs as a catalyst in flow processes, by minimizing the
mass transport limitation characteristic of powders.”®>°
Among all the existing types of membranes based on
porous materials, we have focused on mixed matrix mem-
branes (MMMSs) which combine organic polymers and in-
organic fillers.>® MOFs have been implemented as inorganic
fillers for the preparation of functional MMMs for more than

Fig. 1 (A) Representation of the MOF-808 structure. (B) Depiction of
the copper single-sites grafted to the ZrgOg clusters. Colour scheme:
purple = Zr, grey = C, red = O, blue = Cu; hydrogen atoms have been
omitted for clarity.
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one decade already.”® MOF-based MMM devices have been
widely used in continuous flow systems, but most research
about MOF-based membranes has focused on the use of these
membranes for applications in gas separations,*” liquid-phase
separations,®® or extractions.** In this scenario, the application
of MOF-based MMM as catalytic technologies under continu-
ous flow conditions has been scarce,*® albeit the great poten-
tial of these porous functional systems.

In this work, we describe the development of functional
porous MMM devices that utilize MOF-808 modified with
copper singles-sites to efficiently degrade EDCs, such as
tyrosol, through Fenton reactions. To gain insight into the
local structure of the redox-active copper sites stabilized within
the MMM, we employed advanced synchrotron characteriz-
ation techniques, including pair distribution function (PDF)
analyses of X-ray total scattering data and Cu K-edge X-ray
absorption spectroscopy (XAS). Our results demonstrate that
the stabilization of Cu-MOF-808 nanoparticles (NPs) into an
organic polymeric matrix by hydrogen bonding interactions,
leads to significantly reduced copper leaching and mass trans-
fer limitations, resulting in superior performance under con-
tinuous flow compared to the powder. These findings high-
light the potential of stabilized copper single-sites within
MMMs for efficient and sustainable water treatment
applications.

Results and discussion

Synthesis and characterization of the MOF nanoparticles

MOF-808 NPs were used for preparing MMMSs to afford a hom-
ogenous dispersion of the MOF in the polymer matrix while
avoiding aggregation and the formation of interfacial voids
between the inorganic particles and the polymer.*® Nano-sized
MOF-808 was synthesized by microwave-assisted synthesis in
N,N-Dimethylformamide (DMF) at 130 °C by exploring
different reaction times (from 30 to 90 min). The as-prepared
MOF-808 NPs were washed with DMEF, distilled water, and
methanol. The final washing with methanol affords the acti-
vation of the ZrsOs cluster for further metalation with copper,
by partially replacing the formate ligands by water and hydroxy
groups.’” The optimal results in terms of particle size, mor-
phology, and crystallinity of MOF-808 NPs were obtained by
using 45 min of reaction time (see S1, S3, S4 sections and
Fig. S7.1 from ESI}). Subsequently, the MOF-808 NPs were
metalated with copper by immersion in a solution of methanol
containing copper(u) acetate, at 60 °C overnight. The resulting
Cu-MOF-808 NPs were activated through several washings with
methanol, distilled water, and ethanol where they were finally
suspended to avoid aggregation. ICP analyses on the sample
indicated a molar ratio Cu to ZrOg of ca. 3.1.

Powder X-ray diffraction (PXRD) data collected on the Cu-
MOF-808 NPs showed the unique presence of the Bragg peaks
corresponding to the MOF-808 phase, together with the retain-
ing of long-range order within the structure (Fig. 2A). Fourier-
transform infrared spectroscopy (FTIR) indicated the occur-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (A) PXRD patterns of the synthesized materials and simulated for MOF-808. (B) N, adsorption isotherms at 77 K for MOF-808 and Cu-—

MOF-808 NPs. Filled and empty symbols correspond to adsorption and desorption processes, respectively. (C) TEM image of Cu—MOF-808 NPs. (D)

Mapping of Zr and Cu for Cu-MOF-808 NPs.

rence of characteristic vibrational bands of the MOF-808
framework in the metalated material (see S8 section from
ESI{).?® Proton nuclear magnetic resonance ("H-NMR) experi-
ments on a digested sample of Cu-MOF-808 (see S2 section
from ESIt) enabled us to quantify the chemistry of the organic
component of the material, suggesting a chemical formula of
[ZrsCu; 105H4(CoH306)2(OH)o g(H,0)3.6(C2H305),.4].  Thermal
gravimetric analyses (TGA) showed thermal stability for
Cu-MOF-808 NPs up to ca. 230 °C, similar to the pristine
material (see S9 section from ESIY).

Nitrogen adsorption isotherms collected on the MOF-808
NPs before and after the incorporation of copper (Fig. 2B)
revealed expected changes in the porosity of the material upon
metalation. Particularly, the surface area for MOF-808 NPs is
significantly larger than that of bulk MOF-808 (1712 m”> g™*
reported for bulk MOF-808%% compared to 2035 m> g~' for
MOF-808 NPs) and that of Cu-MOF-808 NPs (1370 m”> g™ ).
This decrease in adsorption capacity is related to the incorpor-
ation of copper single sites along the edges of the tetrahedral
cavities in MOF-808 (Fig. 1B), as previously seen for the bulk
material.*® Regarding the NLDFT pore size distribution calcu-
lation, while the Cu-loaded MOF NPs seem to maintain the
micropore window (ca. 12 A and ca.18 A), the micropore taken
as the pore width under 22 A to the total pore volume rapidly
decreases with the metal loading (see S10 section from ESI¥).

The morphology of the synthesized Cu-MOF-808 NPs was
studied by field emission scanning microscopy and trans-

This journal is © The Royal Society of Chemistry 2024

mission electron microscopy with energy dispersive X-ray spec-
troscopy (FE-SEM and TEM-EDS), showing a nanoparticle size
of around 115 nm for Cu-MOF-808 (see S3 and 4 sections from
ESI}). TEM-EDS with the complementary mapping analyses
performed on the sample (Fig. 2C and D) showed the homo-
geneous incorporation of copper within the material. Dynamic
light scattering (DLS) performed on Cu-MOF-808 NPs indi-
cated an average hydrodynamic size of around 300 nm (see S6
section from ESIt). DLS measurements also demonstrated the
excellent stability of the colloidal suspensions of the MOF NPs
for 1 week.

Synthesis and characterization of the membranes

The remarkable colloidal stability of the Cu-MOF-808 NPs sus-
pensions in different organic solvents allowed us to prepare
crack-free and uniform MMMs by applying the -casting
method. For that, a solution of polyvinylidene fluoride (PVDF)
in DMF at 5 wt% was added to a suspension of MOF NPs in
DMF at 15 wt%. After solvent evaporation, MMMs with good
mechanical stability and flexibility were obtained (see S1
section from ESIf for detailed information).

PXRD data of the Cu-MOF-808 MMMs is dominated by the
Bragg peaks corresponding to the MOF-808 phase, although
the appearance of some broad signals corresponding to the
disordered PVDF matrix is also observed (Fig. 3A). FTIR
spectra further showed the successful incorporation of the
MOF NPs within the PVDF matrix. By the assignment of

Nanoscale, 2024, 16, 6627-6635 | 6629
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Fig. 3 (A) PXRD data of the synthesized membranes and the simulated
for MOF-808.%7 (B) FTIR spectra of both MMMs compared to the PVDF
membrane.
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characteristic bands at 1651 cm™" linked to the benzene ring
from the organic ligands; at 1624 and 1581 cm ™" linked to the
vibration of the carboxylate groups; and at 650 cm™" linked to
collective vibrations of the ZrgOg cluster involving multiple
Zr-O bonds (Fig. 3B).

To assess the morphology and the homogeneity, the mem-
branes were characterized by SEM and EDS mapping (Fig. 4,
and S5 section from ESI}). The results showed the homo-
geneous incorporation of the MOF NPs within the PVDF
matrix in both cases. The SEM cross-section images revealed
membrane thicknesses of around 140 pm for the
Cu-MOF-808@PVDF membranes.

Advanced synchrotron characterization was performed by
combining XAS and PDF analyses to assess the atomic struc-
ture of the catalytically active copper sites within the Cu-
MOF-808@PVDF membrane (see S11 and S12 sections from
ESIT). XAS experiments were carried out to elucidate both the
geometry and the oxidation state of copper within the mem-
brane. Cu K-edge X-ray absorption near-edge structure
(XANES) data of Cu-MOF-808@PVDF obtained at 20 K showed
two main features (Fig. 5A). The pre-edge peak was observed at
8979 eV, which is consistent with the presence of Cu(u) in a
twisted-square-planar geometry.” An additional feature is
observed at 8986 eV which corresponds with the 1s — {4p +
shakedown} transition.*’ The Cu K-edge extended X-ray
absorption fine structure (EXAFS) data indicated a main peak
centred at 1.6 A (without phase correction) that corresponds to
the Cu(u)-O bonds, together with the absence of contributions
beyond ca. 2.2 A characteristic of copper aggregates (Fig. 5B).
This evidences the presence of Cu(u) single-sites stabilized
within the composite membrane.

PDF analyses of X-ray total scattering data were carried out
to assess the local structure of the membrane components
(that is, PVDF and Cu-MOF-808) as well as the presence of

Fig. 4 SEM images of the top view of (A) the surface of PVDF and (B) Cu-MOF-808@PVDF membranes. SEM cross-section image of (C) PVDF and
(D) Cu-MOF-808@PVDF membranes. (E) SEM-EDS elemental mapping of Zr (red) and Cu (blue) for Cu—MOF-808@PVDF MMM.
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(A and B) XAS analysis. (A) Cu K-edge XANES for Cu-MOF-808 NPs and Cu-MOF-808@PVDF membrane collected at 20 K. (B) EXAFS data for

Cu-MOF-808 NPs and Cu-MOF-808@PVDF membrane collected at 20 K. (C and D) PDF analysis (C) dPDF data comparing the PDF pattern of the
MOF-808@PVDF and Cu-MOF-808@PVDF MMMs. (D) ddPDF data (up) obtained after subtracting the total PDF data of Cu-MOF-808 NPs from the

dPDF obtained from comparing Cu-MOF-808@PVDF with PVDF (down).

specific molecular interactions at the interface formed
between the MOF and the polymer. Due to the complex com-
posite structure of the membranes, a variety of differential ana-
lyses of the PDF data (dPDF) were performed to answer
different questions regarding the structure of the composite at
the local scale. To first assess the retaining of the MOF local
structure within the composite, the PDF signal of the poly-
meric matrix PVDF was subtracted from the total PDF profile
of Cu-MOF-808@PVDF. Thus, the contributions associated
with the Cu-MOF-808 phase into the MMM were identified.
This dPDF signal shows a broad peak centred at ca. 2.2 A
linked to Zr-O bonds and two sharp signals centred at ca. 3.5
and 5.0 A corresponding to Cu---Zr and Zr--Zr distances
characteristic of the ZrsOg clusters within the MOF-808 struc-
ture (Fig. 5C). A similar PDF fingerprint is seen for bulk Cu-
MOF-808, thereby corroborating the retaining of the local
structure of the MOF within the composite membranes (see
Fig. S12.1 from ESI¥).

Further PDF differential analyses were then performed to
elucidate both the atomic structure and specific location of the
copper single sites within the membranes. Thus, the PDF

This journal is © The Royal Society of Chemistry 2024

signal of a MOF-808-loaded membrane was subtracted from
that of Cu-MOF-808@PVDF. This dPDF signal highlighted the
fingerprint of the copper species stabilized within the
MOF-808 structure, with characteristic features centred at ca.
2.0 and 3.3 A linked to Cu-O and Cu---Zr distances, respect-
ively (Fig. 5D). The occurrence of these two PDF peaks demon-
strates the presence of copper-oxo singles-sites attached to the
Zr¢0g nodes along the tetrahedral cavities in MOF-808.>° This
evidence corroborates the stabilization of heterobimetallic Zr
(iv)-Cu(u)-oxo nanostructures within the MOF-808 porous
structure within the composite membranes.

With the aim of further understanding the potential occur-
rence of specific molecular interactions between the MOF and
the PVDF phases at the interface of the composite, subsequent
differential PDF analyses were carried out. Thus, the PDF
signals of both Cu-MOF-808 and PVDF samples were sub-
tracted from the MMM. In the case of a lack of any interaction
between the MOF and the polymeric phase (i.e. physical
mixture), this dPDF would result in a flat signal. In other
words, the structure of the MMM could be simply described as
a summary of structures. Interestingly, by applying dPDF ana-

Nanoscale, 2024, 16, 6627-6635 | 6631
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lyses a group of weak signals were identified in the range of ca.
2.5-3.0 A, which could be assigned to O---F distances, due to
the presence of hydrogen bonding between the MOF and the
polymeric matrix (Fig. 5D). This result demonstrated a syner-
gistic stabilization of the Cu-MOF-808 within the PVDF
polymer, by the formation of weak and strong molecular
interactions.

Catalytic degradation of tyrosol

The catalytic activity of the prepared Cu-MOF-808@PVDF
membrane was evaluated for the degradation of tyrosol
(TyrOH) in water, a phenolic olive oil mill wastewater, through
oxidation processes. Fenton-like reactions with copper hetero-
geneous catalysts have been extensively studied and, in most
cases, the major drawback is the copper leaching during
catalysis.*>** This catalyst deactivation through leaching can
be explained by the solubility of copper(u) aqua complexes in
water at acid pH values. During the catalytic cycle (see S13
section from ESI}), protons are released, thereby lowering the
pH and causing catalyst deactivation. This pH variation is
therefore difficult to prevent. In this work, we have been able
to minimize copper leaching by stabilizing the catalyst NPs
into a robust MMM.

Degradation experiments through Fenton-like reactions
were carried out for solutions of 500 ppm of TyrOH in water at
PH = 6 (natural of the solution). First, the catalytic perform-
ance of the Cu-MOF-808 NPs, as powder, was evaluated under
batch conditions. Thus, a sample of Cu-MOF-808 NPs
(0.009 mmol Cu) was added to a static solution of TyrOH
(0.018 mmol in water) and hydrogen peroxide (0.24 mmol,
30% in water) at 60 °C. After 180 min, the reaction was cooled
down and the yellowish supernatant liquid was then analyzed
by UV-Visible spectroscopy, indicating a degradation of TyrOH
of 90%.

Remarkably, the catalytic activity of Cu-MOF-808 NPs sig-
nificantly decreased after four cycles from 90% to 30% degra-
dation of TyrOH, thereby suggesting a fast deactivation
process. The materials after catalysis were characterized by
PXRD, FTIR, ICP, EXAFS, and PDF (see S7, S8, S11, $12, and
S13 sections from ESIt). The ICP results showed that the de-
activation of the Cu-MOF-808 NPs was related to significant
copper leaching, with a loss of 70% of Cu sites after each cycle.
Hot filtration experiments and ICP analyses demonstrated that
the performance of Cu-MOF-808 NPs towards the degradation
of TyrOH is mainly in the homogeneous phase, due to the
accused loss of copper sites during catalysis.

Interestingly, the incorporation of Cu-MOF-808 NPs into a
polymer matrix resulted in an improved catalytic performance
in the heterogeneous phase, by significantly diminishing the
copper leaching even after 4 cycles. Thus, the experiments
showed that the Cu-MOF-808@PVDF membrane degrades 90%
of TyrOH after the first cycle. Furthermore, the copper leaching
when using the membrane is half of that observed in the case
of the Cu-MOF-808 powder (Fig. 6A), suggesting that the PVDF
matrix favours the stabilization of copper, and the catalysis
occurs in the heterogeneous phase.
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Fig. 6 (A) Cycles of TyrOH degradation by using Cu-MOF-808@PVDF

under batch conditions. (B) Evolution of the TyrOH degradation by using
Cu-MOF-808@PVDF under continuous flow.

The excellent catalytic results described for the
Cu-MOF-808@PVDF membrane encouraged us to evaluate its
performance under real operating conditions for the removal
of ECDs in water. For this purpose, a custom-made catalytic
membrane reactor was used to operate under flow conditions
where Cu-MOF-808@PVDF was placed, then a feed solution of
TyrOH (0.018 mmol in water) with hydrogen peroxide
(0.24 mmol, 30% in water) was pumped through at a flux of
0.15 mL min~" for 8 h (see S13 section from ESIf for detailed
information). The reaction progress was monitored by UV-
Visible spectroscopy. Remarkably, a continuous conversion of
TyrOH of ca. 50% was constantly observed for over 5 h, which
is equivalent to 50 mL of treated solution, degrading in total
five times more pollutant than under batch conditions
(Fig. 6B). The chemical composition of the membranes after
their use was determined by ICP, corroborating a minimized
copper leaching of 20% after 5 h compared to the 70% seen
for the powder after only one cycle.

To assess the synergistic effect between the copper single-
sites and the ZrsOg4 clusters within the heterobimetallic Cu(i)
Zr(wv)-oxo units in Cu-MOF-808 (Fig. 1B), a series of compara-

This journal is © The Royal Society of Chemistry 2024
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tive analyses were performed. With this purpose, the well-
known Cu-BTC or HKUST-1 MOF,*’ which is composed of pad-
dlewheel copper clusters as SBUs, was prepared in the form of
NPs and tested as a Fenton catalyst for the degradation of
TyrOH under batch conditions. Contrary to Cu-MOF-808, the
Cu-BTC MOF completely degrades during the reaction upon
low stability in water and copper leaching. Furthermore, a
MMM containing Cu-BTC NPs was prepared and tested under
flow conditions. The results obtained showed a higher copper
leaching for Cu-BTC@PVDF compared to Cu-MOF-808@PVDF
(32% of copper loss per hour) (see S13 section from ESIT),
thereby highlighting the importance of stabilizing copper sites
into Zr-MOFs for their use as Fenton catalysts.

The Cu-MOF-808@PVDF membranes after catalysis were
also characterized by XRD and FTIR, demonstrating that the
MOF crystallinity and the integrity of the membrane com-
ponents are retained (see S7 and S8 sections from ESIf).
EXAFS analyses of Cu K-edge XAS data further corroborated
the retaining of the copper(u) single-sites within MOF-808,
with main contributions at 1.6 A characteristic of Cu-O bonds
and the absence of a signal at 2.4 A attributed to Cu---Cu dis-
tance in CuO (Fig. 7A). With the aim of demonstrating the
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Fig. 7 (A) EXAFS k3-weighted Cu K-edge Magly(R)] and Img[y(R)] (solid
lines) spectra with their respective fits (dash lines) of Cu-
MOF-808@PVDF after catalysis. (B) PDF characterization of the Cu
singles sites in the MMMs before and after catalysis compared with CuO
data.
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stability of the copper sites within the membranes, PDF ana-
lyses were performed on the Cu-MOF-808@PVDF membrane
after 8 h of reaction (Fig. 7B). The dPDF profiles of the Cu
single sites were obtained by subtracting the MOF-808@PVDF
evidencing the absence of major changes at the local scale and
the data was also compared with the simulated pattern of
CuO, thereby demonstrating the lack of evolution to other
copper species which may also catalyse Fenton reactions.

Conclusions

In conclusion, we have successfully stabilized redox-active Cu-
MOF-808 NPs into a mixed-matrix membrane for the degra-
dation of TyrOH in water via Fenton-like reactions. Our find-
ings reveal that the composite nature of the MMM enhanced
the material’s applicability under real operating conditions,
reducing copper leaching by over 50% compared to the MOF
powder. Synchrotron XAFS and PDF characterization demon-
strated the atomic structure of the copper sites within the
membranes, as well as the presence of weak interactions
between the MOF phase and the PVDF polymer that may
explain the enhanced stability of the catalyst. Further investi-
gations are currently underway to elucidate the structural fea-
tures of the MOF-PVDF interface, which can aid in the devel-
opment of advanced membranes with improved catalytic pro-
perties for environmental remediation applications.
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