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Abstract

The combination of versatile metal-organic frameworks (MOFs) with high porosity and
catalytic activity with plasmonic nanoparticles (PNPs) defines a new paradigm in
photocatalytic degradation of ecotoxicants. Herein, we prepared a novel composite from a
waste polyethylene terephthalate, MOF — UiO-66 and silver nanoparticles (AgNPs) for
degradation of nerve agent simulant paraoxon-ethyl, where the additional plasmon excitation
at 455 nm enhances Lewis’s acid activity of UiO-66. The obtained material was characterized
by spectroscopic: XRD, UV-Vis, FT-IR, XPS, microscopic: SEM, TEM and ICP-MS and
TGA. We found the balance between pore availability of UiO-66 for paraoxon-ethyl adsorption
to Lewis sites, plasmonic enhancement, and cost minimization in optimal material through
variation of added Ag precursor amounts PET@UiO-66-Ag25. Synergetic mechanisms
enhanced the degradation rate by more than 3 times compared to PET@UIiO-66 with the
quantitative paraoxon degradation for 1 hour (>95 %) and >99 % for 2 hours. Moreover, the
prepared material is overperforming other materials in terms of environmental impact, easiness

of preparation, visible light usage, high apparent quantum yield and recycling performance.
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1. Introduction

Nowadays, the sustainable growth of food production is faced up with broad application
of ecotoxicants contaminating the surrounding media [1]. The past and ongoing application of
various fungicides, insecticides, herbicides led to accumulation of ecotoxicants in the soil and
natural water sources [2]. Despite environmental law enforcement of pesticide application [3],
additional solution lays in the design of materials for purification of contaminated water via
adsorption and degradation. The most commonly used materials are carbon-based adsorbents
[4], clays [5], nanosized MgO and TiO [6,7], and, recently, and recently metal-organic
frameworks (MOFs) [8]. Despite MOFs outperform the traditional adsorbents [9], their
application is often limited due to the low stability, granulometric composition and high cost
[9,10]. Such issues can be solved by the implementation of sustainable synthesis strategies for
organic ligands and application of relevant support for MOFs. For instance, the MOFs prepared
directly from waste PET can be considered as an admirable alternative for traditional sorbents
[11].

Nevertheless, the adsorptive methods for the removal of ecotoxicants require the
additional stage for the utilization — removal and processing. Due to this reason, the
development of strategy for the degradation of ecotoxicants takes central stage in the modern
technology [12].The traditional methods associated with burning of wastes do not fit with the
climate changes and necessity of CO: utilization, while straightforward photolysis and
biodegradation need a long reaction time and less efficient [13]. Photochemical degradation is
more promising because it requires a renewable source of energy — light, which can be
controlled in terms of wavelength and power [14]. For example, TiO. as the most common
photocatalyst can accelerate the degradation of ecotoxicants under energy-consuming UV light
despite low surface area materials with wide band gap energies [14,15]. To repel such
disadvantages, the metal nanoparticles with zero gap have been applied for the degradation of
pesticides, which allow using the less energetic light source and sufficiently increasing the
efficacy of ecotoxicants utilization [16]. In spite of that, plasmonic nanoparticles (PNPs) have
other technological issues: low surface area, relatively high cost, practical impossibility for
recycling and low stability. In order to overcome limitation of MOFs and PNPs and enhance
each other in ecotoxicants degradation, we propose to develop the composite material based on
PNPs with the plasmon resonance in visible light range [17] combined with high surface area
MOFs. The combination of intrinsic MOFs and PNPs properties allow to achieve the synergetic
effect for the maximization of efficacy and enhance the technological applicability [14].
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Here, we aimed at deposition of AgNPs to PET@Ui0O-66 for the careful engineering of
plasmon-active porous materials for the degradation of paraoxon-ethyl as an example of nerve
agent [18,19]. We studied the degradation efficiency (optimization and further Kinetic
parameters) of paraoxon-ethyl and found a proper balance between catalytic performance,
surface properties and cost for efficient removal and plasmonic degradation via synergetic

effect of UiO-66 and AgNPs in the technology-appealed fashion.



2. Results and discussion

We commenced our investigation from the preparation of waste PET-derived adsorbent
PET@Ui0-66 presenting polymer chips coated by porous UiO-66 (brief characterization by
SEM(EDX), FTIR, UV-Vis and XRD is represented in Fig. S1). Further, AgNPs were
deposited to the PET@UIiO-66 via in situ chemical reduction for preparation of plasmonic
system, where visible light irradiation could act together with the porous layer for effective

energy transfer between catalytic MOFs and AgNPs.
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Figure 1. (A) - Scheme of UiO-66-Ag(5-100) preparation by (i) PET hydrolysis, (ii) UiO-66 growth, (iii) in situ AgNPs synthesis and five
scenarios of AgNPs location, (B) - TEM images and AgNPs size distribution

2.1 Preparation and optimization of PET@UiO-66-AgNPs

For the deposition of AgNPs we used adopted an experimental procedure [20,21], where
0.1 g of PET@Ui0O-66 was premixed with different amounts of AgNOs from 5 w. % to 100 w.
% in CH3CN for 14 h to homogeneously distributed Ag precursor into the pores. Further
reduction of AgNO3z by NaBH4 (1:1.7 mol ratio) led to the immediate color change of the
suspension and formation of AgNPs. Resulting PET@UiO-66-Ag(5-100) were separated,
washed and activated at vacuo in overnight.

The equal content of Zr 2.5+£0.3 % on PET@Ui0-66-Ag(5-100) within all experiments
demonstrated the high reproducibility of experimental procedures and stability of porous MOF
layer suited for the further AgNPs deposition (Table 1). While Zr content was constant, Ag



concentration was gradually raising up to ~1 % with the added AgNOs increase (Table 1). The
residual weights of PET@UiO-66-Ag(5-100) after TGA analysis (Fig. S3) with heating to 600
°C were consistent with ICP-MS data, the amount of residual ZrO; and oxidized AgNPs was
gradually increasing, confirming the successful deposition of AgNPs into PET@UiO-66-
AgNPs.

Table 1. Weight concentration of Zr and Ag according to ICP-MS and ZrO,+Ag,O residuals after TG measurements

Sample ICP-MS, % TG, %
Zr Ag ZrO2+AgxO
PET@UiO-66-Ag5 2.19+0.37 0.43+0.09 3.39
PET@UiO-66-Agl0 2.46+0.42 0.37+0.07 3.68
PET@UiO-66-Ag25 2.69+0.44 0.61+0.10 4.04
PET@UiO-66-Ag50 2.53+0.43 0.73+0.15 4.84
PET@UiO-66-Ag100 2.84 +0.48 0.92+0.18 5.21

2.1.1 Microscopic methods (SEM, TEM)

For the analysis of AgNPs size and distribution over PET@UiO-66, 5 types of materials
were analyzed by transmission (TEM) and scanning electron microscopies (SEM). Pristine
PET@UIi0O-66 has a porous morphology with highly-packed homogeneously distributed Zr
over the chips (Fig. S1D, E). Further addition of 5 w.% Ag followed by reduction with
borohydride leads to the formation of AgNPs with two main fractions: ~12.5 nm and 5 nm
(Fig. 1B, S2). The coexistence of 5 nm AgNPs and larger AgNPs revealed that the porous
surface structure of UiO-66 could partially provide steric restriction to prevent the growth
during formation of Ag nanocrystals. An increase in Ag to 10 w.% leads to the appearance of
AgNPs fraction with larger size >20 nm. Addition of 25 mg AgNO3 leads to the formation of
uniform ~18.6 nm AgNPs homogeneously distributed over PET@UiO-66. Further increase
leads to the formation of mainly 2 fractions sized by ~12.8-30 nm and 55 nm with
inhomogeneous distribution. SEM data confirmed the appearance of larger AgNPs fraction
with the increase of AQNO3z amount (Fig. S2). So, chemical reduction of AgNO3 in the presence
of PET@UIi0-66 leads to the formation of round shaped AgNPs, where the size distribution



depends on the precursor amount: the addition of a larger amount of Ag precursor leads to the
appearance of a larger AgNPs fraction 55 nm coexisted with smaller AgNPs.

Based on previous reports, PNPs incorporation inside MOF lead to the three possible
scenarios [22]: (a) nanoparticles are preferentially deposited at the external surface of the MOF
crystal with particle size larger than the accessible pore dimension (Fig. 1A-V); (b)
nanoparticles can be distributed throughout the bulk of the MOF, where they are still larger in
size than the characteristic pore dimension (Fig. 1A-I111); (c) well-dispersed metal nanoparticles
(Fig. 1A-1). According to TEM and SEM, in our case, the increase of AgNO3z amount from 5
% to 100 % lead to the smooth transition from (c) to the (b) scenario, where AgNPs are located

inside and outside pores (Fig. 1B, S2).

2.1.2 Plasmonic properties

The deposition of AgNPs to PET@UIiO-66 leads to significantly enhanced light
absorbance in the visible region near 450 nm compared to pristine PET@UiO-66 (Fig. S1C).
With increasing of AgNPs amount, we observed the relative growth of the absorbance peak
from 1.2 to 1.4 (Fig. 2A). Depending on materials PET@UiO-66-Ag(5-100) with different
AgNPs size distribution as in Fig. 2B, electric field (EF) in the direct vicinity of the AgNPs
should be enhanced differently. We calculated the enhancement for each materials using
Generalized Multiparticle Mie theory [23]. Local field enhancement was approximated as
squared norm of the scattered field, since in the vicinity of NP surface scattered field is much
greater than incoming field (unit amplitude is assumed). Taking into account the fact that
intensity of Raman signal is proportional to the fourth power of field amplitude [24], the fourth
power (|Enes / Erel*) of resulting distribution was plotted in Fig. 2B. These |Enps / Eref*
distribution functions define probable ranges for EF enhancement, where there is a growth of
enhancement from 5 % to 50 % Ag loading. The experimental data of Raman peaks intensities
of methylene blue is consistent with calculation results, suggesting the highest field
enhancement in case of PET@UiO-66-Ag50,100 (Fig. S4).
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Figure 2. (A) - UV-Vis spectra measured from equal amounts of solid PET@UiO-66(Ag) and irradiance of 455 nm LED, (B) - Distribution
of |Enpes / Erefl* on AgNPs with size distribution corresponded to Fig. 1B, (C) - Pore availability in PET@UiO-66(Ag) and TEM images insert
(size 60x60 nm?), (D), (E) - Paraoxon-ethyl degradation efficiency and conversion to p-nitrophenol in PET@UiO-66(Ag), (F) - scheme of

paraoxon-ethyl degradation products

2.1.3 Pore availability

The location of AgNPs is equally important to plasmonic enhancement, where most of
the reports suggest that scenario (a) is preferable for chemical transformations [25]. This is
because NPs size is determined by the porosity, and resulting NPs usually are a few nm in
diameter, leading to homogeneous NPs distribution and further plasmon excitation inducing
chemical transformation. However, the efficiency of chemical transformation in porous
materials, where pores are serving as nanoreactors, also depends on their availability [26,27].
This calls into question the optimal location (scenario a, b or c) of AgNPs for plasmonic
degradation using MOF-PNPs composite. This is especially critical for plasmonic degradation
of toxicants, where paraoxon-ethyl firstly has to penetrate into pores [28], chemosorbed via
non-covalent interactions and coordinate to Lewis active site [29]. Therefore, we evaluated the

possibility of PET@UiO-66-AgNPs to absorb paraoxon-ethyl in agueous media, where pure



PET@UiO-66 was considered as a starting material with 100 % pore availability. Introduction
of 5w.% Ag (scenario (a)+(b)) led to the sharp decrease of pore availability to 62 %, that can
be explained by the large amount of small 5-10 nm AgNPs occupying the pore volume and
precluding paraoxon-ethyl chemisorption to pores (Fig. 1B). The increase of the larger AgNPs
fraction (scenario (b)+(c)) led to the recovery of pore availability in water to 85 % (Fig. 2C).
Therefore, we conclude that for the careful engineering of hybrid material PET@UiO-66-
AgNPs, we have to consider not only the plasmonic enhancement, size and amount of PNPs
but also the availability of MOF-NPs pores for further effective paraoxon-ethyl penetration and

interaction.

2.1.4 Photocatalytic efficiency

In quest of the balance between pore availability, plasmonic enhancement, and cost
minimization, PET@UiO-66-Ag(5-100) were involved in the plasmon-induced degradation of
10 mg/mL paraoxon-ethyl using LED source of light with 455 nm wavelength, which is
perfectly overlapping with the maximum of plasmon resonance of PET@UiO-66-Ag(5-100)
(Fig. 2A). The degradation of paraoxon-ethyl using UiO-66 is commonly hydrolytically
degrading through the cleavage of phosphonate ester bonds [29] with the formation of p-
nitrophenol and diethyl phosphate [30,31]. Therefore, for the evaluation of
adsorption/degradation efficiency of PET@UiO-66-Ag(5-100), we used the concentrations of
paraoxon-ethyl and p-nitrophenol measured by HPLC-UV using standard calibration curves
(Fig. S6). Changes of concentrations were further recalculated to percentage of degradation
efficiency and conversion of p-nitrophenol. For the evaluation of plasmonic contributions
varied by different size and AgNPs content, we preliminary performed a scope of control
experiments. Firstly, we evaluated the degradation efficiency of paraoxon-ethyl, which absorbs
at 275 nm (Fig. S7B) at daylight, under 275 nm and under 455 nm after 1 hour of storage
(daylight) or irradiation. There is almost no degradation of paraoxon-ethyl in the daylight, at
275 and 455 nm (<5 % efficiency). Therefore, any further degradation of paraoxon-ethyl has
to be attributed to catalytic processes rather than for photolysis.

While pristine PET@UiO-66 is able to achieve 61 %xh? paraoxon degradation
efficiency, PET@Ui0O-66-Ag(5-100) under 455 nm LED was generally progressing from 76
%xh to 95 %xh* with the increase of Ag loading to 25 %. The deposition of 5 w.% of Ag
leads to the negligible 3 %xh increase in efficiency (Fig. S7B), despite the strong plasmonic
enhancement and absorption at 455 nm (Fig. 2D), espousing the idea of the critical role of pore
availability. Deposition of 25 w.% of Ag as additional reactive sites leads to the significant



improvement approaching quantitative degradation of paraoxon-ethyl. The further increase
from 50 w.% to 100 w.% of Ag content did not lead to the prominent improvement and reached
plateau, so there is no need to spend a higher amount of Ag precursor. These results mean that
the impossibility of paraoxon-ethyl to reach the pores occupied by small-sized AgNPs is
blocking the plasmonic mechanism of degradation inside the pore, suggesting the
chemisorption as limiting stage (Fig. 2C). The localization of AgNPs in both inside and outside
pore provides better efficiency for synergetic degradation due to the availability of both
reactive side UiO-66 as Lewis acid and AgNPs as plasmonic catalyst. Therefore, we suppose
that loading of 25 % Ag leads to the formation of optimal material, which accelerates the

degradation more than 3 times.

2.2 Characterization of PET@Ui0-66-Ag25

PET@Ui0-66-Ag25 was chosen as optimal for plasmonic degradation of paraoxon-
ethyl due to the fastest degradation rate combined with a minimum amount of deposited AgNPs
(Fig. 2, 3A), therefore comprehensive characterization of materials was performed. Firstly, X-
Ray powder diffraction (XRD) revealed the appearance of typical UiO-66 related peaks at 7.3°
and 8.5° on PET@UIiO-66 after solvothermal growth [32]. Further incorporation of AgNPs
mostly preserved MOF-related peaks and a new Ag(111) peak at 38.1° confirms AgNPs
formation (Fig. 3B, insert) [33]. Fourier-transform infrared spectroscopy (FTIR) spectra of
PET@Ui0-66-Ag25 contain characteristic signals of both PET at 1718 cm™, UiO-66 - 1594
cm* and 1386 cm™ are asymmetric and symmetric stretches of COO-Zr bonds [30] (Fig. 3C,
S1A). Moreover, typical peaks of AgNPs, prepared by chemical reduction, at ~1500 cm™ and
1650 cm™ also appear [34]. X-ray photoelectron spectroscopy (XPS) demonstrates the
appearance of 3.1 % of Zr after in situ growth of UiO-66 (Tab. S1), where Zr 3d doublet
perfectly correlated with the UiO-66 doublet Zr 3ds» 182.6 eV, Zr 3ds2 184.8 eV. After the
integration of AgNPs from the survey spectra, we can see the appearance of 1.33 % of Ag (Fig.
3D, Tab. S1). The 3ds/2 and 3ds/> peak positions of PET@UiO-66 and presence of loss feature

peaks correspond to metallic silver atoms without the oxide phase (Fig. 3E) [35].
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Figure 3. Characterization of AgNPs, UiO-66, PET@UiO-66 and PET@UiO-66-Ag25: (A) - Photos of PET@UiO-66 and PET@UiO-66-
Ag25 (B) - XRD pattern (C) - FTIR spectra (D) - XPS survey spectra of PET@UiO-66 and PET@UiO-66-Ag25 (E) - XPS spectra of Ag 3d
region of PET@UiO-66-Ag25 (F) - XPS spectra of Zr 3d region of PET@UiO-66 and PET@UiO-66-Ag25

2.3 Kinetic of synergetic degradation

We investigated the kinetic of synergetic paraoxon-ethyl degradation using optimal
PET@Ui0-66-Ag25 as a function of illumination time from 0 min to 180 min using 455 nm
LED (Fig 4A, B). The illumination of paraoxon-ethyl without any PET-based materials leads
to the ~5 %xh! degradation comparable with the daylight (Fig. S7B). When PET-hydrolyzed
and PET@Ui0O-66 come into play, there is a dramatic decrease of paraoxon-ethyl concentration
occurring in the first 5 minutes after their contact, confirming the pore availability for

chemisorption of paraoxon-ethyl.
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Figure 4 (A) - Effect of contact time on the degradation of paraoxon-ethyl with hydrolyzed PET chips, PET@UiO-66 and PET@UiO-66-
Ag25 using 455 nm LED (B) - Effect of contact time on the conversion of paraoxon-ethyl to p-nitrophenol (C) - pseudo-first-order kinetic
model (D) - Degradation of paraoxon-ethyl with different loading of PET@UiO-66-Ag25

While hydrolyzed PET is able only to absorb paraoxon-ethyl without any degradation
due to the absence of catalytic centers (Fig. 4A,B), PET@UIiO-66 displays moderate
degradation activity. For the quantitative evaluation of the degradation activity, a pseudo-first
kinetic model has been suggested as suitable for both heterogeneous processes: plasmonic
degradation and UiO-66-driven hydrolysis. Therefore, the obtained kinetic data were fitted
according to the equation (1):

In (Cv/Co) = -kt 1)
where C¢ (mg/L) - is the concentration of the solution at time t; Co (mg/L) - is the initial

concentration of the paraoxon-ethyl solution, t (min) - is the time of adsorption, k - is the first-

order rate constant.



The perfect fitting to the pseudo-first kinetic model with R? = 0.99 allows to calculate
degradation rate constants as a slope of the linear plot (Fig. 4C). While PET@UiO-66 shows
0.019 min! constant rate, the deposition of AgNPs accelerates paraoxon-ethyl degradation
more than 3 times. So, PET@UIi0O-66-Ag25 was extremely effective for the synergetic
degradation of paraoxon-ethyl — just 1 hour for the 95 % degradation. The amount of released
p-nitrophenol to the solution is slightly less than degraded paraoxon-ethyl because of retention

in UiO-66 pores or further decomposition to small molecules.

2.4 Amount of PET@Ui0O-66-Ag25 and stability

The optimized amount of catalyst plays a key role in the effective degradation of
paraoxon-ethyl and avoiding catalyst wastage. Therefore, we investigated the influence of a
different amount of catalyst from 0 mg to 30 mg on the plasmonic degradation of paraoxon-
ethyl (Fig. 4D). Without PET@UiO-66-Ag25 almost no degradation was observed, while the
addition of 5 mg leads to the 57 %xh efficiency. A further increase to 20 mg led to almost
100 %xh degradation of paraoxon-ethyl, where enlarged amount of catalyst did not affect the
degradation rate due to the attainment of equilibrium. Therefore 20 mg of PET@UiO-66-Ag25
is the optimal amount for effective degradation. One more crucial parameter for practical
applications is environmental stability and the possibility of multiple utilization. The testing of
PET@Ui0O-66-Ag25 in a few cycles of washing/degradation demonstrated the perfect stability
after 3 cycles without the synergetic degradation activity loss (95%xh™) (Fig. 5A). After 4th
and 5th cycles there is a slight reduction efficiency due to the possible partial oxidation revealed
by the shift of Ag 3d peaks in XPS spectra (Fig. 5B).
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2.5 Comparison with other materials

As was mentioned above, UiO-66 and other Zr-containing MOF are able to hydrolyze
paraoxon-ethyl [29]; however, the pH increase is required via buffer addition to accelerating
the degradation rate, making the procedure less environmentally friendly [36,37] (Table 2).
Moreover, the recycling possibility has not been reported. TiOz-based materials are more
active, but suffer from the low surface area [38,39] and possible agglomeration leading to
moderate recycling ability [38]. The last generation of semiconducting materials is one of the
most promising [13,40], however, suggested here PET@UiO-66-Ag25 is overperforming them
in terms of easiness of preparation, time to quantitative degradation, visible light usage and
recycling performance (Table 2).



Table 2. Overview of hybrid materials for paraoxon-ethyl degradation

chemical reduction

Materials Preparation methods Time to Light Recyclability Ref
quantitative | wavelength,
degradation? nm
Ui0-66, UiO-67, NU- Solvothermal synthesis 120 - - [36]
1000, PCN-222"
PMMA/PVDF/Ti(OH)4 sol—gel synthesis and >120 min - - [37]
@TiO@Ui0-66° electrospinning, ALD,
solvothermal synthesis
Ag@TiO2 Chemical reduction 1440 min 400 2 cycles w/o [38]
loss
Anisotropic AgNPs on sol—gel synthesis, >120 min 640 - [39]
TiO:z fibers electrospinning, thermal
treatment
La-doped ZnO nanorods Electrospinning, 150 min 365 - [13]
containing PAN hydrothermal synthesis
nanofiber
NbOFe-nanofiber based Electrospinning, >2000 min 500-800 - [40]
on polycaprolactone hydrothermal synthesis (white light)
PET@UiO-66Ag25 Solvothermal synthesis 60 min 455 3 cycles w/o This work
from polymer waste, loss

2 -degradation to 95-100%

b - N-ethyl morpholine or PBS buffer was used as media, pH 9-10




2.6 Plausible pathways of synergetic degradation using PET@UiO-66-Ag25

The observed degradation efficiency is the consequence of the synergetic action of
PET@UiO-66 and deposited AgNPs (Fig. 6). As we proved above, the penetration of
paraoxon-ethyl into UiO-66 pores is one of the critical steps (Fig. 2C), where paraoxon-ethyl
further coordinates to Lewis acidic active site. Further, there is a nucleophilic attack of the
hydroxyl on the organophosphorus substrate with the elimination of the leaving group from the
organophosphorus substrate leading to ester bonds cleavage [29] (Fig. 6, Pathway I). The PET-
Ui0-66 is degrading paraoxon to 61 %xh. (Fig. 7A).
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Figure 6. Plausible mechanistic pathways for synergetic degradation of paraoxon-ethyl using PET@UiO-66-Ag25

Deposition of AgNPs advantages from the high optical absorption in the visible region
the availability of a large number of high-energy states at their surface to initiate the chemical
reaction with adsorbed molecules under 455 nm LED illumination (Fig. 6, Pathway II). We
tested the degradation of paraoxon-ethyl using AgNPs (=20 nm) [41], prepared by the chemical
reduction method [42] (Fig. S7B, C and related discussion). The equal amount of AgNPs (0.12
mg) provide only 28 %xh degradation of paraoxon-ethyl (Fig. 7A) [43].

Additional pathways appear due to the energy transfer between PET@UiO-66 and
AgNPs. Zr sites are forming transition states with paraoxon-ethyl for nucleophilic attack. In
that case, light absorption on AgNPs and further plasmon excitation lead to the energy transfer
to transition state for activation via the weakening the chemical bonds in the reactant molecule,
enhancing the Lewis acidity of metal centers [44,45] (Fig. 6, pathway Il1). Moreover, because
of the incorporation of AgNPs into UiO-66, Eq is reduced from 2.49 eV to 1.94 eV (Fig. S5);
therefore, 455 nm light (2.7 eV) is enough to excite conduction band (CB) in PET@UiO-66-



Ag25 and additionally excite transition state with Zr (Fig. 6, pathway 1V). Combination of
Lewis acid activity, plasmonic effects and their combination led to the >95 % degradation of
paraoxon-ethyl using PET@UIi10-66-Ag25 using visible light exceeding each of pathway.

Deposition of AgNPs provides synergetic pathways for the degradation of paraoxon-
ethyl overperforming the Lewis acid and plasmonic pathways (Fig. 7A). The synergetic effect
of AgNPs deposition has been tested via the variation of wavelength excitation (Fig. 7B). Using
275 nm (4.5 eV) wavelength leads to low degradation efficiency despite the strong adsorption
at ~300 nm due to PET@UIiO-66 (Fig. S1C). The shift of LED light to longer 455 nm
wavelengths facilitate more effective plasmon excitation and transfers to Lewis acids sites. At
the same time, the further increase of LED wavelength to 630 nm and 780 nm leads to slight
quenching of degradation efficiency. Simultaneously with degradation efficiency, we
calculated apparent quantum yield (AQY) as the ratio of the degraded paraoxon-ethyl in moles
per moles of absorbed photons. AQY at optimal conditional is reaching 1 %, which is
comparable or improved compared to, for example, Ag/TiO2 photocatalytic degradation of
volatile organic compounds [46]. There is a clear dependence of degradation efficiency and
AQY with the absorbance spectra of PET@UiO-66 confirming the significant plasmonic
contribution in all pathways, enhancing the Lewis acid centers for efficient degradation (Fig.
7B).
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3. Conclusion

Here, we prepared a novel hybrid plasmonic material starting from waste PET for the
effective degradation of paraoxon ethyl in aqueous media using visible light. The controlled
deposition of plasmonic AgNPs to PET@UiO-66 results in the new photoactive materials,
where MOF exhibiting Lewis acid activity is enhanced AgNPs. In quest of the balance between
pore availability for paraoxon-ethyl adsorption to Lewis sites, plasmonic enhancement, and
cost minimization, we found an optimal material PET@UiO-66-Ag25, where AgNPs are
located both inside and outside MOF’s pores to make MOF pores available for paraoxon-ethyl
adsorption. The prepared material was characterized by a number of spectroscopic XRD, UV-
Vis, FTIR, XPS), and microscopic (SEM, TEM) techniques. PET@UiO-66-Ag25 is
overperforming MOFs and semiconductor-based materials in terms of environmental impact
(waste PET as starting materials), easiness of preparation, short time to quantitative
degradation (1 h to >95 %), visible light usage (455 nm), and recycling performance (up to 5
cycles). This outstanding performance can be explained by the synergetic pathways for the
degradation of paraoxon-ethyl overperforming, where Lewis’s acid activity is enhanced by the
additional plasmon excitation.
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