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ABSTRACT: The excellent catalytic properties of copper nano-
particles (CuNPs) for the degradation of the highly toxic and
recalcitrant chlorpyrifos pesticide are widely known. However, CuNPs
generally present low stability caused by their high sensitivity to
oxidation, which leads to a change of the catalytic response over time.
In the current work, the immobilization of CuNPs into a
polycaprolactone (PCL) matrix via electrospinning was demonstrated
to be a very effective method to retard air and solvent oxidation and to
ensure constant catalytic activity in the long term. CuNPs were
successfully anchored into PCL electrospun fibers in the form of Cu2O
at different concentrations (from 1.25 wt % to 5 wt % with respect to
the PCL), with no signs of loss by leaching out. The PCL mats loaded
with 2.5 wt % Cu (PCL-2.5Cu) almost halved the initial concentration
of pesticide (40 mg/L) after 96 h. This process was performed in two unprompted and continuous steps that consisted of
adsorption, followed by degradation. Interestingly, the degradation process was independent of the light conditions (i.e., not
photocatalytic), expanding the application environments (e.g., groundwaters). Moreover, the PCL-2.5Cu composite presents high
reusability, retaining the high elimination capability for at least five cycles and eliminating a total of 100 mg/L of chlorpyrifos,
without exhibiting any sign of morphological damages.
KEYWORDS: PCL, chlorpyrifos, copper oxide, Cu2O, catalysis, electrospinning, reusability

Pesticides are a necessary tool for reducing the damage to
crops from pests and for ensuring food production.

However, most pesticides are toxic and highly recalcitrant in
the environment with a negative impact on human health and
ecosystems.1,2 Indeed, pesticide residues have been found in
fruits and vegetables, as well as in drinking water, which
supposes a potential risk for the global population today.1,2

The massive and uncontrolled accumulation of pesticides in
developing countries and countries with economies in
transition have complicated the management of these highly
hazardous substances.3,4 This critical situation has fostered the
implementation of new strong policies and legislation with the
aim to eliminate obsolete pesticides and apply rapid environ-
mental assessment tools in highly contaminated sites.1,5,6

Among pesticides, organophosphorus compounds form the
largest group of chemical pesticides, accounting for approx-
imately 34% worldwide, and have been widely used for more
than 50 years by farmers for protecting crops.7 Their
attractiveness and large usage are due to their low price,
effectiveness, and broad activity.8 Chlorpyrifos (O,O-diethyl
O-(3,5,6-trichloro-2-pyridinyl) phosphorotionate) is the most
popular organophosphate pesticide because of its broad-

spectrum activity (e.g., insecticide, acaricide, and miticide
properties8,9). However, chlorpyrifos is extremely toxic for a
wide range of nontarget organisms, especially aquatic.9,10

Poisoning from chlorpyrifos provokes serious health problems
in nervous, respiratory, and cardiovascular systems even at low
exposure (maximum of admissible quantity between 0.0001
and 0.0005 mg/L).9,11 Its detection in the environment, in
foods, and in all kinds of agricultural products has created a
strong awareness of the health risks that the use of this product
entails.9,12 In addition, the high stability and accumulation
characteristics affect a huge area that covers 24 km away from
the place of application.9,11,13 Recently, The European Food
Safety Authority (EFSA) approved the banning of chlorpyrifos
in January 2020.9 However, this pesticide is still in use in some
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countries like India, China, and Japan.9 In addition, despite the
ban, chlorpyrifos biomarkers are still detected in large amounts
in countries such as France and Spain.10,14

There are many methods to eliminate organophosphates in
wastewater, including biological treatments (e.g., fungal
activity15), direct UV light,4 oxidation processes,16 enzymatic
activity,15,17 and adsorption.18,19 Indeed, new research lines
focused on the development of new active materials with the
capability of absorbing or degrading these hazardous
compounds have emerged in the past few years. Nanomaterials
are the most promising candidates for this scope due to their
high surface area and chelating capability.1,20 The catalytic
properties of metallic nanoparticles have been widely studied
for several applications. The literature shows different metallic
nanoparticles with the capability to degrade chlorpyrifos, such
as silver, copper, iron, and gold.21−23 In many cases, the
degradation effectivity of the pesticide has been enhanced by
combining these nanoparticles with oxidizing agents and with
light irradiation in the UV or visible ranges.4,11,13 However,
even though the disadvantages of free nanoparticles are well-
known (e.g., leaching out and agglomeration), few articles
consider the immobilization of these nanoparticles in a
matrix.23,24 Moreover, the necessity of a light source to
undergo this catalytic process can limit the applicability of the
material only to superficial waters, precluding aquifers and
groundwaters.25

In general, copper nanoparticles (CuNPs) and Cu-based
compounds have been widely used for water remediation
applications, including wastewater26 and antibiotics pollu-
tion.27 The chemical features of copper provide a high affinity
toward the thionate or oxonate groups present in organo-
phophonates interacting via covalent bond, highly useful for
the development of emerging pesticide detectors.28,29 Besides,
the use of copper species for chlorpyrifos degradation/removal
is widely reported elsewhere.17,21,22 In most of these systems,
copper is commonly present in the oxidation state of +2 due to
its high susceptibility to undergoing air and solvent
oxidation.17,30 Literature reports show that the oxidation
from Cu (0) to Cu2O (oxidation state +1) naturally occurs
after a few minutes of air exposure, followed by a further
oxidation to CuO (oxidation state +2).31,32 The progressive

metal oxidation is an undesirable effect that hampers constant
long-term operation.

A novel strategy to retard the oxidation and to obtain a
sustained response over time is the use of polymers as capping
agents.33−35 In the cases found in the literature, the polymer
matrices include multiple reagents or several fabrication
steps.31,36,37 On the contrary, electrospinning is a modern
technique that allows the fabrication of highly active metal/
polymer composite mats in a single step.31,38,39 Over the years,
this technique has gained popularity due to its simple and
versatile process, which consists of the production of fibers by
applying a high-voltage electric field to a polymer solution
injected from a syringe.39,40 In the literature, these fibers have
encapsulated active molecules such as antioxidants and metallic
nanoparticles, providing tailoring properties, which can be
applied in multiple fields, like food packaging, wound dressing,
drug delivery, etc.40,41 The high potential of electrospun fibers
for pollutant removal application is linked to the large specific
surface area, which is highly convenient to enhance the
interaction with the target compound.38,42 Among other
polymers, polycaprolactone (PCL) presents excellent electro-
spinnable properties, being also a biodegradable, biocompat-
ible, and water-resistant polymer which is extensively used for
long-term drug-delivery systems.2,43 For instance, Chen et al.35

obtained polymeric membranes with excellent antibacterial
properties by combining PCL composite with copper oxide
nanoparticles using electrospinning. In the field of water
treatment, electrospun fibers of PCL have been proven to
remove heavy metals and to separate oil stable emulsions when
inorganic compounds such as kaolin clay44 or silica nano-
particles,45 respectively, are embedded in the matrix.

In this work, nanocomposite PCL electrospun fibers
incorporating copper are presented for the first time as a
new, promising method to degrade chlorpyrifos in an aqueous
environment. PCL microfibers act as capping agents,
preserving copper largely from oxidation reactions. Interest-
ingly, the reaction mechanism of the chlorpyrifos degradation
was not affected by the light source, obtaining similar results in
dark and light conditions, which indicates that this material
could be applied in different environments. Last but not least,
the obtained composite fibers were shown to be reusable for at

Figure 1. SEM images of (a) PCL (b) PCL-1.25Cu, (c) PCL-2.5Cu, and (d) PCL-5Cu. The histograms of fiber size distribution of (e) PCL, (f)
PCL-1.25Cu, (g) PCL-2.5Cu, and (h) PCL-5Cu.
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least five cycles without exhibiting any degradation effect and
fully retaining their capability to degrade chlorpyrifos.

■ RESULTS AND DISCUSSION
Morphologic Analysis of the Fibers. SEM micrographs

of the neat PCL mat and PCL mat samples containing 1.25,
2.50, and 5.00 wt % Cu nanoparticles are displayed in Figure
1a−d. In all cases, electrospun fibers were bead-free and
randomly distributed in the matrix. Higher magnification
micrographs of the mats (Figure S1) showed that the fibers
exhibited some cracks as a result of the solvent evaporation at
high relative humidity (∼33%, according to results reported
elsewhere.46 In Figure 1e and inset, neat PCL mats clearly
exhibited a bimodal distribution of fiber diameter, ranging
from approximately 0.2−4 and 5−7.5 μm. The histograms of
the copper-containing samples reported in Figures 1f−h
displayed a Gaussian distribution with an increment of the
diameter size with the content of copper. This increase in
diameter size reached maximum values of ∼23 μm for PCL-
5Cu, against <10 μm of fiber size observed in neat PCL. As
reported previously,41,47 this trend results from an increase in
the viscosity of the spun due to the presence of nanoparticles.
The maximum concentration of copper selected was 5 wt %
because the high viscosity reached above this concentration
hindered the production of the electrospun fibers. The SEM
images of PCL-1.25Cu, PCL-2.5Cu, and PCL-5Cu showed
white spots ubiquitously distributed in the electrospun fibers
that increased with the concentration of copper.

Figure 2a exhibits the energy-dispersive X-ray spectroscopy
(EDX) spectra of the elements present in the spot indicated

with a red circle in the inset SEM image of the PCL-2.5Cu
fiber. Herein, the typical EDX profile of pure copper appeared,
composed of an intense peak (Lα = 0.93 keV), and weaker
signals from the K shell (Kα = 8.04 keV and Kβ = 8.91 keV).
The typical X-ray emission peaks of carbon (Kα = 0.27 keV)
and oxygen (Kα = 0.52 keV) belonging to the PCL matrix were
also visible. The elemental Cu mapping of the PCL-2.5Cu mats
showed that copper nanoparticles were easily detectable in
electrospun microfibers (Figures 2b, c). The SEM-EDX images
confirmed that CuNPs were well-distributed in overall fiber
surface or in the form of aggregates in some determined points.
The EDX composition maps represented in Figure 2d, e
evidenced that the matrix was compounded mainly by carbon
(Kα = 0.27 keV) and oxygen (Kα = 0.52 keV), as expected.
Chemical Analysis. The chemical characterization of the

PCL and PCL-Cu samples was first attempted with FTIR
spectroscopy and X-ray diffraction (XRD) without providing
clear insights about the copper nanoparticles, as reported in
Supporting Information (Figure S2).31,48 In addition to this,
the presence of oxidized species of copper in samples was
evaluated through Raman spectroscopy. It is well-known that
the use of zerovalent copper nanoparticles is highly limited by
the inherent tendency to oxidize to Cu(I) and Cu(II) oxides
under ambient reaction conditions.49 Indeed, during the
storage, the PCL-Cu solutions became greenish over time as
a result of the oxidation of copper,31 see the scheme in Figure
3a. Electrospun fibers fabricated with the oxidized solution of
PCL-5Cu, labeled PCL-5CuxO, were used to identify the peaks
related to the copper oxides and to determine the oxidation
state of the samples.

Figure 2. (a) EDS spectrum showing X-ray lines of Cu (Lα = 0.93 keV, Kα = 8,04 keV, and Kβ = 8.91 keV), respectively, indicated with red and
black arrows, carbon (Kα = 0.27 keV), and oxygen (Kα = 0.52 keV). The inset shows the SEM image of the PCL fiber containing CuNPs under
study (b) SEM image of the surface of a PCL-2.5Cu electrospun microfiber with some agglomerates of Cu nanoparticles indicated with blue circles;
and the corresponding EDS maps for (c) Cu (Lα = 0.93 keV), (d) carbon (Kα = 0.27 keV), and (e) oxygen (Kα = 0.52 keV), mapping as blue, red,
and green spots, respectively.
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The Raman spectra of PCL, PCL-1.25Cu, and PCL-5CuxO
are evaluated in Figure 3b, c. This spectroscopic technique is
highly reliable for determining the purity of the copper in the
mats because copper oxides exhibit Raman active vibrational

modes.31,49 In Figure 3b, the Raman spectra of PCL display the
characteristic peaks of the carbonyl group and methylene
group located at 2910 and 1720 cm−1, respectively. The bands
associated with the bending vibration of CH arise at 1443
cm−1, and 1300 cm−1, while the stretching vibration band of
COC appears at 1110 cm−1.48 In the same Figure, the Raman
spectra of PCL-1.25Cu present the typical peaks of the PCL
polymer except for the strong band in the range from 300 to
670 cm−1 (Figure 3c). According to the literature, this band is
claimed to correspond to the copper(I) oxide Cu2O.31 On the
contrary, three clear Raman peaks located at 615 cm−1, 540
cm−1, and 295 cm−1 can be easily observed in the spectra of
PCL-5CuxO (Figure 3c). These peaks correspond to the
oxidizing species Cu2O and CuO, with oxidation states +1 and
+2, respectively.31,49 The lack of these peaks in the spectra of
the PCL-1.25Cu mat demonstrated that the polymer prevents
copper oxidation to a great extent. The capability of polymers
to provide long-term stability to copper was also proven in
Morioka et al.33 with polyvinylpyrrolidone (PVP). Moreover, it
was proven that the initial CuNPs employed in this work
present no oxidation (see the Supporting Information, Figure
S3). Also, no changes on the Raman spectra of the electrospun
fibers were found after several weeks stored. Accordingly, it has
been proven that the oxidation of the Cu NPs occurs in the
solutions prepared for the fabrication of the fibers, as a
consequence of the high solubility of atmospheric oxygen in
chloroform, which oxidized the Cu (0) nanoparticles.33,50 This
makes necessary to produce the fibers soon after the solutions
preparation. A further chemical analysis was performed by

Figure 3. (a) Schematic representation of the color changes observed
due to the oxidation reaction of the copper nanoparticles. (b) Raman
spectra of the neat PCL and PCL-1.25Cu ranging from 200 to 2000
cm−1. (c) Raman spectra of the PCL-1.25Cu and PCL-5CuxO
samples in the range of 200−800 cm−1.

Figure 4. (a) UV−vis spectra of the Chlorpyrifos solution after being in contact with the PCL-2.5Cu sample at different reaction times of 0, 24, and
96 h, ranging from 260 to 360 nm. (b) Scheme of the reaction between the copper nanoparticles embedded in the PCL microfibers, represented as
the blue string, and the pesticide. (c) Deconvoluted peaks of the UV−vis band corresponding to CP (in red) and TPC (yellow) of the Chlorpyrifos
solution after being in contact with PCL-2.5Cu for 72 h. (d) Chromatogram of the initial solution (t = 0), the solution measured after PCL-2.5Cu
being immersed for 24 and 96 h. The red peak corresponds to the subproduct TPC+, while the blue peak belonged to chlorpyrifos (CP+)
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inspecting the XPS spectra of PCL-1.25Cu and PCL-5CuxO
samples after a couple of months from the fabrication; see
Figure S4 of the Supporting Information. Herein, the Auger
LMM signals confirmed the presence of Cu (I) in PCL-
1.25Cu, while Cu (II) was the only species observed in PCL-
5CuxO. This indicated that the polymer matrix efficiently
preserved CuNPs from oxidation.
Study of the Pesticide Removal and Reaction

Mechanism. The high interest in applying copper as a
catalyst for wastewater treatment is linked to its superior
catalytic activity and reactivity in degrading organic pollu-
tants.11,21 For the study of the catalytic mechanism of PCL-Cu
mats, 5 mg of PCL mats (1 × 1.2 cm2 with an average
thickness of ∼0.3 mm) was put to shake with the reaction
solution of 40 mg/L CP in water:ethanol:methanol (2:1:1).
This concentration was selected to simulate the maximum
concentration of pesticide found in natural waters, 37.4 mg/L.
More specifically, in the pond water, paddy field water, tube-
well water, and river water at Nagarpur and Saturla Upazila
cities (Bangladesh).10 The changes in concentration of the
pesticide over time were evaluated by monitoring the intensity
of the characteristic UV−vis absorbance peak at 289 nm using
a UV−vis spectrophotometer.22,51 Figure 4a displays the UV
spectra of the solution before the sample PCL-2.5Cu was
immersed and after 24 and 96 h. The spectra indicated that the
characteristic peak of chlorpyrifos (289 nm) decreased
gradually over time, while a new peak at ∼320 nm appeared
after 24 h. The UV−vis spectra of the CP solution after the
immersion of the other PCL-Cu fibers, PCL-1.25Cu, and PCL-

5Cu, exhibited the same behaviors; see Figure S5a, b. The
formation of a new product (peak 320 nm) strongly suggested
that a catalytic reaction between the PCL-Cu mats and
pesticide occurred.

For comparison, the same procedure was performed with 5
mg of Cu powder introduced in paper wettable pouches,
showing the same UV-spectra in Figure S5c. This indicated
that the Cu participated in the catalytic degradation reaction,
while PCL acted as an inert matrix. The incorporation of
nanoparticles into electrospun fibers is a widely applied
strategy to avoid the strong tendency of free metallic
nanoparticles to aggregate and to provide a high contact
surface area to the catalyst.52,53 Therefore, a proper dispersion
of copper nanoparticles into PCL electrospun fibers could
ensure a high performance of the catalytic response.41,53

Moreover, the oxidation state of the copper nanoparticles
embedded in the fibers did not compromise the catalytic
response. These hybrid systems facilitate the transport and
recovery of the metallic catalyst, which is a highly difficult task
with free nanoparticles.41 This effect will be thoroughly
discussed in the next sections.

To the best of our knowledge, the catalytic mechanism of
chlorpyrifos degradation using Cu2O or Cu(I) has not yet been
reported yet. However, observing the high similarities in the
UV−vis spectra, it can be assumed that the catalytic
mechanism is similar to those reported with Cu (II).11,21

According to this, in the pesticide degradation, the metal was
coordinated with the pyridinyl N atoms of CP to promote the
hydrolysis in the presence of water molecules and cleavage of

Figure 5. (a) Removal efficiency of PCL, PCL-1.25Cu, PCL-2.5Cu, and PCL-5Cu for 96 h. The yellow shaded area indicates the adsorption stage,
whereas the catalytic degradation is highlighted in light blue. (b) Removal efficiency under light and dark conditions of PCL-2.5Cu mats. (c)
Catalytic degradation of CP (mg/L) with the concentration of copper in the matrix. (d) Kinetic curves of the catalytic reaction and the first
constant rates.
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the P−O bond, resulting in the degradation products 3,5,6-
trichloropyridinol (TPC) and diethyl thiophosphate
(DETP)17,22 (see the scheme of Figure 4b). The TPC product
presents a characteristic UV−vis peak at 320 nm, while DETP
was not visible through this technique. The characteristic UV−
vis band of TPC was assigned to the deconvoluted peaks,
represented in Figure 4c. TPC is demonstrated to be less toxic
and not mutagenic with respect to CP.22 These results were
confirmed using chromatography−mass spectroscopy in the
ESI positive mode (UHPCL-MS). The chromatograms are
represented in Figure 4d, while the mass spectrum that
contains the fragmentation patterns of the organic molecules is
reported in Figure S6 (see the Supporting Information). In the
chromatograms, the characteristic peak of chlorpyrifos (CP+)
appears in blue with a retention time equal to 9.1 min, while
the peak belonging to the byproduct (TPC+) is located at 8.3
min of retention time in red. As expected, the intensity of the
CP peak decreased with time, while TPC increased, and no
other peaks corresponding to other subproducts appeared.

The chromatogram of the initial chlorpyrifos (CP) solution
evidenced the presence of the subproduct TPC in low quantity
(Figure 4d). This reveals that the pesticide undergoes minor
hydrolysis during storage.11 In concordance with this, in Figure
S7a, the UV−vis spectra of the CP solution after 96 h
manifested a slight increase of the peak at 320 nm and a
reduction of the main peak of chlorpyrifos. Overall, the
pesticide concentration decreased by less than 1 mg/L,
indicating that the loss of CP was insignificant. Interestingly,
when the neat PCL mat was immersed in the pesticide
solution, the characteristic peak of the chlorpyrifos decreased;
see Figure S7b. During this process, the peak belonging to the
degradation products of chlorpyrifos located at 320 cm−1 did
not arise, which confirmed that the loss of the pesticide was
due to an adsorption process. In the study of Hinestroza et
al.,54 PCL fibers were shown to remove other water pollutants
through hydrogen bond interaction. The lack of hydrogen
donor groups among reagents could indicate that the
interaction could be through van der Waals forces.
Removal Efficiency of the Pesticide. The capability of

the produced samples to remove the pesticide was evaluated by
immersing the PCL mats in a CP solution of 40 mg/L. The
removal efficiency (%) versus time was plotted for the PCL
and PCL-Cu mats in Figure 5a. The results show that all
samples have removed 15% of CP after the first 5 h. For PCL,
this value remained constant for the next 96 h, while the
response of PCL-1.25Cu, PCL-2.5Cu, and PCL-5Cu samples
continued to rise to a maximum of 28.5%, 48.3%, and 35.0%,
respectively. The removal curves in the first experimental hours
(<24 h), identical in all samples, corresponded to the
adsorption of pesticide in the polymer matrix. The maximum
adsorption capacity (qmax) of PCL corresponded to 6.38 ±
0.09 mg chlorpyrifos/g sample, which means the removal of
15% of chlorpyrifos at the experimental conditions. The
samples outperformed the qmax (0.81 mg CP/g sample)
obtained in other electrospun fibers, such as cellulose fiber
filled with 10 wt % graphene oxide.19

Beyond the 24 h, the catalytic degradation of the CP
triggered by the Cu nanoparticles embedded in the PCL matrix
occurred. This was confirmed by evaluating the ratio between
the absorbance of the characteristic UV−vis peak of the
degradation product (TPC), at 321 nm, and the UV−vis
absorbance peak of the chlorpyrifos, at 289 nm, at different
time points, Figure S8a. The curve slope appeared after 24 h in

PCL-Cu samples, while PCL displayed a straight line, which
confirmed that the catalytic process did not occur.

Moreover, the high dependence on visible-UV light sources
of most of the photocatalytic materials used for the removal of
organic pollutants in wastewaters limits the efficiency of the
catalysis in certain environmental conditions, for example,
underground water or waters with suspended solids.55

Therefore, it was necessary to address the potential visible-
UV light source dependence of these materials (Experimental
Section). Figure 5b shows that the elimination efficiency of the
PCL-Cu mats was similar in both light and dark conditions,
indicating the independency to light and the high adaptability
of the material, which could be also applied in environments
with scarce or no light. The UV−vis spectra of the chlorpyrifos
solution in contact with 5 mg of zerovalent Cu powder and 5
mg of PCL-2.5Cu mats, as representative samples, under dark
and light conditions at different time points were reported in
the Figure S9 of the Supporting Information. The scarce
differences observed between the UV−vis bands can confirm
that the degradation reaction evolved in light and dark
conditions was similar. In agreement with the mechanism
proposed in Figure 4b, in which light is not required.
Moreover, this experiment evidenced that the mechanism
developed in Cu-PCL mats was identical as zerovalent Cu
powder, despite the chemical modifications undergone during
the material fabrication.

Then, the influence of the copper content transferred to the
PCL mats. The concentration (mg/L) of CP eliminated
through the catalytic activity of copper vs the content in
copper in samples is shown in Figure 5b. These values
correspond to 7.7 mg/L for PCL-1.25Cu, 13.0 mg/L for PCL-
2.5Cu, and 12.4 mg/L for PCL-5Cu. As observed, the catalytic
activity is nonlinear with respect to the concentration of
copper. The degradation response increased with the copper
concentration up to a critical value (2.5 wt %) where the
catalytic activity reached a plateau. This result was attributed to
the aggregation of nanoparticles in mats at moderate
concentrations of copper, decreasing the active surface exposed
to the pesticide and limiting the catalytic activity.18 This was
confirmed by the SEM micrographs of the PCL-1.25Cu, PCL-
2.5Cu, and PCL-5Cu samples at higher magnifications (Figure
S10).

The kinetics of the degradation reaction was evaluated by
plotting ln (C0/C) as a function of time, and the results were
reported in Figure 5c. A straight line obtained confirmed the
apparent first-order kinetic law. The first order elimination rate
constants were k1 = 4.19 × 10−5 min−1 (R2 = 0.98), k1 = 5.27 ×
10−5 min−1 (R2 = 0.99), and k1 = 6.23 × 10−5 min−1 (R2 =
0.99), for PCL-1.25Cu, PCL-2.5Cu, and PCL-5Cu, respec-
tively. The positive effect of copper on the degradation rate
was associated with the presence of the largest number of
active sites on the surface of the fibers.52 These values of the
degradation rate were around 3 orders of magnitude below
other materials with photocatalytic activity.37,56 However, the
self-catalytic nature of these samples, which means that the
catalytic activity does not require UV-light sources, is a great
advantage that simplifies and streamlines the employment of
the materials presented in this work.

The catalytic activity, in terms of the kinetic constant and
catalytic removal (i.e., excluding the pesticide elimination by
the adsorption of PCL) of the copper integrated in the fibers,
in comparison with that of the free nanoparticles, was reported
in Table 1. Herein, the first-order elimination rate constant,
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represented in Figure 5d and Figure S8b, and the percentage of
catalytic removal (%) were calculated and normalized by the
content of active agent (μg). For evaluating the catalytic
response of the free copper nanoparticles (CuNPs), 5 mg of
copper powder was packed in paper pouches and immersed in
the chlorpyrifos solution (40 mg/L). After 72 h, nanoparticles
have degraded all the pesticide obtaining only the degradation
product (TPC). This process was repeated several times,
observing the total degradation of CP in all solutions.
However, after seven cycles the paper pouches broke and
CuNPs leached out, hampering the calculation of the overall
removal capability of free nanoparticles. Therefore, the values
reported in Table 1 corresponded to the values obtained after
reaching the maximum degradation point reached from 40
mg/L of pesticide (i.e., after 96 h for Cu-PCL mats and 72 h
for CuNPs). The higher values of the kinetic constant (k1,
min−1) and catalytic removal (%)/40 mg/L CP of CuNPs,
with respect to the Cu-PCL mats, indicated at first sight that
free nanoparticles exhibited a better catalytic response.
However, the kinetic constant provided by CuNPs is only
between two and four times higher than those provided by the
fiber mats, whereas the amount of available CuNPs was

between one and five hundreds time higher. This was
attributed to the strong tendency of free metal nanoparticles
to aggregate, which reduces their catalytic efficiency; however,
nanoparticles anchored to the polymer exhibited a proper
dispersion throughout all the electrospun microfiber, as shown
in SEM images (Figure 1).52,53 Moreover, when normalized by
the content of active agent, the performance provided by Cu-
PCL mats presented higher efficiency, more specifically in
samples with the lowest Cu content, ∼1.79%/μg for PCL-
1.25Cu, against 1.71%/μg and 0.87%/μg, observed for PCL-
2.5Cu and PCL-5Cu, respectively. These results indicated that
the concentration of copper beyond a determinate quantity
(2.5 wt %) can be a limiting factor for the reaction
performance due to the aggregation observed in SEM images
of Figure S10. Looking forward achieving the higher yields in
catalytic removal of CP, PCL-2.5Cu was selected as the best
sample.
Reusability Study. The potential regeneration and

reusability of the catalytic electrospun microfibers were
evaluated by measuring the removal capability (%) for five
successive cycles. As observed in the scheme represented in
Figure 6a, an intermediate washing step with methanol (the

Table 1. Content of Copper (μm), Kinetic Parameters, And Removal (%)/Content of Copper (μm) of PCL-1.25Cu, PCL-
2.5Cu, PCL-5Cu, and CuNPs

Sample
Content of Cu

(μg)
First-order elimination rate

constant k1 (min−1)
First-order elimination rate constant k1

(min−1/content of Cu (μg)
Catalytic removal
(%)/40 mg/L CP

Catalytic removal
(%)/content of Cu (μg)

PCL-
1.25Cu

12.24 ± 1.25 4.19 × 10−5 3.42 × 10−6 22.02 ± 3.21 1.79 ± 0.26

PCL-
2.5CU

22.91 ± 5.97 5.27 × 10−5 2.22 × 10−6 39.36 ± 5.18 1.71 ± 0.22

PCL-
5CU

42.85 ± 2.88 6.23 × 10−5 1.45 × 10−6 37.37 ± 1.09 0.87 ± 0.09

CuNPs 5770 ± 369.14 1.58 × 10−4 2.74 × 10−8 100 0.01 ± 0.00

Figure 6. (a) Scheme of the steps for reusing the material. (b) Removal efficiency (%) of five pesticide removal cycles. Nonsignificant differences
were obtained among results of each cycle according to Tukey’s test (p < 0.05). (c) SEM images of the PCL-2.5Cu sample after 5 cycles. (d) The
Raman spectra of PCL-1.25Cu sample after 5 cycles compared to the neat PCL-1.25Cu sample.
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sample was rinsed and shaken for 45 min) was included
between each cycle. As shown previously, PCL-2.5Cu had a
maximum pesticide removal of 48% after 96 h. This response
remained constant during the five cycles; see Figure 6b. It is
worth noticing that all the mechanisms involved in pesticide
removal (adsorption and catalysis) preserved their initial
performance after each pesticide degradation cycle and
washing step. The complete removal of the pesticide in the
wash-step was demonstrated by analyzing the infrared spectra
of the PCL mats and UV−vis spectrophotometry of the
solution before and after the rising; see Figure S11a, b. This
reactivation method is less aggressive and faster in comparison
with others found in the literature, such as exposure to high
temperatures,18,56 centrifugation17,37 or acids.57 Interestingly,
in Figure 6c, the SEM image of the samples after the five
cycles, which comprise a total of 20 days, revealed that the
inner morphology of the samples remained unspoilt. Besides,
in Figure 6d, the Raman spectra of the PCL-1.25Cu sample
taken after 5 cycles of pesticide removal (PCL-1.25Cu_C)
were compared with the Raman spectra obtained in the
pristine sample (PCL-1.25Cu). The lack of significant
differences between the spectra indicates that the copper
embedded did not undergo further oxidation toward Cu(II),
with characteristic Raman peaks located at 615 cm−1, 540
cm−1, and 295 cm−1.31,49 This indicates that PCL protects also
against solvent oxidation, allowing the extension of the
catalytic activity for more cycles.58 Finally, it was proven that
no release of any copper species is produced during the
treatment of the polluted solutions. The absence of additional
UV−vis peaks related to the surface plasmonic response of
copper species in the reaction solution (Figure S12, see the
Supporting Information) indicated that nanoparticles remained
anchored after multiple cycles.33,59,60

The starting concentration of pesticide used in all cycles was
constant, 40 mg/L. As said before, this concentration coincides
with the maximum concentration of this pesticide found in
natural waters of some cities of Bangladesh.10 This study
indicates that almost half of this toxic pollutant can be
removed in one cycle under those dramatic polluting
conditions. However, the possibility of reusing this material
for several cycles will allow the complete elimination of the
pesticide, reaching in five cycles an accumulated chlorpyrifos
removal capacity up to 100 mg/L.

■ CONCLUSIONS
The PCL-Cu electrospun microfibers developed in this work
have been demonstrated the successfully remove chlorpyrifos,
one of the most used and dangerous pesticides worldwide. The
PCL fibers were shown to retard the oxidation of copper,
maintaining their excellent catalytic activity. The pesticide
removal process was conducted through two mechanisms:
adsorption and catalysis, driven by PCL and Cu NPs,
respectively. The adsorption capability of PCL was superior
to other adsorbents found in the literature. Regarding the
catalytic activity, the concentration of copper was a relevant
factor that upgraded the kinetic and degradation yield, up to a
maximum Cu concentration of 2.5 wt % (PCL-2.5Cu sample).
Interestingly, the catalytic activity was not influenced by the
light irradiation, showing an independency to light conditions,
allowing its use in several framework conditions. Moreover,
these materials could be reused for at least five cycles, with a
wash step between each cycle, maintaining the same pesticide
removal efficiency and preserving the original morphology and
physicochemical properties for both PCL and CuNPs. These
results indicate that the PCL-Cu electrospun mat can be a
potential candidate to solve the worldwide critical environ-
mental and health problems caused by the toxic Chlorpyrifos
pesticide.

■ EXPERIMENTAL SECTION
Materials. Polycaprolactone polymer (PCL, average Mn ≈ 80 000,

ρ = 1.15 g cm−3, Tm = 61 °C) was used for the fabrication of the
electrospun fibers. Chlorpyrifos (PESTANAL, analytical standard),
and Copper nanopowder (Cu, average particle size 25 nm) were
purchased from Sigma-Aldrich, the absence of oxidized Cu due to the
storage was confirmed by Raman spectroscopy (see Supporting
Information, Figure S3). Chloroform, methanol, and ethanol were
purchased from Scharlab. Deionized water was obtained from a RiOs-
DI 3 Water Purification device.
Fabrication of Solid Fibers. PCL and PCL fiber mats loaded

with different concentrations of CuNPs (1.25, 2.50, 5.00 wt %) were
fabricated through electrospinning. Chloroform solutions of PCL (1.6
g/mL) were prepared to produce fiber mats. In addition, for the
production of the PCL-Cu mats, chloroform solutions with the
desired concentration of copper nanoparticles were placed into a
sonication bath (Ultrasons power bath sonicator J.P. Selecta) at 50 Hz
for 1 h. Then, these solutions were mixed with chloroform solutions
of PCL to obtain final solutions of 6 and 1.6 g/mL PCL for all
samples. The PCL-Cu solutions were shaken in a Heidolph Multi

Figure 7. Schematic representation of the fabrication process of PCL and PCL-Cu mats obtained through the electrospinning technique.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c00849
ACS Appl. Mater. Interfaces 2023, 15, 20385−20397

20392

https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00849/suppl_file/am3c00849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00849/suppl_file/am3c00849_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00849/suppl_file/am3c00849_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00849?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00849?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00849?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.3c00849?fig=fig7&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Reax Vortex mixer at 300 rpm overnight to guarantee the mixing of all
components.

PCL electrospun microfibers were obtained by transferring the
Chloroform solutions of PCL (1.6 g/mL), or PCL (1.6 g/mL) loaded
with Cu at different concentrations (1.25, 2.50, 5.00 wt % with respect
to the polymer) into a syringe of 3 mL equipped with a needle 21G.
The syringe was placed in a syringe pump NE-1000, New Era Pump
Systems, Inc. providing a constant flow rate. The electrospun fibers
were deposited on a collector that consisted of a copper target
covered with aluminum foil, which was placed at a certain distance
from the syringe, and a fixed voltage was applied between the needle
and the collector. The process was performed under controlled
environmental conditions (i.e., about 23 °C and 33% relative
humidity). The scheme of the fabrication process is reported in
Figure 7.

The electrospinning setup has a strong influence in the final
morphology features of the fibers and include the electrical field
(keV), the flow rate (mL/h), the deposition time (min), and the tip-
to-collector distance (cm). These variables barely changed for each
sample. The collector distance was 20 cm, while deposition time
consisted of 50 min in all cases, obtaining mats with an average
thickness of ∼0.3 mm, measured with a Mitutoyo 7321 Dial
Thickness Gauge 0−10 mm, precision (±0.01 mm). For each sample,
the electrical field and flow rate varied between 20 and 22 keV and
0.6−0.7 mL/h. All these parameters are detailed reported in the Table
S2 in Supporting Information.

The selected Cu concentrations were similar to those of other
electrospun microfibers loaded with nanoparticles that present
catalytic activity.61−63 The darkening of the mats increased with the
Cu concentrations, from white in the PCL mat to dark gray in the
PCL-5Cu sample, see Figure 7. Besides, all mats were macroscopically
homogeneous and compact, indicating the good cohesion and
integrity of all elements present in the mat composite. After their
preparation, mats were gently peeled off from the collector and kept
under room conditions until the experiments.

Additionally, it was observed that PCL-Cu solutions stored for
several days turned greenish due to copper oxidation, enabling the
study of copper oxidation within these materials. Thus, these solutions
were also employed for the production of PCL mats containing 5 wt
% oxidized copper (PCL-5CuOx), following the method explained
above, using 21 keV, 0.6 mL/h, 50 min, and 20 cm.
Thermogravimetric Analysis. Thermal gravimetric analysis

(TGA) was performed using a Mettler Toledo SDTA851 instrument.
The temperature program was set in a range from 50 to 800 °C with a
heating rate of 20 °C/min under a nitrogen atmosphere with a
constant flow rate of 60 mL/min, followed by an isotherm at 800 °C
for 15 min under an air atmosphere with a constant flow rate of 200
mL/min. At these thermal conditions, the PCL matrix degraded
completely. On this basis, the quantification of copper nanoparticles
was performed using the remaining residue of the thermal treatment
of PCL-Cu fibers, as performed elsewhere.64

Morphology Study: Scanning Electron Microscopy (SEM).
The elemental analysis of the electrospun fibers was performed
through the SEM-EDX technique using a FEI ESEM Quanta 200
(Felmi-ZFE) microscope equipped with an energy-dispersive X-ray
spectroscope EDAX Genesis (AMETEK Inc.) under an accelerating
voltage of 15 kV and with a backscattered electron (BSE) detector to
highlight the presence of copper nanoparticles. For this analysis, PCL
electrospun microfibers containing copper nanoparticles were not
coated. The morphological analysis was performed using a HITACHI
FlexSEM 1000 scanning electron microscope. For this analysis, neat
samples of PCL were coated with gold (10 nm), and the
measurement was performed using an accelerating voltage of 10 kV
and a secondary electron detector (SED).
Fourier Transform Infrared (FTIR) Spectroscopy. The infrared

spectra of the PCL mats were collected by using a Bruker Tensor 27
Spectrometer working in the Attenuated Total Reflectance (ATR)
method with an MKII Golden-Gate accessory. Each FTIR spectrum
was obtained at room temperature after 64 scans, with a resolution of
4 cm−1 in the range 4000−600 cm−1. The infrared peaks of the

samples were normalized by the peak belonging to the carbonyl group
of PCL located at 1720 cm−1.31

Raman Spectroscopy. The Raman spectra were measured with a
portable Raman BWTEK modular spectrometer coupled to a
microscope. The spectrometer is equipped with a detector BWTEK
Exemplar-Pro (resolution of 4 cm−1) and a laser excitation source
BWTEK CleanLaze (Power Output 50−450 mW and 785 nm laser
excitation wavelength). The magnification employed with the
microscope was ×20. The acquisition times were 0.1−120 s, and
the laser power was adjusted to ensure the innocuousness of the
measurement. The equipment was calibrated with the ν(Si−Si)
vibration mode, located at 520.7 cm−1, of a Si standard.
XRD. X-ray diffraction (XRD) patterns were obtained with an

X’Pert Pro (Malvern PANalytical) automated diffractometer using
Ge(111)-monochromated CuKα radiation and an X’Celerator
detector. Diffractograms were recorded between 5° and 80° (2θ) in
0.017° steps at 45 kV and 35 mA for 30 min. Samples were placed on
an aluminum support adapting them to the goniometer in a θ−2θ
configuration.
XPS. XPS spectra were recorded with a Physical Electronics PHI

5700 spectrometer by using a concentric hemispherical analyzer
operating in the constant pass energy mode at 29.35 eV with an
analysis area of 720 μm in diameter. MgKα X-ray (hν = 1253.6 eV)
was used as excitation source and binding energies are referenced to
adventitious C 1s peak at 284.8 eV. The residual pressure in the
analysis chamber was maintained below 5 × 10−7 Pa during data
collection. PHI ACCESS ESCA-V6.0F software package was used for
acquisition and data analysis.
Physicochemical Study of the Pesticide and Removal. The

pesticide removal efficiency was evaluated for Cu powder, neat PCL
electrospun nanofibers, and PCL-Cu electrospun fibers. For these
experiments, 5 mg of Cu powder was introduced into wettable paper
pouches to avoid the release of nanoparticles, while PCL and PCL-Cu
mats were cut into 1 × 1.2 cm pieces (∼5 mg). The samples, wettable
paper pouches, or pieces of the mats (1 × 1.2 cm), were immersed in
10 mL-glass containers with 5 mL of an water:ethanol:methanol
(2:1:1) solution with 40 mg/L CP and shaken at a constant rape of
300 rpm at room temperature. After fixed periods of contact time (96
h), the solutions were analyzed using a UV−visible scanning
spectrophotometer (UV-2600, Shimadzu), recording the samples’
absorption spectra in the range 190−400 nm. The concentrations of
CP were determined employing the 289 nm peak of CP, comparing
the obtained results with a calibration line (R2 = 0.99) obtained from
CP stock water:ethanol:methanol (2:1:1) solutions with concen-
trations ranging between 10 to 45 mg/L.22

All experiments were performed in triplicate, and the pesticide
removal efficiency (%) was calculated using eq 1:65

=
C C

C
Removal efficiency (%) 1000 t

0 (1)

Where C0 is the initial concentration of pesticide and Cf is the
concentration at time t.

The removal of the pesticide by the PCL-Cu composite fibers can
be carried out following multiple reaction mechanisms, like physical
(e.g., adsorption), chemical (e.g., catalysis), or as a result of the action
of both. Accordingly, it is necessary to address the study of the
different mechanisms that participate in the overall removal of
pesticide.
Adsorption Capability of the PCL Mat. The adsorption

capability (q) of the PCL was measured in mg of CP adsorbed by
a gram of mat, and calculated by eq 2:66
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Where C0 is the initial concentration of CP (mg/L), Ct is the
remaining concentration of pesticide (mg/L) at a given time, V is the
volume of the treated solution (L), and W is the weight of the sample
employed as an adsorbent (g).
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Kinetic Study of Catalytic Reaction. The pseudo-first-order
kinetic model was applied to determine the degradation kinetic
behavior. These calculations were applied with the values obtained 24
h after the immersion of the sample in the CP solution to ensure the
adsorption equilibrium prior to the catalysis response.67 The first-
order rate constant (k1, h−1) was calculated by fitting the experimental
data collected from a UV−vis spectrophotometer. The linear
expression is given by eq 3:

=C
C

k tln t

0
1
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k
jjjjj

y
{
zzzzz (3)

Where C0 and Ct (mg/L) are the concentration of pesticide, at the
initial stage and at time t.

Moreover, the catalytic activity of the Cu powder and PCL-Cu
electrospun samples under different light conditions (photocatalysis)
was assessed. For this experiment, the pesticide removal efficiency
(%) was calculated by performing the reaction in vials covered with
aluminum foil to simulate the dark conditions and uncovered vials to
simulate visible-light conditions (exposure to a halogen lamp with
visible-light irradiation ranged from 320 to 1100 nm).
Liquid Chromatography−Mass Spectrometry (UPLC-MS-

TOF) Analysis. The analysis of the formation of byproducts during
the reaction was performed using Ultra Performance Liquid
Chromatography (UHPLC) Acquity of Waters coupled with a
Quadrupole Time-of-Flight (Q-TOF) Mass spectrometer Bruker
Maxis Impact. Chromatographic separation of the aliquots was
performed through UHPLC using a Kinetex C18 column 100A, (2.1
mm × 50 mm, 1.7 μm) of Phenomenex. The mobile phase was
composed of 0.1% formic acid in water (A) and 0.1% formic acid in
acetonitrile (B). The gradient program was similar to Lee et al.:16 0−3
min, 5% B, 3−13 min, 5−80% B, 13−15 min, 80% B, 15−17 min,
80−5% B; and 17−20 min, 5% B. The flow rate was 0.3 mL/min, the
injection volume was 5 μL, and the oven temperature was 30 °C. For
profiling and identification of byproducts formed during the plasma
treatment, the separated peaks were analyzed by Q-TOF providing
high-resolution and mass measurement. The ESI spray voltage was set
for the positive ion mode. Samples were not diluted for this analysis.
Reusability of PCL-Cu Mats. Reusability of the fibers in the

pesticide solution was demonstrated over 5 reaction cycles. After each
cycle, a complete removal of the pesticides and byproducts from the
fibers mats was obtained after 45 min of shaking in 5 mL of methanol.
Then, the Cu-PCL fibers were immersed again in the CP solution (40
mg/L) and the removal efficiency was evaluated for the same period
(4 days). Moreover, the absence of degradation signs in PCL mats
after these cyclic immersions was studied with SEM microscopy.
Statistical Analysis. Results were reported as the mean ±

standard deviation. The one-way analysis of variance (ANOVA) and
Tukey’s test were used to evaluate the relevance in differences among
the mean values at a 0.05 level of significance.
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Miguel Ángel Rodríguez-Pérez − Cellular Materials
Laboratory (CellMat), Condensed Matter Physics,
Crystallography, and Mineralogy Department, Faculty of
Science, University of Valladolid, Campus Miguel Delibes,
Valladolid 47011, Spain; BioEcoUVA Research Institute on
Bioeconomy, Valladolid 47011, Spain

Complete contact information is available at:

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c00849
ACS Appl. Mater. Interfaces 2023, 15, 20385−20397

20394

https://pubs.acs.org/doi/10.1021/acsami.3c00849?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.3c00849/suppl_file/am3c00849_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+Isabel+Quilez-Molina"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2817-9183
https://orcid.org/0000-0002-2817-9183
mailto:anaisabel.quilez@uva.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Javier+Pinto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-3155-8325
https://orcid.org/0000-0003-3155-8325
mailto:jpinto@fmc.uva.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Suset+Barroso-Solares"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2311-1905
https://orcid.org/0000-0002-2311-1905
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Violeta+Hurtado-Garci%CC%81a"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+Alejandro+Heredia-Guerrero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Luz+Rodriguez-Mendez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-9760-362X
https://orcid.org/0000-0002-9760-362X
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Miguel+A%CC%81ngel+Rodri%CC%81guez-Pe%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


https://pubs.acs.org/10.1021/acsami.3c00849

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Financial assistance from Ministerio de Ciencia e Innovación
(Spain) (PID2021-127108OB-I00), MCIN/AEI/10.13039/
501100011033 and the EU NextGenerationEU/PRTR pro-
gram (PLEC2021-007705), Ministerio de Ciencia, Innovación
y Universidades (MCIU) (Spain), FEDER “Una manera de
hacer Europa” (EU) (RTI2018−098749−B-I00 and
RTI2018−097367-A-I00), Regional Government of Castilla y
León and the EU-FEDER program (CLU-2019-04 and
VA202P20) are gratefully acknowledged.

■ REFERENCES
(1) Rojas, S.; Rodríguez-Diéguez, A.; Horcajada, P. Metal-Organic

Frameworks in Agriculture. ACS Applied Materials and Interfaces 2022,
14, 16983−17007.
(2) Sikder, A.; Pearce, A. K.; Parkinson, S. J.; Napier, R.; O’Reilly, R.

K. Recent Trends in Advanced Polymer Materials in Agriculture
Related Applications. ACS Applied Polymer Materials 2021, 3, 1203−
1217.
(3) Weber, R.; Aliyeva, G.; Vijgen, J. The Need for an Integrated

Approach to the Global Challenge of POPs Management. Environ-
mental Science and Pollution Research 2013, 20, 1901−1906.
(4) Rani, M.; Shanker, U.; Jassal, V. Recent Strategies for Removal

and Degradation of Persistent & Toxic Organochlorine Pesticides
Using Nanoparticles: A Review. Journal of Environmental Management
2017, 190, 208−222.
(5) Loha, K. M.; Lamoree, M.; Weiss, J. M.; de Boer, J. Import,

Disposal, and Health Impacts of Pesticides in the East Africa
Rift(EAR) Zone: A Review on Management and Policy Analysis. Crop
Protection 2018, 112, 322−331.
(6) Stehle, S.; Schulz, R. Pesticide Authorization in the EU�

Environment Unprotected? Environmental Science and Pollution
Research 2015, 22 (24), 19632−19647.
(7) Ajiboye, T. O.; Oladoye, P. O.; Olanrewaju, C. A.; Akinsola, G.

O. Organophosphorus Pesticides: Impacts, Detection and Removal
Strategies. Environmental Nanotechnology, Monitoring and Management
2022, 17, 100655.
(8) John, E. M.; Shaike, J. M. Chlorpyrifos: Pollution and

Remediation. Environmental Chemistry Letters 2015, 13, 269−291.
(9) Foong, S. Y.; Ma, N. L.; Lam, S. S.; Peng, W.; Low, F.; Lee, B. H.

K.; Alstrup, A. K. O.; Sonne, C. A Recent Global Review of
Hazardous Chlorpyrifos Pesticide in Fruit and Vegetables: Prevalence,
Remediation and Actions Needed. J. Hazard Mater. 2020, 400,
123006.
(10) Huang, X.; Cui, H.; Duan, W. Ecotoxicity of Chlorpyrifos to

Aquatic Organisms: A Review. Ecotoxicology and Environmental Safety
2020, 200, 110731.
(11) Bootharaju, M. S.; Pradeep, T. Understanding the Degradation

Pathway of the Pesticide, Chlorpyrifos by Noble Metal Nanoparticles.
Langmuir 2012, 28 (5), 2671−2679.
(12) Hongsibsong, S.; Prapamontol, T.; Xu, T.; Hammock, B. D.;

Wang, H.; Chen, Z. J.; Xu, Z. L. Monitoring of the Organophosphate
Pesticide Chlorpyrifos in Vegetable Samples from Local Markets in
Northern Thailand by Developed Immunoassay. Int. J. Environ. Res.
Public Health 2020, 17 (13), 4723.
(13) John, E. M.; Shaike, J. M. Chlorpyrifos: Pollution and

Remediation. Environmental Chemistry Letters 2015, 13, 269−291.
(14) Dereumeaux, C.; Mercier, F.; Soulard, P.; Hulin, M.; Oleko, A.;

Pecheux, M.; Fillol, C.; Denys, S.; Quenel, P. Identification of
Pesticides Exposure Biomarkers for Residents Living Close to
Vineyards in France. Environ. Int. 2022, 159, 107013.

(15) Kumar, A.; Sharma, A.; Chaudhary, P.; Gangola, S.
Chlorpyrifos Degradation Using Binary Fungal Strains Isolated from
Industrial Waste Soil. Biologia (Bratisl) 2021, 76 (10), 3071−3080.
(16) Lee, Y.; Kim, Y. J.; Khan, M. S. I.; Na, Y. C. Identification and

Determination of By-Products Originating from Ozonation of
Chlorpyrifos and Diazinon in Water by Liquid Chromatography−
Mass Spectrometry. J. Sep Sci. 2020, 43 (21), 4047−4057.
(17) Tharmavaram, M.; Pandey, G.; Bhatt, P.; Prajapati, P.; Rawtani,

D.; Sooraj, K. P.; Ranjan, M. Chitosan Functionalized Halloysite
Nanotubes as a Receptive Surface for Laccase and Copper to Perform
Degradation of Chlorpyrifos in Aqueous Environment. Int. J. Biol.
Macromol. 2021, 191, 1046−1055.
(18) Sharma, L.; Kakkar, R. Hierarchical Porous Magnesium Oxide

(Hr-MgO) Microspheres for Adsorption of an Organophosphate
Pesticide: Kinetics, Isotherm, Thermodynamics, and DFT Studies.
ACS Appl. Mater. Interfaces 2017, 9 (44), 38629−38642.
(19) Aris, N. I. F.; Rahman, N. A.; Wahid, M. H.; Yahaya, N.; Abdul

Keyon, A. S.; Kamaruzaman, S. Superhydrophilic Graphene Oxide/
Electrospun Cellulose Nanofibre for Efficient Adsorption of Organo-
phosphorus Pesticides from Environmental Samples. R Soc. Open Sci.
2020, 7 (3), 192050.
(20) Hamadeen, H. M.; Elkhatib, E. A.; Badawy, M. E. I.;

Abdelgaleil, S. A. M. Novel Low Cost Nanoparticles for Enhanced
Removal of Chlorpyrifos from Wastewater: Sorption Kinetics, and
Mechanistic Studies. Arabian Journal of Chemistry 2021, 14 (3),
102981.
(21) Graça, C. A. L.; Mendes, M. A.; Teixeira, A. C. S. C.; de Velosa,

A. C. Anoxic Degradation of Chlorpyrifos by Zerovalent Mono-
metallic and Bimetallic Particles in Solution. Chemosphere 2020, 244,
125461.
(22) Rosbero, T. M. S.; Camacho, D. H. Green Preparation and

Characterization of Tentacle-like Silver/Copper Nanoparticles for
Catalytic Degradation of Toxic Chlorpyrifos in Water. J. Environ.
Chem. Eng. 2017, 5 (3), 2524−2532.
(23) Das, A.; Singh, J.; K.N., Y. Laccase Immobilized Magnetic Iron

Nanoparticles: Fabrication and Its Performance Evaluation in
Chlorpyrifos Degradation. Int. Biodeterior Biodegradation 2017, 117,
183−189.
(24) Komal; Gupta, K.; Kumar, V.; Tikoo, K. B.; Kaushik, A.;

Singhal, S. Encrustation of Cadmium Sulfide Nanoparticles into the
Matrix of Biomass Derived Silanized Cellulose Nanofibers for
Adsorptive Detoxification of Pesticide and Textile Waste. Chemical
Engineering Journal 2020, 385, 123700.
(25) Pérez-Indoval, R.; Rodrigo-Ilarri, J.; Cassiraga, E.; Rodrigo-

Clavero, M. E. Numerical Modeling of Groundwater Pollution by
Chlorpyrifos, Bromacil and Terbuthylazine. Application to the Buñol-
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Novel Route of Synthesis of PCL-CuONPs Composites With
Antimicrobial Properties. Dose-Response 2019 , 17 (3),
155932581986950.
(32) Okyere, D.; Manso, R. H.; Tong, X.; Chen, J. Stability of

Polyethylene Glycol-Coated Copper Nanoparticles and Their Optical
Properties. Coatings 2022, 12 (6), 776.
(33) Morioka, T.; Takesue, M.; Hayashi, H.; Watanabe, M.; Smith,

R. L. Antioxidation Properties and Surface Interactions of
Polyvinylpyrrolidone-Capped Zerovalent Copper Nanoparticles Syn-
thesized in Supercritical Water. ACS Appl. Mater. Interfaces 2016, 8
(3), 1627−1634.
(34) Numaga, N.; Hayashi, H.; Smith, R. L. Supercritical

Hydrothermal Synthesis of Polyacrylic Acid-Capped Copper Nano-
particles and Their Feasibility as Conductive Nanoinks. J. Electron.
Mater. 2020, 49 (10), 5681−5686.
(35) Chen, H.; Zhang, J.; Wu, H.; Li, Y.; Li, X.; Zhang, J.; Huang, L.;

Deng, S.; Tan, S.; Cai, X. Fabrication of a Cu Nanoparticles/Poly(ϵ-
Caprolactone)/Gelatin Fiber Membrane with Good Antibacterial
Activity and Mechanical Property via Green Electrospinning. ACS
Appl. Bio Mater. 2021, 4 (8), 6137−6147.
(36) Chen, H.; Lin, Y.; Zhou, H.; Zhou, X.; Gong, S.; Xu, H.

Synthesis and Characterization of Chlorpyrifos/Copper(II) Schiff
Base Mesoporous Silica with PH Sensitivity for Pesticide Sustained
Release. J. Agric. Food Chem. 2016, 64 (43), 8095−8102.
(37) Nekooie, R.; Shamspur, T.; Mostafavi, A. Novel CuO/TiO2/

PANI Nanocomposite: Preparation and Photocatalytic Investigation
for Chlorpyrifos Degradation in Water under Visible Light Irradiation.
J. Photochem. Photobiol. A Chem. 2021, 407, 113038.
(38) Campagnolo, L.; Morselli, D.; Magrì, D.; Scarpellini, A.;

Demirci, C.; Colombo, M.; Athanassiou, A.; Fragouli, D. Silk Fibroin/
Orange Peel Foam: An Efficient Biocomposite for Water
Remediation. Adv. Sustain Syst 2019, 3 (1), 1800097.
(39) Abdul Hameed, M. M.; Mohamed Khan, S. A. P.; Thamer, B.

M.; Rajkumar, N.; El-Hamshary, H.; El-Newehy, M. Electrospun
Nanofibers for Drug Delivery Applications: Methods and Mechanism.
Polym. Adv. Technol. 2023, 34, 6−23.
(40) Noruzi, M. Electrospun Nanofibres in Agriculture and the Food

Industry: A Review. Journal of the science of food and agriculture 2016,
96, 4663−4678.
(41) Morselli, D.; Campagnolo, L.; Prato, M.; Papadopoulou, E. L.;

Scarpellini, A.; Athanassiou, A.; Fragouli, D. Ceria/Gold Nano-
particles in Situ Synthesized on Polymeric Membranes with Enhanced
Photocatalytic and Radical Scavenging Activity. ACS Appl. Nano
Mater. 2018, 1 (10), 5601−5611.
(42) Adeyemi, D.; Mokgadi, J.; Darkwa, J.; Anyakora, C.; Ukpo, G.;

Turner, C.; Torto, N. Electrospun Nanofibers Sorbents for Pre-
Concentration of 1,1-Dichloro-2,2 Bis-(4-Chlorophenyl)Ethylene
with Subsequent Desorption by Pressurized Hot Water Extraction.
Chromatographia 2011, 73 (9−10), 1015−1020.
(43) Barroso-Solares, S.; Cuadra-Rodriguez, D.; Rodriguez-Mendez,

M. L.; Rodriguez-Perez, M. A.; Pinto, J. A New Generation of Hollow
Polymeric Microfibers Produced by Gas Dissolution Foaming. J.
Mater. Chem. B 2020, 8 (38), 8820−8829.
(44) Roque-Ruiz, J. H.; Cabrera-Ontiveros, E. A.; Torres-Pérez, J.;

Reyes-López, S. Y. Preparation of PCL/Clay and PVA/Clay
Electrospun Fibers for Cadmium (Cd+2), Chromium (Cr+3),
Copper (Cu+2) and Lead (Pb+2) Removal from Water. Water Air
Soil Pollut 2016, 227 (8), 286.
(45) Barroso-Solares, S.; Pinto, J.; Nanni, G.; Fragouli, D.;

Athanassiou, A. Enhanced Oil Removal from Water in Oil Stable
Emulsions Using Electrospun Nanocomposite Fiber Mats. RSC Adv.
2018, 8 (14), 7641−7650.
(46) Yazgan, G.; Dmitriev, R. I.; Tyagi, V.; Jenkins, J.; Rotaru, G. M.;

Rottmar, M.; Rossi, R. M.; Toncelli, C.; Papkovsky, D. B.; Maniura-
Weber, K.; Fortunato, G. Steering Surface Topographies of Electro-
spun Fibers: Understanding the Mechanisms. Sci. Rep 2017, 7 (1),
158.

(47) Wutticharoenmongkol, P.; Sanchavanakit, N.; Pavasant, P.;
Supaphol, P. Preparation and Characterization of Novel Bone
Scaffolds Based on Electrospun Polycaprolactone Fibers Filled with
Nanoparticles. Macromol. Biosci 2006, 6 (1), 70−77.
(48) Quilez-Molina, A. I.; Pasquale, L.; Debellis, D.; Tedeschi, G.;

Athanassiou, A.; Bayer, I. S. Responsive Bio-Composites from
Magnesium Carbonate Filled Polycaprolactone and Curcumin-
Functionalized Cellulose Fibers. Adv. Sustain Syst 2021, 5 (10),
2100128.
(49) Ombaka, L. M.; Curti, M.; McGettrick, J. D.; Davies, M. L.;

Bahnemann, D. W. Nitrogen/Carbon-Coated Zero-Valent Copper as
Highly Efficient Co-Catalysts for TiO2Applied in Photocatalytic and
Photoelectrocatalytic Hydrogen Production. ACS Appl. Mater.
Interfaces 2020, 12 (27), 30365−30380.
(50) Hung, L. L.; Tsung, C. K.; Huang, W.; Yang, P. Room-

Temperature Formation of Hollow Cu2O Nanoparticles. Adv. Mater.
2010, 22 (17), 1910−1914.
(51) Liu, J.; Zhang, X.; Zhang, Y. Preparation and Release Behavior

of Chlorpyrifos Adsolubilized into Layered Zinc Hydroxide Nitrate
Intercalated with Dodecylbenzenesulfonate. ACS Appl. Mater.
Interfaces 2015, 7 (21), 11180−11188.
(52) Campagnolo, L.; Lauciello, S.; Athanassiou, A.; Fragouli, D.

Au/ZnO Hybrid Nanostructures on Electrospun Polymeric Mats for
Improved Photocatalytic Degradation of Organic Pollutants. Water
(Switzerland) 2019, 11 (9), 1787.
(53) Choi, S. K.; Kim, S.; Lim, S. K.; Park, H. Photocatalytic

Comparison of TiO2 Nanoparticles and Electrospun TiO2 Nano-
fibers: Effects of Mesoporosity and Interparticle Charge Transfer. J.
Phys. Chem. C 2010, 114 (39), 16475−16480.
(54) Hinestroza, H. P.; Urena-Saborio, H.; Zurita, F.; de León, A. A.

G.; Sundaram, G.; Sulbarán-Rangel, B. Nanocellulose and Poly-
caprolactone Nanospun Composite Membranes and Their Potential
for the Removal of Pollutants from Water. Molecules 2020, 25 (3),
683.
(55) Iervolino, G.; Zammit, I.; Vaiano, V.; Rizzo, L. Limitations and

Prospects for Wastewater Treatment by UV and Visible-Light-Active
Heterogeneous Photocatalysis: A Critical Review. In Heterogeneous
Photocatalyis; Topics in Current Chemistry; Springer, 2020; p 225.
(56) Vigneshwaran, S.; Preethi, J.; Meenakshi, S. Removal of

Chlorpyrifos, an Insecticide Using Metal Free Heterogeneous
Graphitic Carbon Nitride (g-C3N4) Incorporated Chitosan as
Catalyst: Photocatalytic and Adsorption Studies. Int. J. Biol. Macromol.
2019, 132, 289−299.
(57) Xu, Y.; Yoo, I. K. Removal of Lead from Water Solution by

Reusable Magnetic Adsorbent Incorporating Selective Lead-Binding
Peptide. Applied Sciences (Switzerland) 2020, 10 (18), 6418.
(58) Dabera, G. Di. M. R.; Walker, M.; Sanchez, A. M.; Pereira, H.

J.; Beanland, R.; Hatton, R. A. Retarding Oxidation of Copper
Nanoparticles without Electrical Isolation and the Size Dependence of
Work Function. Nat. Commun. 2017, 8 (1), 1894.
(59) Thamer, N. A.; Muftin, N. Q.; Al-Rubae, S. H. N. Optimization

Properties and Characterization of Green Synthesis of Copper Oxide
Nanoparticles Using Aqueous Extract of Cordia Myxa L. Leaves.
Asian J. Chem. 2018, 30 (7), 1559−1563.
(60) Polliotto, V.; Livraghi, S.; Krukowska, A.; Dozzi, M. V.; Zaleska-

Medynska, A.; Selli, E.; Giamello, E. Copper-Modified TiO2 and
ZrTiO4: Cu Oxidation State Evolution during Photocatalytic
Hydrogen Production. ACS Appl. Mater. Interfaces 2018, 10 (33),
27745−27756.
(61) Aziz, S.; Sabzi, M.; Fattahi, A.; Arkan, E. Electrospun Silk

Fibroin/PAN Double-Layer Nanofibrous Membranes Containing
Polyaniline/TiO2 Nanoparticles for Anionic Dye Removal. Journal
of Polymer Research 2017, 24 (9), DOI: 10.1007/s10965-017-1298-0.
(62) Natsathaporn, P.; Jenjob, R.; Pattanasattayavong, P.;

Yiamsawas, D.; Crespy, D. Photocatalytic Degradation of Pesticides
by Nanofibrous Membranes Fabricated by Colloid-Electrospinning.
Nanotechnology 2020, 31 (21), 215603.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c00849
ACS Appl. Mater. Interfaces 2023, 15, 20385−20397

20396

https://doi.org/10.1177/1559325819869502
https://doi.org/10.1177/1559325819869502
https://doi.org/10.3390/coatings12060776
https://doi.org/10.3390/coatings12060776
https://doi.org/10.3390/coatings12060776
https://doi.org/10.1021/acsami.5b07566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b07566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b07566?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11664-020-08370-w
https://doi.org/10.1007/s11664-020-08370-w
https://doi.org/10.1007/s11664-020-08370-w
https://doi.org/10.1021/acsabm.1c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsabm.1c00485?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b03262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b03262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jafc.6b03262?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jphotochem.2020.113038
https://doi.org/10.1016/j.jphotochem.2020.113038
https://doi.org/10.1016/j.jphotochem.2020.113038
https://doi.org/10.1002/adsu.201800097
https://doi.org/10.1002/adsu.201800097
https://doi.org/10.1002/adsu.201800097
https://doi.org/10.1002/pat.5884
https://doi.org/10.1002/pat.5884
https://doi.org/10.1002/jsfa.7737
https://doi.org/10.1002/jsfa.7737
https://doi.org/10.1021/acsanm.8b01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.8b01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsanm.8b01227?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10337-011-1989-3
https://doi.org/10.1007/s10337-011-1989-3
https://doi.org/10.1007/s10337-011-1989-3
https://doi.org/10.1039/D0TB01560A
https://doi.org/10.1039/D0TB01560A
https://doi.org/10.1007/s11270-016-2990-0
https://doi.org/10.1007/s11270-016-2990-0
https://doi.org/10.1007/s11270-016-2990-0
https://doi.org/10.1039/C7RA12646H
https://doi.org/10.1039/C7RA12646H
https://doi.org/10.1038/s41598-017-00181-0
https://doi.org/10.1038/s41598-017-00181-0
https://doi.org/10.1002/mabi.200500150
https://doi.org/10.1002/mabi.200500150
https://doi.org/10.1002/mabi.200500150
https://doi.org/10.1002/adsu.202100128
https://doi.org/10.1002/adsu.202100128
https://doi.org/10.1002/adsu.202100128
https://doi.org/10.1021/acsami.0c06880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.0c06880?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.200903947
https://doi.org/10.1002/adma.200903947
https://doi.org/10.1021/acsami.5b01068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b01068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.5b01068?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/w11091787
https://doi.org/10.3390/w11091787
https://doi.org/10.1021/jp104317x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp104317x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp104317x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/molecules25030683
https://doi.org/10.3390/molecules25030683
https://doi.org/10.3390/molecules25030683
https://doi.org/10.1007/978-3-030-49492-6_7
https://doi.org/10.1007/978-3-030-49492-6_7
https://doi.org/10.1007/978-3-030-49492-6_7
https://doi.org/10.1016/j.ijbiomac.2019.03.071
https://doi.org/10.1016/j.ijbiomac.2019.03.071
https://doi.org/10.1016/j.ijbiomac.2019.03.071
https://doi.org/10.1016/j.ijbiomac.2019.03.071
https://doi.org/10.3390/app10186418
https://doi.org/10.3390/app10186418
https://doi.org/10.3390/app10186418
https://doi.org/10.1038/s41467-017-01735-6
https://doi.org/10.1038/s41467-017-01735-6
https://doi.org/10.1038/s41467-017-01735-6
https://doi.org/10.14233/ajchem.2018.21242
https://doi.org/10.14233/ajchem.2018.21242
https://doi.org/10.14233/ajchem.2018.21242
https://doi.org/10.1021/acsami.8b05528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b05528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.8b05528?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10965-017-1298-0
https://doi.org/10.1007/s10965-017-1298-0
https://doi.org/10.1007/s10965-017-1298-0
https://doi.org/10.1007/s10965-017-1298-0?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-6528/ab713d
https://doi.org/10.1088/1361-6528/ab713d
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(63) Duan, H.; He, H.; Sun, L.; Song, S.; Ye, Z. Indium-Doped ZnO
Nanowires with Infrequent Growth Orientation, Rough Surfaces and
Low-Density Surface Traps. Nanoscale Res. Lett. 2013, 8 (1), 1−6.
(64) Barroso-Solares, S.; Cimavilla-Roman, P.; Rodriguez-Perez, M.

A.; Pinto, J. Non-Invasive Approaches for the Evaluation of the
Functionalization of Melamine Foams with in-Situ Synthesized Silver
Nanoparticles. Polymers (Basel) 2020, 12 (5), 996.
(65) Kim, Y.; Eom, H. H.; Kim, D.; Harbottle, D.; Lee, J. W.

Adsorptive Removal of Cesium by Electrospun Nanofibers Embedded
with Potassium Copper Hexacyanoferrate. Sep Purif Technol. 2021,
255, 117745.
(66) Barroso-Solares, S.; Merillas, B.; Cimavilla-Román, P.;

Rodriguez-Perez, M. A.; Pinto, J. Enhanced Nitrates-Polluted Water
Remediation by Polyurethane/Sepiolite Cellular Nanocomposites. J.
Clean Prod 2020, 254, 120038.
(67) Kuo, C. S.; Lin, C. F.; Hong, P. K. A. Photocatalytic

Degradation of Methamphetamine by UV/TiO2-Kinetics, Intermedi-
ates, and Products. Water Res. 2015, 74, 1−9.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.3c00849
ACS Appl. Mater. Interfaces 2023, 15, 20385−20397

20397

 Recommended by ACS

Novel Synthesis of CuO/GO Nanocomposites and Their
Photocatalytic Potential in the Degradation of Hazardous
Industrial Effluents
Farhana Anjum, M. I. Khan, et al.
MAY 05, 2023
ACS OMEGA READ 

Facile Process for the Development of Antiviral Cotton
Fabrics with Nano-Embossed Copper Oxide
Fayyaz Salih Hussain, Zeeshan Khatri, et al.
MAY 18, 2023
ACS OMEGA READ 

Chitosan Sponge/Cu–WO3–x Composite for Photodynamic
Therapy of Wound Infection
Xingrui Qi, Tao Jin, et al.
FEBRUARY 07, 2023
LANGMUIR READ 

Multifunctional Textile Constructed via Polyaniline-
Mediated Copper Sulfide Nanoparticle Growth for Rapid
Photothermal Antibacterial and Antioxidation Applications
Yiwen Ren, Qiang Wang, et al.
JANUARY 06, 2023
ACS APPLIED NANO MATERIALS READ 

Get More Suggestions >

https://doi.org/10.1186/1556-276X-8-493
https://doi.org/10.1186/1556-276X-8-493
https://doi.org/10.1186/1556-276X-8-493
https://doi.org/10.3390/polym12050996
https://doi.org/10.3390/polym12050996
https://doi.org/10.3390/polym12050996
https://doi.org/10.1016/j.seppur.2020.117745
https://doi.org/10.1016/j.seppur.2020.117745
https://doi.org/10.1016/j.jclepro.2020.120038
https://doi.org/10.1016/j.jclepro.2020.120038
https://doi.org/10.1016/j.watres.2015.01.043
https://doi.org/10.1016/j.watres.2015.01.043
https://doi.org/10.1016/j.watres.2015.01.043
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.3c00849?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00129?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsomega.3c00492?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acs.langmuir.2c03071?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
http://pubs.acs.org/doi/10.1021/acsanm.2c04797?utm_campaign=RRCC_aamick&utm_source=RRCC&utm_medium=pdf_stamp&originated=1685812502&referrer_DOI=10.1021%2Facsami.3c00849
https://preferences.acs.org/ai_alert?follow=1

