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Abstract: Effective removal of toxic inorganic and organic pollutants is one of the current leading
challenges of wastewater treatment. In this study, the decomposition of methylene blue (MB) un-
der UV light irradiation was investigated in the presence of copper nanoclusters (NCs)-deposited
polyethylene terephthalate (PET) track-etched hybrid membranes. PET track-etched membranes
(TeMs) with an average pore size of ~400 nm were grafted by functional acrylic acid (AA) monomer
under electron beam irradiation after oxidation with H2O2/UV system. The radiation dose varied be-
tween 46 and 200 kGy. For the deposition of copper NCs, poly(acrylic acid) (PAA)-grafted membranes
saturated with Cu(II) ions were irradiated either by electron beam or γ-rays to obtain copper-based
NCs for the catalytic degradation of MB. Irradiation to 100 kGy with accelerated electrons resulted
in the formation of small and uniform copper hydroxide (Cu(OH)2) nanoparticles homogeneously
distributed over the entire volume of the template. On the other hand, irradiation under γ-rays
yielded composites with copper NCs with a high degree of crystallinity. However, the size of the
deposited NCs obtained by γ-irradiation was not uniform. Nanoparticles with the highest uniformity
were obtained at 150 kGy dose. Detailed analysis by X-ray diffraction (XRD) and scanning electron
microscopy (SEM) confirmed the loading of copper nanoparticles with an average size of 100 nm
on the inner walls of nanochannels and on the surface of PET TeMs. Under UV light irradiation,
composite membranes loaded with NCs exhibited high photocatalytic activity. It was determined
that the highest catalytic activity was observed in the presence of Cu(OH)2@PET-g-PAA membrane
obtained at 250 kGy. More than 91.9% of the initial dye was degraded when this hybrid membrane
was employed for 180 min, while only 83.9% of MB was degraded under UV light using Cu@PET-
g-PAA membrane. Cu(OH)2@PET-g-PAA membranes obtained under electron beam irradiation
demonstrated a higher photocatalytic activity compared to Cu@PET-g-PAA membranes attained by
γ-rays.

Keywords: track-etched membranes; radiation-induced grafting; accelerated electrons; copper
nanoclusters; methylene blue degradation

1. Introduction

Water treatment is the process of removing contaminants from water to make it safe
for various uses, such as drinking, irrigation, and industrial processes. Synthetic dyes
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have been widely used in various industries, including textile, paper, and food, in recent
decades [1]. Therefore, these dye molecules contribute significantly to water pollution
due to their high reactivity and toxicity [2]. Many synthetic dyes are quite stable, so they
remain in the environment for a long time and cause serious contamination [3]. Some
synthetic dyes also exhibit carcinogenic and toxic properties that pose significant risks
to human health due to functionalities such as aromatic compounds and benzidine [4].
Consequently, there is an urgent need to develop efficient methods to remove dye molecules
from wastewater and prevent their harmful effects.

There are various approaches to water treatment, including physical, chemical, and
biological methods [5,6]. Physical methods involve the removal of contaminants through
physical barriers such as screens, filters, or membranes. Chemical methods include the use
of chemical reactions, such as oxidation or reduction, to remove or convert contaminants [7].
Biological methods involve the use of microorganisms to degrade or remove pollutants [8,9].
In the case of synthetic dyes, chemical methods are often used to degrade them. One of
the most effective and widely used chemical methods is the advanced oxidation process
(AOP) [10–12], which involves the generation of highly reactive species, such as hydroxyl
radicals, to degrade contaminants. AOP relies on combining hydrogen peroxide (H2O2)
with ultra-violet light or ozone to remove hard-to-break pollutants from water. The effec-
tiveness of AOP can be enhanced by using catalysts that improve the degradation rate of
synthetic dyes. For example, catalysts based on metal–organic frameworks (MOFs) have
been used effectively in this area recently [13]. MOFs are highly porous materials composed
of metal ions and organic ligands, which can be designed to have certain advantageous
properties such as high surface area, stability, and selectivity. MOFs have been shown
to be effective catalysts for the degradation of various dyes such as triarylmethane and
anthraquinone [6,14]. The catalytic activity of MOFs can be enhanced by doping with metal
ions, such as Co, Cu, Ni, etc. Despite such promising materials and methods, current water
treatment methods have worrisome shortcomings such as high operating costs, low efficacy,
or potential to cause harmful accompanying pollutants to the environment; therefore, the
development of new materials is still needed [15–17]. A promising and effective approach
in water purification is the use of composite photocatalysts that can degrade different
types of industrial dyes using light energy [18–20]. Photocatalysts based on composite
membranes have been shown to be effective at decomposing various dye contaminants [21],
including methylene blue (MB).

The development of highly effective and inexpensive new catalysts is crucial for the
removal of synthetic dyes from water sources [22,23]. Porous membranes have unique
properties that make them attractive for catalysis applications, particularly hybrid mem-
branes decorated with metal nanoparticles. They have a large surface area and well-defined
pore structures that can be tailored for specific applications. Pore size and distribution can
be controlled to allow efficient diffusion of reactants and products across the membrane
while providing a high surface area for catalytic reactions to occur. In addition, the porous
nature of these membranes can provide a protective environment for the nanoparticles,
prevent aggregation, and increase their stability and reusability [24–26]. This makes them
particularly useful as support materials for heterogeneous catalysts immobilized on solid
supports [27–29].

The use of metal nanoparticles in the manufacture of polymeric membranes is a grow-
ing area of research and development in membrane technology [30]. The addition of metal
nanoparticles to polymeric membranes can improve their performance in several ways,
including enhancing flux (permeation rate of the membrane) and reducing fouling (accu-
mulation of unwanted materials on the membrane surface) [31,32]. Metal nanoparticles
can be incorporated into polymeric membranes through various techniques, including
blending, in situ synthesis, and coating [25,33,34]. The choice of technique depends on
several factors, such as the properties of the nanoparticles, the polymeric membrane matrix,
and the intended application. Their loading into polymeric membranes can impart unique
properties such as antibacterial, antifouling, and catalytic activity to the membranes. For
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example, it has been shown that silver nanoparticles have antibacterial properties and can
be used to prevent bacterial fouling of the membrane and to remove organic dyes such as
methylene blue [21] and heavy ions such as arsenic from aqueous media [35].

The synthesis of stable nanoclusters of metals with controlled size, shape, and ho-
mogeneity remains a challenge, although significant progress has been made in recent
years and a variety of promising approaches are being explored [36,37]. This is because the
properties of metal nanoclusters can be highly dependent on their size and shape, and even
small variations in synthesis conditions can lead to significant changes in these parame-
ters [38]. In addition, metal nanoclusters are often prone to aggregation or coalescence,
which can limit their stability and homogeneity. To overcome these challenges, researchers
have developed several approaches to synthesize stable metal nanoclusters. One common
method is to use protective ligands, such as thiol molecules, to stabilize the nanoclusters
and prevent aggregation. Another approach is to use a matrix material, such as a zeolite or
a polymer, to provide a stable environment for the nanoclusters [39]. Besides stabilizing
the nanoclusters, controlling their size and shape is also important to achieve the desired
properties. This can be accomplished by various methods, such as controlling reaction
conditions, using templates or molds to define the shape, or using surfactants or other
additives to control the growth of the nanoclusters. Among the many techniques pro-
posed for the synthesis of NPs, radiation-induced synthesis occupies a special place [40,41].
Radiation–chemical reduction of many metal ions in aqueous solutions in the presence of
stabilizers leads to the formation of metal sols [37]. This method of obtaining metallic NPs
has a number of well-known advantages that provide a fairly wide range of application [42].
In general, the radiation–chemical synthesis of metal nanocrystals in templates includes
several successive stages, such as fabrication of a template with a highly hydrophilic surface,
sorption of metal ions from saturated solutions of precursors, and treatment of the reaction
mixture with ionizing radiation (electrons, x-rays, and gamma radiation) [40]. Previously,
the use of gamma radiation (Co60) to produce copper nanoclusters in PAA-grafted PET
TeMs was demonstrated [24]. Therefore, in our current study, the irradiation process with
accelerated electrons for the formation of copper-based NCs was investigated in detail,
while previously optimized conditions were used for the gamma-induced synthesis of NCs.

The aim of this study is to evaluate the potential of hybrid composites based on
polyethylene terephthalate (PET) track-etched membranes (TeMs) with deposited copper
nanoclusters (NCs) as catalysts for the photodegradation of methylene blue (MB) under UV
light. PET TeMs are a type of membrane created using heavy ion radiation and are known
for their high chemical, UV, and thermal stability [43], making them useful in a variety of
applications. The addition of copper nanoclusters to these membranes confers catalytic
activity to them [44], potentially leading to improved performance in the decomposition of
various classes of toxic pollutants [45,46]. The controlled pore size, high surface area, and
physical integrity are the main advantages of TeMs. In order to obtain hybrid composite
membranes that combine the advantages of TeMs and NCs, the membranes were first
chemically functionalized by grafting with poly(acrylic acid) (PAA) to obtain a higher NCs
loading and increase their stability. NPs can be stabilized with polymeric brushes that
interact strongly with them, controlling their growth and preventing them from aggregating.
The stabilizing polymer matrix plays a crucial role in the catalytic performance of NPs
along with their size and shape [47]. Besides being a highly effective sorbent, PAA is
also a well-known polymeric stabilizing matrix for nanoparticles [48]. Copper-based NCs
were loaded onto PAA-grafted TeMs (PET-g-PAA) by electron beam irradiation or γ-rays
treatment to provide a stable and promising catalyst for the degradation of MB. The results
of this study provide important implications for obtaining new and improved catalysts for
various chemical reactions.
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2. Materials and Methods
2.1. Materials

Acrylic acid (AA), hydrogen peroxide (H2O2), copper sulfate (CuSO4·5H2O), methy-
lene blue (MB), and all other chemicals were purchased from Sigma-Aldrich (Schnelldorf,
Germany). AA was distilled under vacuum just before use. All aqueous solutions
were prepared using deionized water (18.2 MΩ/cm, Aquilon D-301) obtained using
“Aquilon—D301” water purification system with a resistivity of 18.2 MΩ/cm (Aquilon,
Podolsk, Russia).

To obtain track-etched membranes, a PET Hostaphan® RNK film («Mitsubishi Polyester
Film», (Wiesbaden, Germany) was used as the polymer template. The film was irradiated
with 84Kr15+ ions at a specific energy and fluency using a cyclotron (Cyclotron DC-60,
Institute of Nuclear Physics of Kazakhstan). After irradiation, the film was etched in
2.2 M NaOH to create nanopores across the cross-section, resulting in PET track-etched
membranes (TeMs) with an average pore diameter of 385 ± 9 nm.

2.2. Electron Beam-Induced Grafting of Acrylic Acid

For the modification of the surface and pore interior of PET templates with functional
PAA polymer, simultaneous grafting method by direct irradiation with accelerated electrons
was performed. Prior to irradiation, the surface of PET TeMs was oxidized with H2O2
according to the method described elsewhere [49], and all samples were thoroughly cleaned
with acetone in an ultrasonic bath and immersed in an aqueous solution of AA at various
concentrations (5–20, wt.%). In order to prevent the homopolymerization of AA, 1% (wt.%)
CuSO4 was added to the reaction mixture. Then, the reaction mixture was purged with
argon to remove dissolved oxygen. Samples were irradiated on an ILU-10 linear electron
accelerator up to various doses.

After irradiation, the samples were kept in water for 24 h at 60 ◦C and dried under
vacuum till a constant weight. The degree of grafting (DG) was determined gravimetrically
according to the following Equation (1):

DG =
m−m0

m0
× 100% (1)

where m0 and m are the masses of PET TeM before and after grafting, respectively.
The irradiation dose varied from 46 to 200 kGy. The samples were irradiated at the

ILU-10 electron accelerator (Kurchatov, Kazakhstan), where the electron beam energy was
3.8 MeV and the average electron beam current was 6.84 mA. The irradiation dose was
varied by changing the number of runs of the sample holder under the electron beam at a
constant speed and controlled by B3WinDose electronic dosimeters (Gex, Palm City, FL,
USA). In all experiments performed, dose measurement error did not exceed 10%. Since
the maximum dose measured by this type of dosimeter is 150 kGy, a calibration curve was
plotted to calculate doses in experiments above 150 kGy (Figure S1).

2.3. Radiation-Induced Synthesis of Copper Nanoclusters (NCs)
e-Beam and γ-rays Treatment of PET-g-PAA TeMs

PET-g-PAA TeMs obtained in Section 2.2 were used as templates for the formation of
NCs. Sorption of Cu(II) ions was accomplished by passing a saturated solution of copper
sulfate (37%, w/v) for at least 48 h through the pores of the PAA-grafted membranes using a
LOIP peristaltic pump (JSC «Laboratory Equipment and Instruments»б Saint-Petersburg,
Russia). The waiting time of the samples in saturated CuSO4 solution without using a
pump was at least 15 days. Irradiation was carried out using ILU-10 accelerator (JSC “Park
of Nuclear Technologies”, Kurchatov). Each membrane was immersed into glass vials
containing 0.01 M CuSO4 in 10% EtOH, bubbled with argon, and irradiated by e-beam or
γ-rays. For e-beam irradiation, beam current, conveyor speed, and electron energy was
6.84 mA, 7.0 m/min and 3.8 MeV, respectively. The samples were irradiated till different
total absorbed doses of 100, 128.3, 185, and 231.2 kGy. γ-rays treatment was carried out in
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gamma mode using a tantalum bremsstrahlung converter manufactured by the INP named
after Budker SB RAS at the ILU-10 accelerator. During irradiation with gamma quanta, a
dose range of 100–200 kGy was employed, since destruction of the PET polymer template
occurred at radiation doses exceeding 200 kGy.

The amount of copper deposited was determined gravimetrically with an accuracy
of 0.1 mg (AS 220.R2, Radwag, Radom, Poland) and expressed in mg/cm2 based on the
difference in the weights of the PAA-grafted membranes before and after e-beam and
γ-rays treatments.

2.4. Characterization

The morphology of the grafted and copper NCs-loaded hybrid membranes were
investigated by JEOL JSM-7500F scanning electron microscopy (SEM) (Tokyo, Japan). SEM
was used for visualization of distribution of copper NCs along the nanochannels of PET-g-
PAA TeMs.

The crystal structure of the NCs was examined on a D8 Advance diffractometer (Bruker,
Karlsruhe, Germany) in the angular range of 2θ 30–80◦ with a step of 2θ = 0.02◦ (measuring
time: 1 s, tube mode: 40 kV, 40 mA). The mean size of crystallites was determined via
the broadening of X-ray diffraction reflections using the Scherer equation. The phase
composition was determined using the Rietveld method, which is based on approximating
the areas of the diffraction peaks and determining the convergence with reference values
for each phase. The volume fraction of the composite phase was determined using the
following Equation (2):

Vadmixture =
RIphase

Iadmixture + RIphase
(2)

where Iphase is the average integral intensity of the main phase of the diffraction line,
Iadmixture is the average integral intensity of the additional phase, and R is the structural
coefficient equal to 2.

Tensile strength measurements were carried out using a special tensile testing machine
presented in Figure S2. It directly gave the value of breaking force for the standard circle
samples of the investigated PAA-grafted membranes. The results of three measurements
were averaged and given in units of pressure.

2.5. Photocatalytic Activity

Methylene blue (MB) was used as a model dye to examine the photocatalytic activity
of as-prepared composite membranes under UV light irradiation. All experiments were
carried out in 200 mL double-walled glassware. A 300 W high-pressure UV lamp (Ultra-
Vitalux 300 W, Osram, Augsburg, Germany) was used as the source of UV light. The
distance from the light source to the solution was 15 cm. In a typical procedure, a 1 × 1 cm
composite membrane was immersed in 20.0 mL of MB solution at a concentration of
3.0 mg/L and stirred for 30 min in the dark to achieve adsorption–desorption equilibrium
between the organic dye and the catalyst (a laboratory setup is presented on the Figure S3).
After irradiation with UV light, a 0.35 mL aliquot was taken from the reaction mixture
every 5–10 min and its absorbance was measured using a Specord-250 spectrophotometer
(Jena Analytic, Jena, Germany) in the wavelength range of 200–800 nm. According to the
Beer–Lambert law, the concentration of MB is directly proportional to its absorbance; thus,
the degree of degradation (D, %) of MB was calculated relative to its characteristic peak at
664 nm using the following Equation (3) [21]:

D =
C0 − C

C0
× 100% =

A0 − A
A0

× 100%, (3)

where A0 is the initial absorbance of MB solution at 664 nm before loading the catalyst,
A is the absorbance at 664 nm at different time intervals, and C0 is the concentration of
feed solution.
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3. Results and Discussion
3.1. Synthesis of PET-g-PAA TeMs by e-Beam-Mediated Grafting and Loading Them with NCs by
e-Beam and γ-rays Treatments

Radiation-induced grafting is a widely used approach to impart desired surface
functionalities to base polymers as it has many advantages over conventional chemical pro-
cesses, such as environmental friendliness, operation at or below room temperature without
any catalyst or initiator, low cost, simplicity, and ease of control of material composition and
process [50,51]. The degree of grafting (DG) is an important expression that indicates the
amount of new functionality imparted to the surface. It has been frequently reported that
there is a competition between homopolymerization and graft copolymerization during
the radiation-induced grafting process. The increase in homopolymerization results in a
lower grafting, while the reverse case yields higher grafting rates. The variation of the
degree of grafting (DG, %) is shown in Figure 1a as a function of absorbed dose under a
beam of accelerated electrons. A downward trend in DG was observed in solutions with
a high concentration of AA above a dose of about 128 kGy. This can be associated with
the predominance of homopolymerization [52,53] and shows that increasing monomer
concentration causes polymerization to progress against grafting at high radiation doses.
This assumption was followed and confirmed by the reduction in the concentration of
terminal carboxyl –COOH groups determined by the toluidine blue (TB) method [54]. We
similarly validated the degrees of grafting obtained by quantifying the -COOH groups in
PAA-grafted membranes, as will be discussed later Figure 1a also shows that DG increases
with AA concentration up to about 128 kGy. In order to inhibit homopolymerization of
AA, CuSO4 was added to the grafting solution. As can be seen from Figure 1b, DG is
significantly affected by the concentration of the inhibitor. CuSO4 not only reduces the
homopolymerization rate but also the rate of graft copolymerization. The difference be-
tween the inhibition rates of grafting and homopolymerization will determine the increase
in weight of the polymer to be grafted to the substrate. From the results in Figure 1a, it is
seen that the simultaneous decrease in homopolymerization and graft copolymerization
rates up to a concentration of approximately 1% CuSO4 promotes grafting, an equilibrium
is reached at this concentration, and then the addition of more inhibitors impedes grafting.
Therefore, the optimum amount of CuSO4 was determined as 1%.
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An increase in AA concentration increases the degree of grafting as expected, as more
monomers will be available for grafting in the immediate vicinity of the PET substrate
(Figure 2a). As can be seen in Figure 2a,b, the effect of the beam section of the accelerator
conveyor on the DG value was also examined. At a speed of 1.4 m/s for one pass of the
conveyor section, the irradiation dose was about 46–50 kGy, whereas at a speed of 7.0 m/s
for one “run” of the conveyor section under the electron beam, the irradiation dose of the
sample did not exceed 4.8–5.0 kGy. Thus, at an accelerator conveyor speed of 7.0 m/s, the
minimum dose of 46.2 kGy accumulated only after 10 runs of the sample under the beam.
The data presented in Figure 2 indicated that in contrast to a single “run” at low speed,
the degree of grafting of AA to PET increased significantly (about 70–80%) by repeatedly
passing the samples under an accelerated electron beam at a high conveyor speed.
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Figure 2. Effect of AA concentration on DG (a). The change of -COOH concentration in PAA-grafted
PET TeM membranes as a function of AA concentration in grafting solution (b) at different speeds of
the beam section of the conveyor of the ILU-10 accelerator.

Analysis of PAA-grafted membranes using the TB dye shows that the concentration of
-COOH groups increases continuously only in solutions with low concentration of AA at
irradiation doses up to 185 kGy, as can be seen in Figure 3a. However, -COOH concentration
decreased after 128 kGy in PAA-grafted membranes prepared in solutions with high AA
concentration (10–15%), which is in good agreement with the results presented in Figure 1a
and is attributed to increased homopolymerization in solution and hence reduced grafting.
One of the important parameters for evaluating the effectiveness of TeMs modification is the
examination of the decrease in pore size due to grafting. The change in the pore diameter
during grafting was assessed by scanning electron microscopy (SEM). Measurements were
carried out from two different positions of the sample and five pores in each case (Figure 3c).
The mean pore diameter of the pristine PET TeM was 430 nm. As a result of grafting, the
pore diameter decreased to 417 nm at 46 kGy irradiation. Further irradiation caused the
pore diameter to decrease to 388 nm at 117 kGy, and then to 335–347 at 185 kGy. The
results indicate that the surface and pore walls of PET TeM are coated with PAA grafts
depending on the irradiation dose, and it seems possible to control the thickness of the
grafted PAA layer.

The changes in the mechanical properties of the membranes were investigated by
tensile strength measurements. As can be seen in Figure 4, the mechanical strength of the
membranes gradually decreased with increasing e-beam irradiation dose. In addition, it is
worth noting that grafted membranes obtained at a dose of 185 kGy become brittle. The
mechanical distortions observed at high radiation doses limited the radiation dose used in
further grafting experiments. Consequently, the optimal conditions for e-beam-induced
grafting of PET TeMs were determined by considering both the degrees of grafting and the
mechanical stability of the membranes. These conditions were determined as the inhibitor
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concentration of CuSO4 not being more than 1%, the monomer concentration of AA not
exceeding 10%, and the radiation dose between 100–117 kGy, at which a sufficiently high
degree of PAA grafting was achieved while maintaining the mechanical strength of the
polymer template.
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Figure 3. Change of -COOH concentration of PAA-grafted PET TeMs as a function of absorbed
radiation dose (a); change of pore diameter of PAA-grafted PET membranes as a function of absorbed
radiation dose (concentration of AA—10%; CuSO4—1%) (b); and SEM images of PAA-grafted PET
TeMs obtained at the different doses (c).
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Figure 4. Change in tensile strength of membranes depending on the e-beam radiation dose applied
during the synthesis of PAA-grafted PET TeMs (concentration of AA—10%).
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3.2. Deposition and Characterization of Copper NCs

After obtaining PAA-grafted membranes by e-beam-induced grafting, the nanochan-
nels and surface of these membranes were loaded with Cu NCs. Loading of copper NCs
was accomplished via sorption of Cu(II) ions at the highest possible amount by the PAA-
grafted TeMs, followed by irradiation of the membranes under e-beam or gamma rays.
The increase in the irradiation dose caused noticeable differences in the membranes. The
smooth surface of the initial sample acquired a wavy structure with increasing radiation
dose. The sorption of Cu(II) and subsequent radiation-induced loading of copper-based
NCs could also be followed by significant changes in the color of the samples. The ini-
tial cloudy transparent appearance of PAA-grafted PET TeMs turned into a characteristic
pale greenish color after complexation between PAA and Cu(II). Following the radiation
treatment, the formation of copper-based NCs could be clearly indicated by the emerging
brownish color, as seen in Figure 5.
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rays and the digital pictures of the films obtained during the production stages.

The phase composition and crystal lattice parameters (crystallite size L, degree of
crystallinity (CD), etc.) of the irradiated samples were studied by X-ray diffractometry and
the results are presented in Table 1. All the diffraction peaks observed in e-beam-treated
membranes could be indexed with orthorhombic Cu(OH)2 phase with symmetry group
Cmcm(63) and cell constants (a) 2.950
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, which are consistent
with the standard card (JCPDS 35-0505). No other peaks were found in the diffraction
pattern (Figure S4a). The blurring of the peaks indicated the formation of nanosized
structures. Most likely, the appearance of the Cu(OH)2 phase occurred due to the instability
of copper NPs. The change in the FWHM parameter of the main diffraction lines in the
X-ray diffraction patterns indicated a change in the degree of crystallinity of the synthesized
samples. By approximating the lines in the diffraction pattern with the required number of
symmetric pseudo-Voigt functions, the width of the recorded FWHM lines was determined,
which made it possible to characterize the perfection of the crystal structure and estimate
the degree of crystallinity. As can be seen from the data presented in Table 1, the degree
of crystallinity of Cu(OH)2 nanoclusters decreased with an increase in irradiation dose.
Figure 6 shows SEM images of the surface of membranes with loaded Cu(OH)2 NPs. As
can be seen from the presented images, the minimum sizes of NPs were observed at an
irradiation dose of 100 kGy. The surface of the membrane and the nanochannel interiors
were covered with a uniform layer of approximately 17 ± 3 nm nanoparticles, as can be
seen in SEM images. At a dose of 200 kGy and higher, large aggregates of copper hydroxide
were formed, and a significant portion of copper was reduced in solution rather than the
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membrane. SEM images of TeMs showed a substantial change in surface morphology and
narrowing of the pores.

Table 1. X-ray diffraction data of hybrid membranes after irradiation with accelerated electrons.

Dose, kGy Phase/Phase
Content, % (hkl) 2θ◦ a d, Å b L, nm c FWHM d a, Å e Crystallinity

Degree, %

100 Cu(OH)2
100%

022 38.20 2.354 51.48 0.181

a = 2.950, b = 10.439,
c = 5.283

67.4
131 44.38 2.040 30.88 0.309
152 64.57 1.442 35.59 0.293
153 77.50 1.230 46.44 0.244
044 81.55 1.179 80.10 0.146

150 Cu(OH)2
100%

022 38.20 2.354 42.84 0.218

a = 2.947, b = 10.582,
c = 5.252

59.3
131 44.38 2.040 22.80 0.418
152 64.64 1.441 35.88 0.291
222 75.23 1.262 71.62 0.155
153 77.64 1.229 31.02 0.365

200 Cu(OH)2
100%

022 38.23 2.350 25.13 0.372 a = 2.924, b = 10.486,
c = 5.233

43.2131 43.39 2.084 44.91 0.212

250 Cu(OH)2
100%

111 36.42 2.451 25.37 0.336
a = 2.917, b = 10.530,

c = 5.211
44.6022 38.20 2.354 27.70 0.337

131 43.46 2.081 45.90 0.207
a Miller indices for corresponding planes; b spacing between planes; c average crystallite size; d full-width at
half-maximum; e crystal lattice parameter.
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Figure 6. SEM images of Cu(OH)2@PET-g-PAA composite membranes obtained under e-beam irradiation.

Irradiation with gamma quanta was performed in the dose range of 100–200 kGy, as
destruction of the polymer template occurred at doses above 200 kGy. Data on the crystal
structure of the resulting composite membranes (Table 2) revealed that copper nanoparticles
and nanoclusters with a face-centered cubic (fcc) lattice and Fm-3m(225) symmetry group
were formed upon irradiation with gamma-rays. The peaks (111), (200), (220), and (311)
are the characteristic bands of the crystalline copper Cu0 phase (JPDF Cu № 04-0836). The
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typical XRD pattern of Cu@PET-g-PAA composite is shown in Figure S4b. The value of the
unit cell parameter of the crystal lattice is also presented in Table 2. The deviation from the
standard value of the lattice parameter at irradiation doses of 150–200 kGy is most likely
due to uncompensated interatomic bonds of the surface atoms as well as the consequent
reduction in distances between atomic planes near the surface of the particles.

Table 2. X-ray diffraction data of hybrid membranes after irradiation by γ-rays.

Dose, kGy Phase/
Phase Content, % (hkl) a 2θ◦ d, Å b L, nm c FWHM d a, Å e Crystallinity

Degree, %

100 Cu
100%

111 43.38 2.084 40.46 0.235

a = 3.613 65.6
200 50.56 1.804 27.46 0.356
220 74.16 1.278 30.51 0.363
311 90.01 1.089 26.28 0.475

150 Cu
100%

111 43.38 2.084 95.38 0.100
a = 3.603 81.3200 50.54 1.804 44.54 0.219

200 Cu
100%

111 43.46 2.081 64.45 0.147

a = 3.598 75.3
200 50.56 1.804 26.90 0.363
220 74.16 1.278 57.90 0.191
311 89.88 1.091 49.46 0.252

a Miller indices for corresponding planes; b spacing between planes; c average crystallite size; d full-width at
half-maximum; e crystal lattice parameter.

Examination of the morphology of copper nanoclusters by SEM analysis revealed
that the size of the nanoclusters obtained under γ-irradiation was not uniform and higher
(~200–400 nm) compared to those obtained under e-beam, as can be seen in Figure 7a.
Among the irradiation doses, 150 kGy seems to yield the most homogeneous nanoparticles.
Figure 7b shows that in the case of irradiation by gamma rays, the reduction rate of copper
is higher than in e-beam irradiation.
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Figure 7. SEM images of Cu@PET-g-PAA composite membranes obtained under γ irradiation (a),
Comparison of loading efficiencies of copper nanoclusters on PET-g-PAA membranes under gamma
and e-beam irradiation (b).

To summarize, according to the results of radiation-induced synthesis of copper NPs
in nanochannels and on the surface of modified PET-g-PAA TeMs, it was observed that
irradiation with accelerated electrons yielded uniform copper hydroxide nanoparticles
homogeneously distributed over the entire surface of the template. The dimensions of
Cu(OH)2 nanoparticles, which were approximately 17 ± 3 nm at 100 kGy dose, increased
to about 100 nm at an irradiation dose above 200 kGy. On the other hand, irradiation
with γ-rays yielded composites containing copper nanoclusters with a high degree of
crystallinity (Figure 7). However, the size of the nanoclusters was not uniform. The most
homogeneous nanoparticles were synthesized at 150 kGy.

3.3. Application of the Hybrid Composites for Methylene Blue Degradation

Industrial dyes are one of the dominant chemicals that make water unsuitable for
humans and the environment. Among these dyes, MB is toxic, carcinogenic, and non-
biodegradable, and above a certain concentration can cause destructive effects on human
health and the ecosystem [55,56].

The UV–Vis absorption spectrum of MB reveals an intense absorption peak corre-
sponding to a single MB molecule at around 664 nm (Figure 8a,b). At about 612 nm, a
shoulder attributed to MB dimer accompanies this intense peak. Two additional bands
appear in the ultraviolet region at around 292 and 245 nm (associated with substituted
benzene rings) [20,57]. These absorption peaks gradually decrease as the photodegradation
reaction progresses.
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Figure 8. Typical absorption spectra for the decomposition of methylene blue (MB) in the presence of
Cu(OH)2@PET-g-PAA (a) and Cu@PET-g-PAA (b) composite membrane (irradiation dose—100 kGy;
temperature—30 ◦C; MB concentration—3 mg/L; size of the catalyst membrane—1 × 1 cm).
The change of degree of dye decomposition (D, %) in the presence of Cu(OH)2@PET-g-PAA
(c) and Cu@PET-g-PAA (d) composite TeMs prepared using e-beam and γ-rays, respectively
(temperature—30 ◦C; MB concentration—3 mg/L; size of the catalyst membrane—1 × 1 cm).

Using the maximum absorbance at 664 nm in Formula (3), the calculated variation in
dye degradation efficiency with respect to the reaction time demonstrated that the highest
efficiency of Cu(OH)2@PET-g-PAA was observed for the membrane prepared at 250 kGy
(Figure 8c). At 180 min, more than 91.9% of the initial dye degraded under UV light, while
only 83.9% of MB was removed from the reaction mixture when using Cu@PET-g-PAA
membranes (Figure 8d), although the radiation dose and treatment time were the same.

In general, the observed photocatalytic activity of a photocatalyst is influenced by
many factors, such as surface area, phase structure, crystallinity, density of active groups,
and surface charge. Pre-adsorption is indispensable for dyes to be photodegraded on
the photocatalyst surface, since rapid sorption of dyes facilitates electron injection [58].
The results showed that about 8.3% of MB molecules were absorbed by Cu@PET-g-PAA
composite and about 16.4% by of Cu(OH)2@PET-g-PAA prepared at 100 kGy.

As can be seen from the presented data, composite membranes obtained using electron
beam demonstrate a higher photocatalytic activity at 30 ◦C compared to those containing
copper nanoclusters obtained under γ-rays.

The degradation reaction of MB followed the Langmuir–Hinshelwood mechanism [59]
with a pseudo-first-order kinetics model, which allows the apparent rate constant to be
calculated from the change in dose rate:

ln
(

C0

C

)
= kat (4)

where C0 is the initial dye concentration (mg/L), C is the concentration of dye at time t, t is
the irradiation time (min), and ka is the reaction rate constant (min−1).

The rate constant ka was determined as the slope of the graphs in Figure 9 by regression
analysis. As can be seen from the graphs, the degradation of MB followed pseudo-first-
order kinetics, as confirmed by the linearity of the logarithm of normalized concentration
ln(C0/C) against t plots. The apparent rate constants calculated from these curves are
presented in Table 3. It is clearly seen in Figure 10a,b that the degradation rate increases
with increasing radiation dose absorbed during the synthesis of NCs. This can be attributed
to the increased amount of loaded catalyst as seen from the data presented in Figure 7.
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Figure 9. Variation of ln(C0/C) as a function of UV light irradiation time for Cu(OH)2@PET-g-PAA
(a) and Cu@PET-g-PAA (b) membranes.

Table 3. Kinetic parameters of the degradation of MB at different temperatures.

Dose,
kGy

Testing Temperature, ◦C

γ-rays/
Cu@PET-g-PAA

e-Beam/
Cu(OH)2@PET-g-PAA

D,% ka × 10−2 (min−1) D,% ka × 10−2 (min−1)

20 30 40 20 30 40 20 30 40 20 30 40

100 74.4 81.4 82.2 0.71 0.87 0.95 72.9 72.5 77.2 0.54 0.65 0.74
150 75.1 80.7 98.3 0.76 0.90 1.00 74.7 80.6 89.5 0.79 0.88 1.04
200 81.2 83.9 88.4 0.83 0.96 1.08 79.2 87.9 85.5 0.85 1.00 1.07
250 - - - - - - 89.3 91.9 93.8 1.18 1.38 1.47
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Figure 10. Reusability of studied catalysts for the degradation of MB.

3.3.1. Thermodynamic Parameters of Photocatalytic Degradation

The effect of temperature on the decomposition of MB in the presence of composite
catalysts was explored in the temperature range of 20–40 ◦C.

The variation of the apparent rate constant ka and the maximum degradation efficiency
values (D, %) at different irradiation doses (100, 150, 200, 250 kGy) and temperatures (20,
30, 40 ◦C) were presented in Table 3. The apparent rate constant ka increased for all
types of composites as the temperature increased from 20 to 40 ◦C. Activation energy Ea
changed between 8.41 and 12.03 kJ/mol depending on the type (e-beam or γ-rays) and dose
(100–250 kGy) of irradiation, as can be seen in Table 4. The data obtained were consistent
with the results of previous studies, where Ea was reported as 20.6 and 26.95 kJ/mol for
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Ag@PET TeMs of 2 × 2 cm size [21] and La/Cu Co-doped attapulgite composites [60],
respectively. As an advantage, the results in our study presented a lower activation energy.
From the presented data, it can be said that there is a common increasing tendency in
degradation with increasing temperature for all catalyst systems.

Table 4. Thermodynamic parameters of the degradation reaction of MB.

Dose, kGy
γ-rays/

Cu@PET-g-PAA
e-Beam/

Cu(OH)2@PET-g-PAA

100 150 200 100 150 200 250

EA, kJ/mol 11.15 10.49 10.05 12.03 10.45 8.81 8.41

∆H, kJ/mol 8.63 7.97 7.53 9.51 7.94 6.29 5.90

∆S, kJ/mol·K −0.26 −0.26 −0.26 −0.26 −0.26 −0.26 −0.26

∆G, kJ/mol (293K) 83.73 83.58 83.38 84.42 83.54 83.30 82.50

The Eyring equation was used to calculate activation enthalpy (∆H 6=; kJ/mol) and
entropy (∆S 6=; J mol/K) from the slope and intercept of ln(ka/T) versus 1/T plot, respectively,
as expressed in the following Equation (5):

ln
(

ka

T

)
= ln

(
kB
h

)
+

(
∆S 6=

R

)
−
(

∆H 6=

RT

)
(5)

where kB and h are the Boltzmann and Planck constants, respectively.
The enthalpy change calculated for all degradations was endothermic and ranged

from 5.90 to 9.51 kJ/mol (Table 4). The entropy change was calculated as −0.26 kJ/molK
for all degradations. Given the positive ∆H 6= and negative ∆S 6= values, it was revealed that
during the degradation of MB, endothermic interactions and a decrease in entropy occur at
the solid–liquid interface. In all degradation reactions, Gibbs free energy change (∆G) was
positive, indicating that the degradation of MB is a nonspontaneous process.

Rapid separation and efficient recycling of catalysts after a catalytic reaction are
considered important requirements as well as the high catalytic performances. In this
context, heterogeneous catalysts are more desirable because they have the advantage of
easy recovery, although they are generally less efficient than the homogeneous type [61].
Flexible and mechanical stable TeMs offer promising opportunities for simplified separation
and potential reuse of catalysts. In this study, the performance stability of composite
membranes was evaluated by multi-cycle experiments.

As can be seen form the Figure 10, both types of catalysts remain highly active, even
after being recycled 12 times without any additional activation treatment, and the value of
the degradation efficiency was reduced by only 38.5% and 33.6% for Cu(OH)2@PET-g-PAA
and Cu@PET-g-PAA membranes, respectively.

3.3.2. Mechanism of MB Decomposition in the Presence of Composite TeMs

The optical band gap (Eg) of the studied composite membranes was estimated using
UV–Vis spectroscopy. The Eg of semiconductor materials should be laid between 1.6 and
2.5 eV to absorb light in the visible region of the solar spectrum. Such materials are defined
as narrow band gap materials, while semiconductor materials with wide band gap (~3.2 eV)
can only absorb light in the ultraviolet region [62,63]. Accordingly, in order to increase
the conversion of sunlight energy with high efficiency, the absorption range must be
extended to include regions from visible to infrared [63]. UV–Vis diffuse reflection spectra
and corresponding Eg values of Cu(OH)2@PET-g-PAA and Cu@PET-g-PAA membranes
prepared at 100 kGy are presented in Figure 11a,b. The band gap energy values were
found by subtracting the linear part of (αhν)2 versus energy (hν). The calculated band
gap energy of copper nanoclusters in Cu@PET-g-PAA was calculated as 3.50 eV, similar to
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that reported in the literature [64]. The Eg value for Cu(OH)2-based samples was found
to be 3.57 eV. In previous studies, the band gap was reported as 3.3 eV for Cu(OH)2
nanowires [65] and 3.08 eV for Cu(OH)2 thin films [66]. The difference in Eg values
can be attributed to the specific form, size, and synthesis methodology of copper-based
nanosctructures. The probable charge carrier transfer mechanism for the degradation of
MB using Cu@PET-g-PAA composite membrane is demonstrated shown in Figure 11c. As
previously suggested [67], Cu nanoclusters supported on PET-g-PAA membrane absorb
the photon energy, which is equal to its energy band gap and generates electrons and
holes, thereby promoting the transfer of electrons from the valence band to the conduction
band, leaving holes in the valence band. These electrons and holes in the conduction band
and valence band react with the available acceptor and donor species absorbed on the
surface of the photocatalyst to produce superoxide and hydroxyl radicals [67,68]. Since
Cu@PET-g-PAA is a porous composite with a high surface area, it provides more active
sites for electrons and holes to react with acceptor and donor species and helps to form
more superoxide and hydroxyl radicals [69]. Then, the formed radicals, which are highly
reactive in nature, react with the dye and degrade the dye into non-toxic compounds [20].
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Figure 11. Tauc plot of optical transmittance spectra of Cu@PET-g-PAA (a) and Cu(OH)2@PET-g-
PAA (b) and schematic representation of MB dye degradation mechanism using Cu@PET-g-PAA
composite TeMs (c).

Results of recent studies on the photocatalytic degradation of MB using copper-based
nanocatalysts are summarized in Table 5. As can be seen, the MB degradation efficiency
reported by this study is one of the highest, and the amount of loaded catalysts is the
smallest compared to other types. However, a direct comparison with other studies cannot
be made as the experimental conditions, such as reaction time, MB concentration, testing
temperature, catalyst loadings, are not the same.
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Table 5. Recent research on photocatalytic MB degradation using catalysts containing copper nanostructures.

Catalyst
Catalyst Test Conditions Catalyst Efficiency

Ref.
MB, mg/L Contact

Time, min
Catalyst
Dosage Light Source Lifetime,

Cycle D,% k × 10−4,
min−1

Copper-doped TiO2 powder

10.0 300 300 mg Visible light 3

25.1 14.0
[70]Copper-impregnated

TiO2 powder 42.4 3.7

CuO/MgO/PVC 0.05 150 5 × 2.5 cm2 UV light - 44.0 52.0 [71]

Cu2O-BiVO4 5.0 240 4.5 mg Visible light 3 97.0 9.0 [72]

CuO NPs
(biogenic) 1.0 100 100.0 mg Visible light 5 69.3 140.0 [73]

CuO/Zn film 5.0 240 30 × 25 mm2 Visible light 5 82.0 67.5 [74]

Cu2O
1.0 120 0.5 mg Sunlight

4 70.0 108.0
[75]

CuO 4 63.0 83.0

CuO/CeO 1.0 150 1.0 g/L Visible light - 85.66 - [76]

Cu nanosheets 42.0 100 500.0 mg UV light - 40.0 - [67]

CuO/Bi2O3 20.0 120 0.2 g/L UV light 4 88.32 173.0 [77]

CuO/PET nanocomposite 10.0 30 40.0 mg UV light - 99.0 2380.0 [78]

CuO-3La 0.625 90 13 mg/L Visible light 5 99.0 182.0 [79]

Cu(OH)2@PET-g-AA (e-beam,
250 kGy)

3.0 180

0.5 mg
UV light

12 91.85 138.0
This

studyCu@PET-g-AA (γ-rays,
200 kGy) 0.4 mg 12 83.96 96.0

4. Conclusions

In this study, radiation-induced synthesis of hybrid composite membranes decorated
with Cu or Cu(OH)2 nanoclusters was first started by functionalization of the surface and
nanochannel interiors of PET TeMs via effectual oxidation followed by graft copolymer-
ization of acrylic acid. The grafted PAA contributed both to the sorption of Cu(II) ions
and to the stabilization of the nanoparticles obtained by irradiation afterwards. Optimal
conditions for radiation-induced grafting of PAA from PET TeMs by accelerated electrons
were determined to achieve a sufficiently high degree of PAA grafting while maintaining
the mechanical strength of the polymer template (CuSO4 concentration not more than 1%,
AA concentration not exceeding 10%, radiation dose between 100–117 kGy). Irradiation
of Cu(II) ion-absorbed PET-g-PAA membranes with accelerated electrons allowed for the
synthesis of homogeneous copper hydroxide nanoparticles with small and uniform sizes
throughout the entire volume of the template at a dose of 100 kGy. At higher doses, the
size of the nanoparticles increased to 100 nm. In contrast, gamma-ray irradiation produced
composites with crystalline copper nanoclusters, but their sizes were not uniform. The
most homogeneous nanoparticles were synthesized at a dose of 150 kGy in case of gamma-
irradiation. Based on the results of XRD and SEM analysis, it was confirmed that Cu or
Cu(OH)2 nanoparticles were loaded onto the inner surface walls of the nanochannels, along
with the surface of PET TeMs.

Synthesized Cu(OH)2@PET-g-PAA membranes exhibited crucial photocatalytic activ-
ity in the degradation of MB under UV light. In the presence of the hybrid Cu(OH)2@PET-g-
PAA composite TeMs, the dye degradation reached 91.9% under UV light, while Cu@PET-
g-PAA samples yielded only 83.9% MB degradation. Overall, our results showed that the
synthesized composite membranes showed significant catalytic activity and were easy to
use, making them a promising option for the treatment of wastewater-contaminated with
organic dyes.
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Cu@PET-g-PAA (b) membranes (irradiation dose—100 kGy).

Author Contributions: Conceptualization, A.A.M. and M.V.Z.; methodology, A.A.M., M.V.Z. and
M.B.; validation, N.A.A., Z.Y.J. and N.P.; formal analysis, A.A.M., D.T.N. and N.P.; investigation,
F.U.A., D.T.N., N.P. and N.A.A.; writing—original draft preparation, N.P., A.A.M., M.B. and F.U.A.;
writing—review and editing, N.P., M.B. and A.A.M.; supervision, A.A.M. and M.B.; project admin-
istration, M.V.Z. and A.A.M.; funding acquisition, M.V.Z. and A.A.M. All authors have read and
agreed to the published version of the manuscript.

Funding: The research project titled “Radiation induced and template synthesis of the photocat-
alytically active ion-track membrane composites” (contract #23152) was funded the International
Atomic Energy Agency (IAEA) under coordinated research project F22070 (IAEA Research Contract
No: 23152).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank A. Kozlovskiy for support in XRD analysis.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

TeM Track-etched membrane
AA Acrylic acid
PAA Poly(acrylic acid)
PET Poly(ethylene terephthalate)
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Cu(OH)2@PET-g-PAA PAA-grafted composite membrane with loaded Cu(OH)2

nanoclusters synthesized using e-beam
Cu@PET-g-PAA PAA-grafted composite membrane with loaded Cu

nanoclusters synthesized using γ-rays
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L Average crystallite size (nm)
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D Degradation rate (%)
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