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Abstract: The present research investigates the application of the green method to produce nanocom-
posites. The CuO/PET fiber nanocomposite can be prepared in two ways. The first way involves the
application of the electrospinning technique by which waste plastic cups of polyethylene terephtha-
late (PET) are converted into nanofibers. In the second way, the copper nanoparticle (CuONPs) is
synthesized with the natural capped plant extract of sumac (Rhus Coriaria L., family Anacardiaceae)
and the CuONPs are then combined as a filler with the PET nanofiber using a cross-linked solvent.
The X-ray diffraction (XRD), transmission electron microscopy (TEM), field emission scanning elec-
tron microscopy (FESEM), energy dispersion spectroscopy (EDS), and map elements distribution
can be applied to investigate the surface modification and alteration of the composite nanofiber mor-
phology. The collected data show that the produced CuO/PET nanocomposites have a high surface
area, well distribution of elements, magnificent shape, and stable dispersion state. Furthermore,
the CuO/PET nanocomposites are considered as an efficient photocatalytic removal of the toxic
methylene blue dye (MB) in aqueous solutions. The results of the present study demonstrate that
the photocatalytic efficiency for removing MB dye is achieved in a short time using a low-intensity
irradiation ultraviolet light.

Keywords: CuO; PET; nanocomposite; electrospinning; photocatalytic; methylene blue

1. Introduction

Nanocomposites are known as the result of binding two different components in a
nanoscale with a distinctive physical and chemical behavior. Binding various materials
not only integrate their properties but also produce a new different effect and decrease
the limitation features of the single species. The composite nanoparticles have signifi-
cant application prospects in some major industrial fields, such as manufacturing new
functional materials, utilizing a new source of energy effectively, remediating wastewater,
and introducing new applications in the biomedicine and food industries [1]. The use
of heterogeneous semiconductors nanocomposite as photocatalyst and photoelectrocat-
alytic has opened an important window on the area of water remediation. Researchers
have exerted more efforts to enhance the mechanical properties and surface functions of
nanocomposites through embedding nanofibers into the metal nanoparticles.

Further, nanocomposite makes it in contact with an electrolyte to create a junction
semiconductor/electrolyte interface, which determines the electron-hole separation kinetics
and eventually increases the effectiveness and efficiency [2–5]. Nowadays, electrospinning
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is the most promising method for synthesizing nanofibers. Electrospinning has proved
to be an excellent technology that can be applied to produce polymer fibrous materials
with diameters extending from tens to several microns of nanometers. Nanofibers can be
used in many applications such as drug delivery, catalyst and biomedicine applications,
tissue engineering, environmental engineering, food industry, bioengineering, and water
remediation [6–11]. polyethylene terephthalate polymer (PET) is one of the most extensive
waste polymeric materials that can be recycled. It has a wide range of applications as
in the manufacturing of water drinking cups. Being single-use liquid plastic containers,
water drinking cups have become the biggest widespread waste in the environment as a
non-biodegradable substance. In a previous study, a PET nanofiber was produced from
the wasted PET cups and was tested to evaluate its properties as a high surface area ma-
terial and its capability as a ready embedding mat [12]. PET can be mixed with metal
nanoparticles to produce nanocomposites with efficient physic-chemical properties. There
have been innumerable publications related to the synthesis of metal nanoparticles in
many research areas. Metal nanoparticle has drawn a considerable amount of attention
as an attractive material for researches and innovations. The present research shows that
Cu and (CuOx) nanoparticles specifically differ from all other metals due to their signif-
icant properties as being efficient, harmless, inexpensive and environmentally friendly.
Copper (Cu) and copper oxide (CuOx) nanoparticles can be used in a wide diversity of
industrial fields, including chemical manufacturing, energy conversion, energy storage,
biological applications, environmental technology, catalytic activity as well as fillers in the
PET matrix [13–17]. They can significantly alter the physic-chemical properties of the host
polymeric compounds compared to the pristine. Many approaches and applications have
been utilized to synthesize metal nanoparticles. Most of these approaches and applica-
tions are expensive, chemicals-consuming, and environmentally harmful. More recently,
the synthesis of metal nanoparticles using the green method has emerged as an efficient
application and has been welcomed by scientists and researchers. Many researchers use
plant extracts as a reducing agent for the synthesis of metal nanoparticles. These extracts
exhibit a high degree of efficiency due to their availability, harmlessness, sustainability,
and the bioactive substances in their composition [18–20]. Sumac, (Rhu Scoriaria L., family
Anacardiaceae), widely grows in many countries such as Iran, Afghanistan, along the
Mediterranean coastline, and the Canary Islands. It is one of the plant substances that
can be used in the green production of metal nanoparticles. It comprises many bioactive
materials in its structure like hydrolysable, flavonols, phenolic acids, anthocyanins, tannins
and other organic acids such as tartaric, malic and citric acids. These compounds have
excellent potential for reducing copper ions into copper with zero valence and eventually
obtaining the copper nanoparticles [21,22].

Due to the increasing demand for textile goods around the globe, most of the textile
industries have increased their production to meet the global demand which in turn has
led to the release of large quantities of contaminants into the environmental system of
surface water, soil, and sediments. Organic dyes make a sizable portion of these pollutants.
They are undegradable by microorganisms and have a noticeable toxic influence on the
organisms and the aquatic system [23,24]. Methylene blue dye is a heterocyclic compound
used in textile factories. Despite its industrial benefits, it causes many environmental
problems due to its accumulation and high toxicity [25].

This study attempts to apply the process of photocatalytic degradation as one of the
potential applications for removing dyes and converting the huge organic compounds
to small molecules. The process includes exposing semiconductor surface to irradiation
light (hν ≥ Eg) which leads to the production of electron/hole pairs (e−/h+) by raising
an electron from the valence band to the conduction band [26]. Nanocomposites show a
high activity for the degradation of the organic substance [27]. Many nanofibers have been
generated and composited with a metal nanoparticle to be used for the photodegradation
of organic dyes [28–31]. However, the use of most nanofibers suffers from throwbacks due
to their high cost, time-consumption, and high-power irradiation.
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In this research, the natural capped CuO nanoparticles are synthesized using a plant
extract as a reducing and capping agent. A PET nanofiber is produced by the electrospun of
the wasted PET polymer. In the next step, CuO nanoparticles are cross-linked on the surface
of the electrospun PET nanofiber in order to enhance the dye adsorption. To support the
degradation process, the produced nanocomposite is used in the process of photodegrada-
tion of the methylene blue dye (MB). Many parameters are investigated to optimize the
degradation process including pH, time, and initial concentration. Additionally, the kinetic
reaction is put under observation to determine the rate of reaction. The study reveals that
an eco-friendly, cheap, sustainable, and effective nanocomposite can be produced in this
process and the efficiency of the dye removal is above 99% in 30 min.

2. Results and Discussion
2.1. X-ray Diffraction (XRD) Analysis

The nature of the obtained CuO/PET nanocomposite (phase and size) was examined
with the XRD spectrum analysis and compared with the prepared PET nanofiber and
CuONPs independently, as shown in Figure 1. The XRD analysis for the prepared CuO/PET
nanocomposite revealed a prominent broad peak at location o2 theta (21.12o) back to the
PET nanofiber, and two sharp peaks at 36.22o, 43.10o attributed to the presence of the
copper oxide nanoparticles (CuONPs) that spread over the PET surface. As the formatted
material was closer to amorphous, it became then difficult to calculate the size of the PET
particles with the Debeye-Sherrer equation. The peak at (15–20) represents the polyester
molecules.

Figure 1. XRD analysis of the CuONPs, PET nanofiber and CuO/PET nanocomposite.

This data is in a close alignment with the work investigated by Mehdi et al. [32,33].
This is attributed to the stretched PET chains which are solidified rapidly after exten-
sion, preventing the crystal formation in the electrospun PET nanofibers known for their
slow crystallization [34,35]. On the other hand, the two values in the XRD line of the
CuO/PET nanocomposite are attributed to the particle size of the CuONPs that distin-
guishes the surface of the PET nanofiber. The particle size is calculated using Scherrer’s law
(D = kλ/βcosθ), where k, λ, β, and θ represent 0.94 constant value, X-ray wavelength, peak
half-width, and Bragg angle half with a size ranging from 4–9 nm. The clarity of the peaks’
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positions of CuO/PET nanocomposite prepared from both CuONPs and PET nanofiber is
an indication of the occurrence of the adhesion and cohesion processes of the well-prepared
polymer components.

2.2. Field Emission Scanning Electron Microscope (FESEM) Analysis

The morphology of the synthesized CuO/PET nanocomposite from the ligation of
both PET nanofiber and CuONPs was observed using the FESEM micrograph (Figure 2a–c).
The selected nano sizes were calculated by J-image program. The microscopic examination
(Figure 2a) clearly showed the CuONPs formation in a spherical agglomeration shape with
sizes ranging from 9 to 13 compared to the 100 nm of the pre-prepared PET (Figure 2b)
with a lattice shape. Figure 2c demonstrates that the link between the PET nanofiber and
CuONPs is created after the formation of CuO/PET composite by glutaraldehyde as a
binding agent. This in turn produces a stable network surface covered by the spherical Cu
nanoparticles with a clear surface decoration.
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2.3. High-Resolution Transmission Electron Microscope (HR- TEM) Analysis

The HR-TEM measurement helps to visualize the size, morphology, and structure of
the particles as well as the inherent matrix of the individual CuO/PET nanocomposite
obtained from the process of combining CuONPs and PET. The images (Figure 3a,b)
of the HR-TEM analysis at the scale bar 200 nm confirm the CuONPs and CuO/PET
nanocomposite formation. The image (Figure 3a) shows that CuONPs are formed in a
spherical shape with sizes ranging from 7 to 11 nm. Similarly, Figure 3b shows that the
CuO/PET nanocomposite combines both traits of CuONPs and PET nanofiber with the
assistance of glutaraldehyde as a cross-link agent and with a size range of 7 to 10 nm.
The spherical particles spreading individually over the surface of the nanofiber are a
further evidence of the correct formation of the composite. This closely matches the results
of the obtained FESEM and XRD.

Figure 3. HR-TEM images of (a) CuONPs and (b) CuO/PET nanocomposite.

2.4. Energy-Dispersive Spectroscopy Analysis (EDS) and Elements Distribution Mapping (EDM)

The energy-dispersive spectroscopy analysis (EDS) is conducted in this study to mea-
sure the ratio of the existing elements in the CuONPs, PET nanofibers and CuO/PET
nanocomposite as shown in Figure 4a–c. The obtained results reveal that the prepared
CuONPs contain 37.5% carbon, 17.4% oxygen, and 45.2% copper only (Figure 4a). At the
same time, PET includes 88.4% carbon and 11.6% oxygen only (Figure 4b), whilst the
CuO/PET nanocomposite only has carbon, oxygen, and copper (Figure 4c). The disparity
percentage of PET composition is attributed to the solvent effect. The absence of other ele-
ments in the three synthesized nanomaterials and especially in CuO/PET nanocomposite
is an indication of the purity of the preparation process. Moreover, the homogeneous distri-
bution provides a better efficiency of the nanocatalyst. The double rise in the percentages
of carbon and oxygen and the constant percentage of copper clearly indicate the purity of
the of CuO/PET nanocomposite. However, the occurrence of the integrated cohesion of
the PET and CuONPs components must be accounted for.
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Figure 4. EDS analysis of (a) CuONPs, (b) PET nanofiber and (c) CuO/PET nanocomposite.

Figure 5a–c shows the particle distribution with the mapping diffusion positions
of the elements in the corresponding FESEM micrographs of CuONPs, PET nanofiber,
and CuO/PET nanocomposite. The diagram reveals the precise distribution of the copper
particles in an excellent distance. The present results give another evidence for the existence
of the aforementioned materials with the FESEM and EDS measurements emphasizing the
purity of the preparation process.

Figure 5. Map distribution of elements (a), CuONPs, (b) PET nanofibers, and (c) CuO/PET nanocomposite.
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2.5. Photodegradation Study of MB Dye

The effectiveness of the fabricated CuO/PET nanocomposite is evaluated against the
polluted organic methylene blue (MB) dye in an aqueous solution in order to verify its
performance and compare it with the previously prepared and measured nanofiber PET
performance. The photodegradation experiment was conducted by adding the composite
to 5 mL of the MB dye solution (10 ppm). The components of the reaction were magnetically
stirred at 500 rpm for 30 min in a dark place to attain the adsorption-desorption equilibrium.
After that, the solution was irradiated with a UV lamp (10 Watt) and magnetically stirred
continuously. In five-minute intervals, an aliquot (2 mL) was taken out in a glass cuvette
to be measured in the UV-vis spectrophotometer in order to record the dye degradation
absorbance. The advantage of employing the UV light was to produce the electron and hole
pair (e−/h+) with a high energy state which migrated to the CuO/PET nanocomposite
surface to initiate a wide range of chemical reactions [36]. During a five-minute interval,
the blue color intensity of the MB dye solution gradually disappeared and the solution be-
came colorless with the UV light continuously irradiating. This was due to the combination
and increase of the CuO/PET active sites and the rise of the efficiency in the degradation of
the dye compared to the PET nanofiber individually, as shown in Figure 6a–c. Figure 6a,b
presents the recorded absorbance values. It reveals that the maximum removal percentage
of MB dye by CuO/PET nanocomposite is 56.5% and 77.5% at 5 and 10 min respectively
(Figure 6c–d). In contrast, the previously prepared PET was 0% and 56% in the same
conditions. As for the time factor, it was found that the photodegradation activity of the
CuO/PET nanocomposite against the dye was faster and ended up within 30 min with a
99% decolorization compared to that of the PET solution which ended at 100 min with 94%.
The obtained results were compared with those of our previous study including the results
of mixing pomegranate leaves with copper ions and PET solution [12]. The CuO/PET
nanocomposite showed higher removal efficiency and effectiveness. The first reason may
be attributed to the preparation method. The previous method involved mixing the pre-
cursors in one vessel. While, in the current work, they prepared separately then mixed.
The second reason is the distribution of copper ions and plant components inside and
outside the polymer, thus reducing the pores or active sites responsible for removing the
dye. The present method involves decorating the polymer’s outer surface by the process of
binding which makes it more preferable. In addition, the efficiency of CuO/PET in higher
dye decomposition is compared to that highlighted by the other related research studies
using nanofibers as a dye removal agent (Table 1). The data indicate that the prepared
CuO/PET nanocomposite showed higher removal capacity of MB with less time and lower
irradiation intensity compared to the capacity features of CuO/PET nanocomposite in
other studies.
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Figure 6. (a,b) are photodegradation MB absorbance by PET nanofiber and CuO/PET nanocomposite, whereas (c,d) are MB
dye removal% by PET nanofibers and CuO/PET nanocomposite.

Table 1. Comparison of CuO/PET nanocomposite with PET nanofibers and other related in MB degradation.

Adsorbent Dye Concentration
(mg/L)

Irradiation Light
Source Recorded Time (min) Reference

CNT-embedded hollow
TiO2 10 UV 800 Watt 70 [37]

CA–CNT/TiO2–NH2 10 UV 40 Watt 300 [31]
TiO2 Nanoparticles 10 UV 120 Watt 600 [38]
PET nanofber/CuO

nanoparticles 10 UV 100 Watt 60 [12]

PET nanofibers 10 UV lamp 10 W 80 [39]
CuO/PET

nanocomposite 10 UV lamp 10 W 30 this work

2.6. The Kinetics of MB Degradation by CuO/PET Nanocomposite

The photocatalytic kinetics of the prepared CuO/PET nanocomposite are studied via
monitoring the degradation of MB dye solution. Figure 7a presents a diagram of C/C◦
versus irradiation time. It was found that the photocatalytic degradation performance of
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the CuO/PET nanocomposite against dye was better than that of the PET nanofibers and in
high rate. The reaction rate of the dye photodegradation experiment was calculated using
the pseudo-first order kinetics:

ln(C◦/C) = kt (1)

where C◦ is the initial concentration of MB dye, C is the measured concentrations of
the dye degradation at different irradiation times, and kt is the reaction rate of the MB
dye decomposition.

Figure 7. Influence of contact time on MB removal efficiency by PET nanofiber (a) and CuO/PET nanocomposite (b) Fitting
of pseudo-first-order of PET nanofiber and CuO/PET nanocomposite.

The diagram in Figure 7a exhibits a good linear curve for the catalyst used in the
process of dye removal during a short period of time compared to the PET nanofiber.
The catalyst linear curve presents the high activity of the CuO/PET nanocomposite.
The constant reaction rate was calculated and recorded according to Figure 7b. The graph
of ln(C◦/C). versus t in Figure 7b shows that the calculated reaction rate (k) for the PET
nanofibers was 0.049 min−1, whereas that of the CuO/PET was 0.238 min−1. The obtained
k value for the CuO/PET perfectly follows the pseudo-first-order kinetics in which the
conformity of the fitting is indicated by the linear regression value (R2 = 0.921) compared
to that of the PET nanofiber (R2 = 0.667). The obtained result for the catalyst is acceptable
and agrees with the previous reports [3].

The photodecomposition of MB dye in the solution starts with the photoexcitation of
the CuO nanoparticles as a semiconductor in which the electron–hole pair on the surface
of the CuO catalyst is produced (Equation (2)). The high oxidative capability of the hole
(h + VB) in the catalyst enables the organic dye (MB) to be instantly oxidized into reactive
intermediate molecules (Equation (3)).

(MO/MO2) + hv → (MO/MO2)
(
e−VB . + h_

VB.
)

(2)

Metal oxide

h+VB. + dye→ dye·+ → oxidation of the dye (3)

Furthermore, the hydroxyl radical (OH·) is considered as another reactive interme-
diate molecule which is responsible for the decomposition and is produced via water
decomposition (Equation (4)). However, it can also be produced through the reaction of
the hole with OH− (Equation (5)). Owing to its features for being influential, nonselective
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oxidant (E◦ = +3.06 V), and hydroxyl radical (OH·), it can work as a fractional or complete
mineralizer of many organic chemicals (Equation (6)) [33].

h+VB. + H2O → H+ + OH− (4)

h+VB + OH− → OH• (5)

OH·− + dye→ degradation of the dye. (6)

2.7. Influence of pH and MB Dye Concentration on Photodegradation

The effect of the pH on the photodegradation reaction medium is investigated due to
its essential and critical role in the decomposition of the organic matters [33]. The results
in Figure 8 show that the photolysis of the MB dye increases with the increase in the
pH value of the reaction medium. The MB dye increase demonstrates the role and type
of the medium in which the dye is mainly degraded. Besides, this medium promotes
the formation of the hydroxyl (OH·) radicals which are considered as robust oxidizing
species responsible for raising pH value during dye photodecomposition. Further, the
influence of the concentration on the rate of the photocatalytic degradation was examined
at various initial MB dye concentrations. It was reported that with the increase in the
initial concentration of MB dye, the rate of the degradation dropped down. The decrease
in the degradation rate was attributed to the rise in the concentration and the number of
dye molecules to be degraded with the other factors such as the rate of the (OH·) radical
generation, nanocomposite dose, dissolved oxygen, light intensity, and time remained
constant during the process. Hence, the increase in the initial concentration leads to the
decrease of the photocatalytic process [40].

Figure 8. pH influence on degradation of MB dye by CuO/PET nanocomposite.

3. Materials and Methods

Fresh green stems of Rhuscoriaria L (Sumac) plant were collected from Charboot village-
Zebar region/Akre/Kurdistan of Iraq. All chemicals and solvents were purchased from
Sigma-Aldrich comp with no purification.

3.1. Preparation of Rhuscoriaria L Stems Extract

The stems of Rhuscoriaria L were collected and washed with distilled water then dried
under sunlight (Scheme 1). The stems were crushed into a fine powder using a mortar.
Twenty grams of the powder was added to 200 mL distilled water in the conical flask.
The mixture was stirred and heated to 60 ◦C for 30 min. The waste stems were separated,
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and the extract was centrifuged with 4000 rpm for 20 min and filtered with (Whatman
No.1). The obtained clear yellow extract was used to reduce the copper ions.

Scheme 1. Steps of CuO/PET nanocomposite preparation and MB dye degradation process.

3.2. Synthesis of Copper Nanoparticles CuONPs

In the separator funnel, 75 mL of the stem extract was added slowly with continuous
stirring to the 50 mL 0.1 M of copper acetate solution in the conical flask. The mixture was
boiled at 60 C for 30 min. After that, the mixture resulted from the reaction was left in a
dark place for 24 h (Scheme 1).

3.3. Preparation of PET Nanofiber

As a wasted material, the PET polymer was collected, washed with a deionized
water, and then dried. The electrospun solution was prepared via mixing 3:1 ration of
dichloromethane (DCM) and trifluoracetic acid (TFA). The solution was stirred at room
temperature for (4 h) then transferred into a (500 µL) glass syringe attached to stainless
steel needle. The electrospun factors were adjusted as follow:

a. 1 mL/h flow rate,
b. 15 cm distance between the needle tip and the collector,
c. 5% PET concentration,
d. 15 kV for the operating voltage [12].
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3.4. Preparation of CuO/PET Nanocomposite

0.02 gm of PET nanofiber was mixed with 0.02 gm of CuO-NPs powder in 10 mL vials.
Next, 1 mL of glutaraldehyde as a cross-link solution and 5 mL distilled water were added
to the mixture to enhance the formation of the composite (Scheme 1). The mixture was
stirred for 30 min at the ambient temperature. The composite was then isolated, washed
with distilled water three times, and dried in the oven at 40 ◦C for 30 min.

3.5. Characterization Techniques

The morphology of the prepared CuONPs and CuO/PET nanocomposite was identi-
fied with the X-ray diffraction (XRD) instrument using Philips PW1730X’pert PRO powder
and the X-ray diffractometer with the CuKa radiation (k = 1.54060 A◦) at 10 kV and
30 mA. The scans were measured within the angular range of 0◦ to 80◦ with a scanning
speed of 1.000 min. The shape, size, and the surface nature of the prepared CuONPs
and CuO/PET nanocomposites were observed via the field emission scanning electron
microscopy (FE-SEM) (ZEISS, Max 60.000 KX) equipped with the energy dispersive spec-
troscopy (EDS). The high-resolution transmission electron microscopy (HRTEM) technique,
type (Jeo l/JEM 2100) was used to estimate the morphology and size formation of the
CuONPs and CuO/PET nanocomposites.

3.6. Degradation Experiment

The photodegradation process of the methylene blue dye (MB) was carried out under
the following conditions:

a. 1:1 weight ratio of CuO/PET nanocomposite was selected after several optimization
experiments then mixed with 5 mL 10 ppm of (MB) dye solution in the 10 mL vial.

b. The content was stirred magnetically for 30 min in a dark place to ensure the comple-
tion of the adsorption-desorption equilibrium process.

c. The component of the reaction was exposed to UV lamp (10 Watt) in which the
sample was withdrawn from the vial for a fixed time interval in order to screen the
dye degradation using the spectrophotometer.

The following Formula (7) and (8) was used to calculate the percentage of the degra-
dation of MB dye in the aqueous solution:

Degradation rate % = [Co - C/Co × 100] (7)

Degradation rate % = [Ao - A/Ao × 100] (8)

where Co is the initial concentration of MB dye, C is the MB dye concentration (mg/L) after
irradiation at various time points, and Ao and A are the initial MB dye absorbance before
and after irradiation, respectively.

4. Conclusions

In this study, copper nanoparticles (CuONPs) are synthesized by using the sumac
stem extracts as a clean, low-cost, and environmentally friendly reducing agent. The copper
nanoparticles are embedded with the pre-prepared PET nanofiber in an easy and simple
method. The produced CuO/PET nanocomposite reveals a high photocatalytic activity for
removing the MB dye (99%) and in a very short period of time (30 min) compared to that
of the PET nanofiber. The results show that the photodecomposition of the methylene blue
(MB) dye by the CuO/PET nanocomposite is higher and more efficient than that of the
PET nanofibers. Moreover, the study results of the degradation kinetics confirm that the
activity of the prepared CuO/PET nanocomposite in the elimination of the MB dye from
an aqueous solution perfectly follows the pseudo-first-order. The maximum adsorption
efficiency of the CuO/PET is attributed to the physical and chemical attraction forces of its
components against the MB dye. Furthermore, the characterization results show that the
roles of all the components in the CuO/PET nanocomposite are considerably affecting the
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degradation efficiency of MB. The nanocomposite shows a rapid degradation rate for MB
using a low power intensity source which in turn minimizes the overall costs.
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