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Abstract: Acetamiprid is a neonicotinoid insecticide widely used in pest control. In recent years,
it has been considered as a contaminant in groundwater, lakes, and rivers. Photocatalysis under
visible light radiation proved to be an effective process for getting rid of several organic pollutants.
In the present work, photodegradation of aqueous acetamiprid was investigated over bare zinc
oxide (ZnO) photocatalyst as well as ZnO doped with either palladium or palladium combined with
graphene oxide. Both ZnO and doped-ZnO were synthesized via a microwave-assisted hydrothermal
procedure. The obtained photocatalysts were characterized using different techniques. After 5 h of
reaction at ambient temperature under visible light irradiation, acetamiprid conversions attained ca.
38, 82, and 98% in the presence of bare ZnO, Pd-doped ZnO and Pd-GO-doped ZnO photocatalysts,
respectively, thus demonstrating the positive effect of Pd- and GO-doping on the photocatalytic
activity of ZnO. In addition, Pd-GO-doped ZnO was shown to keep its activity even when it is
recycled five times, thus proving its stability in the reaction medium.

Keywords: acetamiprid; degradation; photocatalysis; zinc oxide doping; palladium; graphene oxide

1. Introduction

The extensive use of insecticides in agriculture fields frequently leads to the contam-
ination of both surface and groundwater streams. Neonicotinoids are currently being
recommended as alternatives for organophosphate and carbamate pesticides due to their
effectiveness and selective nervous system targeting mechanism [1,2]. Acetamiprid (ACE),
a neonicotinoid insecticide, is widely used for the control of sucking-type insects. This
insecticide is prone to leaching due to its high solubility in water. Such intrinsic properties
may complicate its removal by conventional water treatment technologies [3].

Several processes are currently used for the remediation of contaminated water and
wastewaters. Among them, metal oxide semiconductors based photodegradation received
growing attention as a favorable application in environmental decontamination. Indeed,
heterogeneous photocatalysis is regarded as an advantageous and environmentally friendly
technology thanks to its mild operating conditions, high-efficiency, and low-cost [4–7].

Semiconductor metal oxides are characterized by distinctive properties such as chem-
ical stability, tunable compositions, and various morphologies [8]. Among the several
current semiconductors, zinc oxide (ZnO) has been extensively utilized in photocataly-
sis due to its interesting characteristics under UV light. This semiconductor having a
direct bandgap energy of 3.37 eV was reported to exhibit a non-toxic nature, a long-lasting
photostability, decent optical properties, and high electrochemical stability [9]. Neverthe-
less, the major disadvantage of ZnO lies in its low photocatalytic activity under visible
light, which limits its wide application in advanced oxidation processes implemented for
environmental remediation.

To counter this downside, doping was demonstrated to be promising for inducing
changes in both physical and chemical properties by incorporating metallic and non-
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metallic species leading to a shrink in the ZnO bandgap energy. Therefore, different con-
stituents, encompassing mainly graphene oxide and noble metals, are considered efficient
to improve the photocatalytic performances of ZnO in the degradation of organic materials
under visible light due to the proven bandgap energy narrowing and the unique electronic
orbitals [7,10–12]. Noble metals such as Au [13,14], Ag [15,16] Pt [17], and Pd [18,19] were
investigated for doping ZnO photocatalyst. Also, graphene oxide (considered as an electron
acceptor) was reported to reduce the recombination of charge carriers [20–22].

Additionally, a variety of conventional methods were applied to produce semicon-
ductors, namely sol-gel [23], mechanochemical [24], and solvothermal [25] methods. Nev-
ertheless, the use of microwave combined with hydrothermal method was emphasized
as a judicious synthesis strategy for producing nanostructured materials in a controlled
environment. Indeed, microwave energy represents a very efficient means for heating
both synthesis as well as reaction media. Photocatalytic materials synthesis, which typi-
cally takes a long time to complete, can be undertaken in minutes with the assistance of
microwaves. In addition, microwave energy is considered as a reliable, economic, and
versatile route of synthesizing various nanostructures [26].

Over the last few decades, removal of several pesticides from water and wastewaters
using heterogeneous photocatalysis attracted much attention from the scientific community.
However few investigations have been devoted to neonicotinoid insecticides (especially
acetamiprid). Also, most of the reported studies carried out the catalytic degradation only
under UV light.

In the present investigation, photodegradation of aqueous acetamiprid under vis-
ible light was carried out comparatively in the presence of bare ZnO as well as pal-
ladium and graphene oxide doped ZnO photocatalysts synthesized via a microwave
hydrothermal method.

2. Results and Discussion
2.1. Photocatalysts Characterization

The morphological and EDX features of ZnO, Pd-ZnO, and Pd-GO-ZnO materials
are presented in Figure 1A–D. The bare ZnO material exhibited elongated and irregularly
shaped rods and flakes with sharp extremities organized in flower-like structures (See
Figure 1A). After doping with palladium, a marked change in the morphology was ob-
served. As illustrated in Figure 1B, better defined and regular rods were observed for the
Pd-ZnO material. The sizes of the particles (rods and flakes) were close and ranged be-
tween 172 and 190 nm for both materials. As for the Pd-GO-ZnO, it exhibited a completely
different morphology revealing monodisperse particles of smaller sizes (ca. 112 nm) in the
form of short nanorods decorating the GO sheets (See Figure 1C). This clearly illustrated
contact between Pd-ZnO nanoparticles and GO sheets may play an important role in the
electronic interactions between both components [27]. The elemental composition spectrum
(EDX analyses) confirmed the occurrence of C, Pd, Zn, and O on the Pd-GO-ZnO material
(See Figure 1D). The peak of Pd appeared less intense due to its low concentration, the
peak of C was attributed to the basal plane of graphene oxide nanosheets, while O was
attributed to both ZnO and GO.
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Figure 1. SEM images for (A) ZnO; (B) Pd-ZnO; (C) Pd-GO-ZnO; (D) EDX spectrum of the Pd-GO-
ZnO-5 material.

The TEM images illustrated in Figure 2A,B indicated the occurrence of very tiny
spherical nanoparticles (5–10 nm) aggregated on rods having sizes of about 400 nm length
and ca. 50 nm width. In the case of the Pd-ZnO sample (Figure 2B), the tiny particles
incorporated in the rodlike structures seemed to be smaller in size compared to the ZnO
material. As shown in Figure 2C, the Pd-GO-ZnO material exhibited needlelike structures
with 50−200 nm length attached to the GO nanosheets surface.
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The powder diffraction patterns of the ZnO, Pd-ZnO, Pd-GO-ZnO as well as GO
materials are presented in Figure 3. The diffractogram belonging to the GO material
exhibited a characteristic pattern evidencing a peak at the scattering angle at ca. 11 degrees
corresponding to the (001) plane of GO [28]. The diffractograms of the ZnO-containing
materials presented strong peaks which can be indexed to the wurtzite-type hexagonal
phase of ZnO [29]. The Pd-ZnO material did not exhibit any characteristic peak which could
be indexed to Pd or Pd oxide species. This behavior may be attributed to the occurrence
of very small crystallite size highly dispersed on the ZnO material [30]. Furthermore, the
Pd-GO-ZnO diffractogram did not exhibit neither peaks form GO nor Pd. The absence of
Pd peaks may be related to the high dispersion as discussed above. As for the lack of GO
characteristic peak, it can be attributed to the reduction of GO into reduced GO during the
microwave hydrothermal treatment during the synthesis procedure [31].
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Figure 3. Powder XRD patterns of the GO, ZnO, Pd-ZnO and Pd-GO-ZnO materials.

Nitrogen adsorption-desorption volumetric analysis data are illustrated in Figure 4.
The isotherms of the photocatalysts were of the type IV, presenting an H3 type hysteresis
loop according to the IUPAC classification. These isotherms shapes indicate the occurrence
of mesopores (2–50 nm) [32]. Table 1 presents the evaluated textural properties for the
different photocatalysts. Interestingly, Pd-ZnO and Pd-GO-ZnO exhibited larger surface
areas being 36.27 and 49.52 m2/g, respectively, in comparison with the bare ZnO material
surface area of 30.90 m2/g. Therefore, incorporation of Pd-GO offered an additional
advantage with the increase in the surface area, thus providing more active sites and
increasing the transport routes for adsorption of acetamiprid molecules which may translate
into better photodegradation performances.
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Figure 4. Nitrogen physisorption isotherms of the photocatalysts.

Table 1. Textural properties.

Material Surface Area (m2/g) Pore Volume (mL/g) Average Pore Size (nm)

ZnO 30.90 0.27 6.38
Pd-ZnO 36.27 0.19 8.81

Pd-GO-ZnO 49.52 0.18 9.53

The UV-vis absorption spectra of the ZnO, Pd-ZnO, and Pd-GO-ZnO samples mea-
sured at room temperature are shown in Figure 5A. The different samples exhibited a large
absorption band in the UV region with a shoulder peak located around 375 nm. This shift
in the onset of absorption is commonly ascribed to size effects in the photocatalyst, which
is characteristic of ZnO broadband semiconductor material [33]. Interestingly, with the
incorporation of Pd-GO to the ZnO material, the peak position shifted towards higher
wavelengths, indicating a decrease in the optical bandgap of ZnO with GO doping effect.
This behavior was attributed to the better separation and transport of the photogenerated
charge carriers in the presence of GO [34]. The bandgap energy was determined from
Tauc’s plots, yielding the optical absorption strength as a function of the photon energy
(hν) using the following Equation:

(αhν)2 = A × (hν − Eg) (1)

where hν is the photon energy, α is the absorption coefficient, Eg is the energy bandgap, A
is constant, n is 1/2 for allowed direct bandgap. An extrapolation of the linear region of a
plot of (αhν)2 versus photon energy (hν) gives the value of the Eg as shown in Figure 5B.
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As evidenced in Figure 5B, the bandgap energy was significantly lowered from ca.
3.26 eV for bare ZnO synthesized using microwave to ca. 3.10 and 3.02 eV for the Pd-
ZnO and Pd-GO-ZnO, respectively. These results reveal an appreciable reduction in the
bandgap energy playing an important role in extending the absorption of doped ZnO to the
visible region, which in turn is advantageous to the photocatalytic degradation of organic
molecules under visible light [35].

The effect of Pd and GO on the optical properties of the different synthesized photocat-
alysts was assessed via photoluminescence (PL) spectra measured with a 300 nm excitation
at room temperature (Figure 6). The pure ZnO exhibited three PL bands, one in the UV
region (band at 400 nm) and two in the visible region (bands at 450 and 500 nm), which can
be attributed to either the recombination of free excitons, or impurities, or structural defects
encompassing oxygen vacancies, zinc vacancies as well as oxygen and zinc interstitials [36].
The PL intensity of Pd-ZnO and Pd-GO-ZnO-5 was remarkably lowered due to the effective
charge transfer from ZnO to Pd-GO in the composites. Moreover, the reduced emission
intensity indicates that the electron-hole recombination rate is significantly decreased. This
behavior is an asset in the process of photogenerated carriers in the reaction, anticipating
better performances in photodegradation reactions [37].
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The XPS survey spectra of the different synthesized photocatalysts demonstrated the
occurrence of O, Zn, C and Pd. In the case of bare ZnO and Pd-ZnO, the detected carbon
was attributed to the adventitious carbon contamination usually occurring in the analysis
of several samples by XPS. Figure 7 shows the high resolution XPS spectra of the ZnO,
Pd-ZnO, and Pd-GO-ZnO-5 materials. Since the XPS spectra of the Pd-GO-ZnO samples,
containing different amounts of palladium and GO, are quite similar in their characteristics,
representative XPS data are reported herein only for the Pd-GO-ZnO-5 together with the
data belonging to bare ZnO and Pd-ZnO. The Zn 2p3/2 XP core level of the three samples is
depicted in Figure 7A. As seen, both samples exhibited symmetric Zn 2p3/2 peaks centered
at 1022.63, 1022.85 and 1022.95 eV for the bare ZnO, Pd-ZnO and Pd-GO-ZnO-5 samples,
respectively. The registered slight shifts towards higher binding energies denote clearly
that the chemical environment of the Zn surface atoms was modified upon incorporation
of palladium and graphene oxide on the ZnO material. Furthermore, as depicted in
Figure 7B for the O1s region, the bare ZnO sample exhibited a peak deconvoluted into
two contributing peaks centered at 530.85 and 532.72 eV. These peaks were assigned to
the O2− ions in the wurtzite structure surrounded by the Zn atoms and to the specific
chemisorbed oxygen, adsorbed O2, or adsorbed H2O, respectively [38,39]. Moreover, an
additional peak centered at ca. 534.4 eV was observed in the O1s region of the Pd-ZnO and
Pd-GO-ZnO samples (Figure 7B), corresponding probably to the formation of metal-oxide
such as Pd-O-Zn [40]. As for the Pd3d5/2 high resolution spectra presented in Figure 7C,
they could be deconvoluted into two contributing peaks centered at 335.35 and 337.49 eV
and attributed to metallic palladium Pd(0) and oxidized Pd(II), respectively [41,42].
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Figure 7. XPS high resolution spectra (A) Zn2p3/2; (B) O 1s; (C) Pd3d5/2.

2.2. Photocatalytic Photodegradation of Aqueous Acetamiprid

Removal tests of aqueous acetamiprid were carried out under dark conditions in
the presence pf Pd-GO-ZnO as presented in Figure 8A. Acetamiprid adsorption occurred
rapidly, and the equilibrium was reached within the first 15 min of contact with the
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photocatalytic material as corroborated by the removal time-profile level off at a value of ca.
12% over 5 h of contact. Photodegradation tests of aqueous acetamiprid were performed
in the absence of any photocatalyst (photolysis) and over heterogeneous photocatalysts
under visible light. The obtained results showed that photolysis allowed to reach only
12% acetamiprid conversion within 5 h of reaction time at ambient temperature (See
Figure 8A). Under otherwise the same experimental conditions, the presence of 0.2 g/L of
ZnO photocatalyst enhanced the acetamiprid conversion to 38%. With the goal to obtain
better performances allowing to get rid of the aqueous acetamiprid, Pd- and Pd-GO-doped
ZnO photocatalysts were tested, as reported in Figure 8B.
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Figure 8. Acetamiprid photolysis and dark adsorption time profiles (A) and acetamiprid photocat-
alytic degradation time profiles (B). Catalyst loading = 0.2 g/L; Temperature = 25 ◦C; C0 = 15 mg/L;
Error bars indicate standard deviation.

As evidenced, doping ZnO with palladium resulted in an impressive enhancement of
the photocatalytic activity. Indeed, while in the presence of bare ZnO, acetamiprid conver-
sion leveled off at 38% after 5 h of reaction, 82% conversion was reached over Pd-ZnO under
the same operating conditions. This fact may be related to the lowered bandgap energy of
the doped ZnO and the high activity of the noble metal atoms aggregated on the ZnO sur-
face as evidenced by the EDX and XPS characterizations presented above. Similar behavior
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was previously reported for Pd-doped ZnWO4 composite used for the photodegradation
of atrazine [43]. Moreover, the addition of GO to Pd-ZnO caused a significant increase in
degradation with 98% acetamiprid conversion obtained over Pd-GO-ZnO-5 after 5 h of
reaction. This notable performance may be attributed to the lowered bandgap energy of the
composite Pd-GO-ZnO which becomes more active under visible light and to the slowed
down recombination of electron-hole pairs, thus improving photocatalytic activity [44].
Also, the formation of hydroxyls and superoxide radicals on the doped photocatalysts
surface may be responsible for the enhanced degradation of acetamiprid [28,29,45]. In
this connection, a simplified mechanism is suggested for the photocatalytic degradation
of the aqueous acetamiprid over the Pd-GO-ZnO photocatalyst (see Figure 9). Also, the
detailed reactions leading to the generation of the oxidizing species are summarized in
Equations (2)–(9) according to Seddigi et al. [46] and Umukoro et al. [47]:

Semiconductor + hν→ h+ + e− (2)

(O2)ads + e−→O−2 (3)

H2O→ OH− + H+ (4)

O−2 + H+→HOO (5)

HOO + e− →HOO− (6)

HOO− + H+ → H2O2 (7)

H2O2 + e− → 2 OH (8)

H2O2 + h+ → H+ + OH (9)
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2.3. Photocatalyst Stability

Investigation of the photocatalysts stability was conducted using repeated photodegra-
dation tests over the same batch of Pd-GO-ZnO material. Figure 10 presents the obtained
acetamiprid conversion data after 4 h of reaction. As can be seen, the photocatalyst activity
remained quite stable with conversions fluctuating from ca. 97% to ca. 90% from the first to
the fifth cycle. This demonstrates the stability and long lasting nature of the photocatalyst,
which makes it worthwhile for use in large-scale applications.
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Figure 10. Effect of recycling of the Pd-GO-ZnO photocatalyst on acetamiprid conversion. Catalyst
loading = 0.2 g/L; C0 = 15 mg/L; Temperature = 25 ◦C; Reaction time = 4 h.

3. Experimental Methods
3.1. Materials

All reagents were of the highest purity and were used without further purification.
Zinc nitrate (Zn(NO3)2 6H2O) and sodium hydroxide were acquired from JT Baker (Mis-
sissauga, ON, Canada). Palladium nitrate hydrate Pd(NO3)2 xH2O was purchased from
Sigma-Aldrich (St. Louis, MO, USA). For the synthesis of graphene oxide, all of the
reagents used were previously reported [48]. Acetamiprid (N-(6-Chloro-3-pyridylmethyl)-
N′-cyano-acetamidine) was purchased from Sigma-Aldrich (Oakville, ON, Canada). The
main physicochemical characteristics of this insecticide are summarized in Table 2.

Table 2. Acetamidprid physicochemical characteristics.

Chemical Formula C10H11ClN4

Chemical structure

1 

 

Ref 2, 25, 29, 40, 42: revised journal name 

Ref 7, 14, 38, 48: revised author name 

Ref 5: deleted en dash from the article number 

Eq. 3 and 5 format confirmed 

Changed hyphen into minus sign in text 

 

Melting point (◦C) 98.9

Density (g/mL) 1.33

Solubility in water at 25 ◦C (mg/L) 4.25 × 103

Octanol/water partition coefficient (KOW) 6.27

pKa at 25 ◦C 0.7

Vapor pressure at 20 ◦C (mPa) 1.73 × 10−4

Volatility Low

3.2. Synthesis of ZnO and Pd-ZnO Materials

The ZnO nanocatalyst was synthesized by a microwave-assisted hydrothermal process
according to the method reported by Guy et al. [18] with slight modifications. Hence, ZnO
was prepared using aqueous solutions of zinc nitrate (0.16 mol L−1) and sodium hydroxide
(2 mol L−1). A volume of 10 mL of the NaOH solution was added dropwise to a beaker
containing 10 mL of the zinc nitrate solution under vigorous magnetic stirring for 1 h to
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obtain a uniform mixture. The obtained suspension was placed in a programmable and
temperature-controlled microwave furnace (Phoenix from CEM corporation, Mathews, NC,
USA) at 160 ◦C for 5 min. After cooling down to the ambient temperature, the obtained
precipitate was removed by centrifugation (5000 rpm), washed several times with distilled
water and anhydrous ethanol, then dried in an oven at 100 ◦C overnight.

The Pd-ZnO material was prepared using the same procedure described above for the
ZnO synthesis except that an appropriate amount of palladium nitrate was added to the
zinc nitrate solution resulting in a weight ratio Pd/ZnO of 5% before precipitation with an
NaOH solution.

3.3. Synthesis of the Pd-GO-ZnO Material

The synthesis of graphene oxide (GO) was carried out following the procedure re-
ported by Andrade et al. [48]. After preparation, the Pd-ZnO material was weighed and
added to 10 mL of distilled water containing an appropriate amount of GO corresponding
to a weight ratio Go/Pd-ZnO of 5%, following a procedure adapted from the work of
Yousaf et al. [49]. The obtained material was designated as Pd-GO-ZnO.

3.4. Photocatalysts Characterization

The surface morphology of the different synthesized photocatalysts was investigated
using a scanning electron microscope (JEOL JSM 840-A, Tokyo, Japan) equipped with an
energy-dispersive X-ray spectrometer (EDX) for elemental analysis. The microstructure of
the photocatalysts was examined using a transmission electron microscope (JEOL JEM-1230,
Tokyo, Japan) at an accelerating voltage of 80 kV. Powder X-ray diffraction (XRD) measure-
ments were carried out on a Rigaku D-Max-Ultima III diffractometer (Rigaku Americas
Corporation, The Woodlands, TX, USA) with Cu Kα radiation in the 2θ range 10–80◦. The
textural properties of the samples were investigated using nitrogen adsorption/desorption
analyses at 77 K using a volumetric adsorption analyzer (Model Autosorb-1, Quantachrome
Instruments, Boyton Beach, FL, USA). The optical properties were recorded on a UV–visible
spectrophotometer HP UV-8453 (UV-Vis). The photoluminescence (PL) spectra were ob-
tained from a fluorescence spectrometer (Horiba PTI QuantaMaster 8000, Edison, NJ, USA).
Survey and high-resolution XPS spectra were recorded using a PHI 5600-ci (Physical Elec-
tronics, Chanhassen, MN, USA) spectrometer equipped with an aluminum X-ray source.
The main XPS chamber was maintained at a pressure below 8 × 10−9 Torr. The binding
energies (B.E.) of core levels in the observed XPS spectra were referenced to C1s core (B.E.
at 284.8 eV) [50].

3.5. Photocatalytic Tests

Photocatalytic activities were evaluated in a home-made photocatalytic system oper-
ating under visible light irradiation at a wavelength λ > 420 nm. The visible light source
used was 48 W fluorescent bulb irradiating externally the double jacketed reactor and
the temperature inside the reactor was controlled by circulating water coming from a
temperature-controlled bath through the jacket. The light source was previously preheated
before each experiment. Prior to irradiation, the suspensions were stirred for 15 min under
dark conditions to ensure the establishment of adsorption/desorption equilibrium between
the photocatalyst and acetamiprid solution. The total reactor volume was 300 mL while the
reaction volume was 250 mL for a concentration of 15 mg/L acetamiprid, with a catalyst
loading of 0.2 g/L under an agitation speed of 600 rpm at room temperature. It is worth
noting that the initial concentration of the acetamiprid solution was set to 15 mg/L for
the sake of the investigation only. This value is not representative of the environmental
concentrations encountered in ground and surface waters which lies between 0.4–5 ng/L
but can reach ca. 8 µg/L in some agricultural areas where acetamiprid is applied to protect
crops [51,52]. The photodegradation reaction time profiles were performed within the time
interval of 0–300 min. At preset reaction times, samples of the reactions aqueous suspen-
sion were taken, filtered with a micro syringe (0.2 µm), solvent extracted and analyzed
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for acetamiprid content by gas chromatography. The solvent extraction was carried out
according to the method reported by Suganthi et al. [53] with slight modification. Basically
a 4 g of acetamiprid reaction sample was accurately weighed in a 15 mL-centrifuge tube
and 8 mL acetonitrile were added and vortexed for 20 min. About 1.5 g of anhydrous
MgSO4 and 0.4 mg NaCl were subsequently added and vortexed. The mixture was then
centrifuged for 10 min. After centrifugation, 2 mL of the supernatant aliquot was trans-
ferred to a 15 mL centrifuge tube containing 240 mg of anhydrous MgSO4. The mixture
was vortexed during a minute and then centrifuged for 10 min. Afterwards, 1 mL of the
supernatant was transferred to a vial and concentrated to dryness at 40 ◦C. The final volume
was adjusted to one mL using acetonitrile and transferred to an auto sampler vial for gas
chromatography analysis using an HP 6890 Series gas chromatograph equipped with a
flame ionization detector (Agilent ChemStation). The column used was an HP-5 measuring
30 m × 0.25 mm ID × 0.25 mm film thickness. The injector and detector temperature were
adjusted to 250 ◦C and 1 µL of the sample was injected with a 50:1 split ratio. The oven
temperature profile was as follows: initial temperature 100 ◦C, ramp 10 ◦C/min at 250 ◦C,
hold for 5 min, ramp 30 ◦C/min to 300 ◦C, hold for 5 min. All of the tests reported in the
present manuscript were performed in duplicate and analyzed twice.

4. Conclusions

The photocatalytic degradation of aqueous acetamiprid was investigated in the pres-
ence of pristine ZnO as well as Pd- and Pd-GO-doped ZnO at room temperature under
visible light. Both photocatalysts were successfully synthesized via the microwave as-
sisted hydrothermal technique. The effective doping of Pd and Pd combined to GO was
demonstrated through several characterization techniques. Indeed, the bandgap energy of
the doped materials was lowered in comparison to bare ZnO. Also, the doped materials
exhibited higher surface areas and reduced photoluminescence emission spectra. The best
photocatalytic performances were obtained using the Pd-GO-ZnO material which allowed
to get rid of the deleterious pesticide water pollutant within 5 h of reaction. Moreover, the
doped photocatalyst was shown to be stable even after five reaction cycles, thus confirming
its willingness to be used at the industrial scale.
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