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Ethylene is a natural hormone responsible for many processes, including ripening. One way to extend the shelf
life of several fruits and vegetables is to remove ethylene from the atmosphere of storage and transport, for
which photocatalysis processes can be an efficient technology. In this study, we investigated the ethylene
photodegradation of four different composites (Cu/CsN4, Cu/TiO2, Ni/CsN4, Ni/TiO2) under UV-A and visible
illumination. The photocatalytic composites were characterized, and the photocatalytic assay was performed in
a continuous system for 1 h (ethylene concentration at 1.0 % in synthetic air, 50 mL.min%, and 400 mg of
photocatalyst). The results indicated that the Cu/CsN4 sample did not produce carbon dioxide under visible light
or UV-A illumination, so ethylene was not degraded. The Ni/TiO2 sample had the best performance for ethylene
degradation under visible light and UV-A illumination, showing higher CO2 production with UV-A. After
illumination for 1 h, the light was turned off, and 5 min later, the CO2 concentration at the outlet was equal to the
initial. Thus, the composites Ni/C3sN4, Cu/TiO2, and Ni/TiO2 proved to be efficient in ethylene degradation.
Therefore, they can increase the shelf life of fruits and vegetables, using photocatalysis to remove ethylene from
the atmosphere while storing and transporting these foods.

1. Introduction

Ethylene is a vegetal hormone responsible for many processes, including ripening, and in climacteric fruits, the
effects of this compound are pronounced (Gaikwad et al., 2020). During transport and storage of these fruits,
ripening is accelerated due to ethylene. Therefore, its removal from the atmosphere is crucial to increase the
post-harvest storage time of climacteric fruits (Hu et al., 2019). On the other hand, it can be used as a fruit
ripening stimulator (Hu et al., 2019). For that, it is necessary to modulate the ethylene concentration, and
different techniques have been applied for the removal and oxidation of ethylene, such as adsorption (Tirgar et
al., 2018), chemical oxidation (Hernando et al., 2019), reduction temperature and modified atmosphere
(Phakdee and Chaiprasart, 2020). Besides that, photocatalytic ethylene degradation can increase the shelf life
of climacteric fruits (Fonseca et al., 2021).

Titanium dioxide is the most used photocatalyst due to its advantages: physical and chemical stability,
photostability, low toxicity, optical activity, and cost-effectiveness (Etacheri et al., 2015; Verbruggen, 2015). The
TiOz2 for ethylene degradation is well known, and its degradation mechanisms are proposed by Hauchecorne et
al. (2011). However, the absorption range limits the application with the use of UV light due to its band gap
energy (~ 3.2 eV) (Kitano et al., 2016). Nevertheless, titanium dioxide modification by metal or non-metallic
doping, for example, can produce visible-light responsive photocatalysts (Baruah et al., 2022).

The semiconductor carbon nitride (C3N4) has gained prominence in several reports as a photocatalyst due to
the light absorption in the visible range, with about 2.7 eV as optical band gap energy. Moreover, carbon nitride
has chemical and thermal stability, low cost, good electrical properties, and can quickly be produced from urea,
melamine, or other organic nitrogen sources (Qi et al., 2020). However, the electron-hole recombination rate is
high when used pure, so the photocatalytic activity is relatively low (Qi et al., 2020). Metal doping can be
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promoted advantages like as: separation and transfer of charge efficiency, decrease in the band gap energy,
visible light absorption, and reduction charge recombination for g-CaN4 (Diaz et al., 2021).

Considering the g-CsN4 and TiO2 characteristics useful in the photocatalysis field, doping with transition metals,
such as nickel and copper, can result in high photocatalytic activity under visible light and a low recombination
rate, as reported by Mufioz-Batista et al. (2020) and Diaz et al. (2021). As nickel and titanium atoms have similar
ionic radii, 0.72 and 0.68 A, respectively, it is possible to introduce Ni atoms in the structure of TiO2 (Baruah et
al., 2022).

In this work, we investigated ethylene degradation using copper, nickel, titanium dioxide, and carbon nitride
composites. For that, photocatalytic composites (Cu/CsN4, Cu/TiOz, Ni/C3Na, Ni/TiO2) were characterized by X-
ray Diffraction (XRD), surface area and pore volume by nitrogen adsorption/desorption, scanning electron
microscopy (FEG-SEM) coupled with an energy dispersive spectrometer, diffuse reflectance (DRS) and X-ray
photoelectron (XPS) spectroscopy.

2. Experimental details

The photocatalytic composites with 5 % (% wt) Cu or Ni, denominated Cu/C3N4, Cu/TiO2, Ni/C3Na, Ni/TiO2, were
synthesized and characterized in previous work (Diaz et al., 2021). Morphologies were investigated by scanning
electron microscopy (FEG-SEM, model JEOL JSM-6701F) coupled with an energy dispersive spectrometer
(EDS), the nitrogen adsorption/desorption isotherm measurements were performed (MicroActive 5.02,
micromeritics®) and the specific surface area and the pore volume were characterized by Brunauer-Emmett-
Teller (BET). X-ray diffraction (XDR) (Rigaku Miniflex 1l) with CuKa radiation (1.5406 A) was used by crystallite
structures investigation under the following conditions: 15 mA electric current and 30 kV potential difference (10
< 8 < 90 °). Scherrer's equation was utilized for crystallite size 1 estimation: with Bragg’s angle 6 (rad), form
factor K = 0.9, wavelength A = 0.15406 nm, and {8 = full width at half maximum peak (FWHM) (Scherrer, 1912).
Optical proprieties were determined by Kubelka-Munk, through diffuse reflectance spectroscopy (DRS, UV-
Vis/INIR Cary 7000, Agilent) using BaSO4 and band gap estimated by Tauc’s plot (Tauc, 1968). X-ray
photoelectron spectroscopy (XPS) spectra were obtained (Physical Electronics PHI 5700, Al-Ka radiation), and
adventitious carbon (C 1s at 284.8 eV) was used as reference, the deconvolution curves were fitted using
Gaussian-Lorentzian model in Multipak software.

The photocatalytic assay was performed in a previously described system and adapted analysis conditions
(Fraga et al., 2022), with inlet ethylene concentration at 1.0 % (mol/mol) in synthetic air, UV-A or visible lamp
(10 W) was placed on the top outside reactor (borosilicate glass semi-tubular, 100 mL volume). Photocatalyst
(400 mg) was disposed onto a 26 x 76 mm glass slide, on the base of the reactor, in powder form. The flow rate
(50 mL.min%) was kept continuous all the time. Gas samples were collected at the inlet and outlet of the reactor,
injected into a gas chromatograph coupled to a mass spectrometer (GCMS, Shimadzu GC/QP 2010 Plus),
monitoring the mass/ion charge ration (m/z): 44 m/z for carbon dioxide ions identification, and 27, 26 and 25
m/z for ethylene ions identification. The chromatograph operation temperature was maintained at 28 °C. The
results are expressed in terms of the carbon dioxide production rate (umol.min-t.geat®).

3. Results and discussion

3.1 Structural, textual, and chemical characterization

XRD patterns of all samples are shown in Figure 1. Samples containing TiOz (Figure 1a) showed peaks
characteristic of the anatase phase at: 25.3, 38,7, 48.0, 53.9, 55.4, 62.8, 68.7, 70.4, and 75.3 °, related to the
(101),(112),(200),(105),(211),(204),(116),(220), and (2 15) planes, respectively (JCPDS cars n°
00-021-1272). However, characteristic peaks of the rutile phase were also observed at: 27.4, 35.3, 41.3, 44.4,
56.7, and 82.8 °. These peaks were expected, and similar results having diffraction peaks for TiO2 were reported
in the literature (Baruah et al., 2022). In addition, weak peaks around 17.5 and 21.5 ° could be ascribed to the
presence of Cu (Zhang et al., 2022). However, the presence of these metals (Ni or Cu) was not detected clearly,
due to the small percentage of Ni or Cu in the samples, being the relative intensity of the peaks of TiO2 higher
than that of Ni or Cu. The peak around at 12.9 ° present in samples containing CsN4 (Figure 1b) is identified as
the (1 0 1) plane of graphitic carbon nitride (g-CsNa4), and the 27.5 ° peak is related to the (0 0 2) plane, associated
to the stacking between layers of conjugated aromatic of the graphitic materials (Mufioz-Batista et al., 2020).
Peaks observed around 43.5 ° are related to the metallic form of Cu or Ni (Fernandez-Catala et al., 2021;
Sharma et al., 2021). The value of the crystallite sizes calculated were: 16.1, 15.0, 7.5, and 7.6 nm, for Ni/TiOz,
Cu/TiOz2, Ni/C3N4, and Cu/C3Ng4, respectively. Similar values are reported in the literature (Baruah et al., 2022;
Fernandez-Catala et al., 2021).
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Figure 1: X-ray diffractogram of samples Cu/TiO2 and Ni/TiOz2 (a), Cu/C3N4 and Ni/C3N4 (b) and N2 adsorption-
desorption isotherms (c)

The nitrogen adsorption-desorption isotherms were indicated in Figure 1c, it is possible to observe that all
samples have type Ill isotherms, indicated surface of a macropores solids, the type H3 hysteresis indicated that
the macropores which are not entirely filled (Thommes et al., 2015). The surface area obtained by BET analysis
indicated TiO2 compounds have a higher surface area than CsN4 compounds, and the average pore diameter
for Cu-doped catalysts were like each other. Similar behavior was observed for Ni-doped catalysts, and the
higher total pore volume was observed for the Ni/TiOz sample. Then, it could be expected that Ni-doped catalysts
have a higher catalytic activity since the number the active sites would be higher than for Cu-doped catalysts.
These results were summarized in Table 1.

Table 1: Surface characterization, particle size, chemical composition, and carbon dioxide production rate of
the samples

BET Average Total Average Elemental analysis from EDS
surface pore pore particles (wt, %)

area diameter volume size
(m2g?) (A (cmg?) (um)
CulTiOz2 44 774 0.086 3.58 - -

Rate VIS Rate UV-A
(umol. (umol.
C N N Cu Ti o] mint.gear?)  mint.gea?)

Sample

4.2 52.4 43.3 0.0029 +0.0005 0.056 +0.002

o

Ni/TiO2 48 90.6 0.108 4.30 - - - 53.3 46.7 0.0070 +0.0010 0.310+0.010
Cu/C3Ns 22 76.4 0041 241 401 599 - O - - - -
Ni/CsNa 19 86.1 0040 205 366 634 0 - - - 0.0010 +0.0008 0.004 +0.001

Figure 2 shows that heterogeneous and agglomerated particles with micrometric sizes (Table 1) can be
observed from the FEG-SEM analysis. The average value was evaluated by measuring approximately 100
particles for each sample using open-source ImageJ software (Pascariu et al., 2022). The chemical
compositions obtained by EDS and the measurement results are presented in Table 1. It is noted that no other
impurities were presented. Micrometer agglomerate of TiO2 can be identified from the FEG-SEM (Figure 2a and
Figure 2b). The composition of the Cu/TiO2 sample obtained by EDS is very close to the theoretical value.
Though, Ni was not detected in both samples. Microsheets structures are observed in samples that have C3Nas
in their composition (Figure 2c and Figure 2d), being a characteristic of this compound. The molar ratio C:N is
nearly equal to the theoretically expected. However, Ni or Cu was not detected by EDS in the CsN4 presence,
and as can be seen from the XRS results, the relative peaks confirm that the percentage of nickel or copper
was very small.

Absorbance spectrums of the samples are presented in Figure 2e, and all the photocatalysts synthesized absorb
in the visible light range. The band gap energies were estimated by Kubelka-Munk function and Tauc’s plot:
(F(R)hv)?" versus Energy (eV), considering indirect allowed transition (n = 4) for TiO2 samples (Lopez and
Gomez, 2012) and direct transition (n = 1) for C3N4 composites (Huo et al., 2018), as shown in Figure 2f. The
obtained band gap energy (Eg) values were: 2.74 (dashed red line), 2.94 (dashed black line), 2.84 (dashed blue
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line), and 2.63 eV (dashed green line) for Cu/TiO2, Ni/TiO2, Cu/CsNas, and Ni/C3sNa, respectively. These results
show a reduction in the band gap energy due to the use of metals (copper and nickel), compared to pure TiOz,
whose value is around 3.2 eV (L6pez and Gémez, 2012). Furthermore, these results suggests that these
composites have activation under visible light (Eq < 3.11 eV).
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Figure 2: FEG-SEM images of Cu/TiOz (a), Ni/TiOz (b), Cu/CsN4 (c), and Ni/ C3N4 (d), absorbance spectrum (e)
and Tauc’s plot (f) of the samples

Figure 3a displays the C 1s XPS peak, and all samples have contributions from the C-C and C-OH signals. C3N4
samples have a peak related to aromatic rings (N-C=N), confirmed from N 1s XPS spectrum (Figure 3b), where
was identified a peak corresponding to graphitic nitrogen (Zhang et al., 2022). The Cu 2p XPS spectra (Figure
3c) show the characteristic peaks of reduced copper species (Cu® or Cu* at 932.6 eV), and Cu?* at 934.2 eV in
both Cu/TiOz2 and Cu/CsN4 photocatalysts (Ferndndez-Catalé et al., 2021). These results indicate that the
Cu/TiO2 sample has the existence of more stabilized reduced Cu (Cu® or Cu*), while Cu/C3N4 sample presented
more Cu?*. The XPS spectra of O 1s (Figure 3d) have peaks at 531.6 and 529.8 eV are associated with the
surface oxygen species of the hydroxyl groups and lattice oxygen of the TiO2, respectively, confirmed in the Ti
2p spectra (Figure 3f), at 458.7 eV (Sharma et al., 2021). The peak around 855.6 eV in the Ni 2p spectra (Figure
3e) is attributed to Ni?* ions (Baruah et al., 2022). The XPS results confirm the formation of the composites, and
all atomic elements have been identified.
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Figure 3: High-resolution XPS spectra of: C 1s (a) N 1s (b), Cu 2p (c), O 1s (d), Ni 2p (e) and Ti 2p (f) for
samples. Deconvolutions into the main and satellite peaks are shown
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3.2 Photocatalytic performance

The formation of CO2 from the ethylene mineralization reactions on the outlet of the reactor was continuously
measured, and the results are shown in Figure 4. The carbon dioxide production rates are summarized in Table
1. The Cu/CsN4 sample did not produce carbon dioxide under visible light or UV-A illumination, so ethylene was
not degraded. This can be associated to the almost non-detection of copper atoms in the sample surface, the
lower average pore diameter and due the fast recombination electron-hole pair of the C3sNa.
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Figure 4: Carbon dioxide production concentration under visible light (a) and UV-A (b) irradiation.

The Ni/TiO2 sample had the best performance for ethylene degradation under visible light and UV-A illumination,
showing higher CO2 production with UV-A due to the higher TiO2 activity under this illumination and Ni presence
in the sample. Besides, the metal-doping effect on photocatalytic ethylene degradation can be observed, and
Ni showed higher activity than Cu when impregned in TiO2. These results may be associated with higher surface
area, average pore diameter, pore volume, and particle size than when in the presence of Cu. In addition, a
lower band gap energy value was observed for Ni/TiO2 than for Cu/TiO2. After illumination for 1 h, the light was
turned off, and 5 min later, the CO2 concentration at the outlet was equal to the initial value, proving the
photocatalysis process. Thus, the composites Ni/CsNs4, Cu/TiO2, and Ni/TiO2 proved efficient in ethylene
degradation. Therefore, they can be used to increase the shelf life of fruits and vegetables, using photocatalysis
to remove ethylene from the atmosphere during the storage and transport of these foods.

4. Conclusions

The 5 %-metal (nickel and copper)- doped in TiO2 or CsN4 were characterized, and crystalline compounds were
found. SEM images of the particles have confirmed the presence of heterogeneous particle agglomerates in
micrometric particle size and microsheet structure in metal doped-TiO2 or -C3Ng, respectively. The EDS analysis
indicated the presence of Cu in one sample (Cu/TiO2) with a percentage close to the theoretical. The XPS
results confirm the presence of all atomic elements in the samples. The Ni-doped TiO2 sample presented the
highest photocatalytic activity under UV and visible light irradiation. Textural parameters (surface area, average
pore diameter, pore volume) and particle size positively affected Ni-doped TiO2 samples’ photoactivity.
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