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Abstract: In this article, the role of surface sites of modified zeolites with semiconductor nanoparticles
as alternative photocatalyts for protecting post-harvest foodstuff from the detrimental effects of
ethylene is addressed. Two single and one double catalyst based on zinc and copper oxides supported
over modified zeolite samples were prepared. Physical, chemical, and surface properties of prepared
materials were studied by several characterization methods. UV-Vis absorption spectra show that the
applied modification procedures increase the optical absorption of light in the UV and visible regions,
suggesting that an increase in the photocatalytic activity could take place mainly in the obtained
co-impregnated catalyst. An ethylene conversion around 50% was achieved when the parent natural
zeolite support was modified with both transition metal oxides, obtaining higher removal efficiency
in comparison to single oxide catalysts. Adsorption and photocatalytic oxidation experiments were
also performed using single and double catalysts supported over fumed silica, attaining lower
ethylene conversion and thus highlighting the role of zeolite surfaces as adsorption sites for ethylene
during photocatalytic reactions. Operando diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies reveal that a synergistic mechanism occurs, involving ethylene adsorption at acidic
sites of zeolite and its photocatalytic oxidation due to the generation of radicals by the light activation
of nanoparticles of zinc and copper oxides.

Keywords: adsorption; natural zeolite support; single and double metal oxide catalysts; photocataly-
sis; synergistic mechanism

1. Introduction

Ethylene is regarded as a gaseous multifunctional phytohormone that regulates growth
and senescence of plants and fruits [1]. Even at a low concentration and temperature, ethy-
lene can accelerate the ageing and spoiling of harvested fruits [2]. This powerful plant
hormone cause effects at part-per-million (ppm) to part-per-billion (ppb) concentrations,
affecting both the aesthetics and function of climacteric and non-climacteric fruit and veg-
etables [1]. For example, in the case of climacteric fruit such as bananas, tomatoes, apricots,
and apples, the exposition to ethylene concentrations from 0.01 to 0.5 uL. L~! could induce
shrinkage and decay. Moreover, high score registration of loss in fruit sensitive to ethylene
was reported in the United Kingdom, where at least 1.4 million bananas and 1.5 million
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tomatoes were wasted daily in 2010, mainly caused by ethylene mediated effects [3]. More-
over, studies conducted in Germany during the same year mentioned that around 50%
of food waste belongs to fruit and vegetables directly related with ripening induced by
ethylene [4]. Hence, the control and removal of ethylene from fruits’ environment is an
important challenge for improving their quality and increasing their shelf life [5,6]. For
such purpose, several methods have been focused on the removal of ethylene, including
ventilation, recuperative adsorption, and techniques concerning destructive oxidation [7].
Among these methods, the combination of adsorbents with photocatalytic materials for the
oxidation of ethylene was suggested as a very promising and cost-effective technique [7].

As a result of their specific properties, different structures of zeolites have been used
for ethylene adsorption such as mordenite [8], clinoptilolite [9,10], and some synthetic
zeolites [11-13]. Zeolites can be used as adsorbent materials or as supports in photocatalytic
applications. Mechanical, physical, and chemical characteristics such as high mechanical
resistance, individual microporous and mesoporous structure, the presence of Brensted
and Lewis acid sites, and a great ion-exchange capacity allow zeolites to be used in different
applications [14,15]. It has been indicated that the exchange of compensating cations
originally presented at zeolite surface by specific cations, increases the selectivity of the
adsorption towards several compounds, including ethylene [16-19].

In the last years, the combined effect of photocatalysis and adsorption in the removal
of pollutants has been of significant interest for the scientific community [14,20]. It has
been claimed that such combination allows the concentration of the contaminants near
photocatalytic active sites, promoting photocatalytic reactions, increasing the adsorption
of the intermediaries, and the re-use of the adsorbent [15]. Although studies concerning
both combined processes have been conducted [15,20], there is still a lack of experimental
evidence about the role of the active sites in the reaction mechanism. Results presented
here address this issue.

Semiconductor materials with a wide band gap, such as titanium dioxide (e.g., ~3.2 eV
for anatase phase), has been extensively used as an effective photocatalyst due to its
capacity to totally oxidize organic pollutants, its chemical stability, among some other
properties [21,22]. However, it has been reported that TiO, tends to lose its activity during
the photocatalytic oxidation of contaminants because of a decrease in the number of
active sites on the catalyst surface, leading to the search of alternative materials [23,24].
Besides TiO,, there are several materials that present excellent photocatalytic activities
under UV light with a wide band gap energy. For instance, graphitic carbon nitride
(g-C3Ny), a photocatalyst with high stability and adequate light adsorption [25]; bismuth
oxychloride (BiOCl), a novel semiconductor material used recently in the degradation
of caffeic and gallic acids [26]; zinc oxide, an environmentally friendly catalyst used in
the degradation and mineralization of environmental pollutants [27]; and some other
semiconductor materials.

Among them, zinc oxide has emerged as a non-toxic, very common in nature n-type
oxide semiconductor with a wide band gap (3.37 eV) and absorption bands in the UV spec-
tra that can be used in several applications such as for cytotoxicity, antibacterial activities,
solar cells, electrical and optical devices as well as in photocatalytic applications [28]. It
has a high thermal and electro-chemical stability. It is also relatively cheap due to its high
availability in nature [29]. Zinc oxide stands out for its high photocatalytic efficiency in
the mineralization of organic contaminants in comparison to other similar semiconductors,
including even TiO,, as well as for its high stability [21]. The photocatalytic activity of
ZnO has been proved several times, showing excellent results in the degradation of organic
compounds such as rose bengal [30], methyl orange [31], rhodamine B [32], and some other
emergent contaminants [33].

Recently, it has been suggested that the photocatalytic activity of zinc oxide can be
enhanced and extended to the visible spectrum by doping with metal ions or by creating
structures on the surface with lower energy gap semiconductors [34]. Copper oxide is
a p-type semiconductor oxide with a narrow band gap (1.2 eV) [35] and can be excited
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even with radiation of visible spectrum [20]. Excellent photocatalytic results have come
due to the modification of zinc oxide with copper oxide nanoparticles [36,37]. The high
availability, excellent physico-chemical properties, and the low cost of copper make it
an attractive material for applied research and encourage its recent use as a catalyst in
several applications. Photocatalytic materials containing CuO have also been applied in
the oxidation of organic pollutants such as methylene blue [38,39] and methyl orange [40]
among several organic contaminants [41].

Double catalysts, such as zinc and copper oxides supported on modified natural zeolite,
could enhance the photocatalytic activity by increasing the electron-hole pair separation
efficiency and also by diminishing the recombination of generated electron-hole pairs by
the mutual transfer of electrons or holes between both semiconductors [37], whereas acidic
surface sites of zeolite could contribute to the retention of the adsorbed molecules near
photocatalytic sites, enhancing catalytic performance.

Most of the research efforts for ethylene elimination have considered adsorption and
photocatalysis as separated processes [7-11,42,43]. Although some authors used zinc oxide
and copper oxide as single or bimetallic oxide heterojunctions supported on zeolites for
photocatalysis [44-46], these works were mainly focused on removal rate and reaction
kinetics. In this work, operando diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) studies were applied to unveil the chemical interactions that take place between
ethylene molecules and active surface sites of modified zeolite with supported single and
double zinc and copper oxides during the photocatalytic oxidation of ethylene. This work
was focused on studying the synergistic ethylene adsorption/photocatalytic oxidation
mechanism by considering the evolution of the infrared bands of the active sites under
operando DRIFTS assays. Moreover, to assess the effect of the support in the reaction
mechanism, fumed silica was used in control experiments as a support of metal oxides.
Additionally, TiO, was mixed with the raw fumed silica and used as a benchmark photo-
catalyst for comparison. As a result, a surface reaction mechanism is proposed.

2. Results and Discussion
2.1. Physico-Chemical Characteristics

Chemical analyses of all samples are presented in Table 1. Nitrogen adsorption
isotherms at 77 K reveal a combination of characteristic type I and IV isotherms, related
to microporous and mesoporous structure behavior of the zeolite samples, respectively
(see Figure S1 in Supplementary Materials) [47]. Due to the removal of impurities in the
parent zeolite, the surface area increases and the Si/ Al ratio diminishes by around 9% after
the double ion exchange conducted using the (NH4),5SO4 solution followed by a thermal
outgassing at 623 K (see Table 1). However, subsequent modifications with transition
metals diminish the surface areas, mainly in the samples impregnated with zinc oxides.

Table 1. Physical-chemical surface properties of parent zeolite and fumed silica supports and single
and double metal oxide catalysts supported on modified natural zeolite and on fumed silica.

SBET a Vmicro a Vmeso a . b Si b,c Al b,c Ca b,c Na b,c Fe b,c Ti b,c M b,c 7n b,c Cub,c
Samples 11261 [emdgl]  [emigll VAU o Ty [%] [%] %] [%] [og/o] %] [%]
Z_Nat 280.88 0.07 0.14 532 6539 1229 1113 212 527 089 053 002  ND
ZH 358.24 0.12 0.10 544 7113 1307 683 038 566 090 030 002 ND
ZH_Cu 28158 0.07 0.12 494 6599 1336 365 030 225 044 039 002 1216
ZH_Zn 203.17 0.06 012 502 6867 1367 307 032 212 043 032 1095 ND
ZH_Zn/Cu 26140 0.04 013 501 6842 1365 303 041 216 044 031 542 542
FS 261.02 ND 0.32 ND 100 ND ND ND ND ND ND ND  ND
FS_Cu 24235 ND 031 ND 9220 ND ND ND ND ND ND ND  7.80
FS_Zn 224.80 ND 0.31 ND 9211 ND ND ND ND ND ND 789  ND
FS_Zn/Cu 22029 ND 0.26 ND 9207 ND ND ND ND ND ND 378 415

2 Determined by nitrogen adsorption/desorption at 77 K. ® Zeolite supported samples composition deter-
mined by X-ray fluorescence. © Fumed silica supported samples composition determined by energy dispersive
X-ray spectroscopy.
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Results obtained from XRD diffractograms shown in Figure 1 reveal that the miner-
alogical and structural composition of the parent zeolite is not significantly changed after
all the applied chemical and thermal treatments. The higher intensity peaks correspond to
clinoptilolite (JCPDS 39-183), mordenite (JCPDS 29-1257), and quartz (JCPDS 46-1045). Such
peaks remain with similar intensity after the applied modification procedures. Moreover,
the peaks related to copper oxide (JCPDS 48-1548) and zinc oxide (JCPDS 36-1451) can be
identified in the diffractograms of the modified samples.

* % ff (d)

Intensity (A.U.)

(a)

10 15 20 25 30 35 40 45 50
2 Thetha (°)

Figure 1. X-ray diffraction patterns of parent zeolite support and prepared single and double
metal oxide catalysts supported on modified natural zeolite. (a) ZNAT; (b) ZH_Cu; (c) ZH_Zn;
(d) ZH_Zn/Cu. M: Mordenite, C: Clinoptilolite, Q: Quartz, #: copper oxide, *: zinc oxide.

Morphological structures, as observed by Scanning Electron Microscopy images, are
depicted for zeolite samples in Figure 2A,C-E. SEM images reveal porous lamellar mor-
phologies with individual zeolite crystals around a 40-70 nm width. Similar results were
reported in clinoptilolite pore network studies by other authors [48]. Meanwhile, for fumed
silica samples (see Figure 2B,F-H), individual quasi-spherical shaped particles around
60 um were observed with an evident porous structure. The porous characteristics were
confirmed by nitrogen adsorption/desorption assays (see Table 1 and Figures S1 and S2 in
Supplementary Materials); however, in those samples supported on fumed silica, only a
mesoporosity network was found without a microporous structure. In the case of zeolite
samples, the surface area reduction after conducting the modification with transition metals
can be associated to the formation of metal oxide nanoparticles and their agglomeration,
generating particles of a bigger size inside the zeolite porous structure that can block
nitrogen diffusion. SEM and transmission electron microscopy (TEM) images corroborate
such findings (Figures 2 and 3).
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Figure 2. Scanning electron microscopy images of parent zeolite support and prepared single and
double metal oxide catalysts supported on modified natural zeolite: (A) ZNAT; (B) FS; (C) ZH_Cu;
(D) ZH_Zn; (E) ZH_Zn/Cu; (F) FS_Cu; (G) FS_Zn; (H) FS_Zn/Cu.

Figure 3. Transmission electron microscopy images of parent zeolite support and prepared single
and double metal oxides supported on modified natural zeolite and fumed silica: (A) ZNAT; (B) ZH;
(C) ZH_Cu; (D) ZH_Zn; (E) ZH_Zn/Cu; (F) FS_Cu; (G) FS_Zn; and (H) FS_Zn/Cu.

Additionally, Transmission Electron Microscopy images displayed in Figure 3 corrob-
orate the lamellar morphology and depict the incorporation of metal oxide nanoparticles on
the zeolite surface. Results show that the sequence of ion exchange and wet impregnation
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procedures using transition metal salts followed by the calcination treatment at 623 K do
not only exchange compensating cations presented in the zeolite sample, but also generate
nanoparticles of metal oxides (see Figure 3C-E). The formation of small oxide particles
around 10.01 £ 2.5 nm of diameters are obtained when only copper salt is used (Figure 3C).
However, when zinc nitrate is applied as a precursor for zinc oxide formation, metal oxide
nanoparticles of slightly higher sizes can be observed with particle sizes of 12.2 &= 3.20 nm
and 13.9 & 3.65 nm (Figure 3D,E) for ZH_Zn and ZH_Zn/Cu, respectively. Such results
suggest that during zinc oxide formation, particles flocculate, leading to the clustering of
small particles and the formation of bigger metal oxide particles. During the impregnation
step, water is evaporated and concentrated transition metal salts are deposited onto zeolite
surface that later are decomposed during the calcination procedure, driving the generation
of the observed metal oxide nanoparticles. The generation of aggregates of nanoparticles of
a bigger size can explain the reduction in the surface area values listed in Table 1 for such
samples. Moreover, in the oxide supported catalysts over fumed silica (see Figure 3F-H), a
similar behavior was observed. However, in those cases, slightly higher particle sizes were
observed in the TEM assay. Particles of 11.5 = 4.1 nm, 13.2 & 3.9 nm nm, and 14.7 + 3.7 nm
can be seen at FS_Cu, FS_Zn, and FS_Zn/Cu samples, respectively. Such findings could be
related to the existence of larger pores in the fumed silica as compared to natural zeolite as
it was observed during porosimetry measurements (see Table 1).

The UV-visible absorbance spectra of parent zeolite and fumed silica supports and
prepared single and double metal oxide catalysts supported on modified natural zeolite and
fumed silica are displayed in Figure 4A,B, respectively. Light absorption spectra acquired by
ultraviolet-visible diffuse reflectance spectroscopy (UV-Vis DRS) were transformed to Tauc
plots to determine the optical band gap energy of each assessed material (Figure 4C,D) [49].
The band gap energy was calculated by extrapolating the linear part of the vertical region
of the curve [50,51].

084 f \
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Figure 4. UV-visible absorbance spectra (upper part) and Tauc plots (bottom part) of parent supports
and prepared single and double metal oxide catalysts supported on modified natural zeolite (A,C),
and fumed silica (B,D). Additionally, TiO, (A,C) is included as a benchmarked photo-catalyst.

As it can be seen in Figure 4A, the incorporation of copper and zinc oxides onto the
surface of natural zeolite increases the optical absorption in the UV and visible regions.
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Thus, the values of the band gap energy in the zeolite samples decrease in the following
order: ZH_Zn/Cu < ZH_Cu < ZH_Zn < ZNat (see Figure 4C and Table 2). Moreover, a
similar behavior regarding optical absorption was observed in the catalysts supported
on fumed silica; however, the band gap energies are higher than those obtained from the
catalysts supported on modified zeolite. In such cases, the band gap energies present the
following trend: FS_Cu < FS_Zn < FS_Zn/Cu < FS (see Figure 4D and Table 2).

Table 2. Band gap energies of prepared photo-catalysts, including their respective supports. Results
were obtained by UV-Vis DRS spectroscopy.

Samples Band Gap Values (eV)
Z_Nat 3.35
ZH_Cu 2.70
ZH Zn 2.75
ZH_7n/Cu 2.65
FS 4.20
FS_Cu 3.20
FS_Zn 3.85
FS_Zn/Cu 3.90
FS_TiO, 3.50

It is important to notice that zeolite supported samples present higher light absorbance
than fumed silica samples. Fumed silica is a transparent material which transmit most of
incident light, whereas zeolite is an opaquer material, increasing the light absorption in
the support. Hence, copper-based materials used here present different trends regarding
band gap measurements when they are deposited over the different supports. Indeed,
double catalyst samples also show differences. When zeolite is used as a support material
(ZH_Zn/Cu), a better particle dispersion was obtained, suggesting the formation of an
heterostrucure where exited electrons from the higher band gap material are trapped by
the surface of the deposited dopant (CuO), resulting in a lesser band gap energy [51].
Meanwhile, when fumed silica is applied as a support material (FS_Zn/Cu) the band gap
energy is similar to the higher band gap material (FS_Zn), suggesting that the formation of
the observed cluster in this sample affected the transition of the electrons generated from
ZnO to CuO particles.

2.2. In Situ FTIR Characterisation

Additionally, acidic characteristics of studied samples were determined by in situ
FTIR assays of pyridine adsorption and desorption under vacuum. Table 3 lists the
concentration of Brensted acid sites (BAS) and Lewis acid sites (LAS) of natural and
modified zeolites as well as prepared single and double metal oxides supported on fumed
silica. In this sense, after conducting the modification of natural zeolite by ion exchange
with ammonium sulfate and thermally outgassed at 623 K (ZH sample), as it was expected,
BAS concentration increased; meanwhile, LAS concentration diminished as compared
to natural zeolite results. However, after the introduction of the copper and zinc oxides
on previously modified zeolites, BAS were not detected by pyridine adsorption, and the
amount of LAS is lower than in the other zeolite samples. Such results can be attributed to
diffusion limitations of pyridine to access such acidic sites present in the natural zeolite
and those created by ion exchange with ammonium, because of the blockage caused by
the formation of aggregates of metal oxide nanoparticles or to dissolution and washing of
the extra-framework phase during the process of metal introduction. Aggregates of metal
oxide particles of bigger size can be responsible for the blockage of micropores, decreasing
the catalyst surface area considerably, as shown in Table 1 [52].
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Table 3. Characterization of the nature and strength of acidic surface sites of parent supports and
prepared single and double metal oxide catalysts by in situ FTIR analyses using pyridine.

Strength Distribution of

Concentration of Concentration of X RO o\ b
Samples Bronsted Acidic Sites?  Lewis Acidic Sites 2 Lewis Acidic Sites (%)
[umol Py g—1] [umol Py g—1] Weak Mild Strong
ZNAT 17.21 84.69 4947 9.08 41.45
ZH 78.00 37.00 0 0 100
ZH_Cu ND 56.20 61.93 26.33 11.74
ZH_Zn ND 34.20 43.10 4.59 52.31
ZH_Zn/Cu ND 45.64 48.30 23.47 28.23
FS ND ND ND ND ND
FS_Cu ND 3.00 100 0 0
FS_Zn ND 106.00 61.30 29.20 9.50
FS_Zn/Cu ND 194.00 55.15 15.46 29.39

2 Determined by in situ FTIR using pyridine as a probe molecule. ® Determined by in situ FTIR after thermal-
programmed desorption of adsorbed pyridine.

Finally, after the pyridine adsorption experiment, a temperature-programmed des-
orption was applied in order to obtain a rough estimate of the strength of the Lewis acidic
sites. Results listed in Table 3 suggest that zinc sites enhance the Lewis acidity strength;
whereas, copper presents the opposite trend in the modified zeolite samples. Moreover, the
characterization of raw and modified fumed silica samples show a similar trend with an
increased strength of LAS in the samples modified with zinc oxide. However, in this case, a
higher LAS strength is observed when the double metal oxide catalyst was supported over
the fumed silica (FS_ZnO/CuO).

2.3. Photocatalytic Oxidation of Ethylene onto Parent Zeolite Support and Prepared Single and
Double Metal Oxide Catalysts Supported on Modified Natural Zeolite

The effect of the physical-chemical properties of the parent zeolite support and pre-
pared single and double metal oxide catalysts supported on modified natural zeolite on
the photocatalytic oxidation of ethylene are shown in Figures 5 and 6. Moreover, results
of control experiments using pure raw fumed silica, prepared single and double metal
oxide catalysts supported on fumed silica are also presented. Fumed silica consists of finely
dispersed amorphous silicon dioxide with a surface covered by silanol groups [53]. Its use
is widespread in industrial applications as a catalyst support and as an adsorbent [54,55].
Such kinds of experiments allow determination by comparison the role of acidic sites of
zeolite surface in the photocatalytic reaction. Additionally, a benchmarked assay using
TiO, P25 mixed with raw fumed silica is also displayed to contrast the photocatalytic
performance of the composite materials under similar reaction conditions.

Curves of the ethylene dimensionless concentration at the reactor outlet stream as
the function of time are displayed in Figure 5. The first 600 min of every curve represents
the variation of ethylene dimensionless concentration during the adsorption step until
saturation is reached (without irradiation). Adsorbed amounts of ethylene during the
dynamic adsorption step onto the studied samples (umol g~!) are reported in Figure 6.
Afterwards, the photocatalytic oxidation step takes place under irradiation conditions. As
it can be seen, the stationary state of the photocatalytic step is attained after a few minutes.
The photocatalytic removal of ethylene for each sample is also presented in Figure 6 and
was calculated considering the concentration of ethylene in the reactor inlet and outlet
streams in the stationary step.
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Figure 5. Ethylene adsorption and photocatalytic degradation using parent zeolite support. Pre-
pared single and double metal oxide catalysts supported on modified natural zeolite, raw fumed
silica, prepared single and double metal oxide catalysts supported on fumed silica, and TiO, mixed
with raw fumed silica: ® ZNAT, A ZH_Cu, ¥ ZH_Zn, B ZH_Zn/Cu, O FS, A FS_Cu, v FS_Zn,
OFS_Zn/Cu, X FS_TiO,.

250 100

[ Adsorption uptake
Photocatalytic degradation in
stationary step

- )
o =)
o )
1 1
T T
o ©
<) )

=
o
S
1
T
N
o

(4]
o
|
T
N
o

%
.m0 0

FS FS_Cu FS_Zn FS_zZn/Cu ZNat ZH_Cu ZH_Zn ZH_Zn/Cu Tio

Ethylene adsorption uptake (umol g_1)
Photocatalytical degradation (%)

2

Figure 6. Ethylene adsorption and photocatalytic degradation results using parent zeolite support
(ZNat), single metal oxide catalysts supported on modified natural zeolite (ZH_Cu; ZH_Zn), copper
and zinc oxides supported on modified natural zeolite (ZH_Zn/Cu), raw fumed silica (FS), sin-
gle metal oxide catalysts supported on fumed silica (FS_Cu; FS_Zn), and copper and zinc oxides
supported on fumed silica (FS_Zn/Cu), and TiO, P25 mixed with fumed silica (FS_TiO,).

Results displayed in Figures 5 and 6 provide evidence that the applied modification
procedures slightly affect the adsorption capacity of natural zeolite and fumed silica toward
ethylene molecules, mainly in those cases where samples are modified with copper salts.
During the adsorption step, it can be observed that ethylene adsorption is almost negligible
for raw and modified fumed silica samples compared to samples where zeolite is used as
a support. Such differences could be related to the favorable physical-chemical surface
properties of zeolite compared to fumed silica. The higher surface area, the presence of
microporous and mesoporous structure with several Si-OH, and Si-OH-Al and cationic
active sites contribute to the observed increase in the adsorption of ethylene in comparison
to fumed silica. In the case of prepared single and double metal oxide catalysts supported
on modified natural zeolite, the adsorption of ethylene during this step increases according
to the following order: ZH_Zn_ < ZH_Zn/Cu < ZNat < ZH_Cu. Such results agree with
those reported in a previous study [10]. Copper oxide supported on modified natural
zeolite, leads to an enhancement in the adsorption capacity toward ethylene. The good
dispersion of the copper oxides over the zeolite surface as reported in Figure 3C could
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favor its interaction with ethylene. Ethylene adsorption also takes place not only by the
interaction with Si-OH-Al bridge groups of zeolite surface but also by the interactions
between m-electrons of ethylene with metal cations deposited in the zeolite surface [5,10].
A lower adsorption of ethylene is obtained on ZH_Zn. Such a result could be related to
(i) the observed formation of bigger aggregates of nanoparticles in this sample, as indicated
by TEM images (see Figure 3D), (ii) the decrease in the surface area, as reported by N,
adsorption assays (see Table 1), and (iii) the low accessibility to Brensted and Lewis sites, as
shown by pyridine adsorption (Table 3). The amount of adsorbed ethylene seems directly
related to the surface area of the samples and to the surface concentration of Lewis sites.

Results displayed in Figure 6 confirm the good adsorption capacity of the modified
natural zeolite used, as well as the single metal oxide catalysts supported on them. Some
other ethylene adsorbents have been studied previously including activated carbon-based
materials, carbon nanoballs, and synthetic and natural zeolites [7,9,12]. Such studies have
reported ethylene adsorption capacities around 10 to 80 pmol g~! [7] at similar ethylene
concentrations. Regarding photocatalysis results, the highest degradation rate is achieved
when the parent natural zeolite support is modified with both transition metal oxides
(ZH_Zn/Cu). The single metal oxides supported on modified natural zeolite (ZH_Zn and
ZH_Cu) are less active.

No photocatalytic oxidation is registered using the parent natural zeolite support
(ZNat). A similar trend is attained during photocatalytic oxidation of ethylene using fumed
silica as a support for metal oxides (FS_Zn/Cu > FS_Zn > FS_Cu > FS). No photodegra-
dation is catalyzed by the raw fumed silica material (FS). Lower degradation values are
obtained when the fumed silica is used as a support for metal oxides rather than the zeolite.
In agreement with the stated working hypothesis, a higher photocatalytic degradation is
accomplished with the double metal oxides supported on modified natural zeolite obtained
by co-impregnation, being even higher than the benchmark TiO, sample. Such behaviors
agree with those results obtained by UV-Vis spectroscopy characterization (see Figure 4).
A higher degradation rate is reached in the sample that presents the highest UV light
absorption as it is the case of ZH_Zn/Cu sample. Moreover, several studies have reported
that ZnO possesses an excellent photocatalytic activity similar or even greater than that of
TiOy, in the degradation of organic compounds [30,32,33]. In addition, it was also reported
that CuO presents a lower photocatalytic activity under UV irradiation than ZnO [56,57].
It is worth noting that the highest ethylene conversions are obtained when the catalysts
based on both transition metal oxides are used, even when different materials are applied
as supports.

In this heterostructure material zinc oxide could absorb UV photons, forming electron—
hole (e-h) pairs, whereas copper oxide nanoparticles could reduce the recombination
of e-h pairs, increasing the absorption of photons with lower energy [37]. It is well
known that (e-h) pairs react with oxygen and water molecules, generating superoxide
and hydroxyl radicals, respectively [22,42,58]. Such active species usually act as powerful
oxidants, leading to the oxidation of close adsorbed ethylene molecules. Previous studies
have reported the photocatalytic conversion of ethylene from 10 to 90% using TiO, based
photocatalysts [7]. However, operational conditions were different from those applied in
this study. It is worth noting that during photocatalytic oxidation processes, parameters
such as wavelength irradiation, light intensity, catalyst load, among other factors could
have an impact in the removal efficiency [59,60]. Thus, TiO, was used here as a benchmark
photocatalyst as a way of comparison.

In addition, studies concerning other ethylene oxidation techniques such as KMnOy
have shown almost full ethylene remotion at the first hours of use; however, it has a rapid
loss of reaction efficiency during the time of storage [61]. Similarly, it has been mentioned
that KMnOy can cause product contamination [62].

Moreover, the observed degradation rate in the single and double metal oxide catalysts
supported on modified natural zeolite could have been favored by the presence of several
adsorption sites where ethylene molecules are adsorbed and oxidized by the radicals
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generated in the nearby semiconductor oxide nanoparticles. More detailed information
on such kinds of interactions is followed by operando DRIFTS studies and is presented

in Figure 7.
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Figure 7. Evolution of subtracted DRIFTS spectra of the OH stretching vibration zone during the
adsorption step (left) and photocatalytic degradation step of ethylene (right) onto parent zeolite
support. Prepared single and double metal oxide catalysts supported on modified natural zeolite:
ZNAT (A,B), ZH_Cu; (C,D); ZH_Zn (E,F); ZH_Zn/Cu; (G H).

The variations of operando DRIFTS spectra during the adsorption step (without irra-
diation) of the experimental results presented in Figures 5 and 6 of ethylene onto single
and double metal oxide catalysts supported on zeolite and fumed silica samples are shown
in Figure 7A,C,E,G and Figure 8A,C,E,G, respectively. Additionally, operando DRIFTS
spectra of TiO, interactions with ethylene through the adsorption step are also included
in Figure 9A. Results displayed in Figures 7-9 represent the subtractions of the obtained
spectrum for each sample as a function of ethylene exposition time and the respective spec-
trum of activated samples prior to ethylene contact. As was previously reported [10,63], in
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the v(OH) region, between 4000 and 3300 cm !, the peak at 3745 cm ! could be assigned
to silanol groups (Si-OH) vibration. Moreover, the band at 3690 cm~! comes from extra-
framework phase, and the peak at 3610 cm ! is the usual zeolitic Bronsted acidic OH group
known as the bridge silanol (Si-OH-Al). The progressive loss on the intensities of the IR
bands at 3590 cm ™1, 3690 cm~1, and 3745 cm ! related to OH groups are observed for the
parent zeolite support, the prepared single and double metal oxide catalysts supported
on modified natural zeolite. However, the higher difference is obtained at 3610 cm™ 1,
suggesting that most of ethylene adsorption occurs by the interaction with acidic Si-OH-Al
groups. Although an increase in the adsorption of ethylene is observed for the zeolite
samples modified with copper oxide (see Figure 6), no other IR vibrations are observed
in the DRIFTS spectra beside those already mentioned during the adsorption step. This
can be due to the low concentration of ethylene on the surface of the catalyst during the
experiment and the fast decomposition and desorption in the photocatalytic step.
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Figure 8. Evolution of subtracted DRIFTS spectra of the OH stretching vibration zone during the
adsorption step (left) and photocatalytic degradation step of ethylene (right) onto raw fumed silica.
Prepared single and double metal oxide catalysts supported on fumed silica: raw FS (A,B), FS_Cu
(C,D), FS_Zn (EF), and FS_Zn/Cu (G, H).
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fumed silica (FS_TiO;).

In the case of the fumed silica sample (Figure 8A), recorded spectra show only intensity
changes in the band located at 3745 cm ™! related to the presence of silanol groups in the
raw material and its interaction with ethylene molecules during adsorption. Such sites
are occupied quickly and remain invariable after the saturation is reached. A similar
trend is observed for single and double metal oxide catalysts supported on fumed silica
(Figure 8C,E,G) and for TiO, mixed with raw fumed silica at 8% of weight (Figure 9A). Such
results agree with the almost negligible ethylene adsorption observed for these samples
compared to zeolite supported catalysts with acidic Brensted sites.

Spectra reported in Figures 7 and 8 are obtained at different time periods as subtraction
of the registered spectra at specific times from the spectrum acquired when the saturation is
reached at the final step of the adsorption stage of each sample. During the photocatalysis
stage, as can be seen in Figure 7H, the ZH_Zn/Cu double catalyst show restored OH
vibration bands (3745 cm ™1, 3690 cm !, and 3610 cm 1) which had been consumed during
the adsorption stage (see Figure 7G). Under irradiation, they are released again and became
unoccupied due to the photocatalytic oxidation of adsorbed ethylene, leading to a new
adsorption equilibrium. Analogous behavior can be observed on the single zinc oxide
supported on modified natural zeolite (Figure 7F) and to a lesser extent, on the single
copper oxide supported on modified natural zeolite (Figure 7D). Ethylene molecules
adsorbed in such sites could be oxidized by radicals generated at nanoparticles of copper
and zinc oxides. Hence, some recovered adsorption sites allow new ethylene molecules
to be adsorbed and oxidized photocatalytically. However, in the case of the parent zeolite
support, subtracted DRIFTS spectra (Figure 7B) do not show any evolution in the vibration
of OH characteristic bands during the experiment, suggesting that in the absence of the
semiconductor particles, ethylene cannot be eliminated. Such results agree with those
obtained by monitoring the concentration of ethylene at the inlet and outlet stream of the
photocatalytic reaction cell using GC analyses (see Figures 5 and 6). The double metal oxide
catalyst based on copper and zinc oxides supported on modified natural zeolite shows the
highest removal efficiency toward ethylene oxidation in the series, and the parent natural
zeolite support (ZNAT) does not show any C,H4 removal.

Operando DRIFTS assays during the photocatalytic step with fumed silica samples
confirm that there is no contribution of the raw fumed silica during the photocatalytic
oxidation step and are shown in the supplementary materials. In the other fumed silica
samples, a slight change can be perceived in the IR band at 3745 cm ™!, but only at the
beginning of the irradiation, It cannot be attributed to photocatalytic oxidation, but rather,
just to the effect of heating during this short transition period that leads to a fast elimination
of the few ethylene adsorbed in these samples. Afterwards, in the stationary state, the
surface of those samples remains unchanged.

Similar changes in the OH bands were observed when TiO, mixed with raw fumed
silica was used (Figure 9). The spectra of such sample showed only the disappearance of
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the IR vibration band at 3745 cm~! related to OH groups during the adsorption step. The
same signal came back after the photocatalytic step, indicating less adsorption sites for
ethylene compared to samples containing modified zeolite.

Results obtained here account for different factors that are involved during the pho-
tocatalytic oxidation of ethylene. When metal oxide semiconductors are deposited in a
support with almost negligible adsorption capacity, as with fumed silica compared to
zeolite, ethylene oxidation efficiencies are below 20% (see Figures 5 and 6). The observed
outcomes suggest that zinc oxide is mainly responsible for photocatalytic degradation.
When zinc oxide is combined with copper oxide, a material with higher photocatalytic
activity is obtained. Other researchers similarly reported that in heterostructure catalysts,
where zinc and copper oxides are combined, the electron-hole pair separation efficiency
is enhanced, increasing the photocatalytic activity [37,58,64]. However, when metal oxide
semiconductors are deposited over a material with a high adsorption capacity, such as
modified natural zeolite, the retention of ethylene molecules at adsorption sites in the
vicinity of semiconductor particles could be the main factor for the observed increase in the
overall oxidation efficiency. The DRIFTS assay of the ZH_Zn/Cu sample provides evidence
that adsorbed ethylene molecules at acidic surface sites are photocatalytically removed
once the semiconductors are irradiated. In this way, the oxidation ability of superoxide
and hydroxyl radicals generated due to the e-h pairs activation and their interactions with
oxygen and water molecules could be more efficient when the semiconductor materials are
supported over a material with high content of acidic surface sites that allow radicals to
oxidize ethylene molecules adsorbed in their vicinity.

2.4. Mechanistic Approach

Results reported here in addition to previous studies [10] contribute to validate the
hypothesis of ethylene elimination by a synergic mechanism that includes adsorption and
photocatalytic oxidation. DRIFTS analyses enable to track acidic groups of zeolite surface
and their behavior during the process. The use of modified natural zeolite as a support
for zinc and copper oxides allows ethylene to be mainly adsorbed at bridged hydroxyl
and at external and internal silanol sites as it is represented by Equation (1). Moreover, in
hydrophilic zeolites such as the natural zeolite used here, water molecules also interact
mainly with bridged hydroxyl groups affiliated mainly with aluminum in the zeolite lattice
(Equation (2)).

CoHy + * > CoHyx D

H,0 + +BAS < HyO%BAS @)

Under irradiation, zinc and copper oxides seem to absorb UV photons, forming
electron-hole (e-h) pairs (Equation (3)).

ZnO/CuO +hv —» n(h™ +e7) ®3)

In the nanoparticles of semiconductors, zinc oxide increases the optical absorption;
whereas, copper oxide nanoparticles decrease the optical band gap of the material, in-
creasing the absorption of photons with lower energy and reducing the e-h recombination
rate [65-68]. It is generally accepted that generated electrons and electrons’ holes inter-
act with oxygen and water molecules, producing superoxide and hydroxyl radicals [60]
(Equations (4)—(8)) increasing the efficiency of the photocatalytic process [60,69,70].

h* + HyO% — OH x+ H™ (4)
e +0; —0,° (5)
0,°+H" — HO, (6)

H' + 0, ° + HO, — HyO; + O, 7)
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H,0, + hv — 20H° 8)

Finally, such radical species seems to be the responsibility of photocatalytic degra-
dation of adsorbed ethylene at the neighboring site, generating intermediary oxidation
by-products [60] (Equations (9)—(10)) that finally lead to ethylene mineralization, as sum-
marized by Equation (11).

OH’ * + CoHy* — Intermediates )

O, ° + CoHy* — Intermediates (10)
hv

CyHy + 30, —2CO; 4 2H,0 (11)
cat

Comparative experiments conducted using fumed silica as a support with poor ad-
sorption capacity towards ethylene proved the important role of acidic surface sites of
zeolite, increasing the adsorption of ethylene and its photocatalytic oxidation in the vicinity
of zinc and copper oxides. Further experiments are needed in order to unveil the details
of the formation of intermediary oxidation by-products of higher molecular mass than
water and CO,. Dynamic studies of ethylene photocatalysis presented here were conducted
in a continuous packed bed cell set in a FT/IR spectrometer using only one initial ethy-
lene concentration in order to compare the catalysts” activity. For the purpose to gather
kinetic information, further extensive experimentation must be conducted using ethylene
at different initial concentrations.

3. Materials and Methods
3.1. Materials and Reagents

A natural zeolite (53% clinoptilolite, 40% mordenite, and 7% quartz) was used in this
study as a parent support material and was provided by the Chilean mining company
“Minera Formas”. Ethylene (0.01% in Ar) was supplied by Indura (Santiago, Chile), whereas
argon (>99.9% purity) and oxygen (>99.5% purity) were supplied by Praxair (Santiago,
Chile). Inorganic chemicals (>99.5% purity) such as (NH4)>SO, and Cu(NO3),-3H,0O were
purchased from Merck (Darmstadt, Germany). Zn(NO3),-6H,0O was supplied by Sigma-
Aldrich Corporation (St. Louis, MO, USA). Solutions were prepared using deionized water
(>18.0 MQ) cm) produced in a Thermo Scientific Barnstead Easypure II RF system (Thermo
Fisher Scientific, Waltham, MA, USA).

3.2. Modification of Parent Support

Natural zeolite modification was carried out in consecutive stages. First, raw material
was ground and sieved to a range of 300—425 pum particle size. Then, it was rinsed with
deionized water and dried at 398 K for 24 h, using a LabTech® oven model LDO-080F
(Daihan LabTech Co., Ltd., Gyeonggi-do, Korea).

In the pre-treatment stage, raw zeolite was modified by ion exchange with ammonium
sulphate (0.1 mol dm~3) at 363 K for two hours in a temperature-controlled water bath,
using a mass volume ratio of 0.1 g of zeolite per cm? of salt solution and then it was washed
with deionized water during 4 h to eliminate the excess of salt as it has been reported in
previous work [10]. This procedure was repeated once after rinsing. Samples were dried at
398 K for 24 h. Afterwards, samples were out-gassed at 623 K using a home-made tubular
furnace (heating rate of 3K min~1) during two hours under argon flow (100 cm? min—1).

During the metal loading stage, pre-treated samples were modified by wet impregna-
tion using an IKA® RV 10 vacuum rotary evaporator (IKA®-Werke, Staufen, Germany) at
363 K. Thus, two single metal oxide and one double metal oxide catalysts were obtained
by single impregnation with Cu(NO3),-3(H,0) (0.13 mol dm~3), single impregnation with
Zn(NO3),-6(H,0) (0.13 mol dm~3), and co-impregnation using a combination of both
salts at 0.065 mol dm—3, respectively. Salt solution concentrations were calculated to ob-
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tain single metal oxide catalysts with 8% of the desired metal oxide mass impregnated
in the zeolite surface and a double metal oxide catalyst with 4% of each metal oxide in
the co-impregnated sample. Subsequently, samples were dried using the same conditions
mentioned before. As the last modification step, samples were calcined under oxygen flow
(100 cm® min~') at 623 K (heating rate of 1 K min~!) for 4 h and stored in a desiccator
until their further use. Additionally, fumed silica was used as a support of metal oxides in
control experiments. Raw fumed silica was modified using the same sequential procedure
described before for the metal loading stage, including the followed modification steps. The
performance of the samples prepared using natural zeolite and fumed silica were compared
to understand the key role of acidic sites of zeolite surface in the photocatalytic process.
According to the applied modification methodology, samples were named as follows:

- Natural zeolite thermally outgassed at 623 K (ZNAT);

- H form of natural zeolite (ZH), obtained from natural zeolite modified by ion ex-
changed with ammonium and thermally outgassed at 623 K;

- Copper oxide supported on modified natural zeolite, obtained from natural zeolite
ion exchanged with ammonium followed by a single wet impregnation with copper
salt and later calcined at 623 K (ZH_Cu);

- Zinc oxide supported on modified natural zeolite, obtained from natural zeolite ion
exchanged with ammonium followed by a single wet impregnation with zinc salt and
later calcined at 623 K (ZH_Zn);

- Copper and zinc oxides supported on modified natural zeolite, obtained from natural
zeolite ion exchanged with ammonium followed by a wet co-impregnation with
copper and zinc salts and later calcined at 623 K (ZH_Zn/Cu);

- Raw fumed silica thermally outgassed at 623 K (FS);

- Copper oxide supported on fumed silica, obtained from fumed silica modified by
single wet impregnation with copper salt and later calcined at 623 K (FS_Cu);

- Zinc oxide supported on fumed silica, obtained from fumed silica modified by single
wet impregnation with zinc salt and later calcined at 623 K (FS_Zn);

- Copper and zinc oxides supported on fumed silica, obtained from fumed silica
modified by wet co-impregnation with copper and zinc salts and later calcined at
623 K (FS_Zn/Cu).

Furthermore, TiO; (99.9% purity) supplied by Evonik (Nuremberg, Germany) was
mixed with the raw fumed silica at 8% weight and thermally outgassed at 623 K and used
as a benchmark catalyst for comparison (FS_TiO,).

3.3. Characterisation of the Parent Zeolite Support and of the Single and Double Metal
Oxide Catalysts

The parent zeolite support and the single and double metal oxide catalysts supported
on modified natural zeolite were characterized using different analytical techniques. X-ray
powder diffraction (XRD) patterns were obtained using a Bruker Endeavor diffractometer
model D4/MAX-B with a copper cathode lamp (A = 1.541 A), operated at 20 mA and 40 kV.
X-ray diffraction patterns were collected with a 0.02° resolution from 4° to 80° and a time
interval of 1 s. The specific surface areas were determined by nitrogen adsorption at 77 K,
using Micromeritics ASAP 2000 equipment (Norcross, GA, USA). Samples were previously
outgassed at 623 K during 2 h under inert flow (70% N, 30% He). The surface area values
were determined using the single-point surface area method, as described elsewhere [71].
The chemical composition of the parent zeolite support, single and double metal oxide
catalysts supported on modified natural zeolite were determined by X-ray fluorescence
(XRF) using a Rigaku model ZSX Primus II spectrometer. Scanning electron microscopy
(SEM) images were obtained in a Mira L.M.H. microscope operated at 30 kV and 177 pA.
Samples were ground, deposited over a carbon film, and covered with a platinum coat. A
high vacuum (<3 x 10~* mbar) was established in the microscope before image acquisition.
Transmission electron microscopy (TEM) studies were carried out in a JEOL, JEM 1200 EX-II
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device equipped with a Gatan 782 camera and using an accelerating voltage of 120 kV.
Samples were ground and deposited over a carbon covered mesh for imagery.

In situ IR assays of pyridine adsorption under vacuum were conducted to determine
the concentration and strength of acidic sites present in the parent supports and in the
prepared single and double metal oxide catalysts. Pyridine interactions with Brensted and
Lewis acid sites were monitored by Fourier transform infrared spectroscopy (FTIR). Sam-
ples were ground to powder and compacted as self-supported pellets of 20 mg and 16 mm
diameter. Pellets were heated inside a thermo-regulated FTIR glass cell to 623 K (heating
rate of 3 K min~') and activated under high vacuum (<7 x 10~° mbar) for 12 h. Pyridine
adsorption experiments were carried out at 423 K in a Nicolet 5700 spectrometer (Thermo
Fisher Scientific Inc., Waltham, MA, USA) equipped with an MCT/A detector. Spectra were
averaged from 32 consecutive acquisitions obtained in the range from 4000-1100 cm ! with
a resolution of 4 cm ™!, using the OMNIC software V 9.2.86. After adsorption experiments,
thermal-programmed desorption of pyridine was performed under vacuum. FTIR spectra
were collected after heating the pyridine saturated samples from 463 K to 723 K to study
strength of acidic sites. Thus, the percentage of pyridine desorbed at different temperature
ranges from 463 K to 523 K, from 523 K to 623 K, and from 623 K to 723 K are related to
weak, mild, and strong acidic sites, respectively [72].

The amount of Brensted acid sites (BAS) and Lewis acid sites (LAS), expressed in terms
of umol of adsorbed pyridine per gram of catalyst, were determined from the integrated
intensity of the absorption bands at 1545 cm ™! and at 1445-1450 cm ™!, respectively, using
the commonly used modified Beer-Lambert-Bouguer law (Equation (12)):

A=e— (12)

where n'Y is the number of Py species (in pmol) adsorbed at the acidic site (Lewis or
Brensted), A is the peak area (in cm™ 1), and S is the cross-section area of the zeolite disc
(S =2 cm?). gis the integrated molar absorption coefficient (in cm umol~1). The values
for e were taken from the work of Zholobenko et al. [73], as 1.38 and 1.87 cm pmol ! for
Brensted and Lewis acid sites, respectively, in mordenites.

UV-visible light absorption properties of the prepared photo-catalysts were assessed
by UV-Vis DRS spectroscopy. Experiments were carried out in a VARIAN 4000 UV-Vis
spectrophotometer equipped with an integration sphere. Solid samples were located in
the sample holder and spectra were collected in the range from 200-800 nm in absorbance
mode. The optical band gap energy was determined applying the Tauc Plot methodology
by extrapolating the linear part of the vertical region of the curve [41,51].

3.4. Photocatalytic Degradation of Ethylene

Photocatalytic experiments were conducted in a commercial Praying Mantis™ DRIFTS
cell (Harrick Scientific, New York, NY, USA) containing a quartz window and set in a JASCO
FT/IR 4700 spectrometer equipped with an MCT/M detector (JASCO International Co.,
Ltd., Tokyo, Japan). Dynamic photocatalytic experiments were performed using 0.08 g of
sample deposited in the DRIFTS chamber. Prior to any experiment, zeolite samples were
activated for 2 h at 623 K (heating rate of 1 K min~—!) under vacuum. Irradiation during
photo-catalytic experiments was supplied by a polychromatic light emitted by an LC8 spot
light source (L10852, 200 W) from Hamamatsu Photonics (Shizuoka, Japan). A light guide
from Hamamatsu was placed in the quartz window of the Praying Mantis DRIFTS cell. The
irradiation intensity was measured using a light power meter from Hamamatsu Photonics
(Shizuoka, Japan). The experimental setup used in this study (see Figure 10) was adapted
from one used previously [10].
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Figure 10. Schematic representation of the experimental set-up used for photocatalytic oxidation
of ethylene.

In a typical experiment, a total flow of 25 cm® min~! of a gas mixture composed of
80 ppmv of CoHy and 20,000 ppmv of O, balanced in argon was continuously supplied over
the sample bed (simulating the atmosphere around stored fruits). For each sample, an ad-
sorption step was initially conducted with the light turned off until saturation was reached.
Once the ethylene saturation was achieved, the light was turned on and the photocatalytic
step was initiated. The temperature of the photocatalytic reactor cell was kept constant at
293 K, using a water jacketed heat exchanger. During the whole experimentation, spectra
were collected as a function of time in the range of 4000-400 cm~! with a resolution of
1 cm ™! using the spectra manager software V 2.14.02 (JASCO International Co., Ltd., Tokyo,
Japan). At the same time, the concentrations of ethylene and CO, at the reactor outlet were
monitored on-line by gas chromatography (Perkin Elmer Clarus 500 gas chromatographer,
Waltham, MA, USA) using a flame ionization detector (FID) and a thermal conductivity
detector (TCD), respectively. More detailed information about analytic techniques can be
found elsewhere [10].

Adsorption capacities obtained during the first step (with the light turned off) toward
ethylene using the parent zeolite support. The prepared single and double metal oxide
catalysts supported on modified natural zeolite and fumed silica were determined by the
integration of the breakthrough curves until reaching saturation conditions (Equation (13)),

as follows: ;
= in [ 1— ot ) dt 13
Yethylene 0 ( Cin (13)

where Gegyiene (HMOlethylene g’l) represents the total amount of ethylene adsorbed per gram

of sample, F (cm® min~1) stands for the gas flow rate, m (g) is the mass of sample inside the

DRIFTS cell, ts (min) is the adsorption time to reach saturation, C;;; and C,y¢ (umol dm—3)
are the inlet and outlet concentrations of ethylene as a function of time, respectively.

The percentage of photocatalytic removal of ethylene obtained during the second
step (with the light turned on) was calculated from experiments at steady state conditions,
taking into consideration the amount of ethylene in the reactor inlet and outlet streams.

4. Conclusions

Modified natural zeolites could be used as support for copper and zinc oxides leading
to efficient photocatalytic oxidation of ethylene. DRIFTS results evidenced a synergistic
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effect of adsorption and photocatalytic oxidation over the catalyst surface. Among the func-
tional groups of zeolite surface, acidic AI-OH-5i bridges are the most influential for ethylene
adsorption. Such surface groups concentrate ethylene molecules near to the photocatalyst
semiconductor nanoparticles of zinc and copper oxides that promote ethylene oxidation
under light irradiation. A photocatalyst based on nanoparticles of zinc and copper oxides
supported o modified natural zeolite provides the highest contribution to photocatalytic
activity toward ethylene oxidation. The increase in light absorption combined with a
reduction in the band gap energy contributes to an enhancement in the photocatalytic
oxidation of adsorbed ethylene. The development of new composite materials comprising
semiconductors supported over zeolite for photocatalytic oxidation of ethylene emissions
from fruit warehouses ought to consider the chemical surface interactions among the com-
bined materials and ethylene. Moreover, further experiments should be performed using
a light source with a wavelength corresponding to visible spectra in order to prove that
better photocatalytic efficiencies are obtained using zeolites modified with copper and zinc
oxide nanoparticles that take the advantage of the visible spectrum of solar radiation.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/catal13030610/s1, Figure S1: Nitrogen adsorption/desorption
isotherms at 77 K of parent zeolite support and prepared single and double metal oxide catalysts
supported on modified natural zeolite, Figure S2: Nitrogen adsorption/desorption isotherms at
77 K of fumed silica support and prepared single and double metal oxide catalysts supported on
fumed silica.
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