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A B S T R A C T

A new series of TiO2-Ag/BEA composites was specifically designed for use in filter/photo-reactors intercalated in 
air recirculation circuits in storage facilities for climacteric fruits. The sol-gel procedure for TiO2 deposition was 
combined with ionic exchange (IE) or incipient wet impregnation (IWI) techniques for Ag doping, with the 
proportions of both fractions also varying. The prepared materials were thoroughly characterized in terms of 
their porous texture, chemical composition, crystalline structure, and Ag dispersion, among other properties. 
Dynamic ethylene adsorption was recorded in the dark. After saturation, ethylene photooxidation was analyzed 
under UV or UVA-visible light, with varying contact times, flow rates, and concentrations, and with or without 
humidity present. The maximum ethylene adsorption capacity (361 μmol g− 1) corresponds to the sample with 
the highest Ag content (5 wt%), added by IE, while the best photocatalytic performance is obtained for samples 
doped by IWI. The performance of the samples was found to be correlated with their physicochemical properties 
and was specifically determined by the nature and dispersion of the silver species in the composites. Total 
ethylene photooxidation is achieved even under UV–Vis radiation; the reaction develops selectively to CO2 in all 
cases, despite the strong negative effect of humidity on the formation of more active HO• radicals. The high 
adsorption capacity and effective photooxidation of ethylene enable control of this maturation hormone below 
the established limits.

1. Introduction

The production of fruits and vegetables is essential for the Mediter
ranean economy. Moreover, ensuring the availability of these foods 
beyond their natural season is essential for maintaining a healthy diet 
within the population. Almost all the fruits and vegetables consumed in 
the EU are from this region. As such, reducing waste production is a 
major concern for fruit producers. One crucial problem that fruit pro
ducers face is the ripening and, ultimately, senescence of fruits during 
storage in chambers. This makes the final product undesirable for the 

consumers and should be discarded, with the consequent economic loss. 
Ripening is catalyzed by ethylene (C2H4), which is emitted by the fruit 
itself and works as a natural hormone that accelerates the growth of 
plants or the maturation of the fruits [1]. Removing this hormone is 
therefore extremely important. Several methods can be used to deal with 
this problem, with the most commonly used in industry being ventila
tion and chemical inhibition [2]. However, both methods have their 
drawbacks. First, the use of ventilation still leaves traces of ethylene in 
the conservation chamber, sufficient to initiate the ripening processes. 
The use of chemical inhibitors, like 1-MCP, suppresses ripening by 
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binding to the ethylene receptors of the fruit. Nevertheless, the use of 
chemicals in fruits raises strong public resistance [3]. Therefore, it is 
important to address this issue with other types of ethylene removal 
methods. One promising method is the photooxidation of ethylene, 
which is considered highly efficient and cost-effective [4,5]. This 
method consists of the conversion of ethylene into CO2 and H2O in the 
presence of a catalyst. Using photocatalysts active under solar radiation 
is one of the most interesting and sustainable technologies.

Different nanostructured semiconductors, mainly based on transition 
metal oxides (e.g., Fe3O4, ZnO, WO3) or mixed metal-oxides (eg. 
-[BixFe(1-x)]2O3 (x = 0.02, 0.05, 0.10, and 0.20) can be employed as 
suitable photocatalysts [5,6]. Among them, the most common and 
popular photocatalyst used is TiO2, due to its unique properties, 
including non-toxicity, chemical inertness, high stability, and low cost. 
Nevertheless, TiO2 presents a high band gap (BG) value, which, together 
with a limited surface area (poor adsorption capacity) and a fast 
recombination of photo-induced electron-hole pairs (h+/e− ), leads to a 
poor photocatalytic efficiency under solar radiation and to fast catalyst 
deactivation. To address the limitations of TiO2, several strategies have 
been followed by researchers [7–11]. They are based on: i) the modifi
cation of the BG values by doping with metal or non-metal heteroatoms, 
ii) fit the morphology, nanostructure, and crystal size to minimize the 
h+/e− recombination, iii) supporting the semiconductor active phase on 
porous materials (carbon, zeolites, etc.) to improve the adsorption ca
pacity and minimize crystal growth. A tentative integration of these 
approaches is undertaken in this work.

Zeolites are microporous materials that are suitable as supports of 
semiconductors with potential photocatalytic activity, such as TiO2. In 
particular, zeolite BEA has been shown to be an interesting option due to 
its large surface area, which leads to better TiO2 dispersion and, sub
sequently, an improved light absorption and ethylene adsorption effi
ciency [8,12,13]. The h+/e− recombination also decreases with the 
crystal size. Regarding ethylene adsorption, as demonstrated by Ferreira 
and coworkers [8], despite the high surface value of the raw zeolites, 
they still present a low ethylene adsorption related to the low interaction 
of the non-polar ethylene molecules with the charged zeolite surface 
groups. As a consequence, in supported TiO2/BEA composites, the 
presence of zeolite alone is not enough to substantially increase ethylene 
adsorption of photocatalysts. Nevertheless, this parameter strongly 
increased after exchanging zeolite with Ag+ [14]. These results agree 
with those exposed by several authors, who reported that stabilizing 
monovalent Ag+ species into a zeolite framework will increase ethylene 
adsorption since these species will interact with ethylene via the so- 
called π complexation mechanism [14–18]. Reversible chemical 
complexation of ethylene on other metal ionic sites, such as Cu+, was 
also described [19].

On the other hand, as commented, one of the classical approaches to 
improve the photocatalytic performance of TiO2 is lowering the BG 
energy by doping with noble metals [5,20]. Ag is a good choice as a 
dopant of TiO2 because of its high work function and ability to produce 
plasmonic effects, allowing the enhancement of visible light absorption 
through the large surface plasmon resonance (LSPR) effect. The isolated 
energy level of Ag 4d promotes visible-light absorption, and the Ag-TiO2 
heterojunction improves the effective separation of electrons and holes 
[21]. The silver nanoparticles work as collector centers for electrons 
photoinduced in the conduce band (CB) of TiO2. The different synthetic 
methodologies also lead to different dispersion and distribution of Ag- 
species, forming oxides or metallic nanoparticles, thus changing the 
interaction between phases, which should be optimized. Ag in the form 
of Ag2O (band gap of 1.7 eV) can offer an additional advantage for 
ethylene photooxidation by shifting the light absorption of TiO2 towards 
the visible spectrum [22–24].

On this basis, in this work, we used protonic H-BEA as microporous 
support, TiO2 semiconductor as photocatalytic phase, and Ag as doping 
agent. The optimization of materials was carried out by fitting both the 
TiO2 and Ag loadings. In addition, two procedures of synthesis were 

analyzed, paying attention to the interactions between phases and the 
nature of the TiO2-Ag heterojunctions. In the first case, the zeolite was 
exchanged with an Ag+ solution to improve the adsorption capacity, 
according to previous results [14]. Then, the TiO2 phase was also loaded 
by sol-gel techniques, leading to TiO2-Ag-BEA systems. In the second 
case, the TiO2 phase was directly loaded on the H-BEA zeolite following 
the same sol-gel procedure, and Ag was finally deposited by the classical 
incipient wet impregnation technique. These approaches allow us to 
obtain information on the evolution of textural, morphological, crystal 
size, or crystallographic phases or optical parameters, which, in turn, 
justify the performance of the different composites. Results show that 
improving the adsorption of ethylene, the cumulative ethylene photo
oxidation is also favored, with the reaction developing without deacti
vation and selectively converting ethylene to CO2 via the photo-induced 
formation of oxidant radical species (HO●, O2

●− ). The presence of hu
midity strongly limits the photoactivity because of the competitive 
adsorption of water and ethylene molecules. The best adsorptive and 
photocatalytic performance is obtained after deposition of Ag- 
nanoparticles by IWI regarding IE, denoting the different interactions 
and synergisms between the support-active phase–doping agent ob
tained depending on the synthesis procedure. These materials offer a 
clear advantage, associated with their excellent performance as adsor
bents and/or photocatalysts (under visible light), whose combination 
allows for high efficiency in the removal of ethylene in air flows, even at 
concentrations much higher than those required for the proposed 
application.

2. Experimental

2.1. Materials and methods

Commercial parent zeolite (NH4-BEA, Si/Al of 12.5, CP814E) was 
purchased from Zeolyst. Titanium isopropoxide (97 % w/w) and silver 
nitrate (99 % w/w) were purchased from Sigma Aldrich. NH4OH (25 vol 
% NH3) was obtained from Fluka, while ethanol absolute (99.5 % w/w) 
was supplied by Honeywell.

2.2. Preparation of ag-BEA

The Ag-based composites were prepared by adapting the procedure 
described elsewhere [14], in which silver was initially incorporated in 
the zeolite structure, by ion exchange. The procedure consisted of sus
pending 2.5 g of zeolite in 250 ml of an aqueous silver nitrate (AgNO3) 
solution. The mixture was stirred for 24 h at room temperature in the 
dark. Ion exchange was carried out one or three times using 0.01, 0.015, 
and 0.03 M solutions of AgNO3 to achieve different Ag contents similar 
to the ones obtained in our previous work [14]. The suspension was then 
filtered and washed, using distilled water, and then dried in an oven at 
80 ◦C overnight. The dried material was then calcined at 500 ◦C in a 
muffle for 6 h. For comparison purposes, H-BEA was prepared by 
calcination of 2 g of NH4-BEA at 500 ◦C in a muffle furnace for 6 h.

2.3. Preparation of TiO2-BEA and TiO2-ag-BEA composites

The procedure used for the preparation of TiO2-BEA composites can 
be found in detail elsewhere [8]. Briefly, 1.5 g of Ag-BEA or H-BEA was 
suspended in an ethanol solution (15 ml) that contained the titanium 
precursor (Ti(OCH(CH₃)₂)₄). The mixture was stirred for 15 min, and 
then an ammonium hydroxide solution (NH4OH, 25 % in water) was 
added dropwise (20 ml, 1 M). After the addition, the suspension was 
stirred for an additional 3 h. Lastly, the suspension was dried in a rotary 
evaporator. The fine powder was recovered, grinded, and calcined in a 
muffle at 450 ◦C for 4 h (2 ◦C.min− 1 heating rate). The exact amount of 
Ti precursor was chosen to ensure that the TiO2-BEA composites con
tained 20 and 30 wt% of TiO2, respectively, while for the Ag-based 
composites, the Ti precursor amount was kept the same, which 
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resulted in composites with 30 wt% of TiO2. In this case, the silver was 
previously supported on zeolite as described above. The samples 
without Ag were designated as xTiO2-BEA, where x represents the TiO2 
content (wt%). For the Ag-based composites, the samples were labelled 
as 30TiO₂-yAg-BEA or 30TiO₂-BEA-yAg, where y indicates the Ag con
tent (wt%) and the order of the components clearly indicates if the 
zeolite was previously exchanged with Ag by IE or Ag added on the TiO2- 
BEA composites by IWI. For comparison, a sample consisting of TiO2, 
referred to as TiO2 bulk, was prepared by the same sol-gel method. 
Table S1 summarizes the nomenclature and preparation procedure of 
the samples synthesized.

2.4. Composite characterization

The composites were characterized using several analytical tech
niques, as reported in our previous work [8]. Powder X-ray diffraction 
(XRD) was performed using a D8 Advance diffractometer (Bruker) with 
Cu Kα radiation filtered by Ni and a 1D LynxEye detector. Nitrogen 
sorption experiments were performed using Autosorb IQ equipment 
from Quantachrome. Prior to each measurement, the samples were 
outgassed at 90 ◦C for 1 h, followed by 350 ◦C for 5 h. Stoeckli Eqs. [25] 
were applied to determine the micropore width (L0). DRS UV–visible 
spectra were performed with the help of a Praying Mantis diffuse 
reflectance accessory, coupled to a Cary 5000 spectrophotometer (Var
ian). The band gaps (Eg) were calculated from the corresponding Tauc 
plots (indirect method [26]). X-ray photoelectron spectroscopy (XPS) 
analysis was performed with a Kratos Axis Ultra-DLD to determine the 
nature and percentage of the chemical species in the composites. High- 
resolution transmission electron microscopy characterization was con
ducted in a FEI Titan G2 50–300 kV high-resolution microscope, 
equipped with an EDX (energy dispersive X-ray) microanalysis system 
with elemental mapping. The Ag-based composites were additionally 
characterized by H2-TPR experiments, using an automated Autochem II 
2920 apparatus (Micromeritics). The composites were first pre-treated 
under Argon (25 ml.min− 1) at 250 ◦C for 1 h and then cooled down to 
RT. After, the samples were heated up to 900 ◦C (10 ◦C.min− 1) under a 5 
% H2/Ar mixture (30 ml.min− 1). The H2 consumption was followed by a 
thermal conductivity detector (TCD).

2.5. Ethylene adsorption and photooxidation experiments

The experimental facility designed for adsorption/photooxidation 
experiments is shown in Scheme 1. The samples are pre-treated in a 
muffle at 250 ◦C for 25 min to remove any adsorbed compound from the 
surface of the material. Then the composites are loaded into a quartz/ 
glass reactor (0.45 g), operating at atmospheric pressure. The total flow 
for every experiment was 25 ml.min− 1 of a mixture of N2/O2/H2O/ 
C2H4. In general, this flow is adjusted to contain 21 % of O2 (synthetic 
air) and 100 ppms of C2H4 using N2 to balance the total flow, although 
some experiments were conducted with varying concentrations, 
including the C2H4 concentration (200 ppm), O₂ concentration (16 %), 
and water content (50 % relative humidity). The experimental proced
ure was reported in detail in [8,10,11,27,28]. Parameters such as col
umn height and width, packing particle size, ethylene concentration, 
and total flows were previously optimized [28].

Before each photocatalytic reaction, the gas mixture was passed 
through the sample without light to achieve ethylene adsorption equi
librium. The corresponding breakthrough curve data was recorded and 
analyzed. Then, the sample was irradiated using a medium-pressure 
mercury lamp equipped with a cooling jacket. Depending on the mate
rial of the cooling jacket – quartz or glass – the experiments were con
ducted under two different irradiation spectrums – UV–Vis or UVA-Vis, 
respectively. The glass jacket blocks radiation with wavelengths below 
300 nm, while UVA-Vis radiation (λ > 350 nm) accounted for 74 % of 
the lamp irradiation power. Each reaction had a total duration of 3 h and 
30 min.

During the reaction, the ethylene and CO2 concentrations were 
recorded every 6 min. For each point, the ethylene conversion was 
calculated using eq. (1). 

C2H4 conversion (%) =
Initial C2H4 (ppm) − C2H4 (ppm)

Initial C2H4 (ppm)
×100 (1) 

The Turnover Frequency (TOF) was calculated using the total CO2 
concentration produced, following eq. (2), to assess photocatalytic 
performance and compare the results between samples. 

TOF
(
s− 1) =

Initial C2H4 (g/s) ×
(

CO2 produced (ppm)

2×Initial C2H4(ppm)

)

mTiO2 (g)
(2) 

Scheme 1. A) Experimental system used for the dynamic adsorption or photooxidation of ethylene. B) Intercalation of filter/bioreactors in the recirculation air 
system of the storage refrigerated cameras used for the conservation of fruits.
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3. Results and discussion

3.1. Sample characterization

All the samples were exhaustively characterized from different 
points of view, including textural, morphological, crystallographic, or 
chemical aspects, before testing as adsorbents or photocatalysts for 
ethylene removal. Preliminary results obtained by HRSEM (Fig. S1) 
show the morphology of composites regarding raw zeolite, denoting a 
more round-shaped distribution of microcrystals and the formation of 
small aggregates between them.

The analysis of the textural parameters along the sample series 
provides information about the distribution of supported phases on 
zeolite porosity. It is well known that the BEA 3D-structure system is 
formed by 12-membered ring channels with diameters of 0.76 × 0.64 
and 0.55 × 0.55 nm, which define the ordered microporous texture of 
this material. In Table 1, the different parameters are summarized from 
the analysis of N2-adsorption isotherms, as BET surface area values, the 
mean micropore size (L0), and the quantification of micro/meso vol
umes. The value of L0 determined for raw BEA zeolite agrees with the 
published data (0.73 nm). We also obtained the mesopore size distri
bution by applying the BJH method to the corresponding isotherms, 
with results shown in Fig. 1. This shows a bimodal mesopore PSD, in 
which the first small maximum, located for pores with a mean diameter 
of around 2 nm, is accompanied by another wide and intense peak 
centred for pores with a diameter of around 20–40 nm. Textural trans
formations after deposition of TiO2 phases occur mainly in this porosity 
range. As observed in Table 1, for TiO2-BEA composites, microporosity 
(Vmicro) is progressively widened with increasing TiO2 loading (from 20 
to 30 wt%), as denoted by the increase of the L0 values. Since widening 
cannot be induced by coatings, the results suggest that micropores are 
progressively blocked, thereby increasing the mean pore size (L0) 
accessible to N2. Simultaneously, the volume of larger mesopores, 
associated with interparticle voids, also progressively decreases (Fig. 1), 
while a new peak centred in pores with around 4–5 nm in diameter 
progressively increases. These results suggest that the TiO2 phase is 
deposited inside the large mesopores, narrowing this porosity range, 
generating narrower mesopores and blocking microporosity. Develop
ment of narrow mesopores and blockage of the largest ones increases 
with the TiO2 loading.

Nevertheless, if zeolite is exchanged with Ag (ionic exchange – IE 
samples) before depositing 30 wt% of TiO2-active phase, the decrease of 
surface area is stronger and progressive with increasing Ag-loadings, 
suggesting that Ag can be deposited inside the microporosity since L0 
decreases with high Ag-loadings. However, with increasing Ag-loading, 
the commented reduction of large mesopores by the TiO2 deposition is 
progressively hindered (Fig. 1), and consequently, also a smaller 
development of narrow mesopores (4 nm). In fact, the transformation of 
larger into narrower mesopores is even smaller for all the IE Ag-doped 

composites than for 20TiO2-BEA. This means that previously 
exchanged Ag species occupied the raw micro and smaller mesoporosity, 
forcing the posterior formation of TiO2 coatings in larger pores, that is, 
on a more external surface. Due to the smaller development of narrower 
mesopores, the contribution of the external surface (Sext) is also slightly 
smaller, and as a consequence, SBET values decreased with increasing Ag- 
loadings. The previous exchange with Ag leads to a progressive loss of 
porosity and surface area in the final photocatalysts. The composite with 
higher Ag and TiO2 contents showed smaller SBET values and total 
porosity. Doping 30TiO2-BEA with Ag at 3.5 wt% by IWI (30TiO2-BEA- 
3.5Ag) also produces a significant reduction of porosity. Still, in this 
case, the deposition of Ag-nanoparticles leads to an additional blockage 
of the larger mesopores of 30TiO2-BEA, resulting in a broader distri
bution of the narrower ones (Fig. 1), which confirms that these Ag- 
nanoparticles are located on the mesoporous surface in this composite, 
regarding Ag-species mainly located inside microporous surface when 
doping by IE, as previously commented.

TEM/EDX mapping was used to analyze the dispersion and distri
bution of Ag and Ti on the zeolite support; results are shown in Fig. 2. 
The EDX mapping image for the 30TiO2-BEA (Fig. 2b) sample shows that 
Ti is well dispersed and homogeneously covering the particle of support. 
For the IE Ag-doped composites (Figs. 2c-h), small Ag particles are 
observed and homogeneously distributed along the samples. EDX 
mapping confirms that these new particles correspond to Ag-species. 
The size of these Ag nanoparticles increases as the Ag content in
creases; the mean diameter is 2.7 nm for 30TiO2–1.0Ag-BEA but in
creases up to 6.2 nm for 30TiO2–5.0Ag-BEA (Fig. S2).

The crystallographic characteristics of the samples were determined 
by XRD. The diffraction of pure phases is summarized in Fig. 3a. The 
characteristic peaks of the zeolite BEA structure located at around 2θ of 
5 and 23◦ are clearly observed. The pattern of bulk TiO2 denotes peaks 
corresponding exclusively to the anatase phase, the Scherrer equation 
providing a mean crystallite size of about 11 nm. The XRD patterns of IE 
Ag-BEA supports, prior to the TiO2 introduction (Fig. S3), show a small 
peak at 37◦ (2θ) corresponding to the (111) plane of cubic Ag0, more 
clearly in the samples with higher Ag content (3.5 and 5 wt%). XRD 
patterns of composites are shown in Fig. 3b. XRD patterns of the com
posites exhibit the characteristic peaks of both phases, with a relative 
intensity varying according to TiO2 concentration. Results confirm the 
conclusions of previous works [8]. At low TiO2-loading, the 20TiO2-BEA 
diffractogram shows no detectable peaks from TiO2. Very small crys
tallites of anatase or amorphous TiO2 are formed in these experimental 
conditions on the BEA surface. When TiO2 loadings increase up to 30 wt 

Table 1 
– Textural properties of different composites and the parent zeolite.

Sample Vmicro 
a Vmeso 

b Sext 
c SBET 

d L0 
e

H-BEA 0.17 (100) 0.78 205 627 0.73
20TiO2-BEA 0.12 (88) 0.54 238 516 0.89
30TiO2-BEA 0.09 (76) 0.55 314 522 1.02
30TiO2–1.0Ag-BEA 0.09 (76) 0.52 206 463 0.91
30TiO2–3.5Ag-BEA 0.10 (77) 0.51 204 414 0.88
30TiO2-BEA-3.5Ag 0.10 (77) 0.52 180 430 0.93
30TiO2–5.0Ag-BEA 0.09 (76) 0.42 201 404 0.95

a cm3.g− 1 (percentage of micropores volume considering the dilution effect of 
zeolite in the final composite material); bVmeso = Vtotal - Vmicro; c determined 
from t-plot. d SBET calculated in the P/P0 range of 0.05–0.3; e calculated through 
the Stoeckli equation L0 = 24/E0, with E0 determined by the DR method.

Fig. 1. Pore size distribution curves (BJH, desorption branch) of TiO2-BEA 
composites and Ag-based composites.
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Fig. 2. TEM images a,b) 30TiO2-BEA, c,d) 30TiO2–1.0Ag-BEA, e,f) 30TiO2–3.5Ag-BEA, g,h) 30TiO2–5.0Ag-BEA and corresponding EDS mapping.
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% (30TiO2-BEA, Fig. 3b), the anatase peaks are observed again. In this 
case, the Scherrer equation indicates the formation of crystallites of 12 
nm, which is similar to those found in bulk TiO2 but highly distributed 
on the zeolite surface.

When TiO2 was deposited on Ag-BEA, although the TiO2 content was 
maintained at 30 wt%, the intensity of the (101) anatase peak pro
gressively increased (Fig. 3b) with the Ag-loading. The ratio I100 (BEA) / 
I100 Anatase for 30TiO2-BEA progressively varies in this sense, as 5.1 for 
the undoped sample. This ratio decreases more slowly from 1.2, 1.0, and 
0.9, indicating the progressive crystal growth of anatase induced by the 
previous Ag-doping. This improved crystallization allowed that (004), 
(200), (105), and (211) peaks of the anatase phase can also be clearly 
identified. These results are in agreement with those based on textural 
transformations, larger anatase particles are formed offside mesopores, 
in such a way that the TiO2 crystallite size increased from 12 (without 
Ag) to 18 nm for 30TiO2–5Ag-BEA. When comparing the XRD patterns of 
samples prepared by IE or IWI, doped in both cases with 3.5 wt% of Ag, 
clearly the ratio I100 (BEA) / I100 anatase phase is higher in the case of 
doping by IWI, denoting either a smaller crystallinity or a smaller par
ticle size, regarding TiO2. In fact, the crystal size of anatase in the IWI- 
doped composite does not change significantly regarding 30TiO2-BEA (i. 
e., around 12 nm), because this phase was synthesized before doping.

In contrast to the exposed effect exerted for exchanged Ag-species on 
the BEA surface, favoring the TiO2 crystal growth, Al Amin et al. [29] 
found that the incorporation of Ag+ ions into the TiO2 structure, namely 
on the grain boundaries, restricted grain coarsening and growth when 
preparing films of TiO2 or TiO2-Ag by a sol-gel procedure using a Ti- 
alkoxide in ethanol and AgNO3 as dopant agent. Similarly, Liza et al. 
[20] described that the XRD peaks of anatase progressively shifted to 
lower 2θ values with increasing concentration of Ag-doping. The 
incorporation of Ag+ into the anatase structure produces a charge un
balance that is compensated with the generation of oxygen vacancies. 
Shi et al. [30] also describes the incorporation of Ag+ into the anatase 
structure of hollow TiO2 nanoparticles and the XRD peak displacement 
to lower angles. The grain aggregation (sintering) and the anatase-rutile 
transformation during high-temperature calcination can be effectively 
retarded by controlling the Ag-loading.

Thus, in general, it is assumed that Ag-doping induces a smaller 
crystal size and the formation of imperfections, pointed out by changes 
in the profile and position of the XRD peaks, as commented. However, in 
our case, sharper peaks are obtained with increasing IE Ag-loadings 
(Fig. 3), together with a progressive shift of XRD peaks to higher 
values of 2θ. Nevertheless, whereas doping in previous studies is 

performed on precursor mixtures during sol-gel synthesis, in our case, 
the Ag species introduced by ion exchange (IE) on BEA are strongly 
anchored to the zeolite framework. This results in limited mobility, 
which restricts the incorporation of Ag+ into the anatase structure. 
Consequently, a more homogeneous and orderly anatase crystal growth 
is promoted, further facilitated by the fact that crystallization occurs 
within a more open porosity (external surface). Even if compared with 
the doped IWI sample (Fig. S4), where, as commented, the anatase 
crystals were already formed before doping, the displacement to higher 
2θ values is greater on the IE samples, denoting the strong effect of 
exchanged cationic Ag+, enhancing the anatase crystal growth free of 
imperfections regarding the IWI-doped sample.

To complement the XRD conclusions and confirm the nature of in
teractions, the composites were analyzed by XPS. Table 2 summarizes 
the surface compositions of materials containing 30 wt% of TiO2, 
including those prepared without Ag, compared to those doped with Ag 
by IE or IWI. The deconvolution and integration of the different spectral 
regions allow the quantification of the surface composition of materials, 
listed in Table 2, while the nature and distribution of both Ti and Ag 
chemical species, binding energies (BE), and percentages are summa
rized in Table 3.

The detection of Si/Al in all samples denotes that the zeolite surface 
is never totally covered by the TiO2 phase, regardless of this phase being 
directly deposited on the H-BEA or IE Ag-BEA zeolite. The oxygen 
content on the surface decreases in all the Ag-doped composites 
regarding the undoped one, being, however, very similar between them. 
Nevertheless, it is noteworthy that in the IE series the Si content 
increased regarding 30TiO2-BEA, while the Ti content decreased in a 
similar proportion. These changes in the Si/Ti surface composition are 
evidently smaller in the case of the IWI sample. Since the TiO2 loading is 
fixed in all cases at 30 wt%, these variations are due to the different 
crystal size and localization of the anatase phase into the zeolite 
porosity. Sintering and localization of anatase or Ag nanoparticles inside 

Fig. 3. PXRD patterns of a) parent zeolite, bulk TiO2 material, and 20TiO2-BEA; b) 30TiO2-BEA and Ag-based composites.

Table 2 
Atomic surface content of the different materials determined by XPS.

Sample O (%) Si (%) Ti (%) Ag (%) Al (%) N (%)

30TiO2-BEA 70.6 10.7 16.1 – 1.1 1.6
30TiO2–1.0Ag-BEA 67.8 20.0 8.7 1.0 1.7 0.8
30TiO2–3.5Ag-BEA 68.0 19.2 8.5 1.7 1.7 0.9
30TiO2–5.0Ag-BEA 65.5 16.7 13.2 2.2 1.6 0.8
30TiO2-BEA-3.5Ag 66.7 12.2 17.4 1.3 1.6 0.8
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the porosity should cause their respective contents to decrease, as XPS 
analysis has a limited depth. As mentioned in the previous paragraphs, 
increasing the Ag loading via ion exchange (IE) leads to the formation of 
TiO2 crystals within progressively larger pores, i.e., on increasingly 
external surfaces, which should enhance the detectability of anatase (Ti) 
as the Ag content increases. This fact could justify the higher Ti-surface 
content in the sample doped at 5 wt% Ag despite the great particle size 
demonstrated by XRD and HRTEM in this case.

Regarding the Ag-content detected by XPS, in the case of IE samples, 
it linearly increased with the metal loading, although this increase is 
proportionally smaller regarding the theoretical Ag loadings (i.e., 2.2 vs 
5.0). Comparing IE samples with sample IWI, a greater Ag content was 
expected in the latter, because in this case, doping with Ag was the last 
step of preparation, and the impregnation technique also favors the 

formation of nanoparticles on the external surface. Nevertheless, the Ag 
content detected by XPS is smaller for the sample 30TiO2-BEA-3.5Ag 
than for 30TiO2–3.5Ag-BEA. The results are again strongly influenced by 
the Ag dispersion.

XPS, however, provides interesting results regarding the different 
chemical characteristics and, therefore, different interactions between 
phases in each case. For that, the different spectral regions were treated 
carefully. Changes in the Ti and Ag species were identified and quanti
fied by analyzing the Ti 2p and Ag 3d spectral regions, but also, the 
analysis of the O1s showed interesting results about the bond nature and 
functionalization of surfaces.

When TiO2 is supported on zeolite H-BEA (sample 30TiO2-BEA), the 
Ti 2p profile (Fig. 4a) shows a doublet at 458.6 eV- 464.2 eV, denoting 
Ti4+ as the unique Ti-specie observed [31]. However, when the BEA 

Table 3 
- Distribution of chemical species on the catalysts surface determined by XPS.

Sample Ti 2p Ag 3d

Ti4+ 2p3/2 % Ti+4+ϕ 2p3/2 % Ag0 3d5/2 % Ag+ 3d5/2 %

30TiO2-BEA 458.7 100 – – – – – –
30TiO2–1.0Ag-BEA 458.6 67 460.2 33 – – 368.7 100
30TiO2–3.5Ag-BEA 458.5 57 459.7 43 – – 368.7 100
30TiO2–5.0Ag-BEA 458.5 71 459.9 30 367.4 42 368.7 58
30TiO2-BEA-3.5Ag 458.5 100 – – 368.0 100 – –

Fig. 4. XPS spectra of the Ag-based composites and the composite without Ag in the regions a) Ti 2p, b) Ag 3d, and c) O1s.
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zeolite is previously exchanged with Ag (composites IE), the profile of 
the Ti 2p spectral region is split into two components, with a new 
component showing a doublet at 459.9–465.6 eV. The BE displacement 
to higher values indicates a poorer electronic environment of the new Ti- 
phase. Nevertheless, this effect is not observed when the Ag doping is 
carried out by IWI (sample 30TiO2-BEA-3.5Ag). In fact, the BE of the 
Ti+4 species slowly decreases (around 0.2 eV) regarding the undoped 
sample (Table 3).

When analyzing the Ag 3d spectral region (Fig. 4b), it is observed 
that the Ag species exhibit just the opposite behavior. When doping by 
IE, only the peaks corresponding to Ag+ species at 368.7–374.7 eV are 
observed for the composites doped at 1 and 3.5 % Ag. Contrarily, in the 
case of the composite doped by IWI at 3.5 %-Ag, only Ag0 is detected. 
The analysis of this spectral region for the sample IE doped with 5 % Ag 
pointed out that a second Ag phase is clearly formed. In this case, the 
splitting of the Ag-profile generated a new component at lower BE, a 
new doublet appears at 367.4–373.4 eV, which is assigned to metallic 
Ag0 according to literature values [32].

These results are in agreement with those previously described about 
the segregation of extra-framework Ag nanoparticles as the Ag loading 
increases. Ionic Ag+ exchanged into the zeolite framework remains as 
Ag+. Extra framework silver species are forming nanoparticles pro
gressively greater in a more external surface, which, considering the 
noble character of silver, and the well-known easy reduction of Ag+

species by temperature, light, or solvents (ethanol) [33,34], are as Ag0 in 
the final IE doped composites.

Therefore, results clearly confirm the electronic transfers between Ag 
and anatase phases, regulated by the chemical state of the Ag. When the 
anatase crystal grows on IE-exchanged zeolites, the Ag+ species gener
ates a strong electro-deficient environment, BE of Ti+4 tends to increase 
because the electronic interactions generate a new electron-depleted 
Ti+4+ϕ state, as clearly observed in Fig. 4a. However, if the anatase 
was previously supported on the zeolite, the BE of Ti+4 species after 
doping with Ag by IWI is maintained or slightly tends to decrease. Shi 
et al. [30] also commented on the electron redistribution because Ag 
doping alters the original chemical state of TiO2 during the sol-gel 
synthesis. They found that Ti 2p peaks shifted towards lower binding 
energy, resulting in a decrease of approximately 0.23 eV after doping 
with Ag at 0.2 wt% due to the introduction of Ag+ into positions of Ti+4 

in the anatase structure and the consequent compensation by generating 
oxygen vacancies.

In our case, when comparing the O 1 s spectral region of IE and IWI 
Ag-composites, significant differences are also observed (Fig. 4c). 
Although this region was fitted in both cases with only two components, 
at around 529.8 and 532.1 eV, the proportion of both types of oxygen
ated surface groups (OSG) dramatically changes. OSG with high BE is 
favored in the case of the IE composite. According to the bibliography, in 
pristine TiO2, the peak at around 530 eV is assigned to Ti–O bonds, 
while a second one at around 531.4 eV corresponds to OH functional
ities. Moreover, the contribution of Si–O and Al–O bonds from the 
zeolite structure should be considered. In fact, the increase in this peak is 
correlated to the increase in Si content visible at the surface. The posi
tion of this last peak changes in the presence of other functionalities, like 
N. Thus, the formation of Ti-O-N bonds, as an example, increased the BE 
up to 532.3 eV [35]. Although in our case the distribution of OSG should 
be influenced by the changes in the surface composition, the higher 
proportion of high BE OSG in the case of IE doped composites denotes 
that oxygen is linked to a more electron-deficient species, probably 
related to the detected Ti+4+ϕ.

When zeolite is treated in the AgNO3 solutions, the ionic exchange of 
H+ by Ag+ competes with the precipitation of metallic species on the 
zeolite surface. Precipitation is clearly enhanced by increasing the 
concentration of the metal precursors, leading to the formation of pro
gressively larger metallic particles on the surface. At low Ag-loadings, a 
large part of Ag+ is fixed onto the zeolite structure by ion exchange, 
remaining as Ag+, although the formation of Ag0 nanoparticles was 

observed by HRTEM. However, this trend significantly changes in the 
sample with 5 wt% Ag, where precipitation and the Ag-nanoparticle size 
strongly increase. These extraframework nanoparticles are located on a 
more external surface, as demonstrated by analyzing the PSD, thus fa
voring the contact with radiation and TiO2 phase, and consequently can 
be easily reduced, forming the metallic Ag0 as identified by XPS. 
Cationic Ag+ is primarily incorporated into the zeolite framework, 
clearly modifying the electrochemical behavior of the zeolite surface in 
comparison with the surface of raw H-BEA zeolite. After TiO2 coating, 
exchanged Ag+ species destabilize the anatase structure, and the con
centration of the electron-depleted Ti+4+ϕ increases. Increasing Ag 
loading, a greater proportion of Ti+4+ϕ is detected while Ag species are 
reduced to Ag0 in a concentration that becomes suitable to be detected.

These conclusions are further supported by H2-TPR analysis (Fig. 5). 
The TPR profiles of the Ag-based composites show a prominent and 
sharp peak, with a distinct shoulder. Changes in the profile and position 
of the peaks clearly indicate the presence of different Ag species 
depending on the Ag-loading and preparation procedure. Monovalent 
Ag+ species, stabilized in the zeolites, normally exhibit two reduction 
peaks: one at lower temperatures (90–150 ◦C) corresponding to the 
reduction of Ag+ to Ag4

2+, and a second at higher temperatures 
(200–500 ◦C) attributed to the reduction of Ag4

2+ to Ag0 [36,37].
The three IE Ag-based materials display two overlapping reduction 

peaks. The peak maxima are observed at 185 ◦C, 150 ◦C, and 125 ◦C for 
the composites containing 1, 3.5, and 5 wt% of Ag, respectively. Thus, 
reduction became progressively easier with increasing metal loading 
because, in this sense, large particles are formed, allowing the reduction 
mechanism exposed before. This reduction temperature range is char
acteristic of Ag+ (usually in the form of Ag2O) and cationic Agn

δ+ clusters. 
The 30TiO2–1.0Ag-BEA composite shows a higher reduction tempera
ture compared to the other composite, confirming a strong interaction 
between the Ag+ species and the zeolite framework. The small shoulder 
at low temperature corresponds to the formation of small Agn

δ+ clusters 
and Ag2O nanoparticles. As the Ag content increases, the reduction peak 
broadens, and its maximum shifts to lower temperatures. This behavior 
confirms that the increase in Ag content facilitates the formation of 
larger extra-framework particles, with weaker contact with the zeolite 
structure and consequently more easily reduced than the smaller ones. It 
is also remarkable the change in the profile. As commented, at 1 % Ag, a 
small shoulder appears at a lower temperature. With increasing Ag 
loading, the shoulder appears at a higher temperature, which agrees 
with the increase of nanoparticle size denoted by HRTEM or DRX, as 
well, the progressive reduction of these nanoparticles, as denoted by 

Fig. 5. H2-TPR profiles for Ag-based composites.
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XPS. Nevertheless, despite the clear weakening of interactions, at 3.5 % 
Ag, there is a significant fraction of Ag species reduced at 185 ◦C, and at 
5 % a large shoulder is observed at around 160 ◦C. With increasing Ag 
loading, the increasing proportion of auto-reduced Ag0 species causes 
the area involved by these curves (H2 consumption) to not increase 
linearly with the Ag loadings.

The TPR signal is especially weak when analyzing the 30TiO2-BEA- 
3.5Ag (IWI). Although it was noted by XPS that only Ag0 appears on the 
surface, TPR results confirm that a certain fraction of Ag is oxidized. 
Large particles on the external surface correspond, therefore, mainly to 
Ag0. However, the Si and Al contents detected also by XPS corroborated 
that the zeolite surface was not totally covered with the TiO2 phase. 
Thus, there is also a small fraction of Ag-species located on the zeolite 
framework (not detected by XPS), which can be stabilized as clusters of 
Agn

δ+ or even form small Ag2O nanoparticles. In any case, these species 
contributed to the H2 consumption during TPR of the IWI composite. 
This fraction of the Ag-loading is strongly anchored to the zeolite 
framework, TPR peaks being observed at temperatures significantly 
higher than in the corresponding IE composite.

The smaller TiO2 crystal size, as the formation of TiO2-Ag hetero
junction was expected to exert some effect on the visible light absorption 
of TiO2, because the energetic levels are modified by both factors 
[20,29,30]. The number of overlapping orbitals or energy levels in
creases as small as the particle size is, while doping with transition 
metals (Ag) generates new electronic states in the band gap. As an 
example, Liza et al. [20] found that the BG of undoped TiO2 is 3.29 eV, 
which decreased to 2.94 and 2.73 eV after doping with 2.5 % and 3 % 
Ag, respectively, because the absorption spectrum shifted towards the 
higher wavelength region, an effect called “Red Shift”.

The UV–Vis DRS spectra of our composites prepared by different 
doping procedures are shown in Fig. 6a. Although the spectra clearly 
resemble the behavior of pure TiO2 phase with a strong radiation ab
sorption at λ < 400 nm, the composite 30TiO2-BEA-3.5Ag showed a 
greater interaction with the radiation than their homologous 30TiO2

–3.5Ag-BEA, and in this sense, there is a slow decrease in the BG values 
calculated from the corresponding Tauc plots (Fig. 6b). This best per
formance seems to be related to the smaller anatase crystal (around 12 
nm) and the formation of effective TiO2/Ag heterojunctions. In the 
composite prepared by IE, the main fraction of the silver remains as 
Ag2O, being strongly linked to the zeolite framework; only the extra- 
framework nanoparticles of Ag0 are also suitable for the formation of 
the heterojunction. In fact, in the IE series, the BG value also slowly 
decreases with increasing Ag-loadings (see Table S2 and Fig. S5), 

because, in this sense, it also increases the extraframework Ag0 nano
particles. Nevertheless, with increasing Ag-loading, the anatase crystal 
size also increases from 12 to 21 nm. Thus, although it was expected that 
the plasmonic effect of Ag-nanoparticles improved the absorption at 
higher wavenumber, this effect is very weak even in the best case, thus 
causing a scarce effect on the BG value, probably due to a compensation 
of effects with the anatase crystal growth.

3.2. About ethylene removal

The ability of the samples to remove ethylene from the flow is 
analyzed below using two different approaches: adsorption and catal
ysis. In the first case, as this is not a destructive technique, the ethylene 
could be stored in this way until the fruit is ready to be sold and 
controlled ripening is required. Catalysis, on the other hand, attempts to 
transform it into products that do not interfere with the ripening of the 
fruit. Establishing the role of each of the component (the zeolite as a 
support for the active phase (TiO₂) and Ag as doping agent) in both 
processes, based on the physicochemical characterization presented 
above, is key to monitoring the information derived from each section.

It should also be noted that the photocatalytic tests were carried out 
after saturating the samples in darkness. This conditions the analysis of 
results, the handling of which we therefore wish to define in advance. 
Since the elimination of ethylene (in conversion values) can be affected 
by adsorption, and for the purposes of comparison between samples or 
under different experimental conditions, the monitoring of the reaction 
is discussed simultaneously on the basis of product formation. On the 
other hand, the pre-adsorption of ethylene generates a high concentra
tion of ethylene on the surface, so that in the transition between 
adsorption and catalysis, the activation of the surface causes the 
simultaneous desorption and oxidation of the adsorbed species, gener
ating negative ethylene conversion values and very high CO2 generation 
values during this period. All these aspects are discussed in detail below.

3.2.1. Adsorption - pretreatment
Before each photooxidation reaction, ethylene was passed through 

the materials in the dark until saturation, in order to avoid the contri
bution of adsorption when determining the ethylene removal by 
oxidation. The total amount of ethylene adsorbed was calculated (Fig. 7) 
from the corresponding breakthrough curves (Fig. S6) recorded. All the 
adsorption curves presented here were obtained under the following 
conditions: 100 ppm of ethylene, 21 % O2, no humidity (dry air), and a 
total flow of 25 ml.min− 1. Ethylene adsorption on raw BEA zeolite is 

Fig. 6. Comparison of the light absorption of composites doped by different methods. A) UV–Vis DRS spectra and b) Tauc plots of samples 30TiO2–3.5Ag-BEA (− ) 
and 30TiO2-BEA-3.5Ag (− .− ).
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rather small, but negligible on the TiO2 bulk sample. Thus, this 
parameter is also significantly constrained in the TiO2-BEA composites, 
exhibiting only a slight decrease as a function of TiO2 loading. The 
adsorption capacity significantly increases in the TiO2-Ag-BEA com
posites (Fig. 7). Ethylene adsorption is favored mainly on Ag+ species 
[14]. However, Ag2O and Agn

δ+ clusters can also interact with ethylene 
[16,17]. Fig. S6b presents the ethylene breakthrough curves for the Ag- 
based composites, which show the longer breakthrough or saturation 
times for these samples, leading to a substantial increase in the amount 
of ethylene adsorbed (from 1 to 291 μmol.g− 1, for samples 30TiO2-BEA 
and 30TiO2–1Ag-BEA, respectively). Taking into account that Ag- 
exchanged samples present smaller SBET or Sext values (Table 1), these 
results confirm that the Ag species present in the composite are 
responsible for the strong interaction with ethylene [14,16,17] and the 
subsequent improved adsorption capacity. Increasing the amount of Ag, 
ethylene adsorption also increases. Nevertheless, despite the strong 
adsorption increase produced after doping only with 1 wt% regarding 
the undoped composite, the improvement of the adsorption capacity is 
significantly smaller for greater Ag loadings. Thus, when Ag loading 
increases 5 times, the adsorption capacity only increases 27 % (from 291 
to 368 μmol⋅g− 1), clearly related to the progressive sintering and the 
deposition of Ag0, which are not involved in the adsorption processes. As 
expected from sample 30TiO2-BEA-3.5Ag, the adsorption capacity of 
this sample is much lower than the remaining samples. Even so, the 
ethylene adsorption capacity here from this sample is significantly 
higher than the undoped samples, meaning that the low concentration of 
Ag+ species observed by TPR (Fig. 5) is, in fact, contributing to 
increasing the ethylene adsorption capacity.

The adsorption of ethylene is quite limited in most adsorbents 
because the non-polar nature of this molecule avoids electrostatic in
teractions. This limits the possibility of using inorganic adsorbents or 
improving adsorption by modifying their surface chemistry, since sur
face groups are generally polar. The ethylene adsorption bibliography is 
also limited, probably due to the same issue, and focuses on analyzing 
other aspects, such as the separation of ethylene/ethane mixtures. 
Furthermore, it is still more difficult to make comparisons with our re
sults, considering that we analyze the performance of samples under 
dynamic adsorption conditions, whereas most studies estimate adsorp
tion capacity under static conditions.

As shown in Fig. 7, ethylene adsorption on TiO2 is negligible, sug
gesting the necessity of combining it with porous supports. Nevertheless, 

even the adsorption capacity of highly porous BEA is quite limited (13 
μmol g− 1). These results are consistent with those obtained by other 
authors using different zeolites. Cisneros et al. [38] demonstrated that 
ethylene adsorption on zeolites can be enhanced through doping with 
Ag. The zeolite framework stabilizes the Ag+ species responsible for 
ethylene adsorption via π-complexation. Based on this, Monzón et al. 
[39] found that the adsorption capacity of zeolite A modified with Ag by 
ionic exchange reached an ethylene adsorption capacity of around 2.5 
mol.kg− 1 of adsorbent in the best case, as determined in static conditions 
using a Micromeritics ASAP 2020 instrument. These results are a func
tion of the chemical nature of the Ag species and their accessibility into 
the porous system (thermal treatment).

Very recently, Pereyra et al. [40] developed a series of zeolite A 
samples exchanged with Na+, Ag+, or Zn+2 and their combinations for 
use in active fruit packaging. The best results under static conditions 
were in the same range as those detected by Monzón, i.e., 2402 μmol.g− 1 

at P/P₀ = 1 when exchanged with Ag at 40 wt%. The authors propose 
two adsorption mechanisms: in samples exchanged with alkali (Na+, K+) 
or alkali-earth (Ca+2) cations a reversible but weak interaction with the 
oxygen of the framework occurs, while covalent π-complexation occurs 
with transition metals via a dπ-pπ* back-bonding interaction. For com
parison, note that we are working in flow at a low P/P₀, approximately 
P/P₀ = 0.08 (100 ppm). According to the isotherms provided by Pereyra, 
even for Ag-exchanged zeolite, the amount adsorbed in equilibrium at 
this P/P₀ value is around 240 μmol.g− 1 (1/10 of the total adsorption 
capacity). This demonstrates the good performance of our samples, 
considering that we reach around 370 μmol.g− 1 in dynamic conditions 
with an Ag loading of 5 wt%.

Carbon materials are also an interesting, porous alternative for 
ethylene adsorption. Regadera et al. [27] developed activated carbons 
(ACs) for ethylene removal by adsorption. These carbon materials can 
interact with ethylene via π-π interactions between the adsorbents’ ar
omatic structures and the ethylene molecule’s double bond. Depending 
on the synthesis procedure for metal-free ACs, the adsorption capacity 
for 100 ppm of ethylene in dynamic conditions varies between 116 and 
181 μmol.g− 1. It has been suggested that using carbon materials as 
ethylene adsorbents can have a negative effect when heteroatoms are 
introduced [41], while removing oxygenated surface groups by reduc
tion in H2 can greatly enhance ethylene adsorption on sp2 surfaces, 
achieving values of around 2500 μmol.g− 1, which are comparable to 
those obtained with Ag-exchanged zeolites [42].

3.2.2. Ethylene photooxidation

3.2.2.1. Effect of the type of radiation. From an economic and environ
mental perspective, it is more desirable for photocatalytic reactions to be 
performed under natural solar radiation. To address this, we conducted 
a study to evaluate the catalytic behavior of the composites under 
UV–Vis and UVA-Vis radiation spectra. The performance of pure phases, 
BEA zeolite and TiO2 bulk, as well as their composites 20TiO2-BEA and 
30TiO2-BEA, were analyzed under both radiations (Fig. 8) while main
taining the rest of the experimental conditions (flow rate and concen
trations) used in the adsorption tests in the dark. BEA zeolite 
demonstrated no photocatalytic activity. Under UV radiation, both bulk 
and composite materials completely remove the ethylene in the flow 
(Fig. 8a). When using less energetic radiation (UVA-Vis, Fig. 8b), the 
catalytic performance decreases, allowing differentiation between 
samples. Despite the high activity of composite 20TiO2-BEA, in these 
conditions, total conversion is achieved only using bulk TiO2 or 30TiO2- 
BEA. These results clearly demonstrate the advantage of supported 
catalysts regarding the bulk phase. Photocatalysts with a TiO2 loading 
between 20 and 30 wt% also reach total conversion of ethylene. Only 
CO2 was detected as reaction product, and the carbon um-balance 
smaller than 2 % in any case, either under UV or Vis-radiation, thus, 
even under this less energetic radiation, the photooxidation proceeded 

Fig. 7. Ethylene adsorption capacity from parent zeolite, TiO2 bulk, composites 
without Ag, and Ag-based composites, under 0.45 g of catalyst, 21 % O2, 0 % 
RH, 100 ppm C2H4.
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selectively to CO2. Based on these results, the formation of CO2 will be 
presented along the manuscript mainly as TOF to facilitate the com
parison between samples with different TiO2 loadings, and sample 
20TiO2-BEA was selected to analyze the influence of different experi
mental conditions under UVA-Vis radiation.

3.3. Effect of the concentration of C2H4

Several authors have demonstrated that ethylene photooxidation 
follows Langmuir− Hinshelwood kinetics [43], where conversion typi
cally increases with increasing initial concentration. We used two 
ethylene concentrations (100 and 200 ppm) to study the influence of this 
parameter. Fig. 9 presents the activity of the samples in terms of 
ethylene conversion and turnover frequency (TOF) for CO2 production. 
In terms of ethylene removal, the experiment with 200 ppm of ethylene 
achieved approximately half the conversion observed with 100 ppm 
(around 90 %, as determined previously). However, when examining 
the TOF values for the CO2 formation, both curves (100 and 200 ppm) 
appear very similar, nearly overlapping each other. This observation 
confirms that the active sites of the composite are almost fully utilized at 
100 ppm of ethylene, and no additional ethylene molecules can be 
transformed by unit of time, maintaining the conditions of radiation, 

room temperature, and pressure.

3.4. Effect of the presence of water

Due to the importance of humidity in the atmosphere of fruit storage 
cameras, the influence of water presence was investigated by analyzing 
the performance of 20TiO2-BEA composite under a dry flow (relative 
humidity, RH = 0 %) compared to a flow with RH adjusted to 50 %. The 
results obtained maintaining flow, concentrations, and UVA-Vis radia
tion are presented in Fig. 10. It can be observed that ethylene conversion 
decreases significantly, from around 90 % under dry conditions to 35 % 
in the presence of humidity in the flow (Fig. 10). Under dry conditions, 
ethylene removal quickly reaches high conversion values, followed by a 
gradual decrease around a steady mean value. Similarly, the CO2 for
mation (represented as TOF) initially increases but soon stabilizes, 
reaching a stationary state.

Under wet conditions (50 % RH), the formation of highly reactive 
HO● radicals should enhance the photocatalytic process. However, the 
percentage of ethylene removal is initially very low in these experi
mental conditions, and although it gradually increases over time, the 
ethylene conversion remains approximately only around 35 % in the 
stationary state. In contrast, at the beginning of the reaction, CO2 

Fig. 8. Ethylene photooxidation conversion over time in a) UV–Vis irradiation and b) UVA-Vis irradiation for composites 20TiO2-BEA (▀), 30TiO2-BEA (▴), and TiO2 
bulk (●), under 0.45 g of catalyst, 21 % O2, 0 % RH, 100 ppm C2H4.

Fig. 9. Ethylene conversion and TOF over time of sample 20TiO2-BEA with 100 
(▀) and 200 (◆) ppm of C2H4, under UVA-Vis, 0.45 g of catalyst, 21 % O2, and 
100 ppm C2H4.

Fig. 10. Ethylene conversion and TOF over time of sample 20TiO2-BEA with 
0 (▀) and 50 (◆) % RH, under UVA-Vis, 0.45 g of catalyst, 21 % O2, 100 
ppm C2H4.
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formation showed a pronounced maximum at short reaction times. The 
low ethylene conversion is attributed to competitive adsorption between 
water and ethylene molecules, water adsorption favored by the hydro
philic nature of the zeolite support [44]. The observed CO2 peak in
dicates that ethylene adsorbed during the pretreatment step (see Fig. S7) 
(dark) is rapidly displaced by water and subsequently oxidized under 
radiation.

The overall yield depends on the entire reaction mechanism, with 
water adsorption potentially inhibiting the already limited ethylene 
adsorption on inorganic composites, given the nonpolar nature of the 
ethylene molecule. Hussain et al. [45] demonstrated that water com
petes with ethylene for the same adsorption sites, thereby reducing the 
contact between ethylene and the photocatalyst. Zhang et al. [46] 
further showed that while an increase in water content benefits the 
photooxidation of long-chain carbon molecules, for shorter-chain car
bon molecules, lower water concentrations may be more impactful.

3.5. Effect of the concentration of O2

Under dry conditions, the oxidant radical species (i.e., superoxide 
anion, O2

●− ) are generated by reduction of O2 by the photo-excited 
electrons of the CB of TiO2. It has been suggested that O2 is a better 
source of radicals for photooxidation due to its longer lifetime [47]. 
Thus, to investigate the influence of this parameter, two O2 concentra
tions were used. Fig. 11 compares the catalytic behavior obtained when 
the O2 concentration was varied. Decreasing O2 concentration from 21 
to 16 %, ethylene conversion decreases from 90 to 30 % with TOF values 
changing in a similar proportion. This confirms that dry photooxidation 
proceeds via O2

●− radicals, which are significantly limited when the O2 
concentration is reduced (photo-oxidation is reduced to a greater extent 
than the O2 concentration).

3.6. Effect of Ag-doping

The positive influence of Ag species on the ethylene adsorption ca
pacity of samples was previously commented. On this basis, it was ex
pected that the higher adsorption capacity of the Ag-BEA support could 
improve the overall performance of their derivative TiO2 composites 
[4]. Fig. 12a shows the TOF regarding CO2 production. Ethylene photo- 
oxidation follows a pattern similar to that of ethylene removal. Once the 
lamp was connected, both the ethylene desorption and the photooxi
dation to CO2 are favored. At the beginning of the reaction, therefore, 
there is a strong formation of CO2 by partially burning the pre-adsorbed 
ethylene. Then, the TOF values progressively decay until the catalysts 

reach the stationary state. In the experimental conditions used, 100 % of 
ethylene removal with a 100 % selectivity to CO2 is always achieved 
after reaching the stationary state in all cases.

Using 30TiO2-BEA composite, the total ethylene combustion is ach
ieved (Fig. 8), but the amount of pre-adsorbed ethylene is low (Fig. 7). 
Thus, the stationary state is quickly reached. Using IE TiO2-Ag-BEA 
composites, the intensity of the initial peak, as well as the tail of the 
curve, progressively increased with the Ag loadings. Thus, the amount of 
ethylene oxidized in this period is favored because of the increase of pre- 
adsorbed ethylene, showing the benefits of doping with Ag.

It is noteworthy, however, that the formation of CO2 is higher on the 
IWI-doped composite than the IE counterpart, or even higher than the 
sample doped at 5 %Ag by IE, despite the lower adsorption capacity of 
the IWI sample. These results confirm the importance of the chemical 
state and distribution of Ag-species. Ag+ favors ethylene adsorption, 
while catalytic activity is favored by the formation of TiO2/Ag0 heter
ojunctions. In IE Ag-doped samples, increasing Ag loading increases the 
adsorption capacity, but also the formation of extra-framework Ag0 

nanoparticles. In IWI samples, the formation of active heterojunctions is 
comparatively enhanced. Nevertheless, both series of samples show a 
double adsorbent/photocatalytic capacity, because both functionaliza
tion (Ag+/Ag0) are present in both sample series, IE, favoring adsorption 
regarding the stronger catalytic performance of IWI samples. Anyway, 
the cumulative amount of CO2 formed (Fig. 12b) progressively enhanced 
from bulk TiO2 to supported photocatalysts and finally after doping with 
Ag. Thus, the positive effects of dispersing the semiconductor on the 
porous support, and mainly, Ag-doping and more specifically after for
mation of effective heterojunctions by IWI, are clearly demonstrated.

4. Conclusions

A series of photocatalysts based on TiO2 were prepared by sol-gel 
techniques, and different actions were programmed to solve the clas
sical drawback of TiO2 photocatalysts, as low efficiency under solar 
radiation or high rates of recombination of photo-generated h+/e− pairs. 
The characteristics and performance of composites were tentatively 
optimized using BEA zeolite as support and fitting TiO2 loadings. 
Further improvements were attempted by doping with Ag species. For 
that, two different approaches were also used: ionic exchange of the 
support before TiO2 deposition or incipient wet impregnation of TiO2- 
BEA composites.

Results obtained can be summarized as: 

- The use of porous BEA zeolite allows for the production of highly 
dispersed nanocrystals of anatase, reducing the crystal size (recom
bination) up to TiO2 loadings of around 20 wt% and slightly 
improving the ethylene adsorption capacity.

- In Ag-BEA prepared by IE, Ag+ species are mainly fixed into the 
microporous structure of the zeolite, mainly remaining as Ag+, 
although extra-framework Ag0 nanoparticles are progressively 
formed as the Ag-loading increases. These processes indicate that 
during the posterior deposition of TiO2, anatase nanocrystals should 
grow progressively in larger pores with highly electro-deficient 
surfaces. In consequence, with increasing concentration of Ag+

exchanged, anatase crystals are progressively larger and electronic 
interactions generate TiO2 phases electronically poorest (Ti+4+ϕ) 
while Ag-species are reduced to Ag0. The strong nature of the 
established ionic bonds is pointed out by the predominance of 
oxygenated species with high B.E.

- When TiO2 is deposited on the zeolite and then impregnated to 
generate the Ag-nanoparticles, the composites show a smaller 
anatase crystal size, especially at lower TiO2 loadings. Only Ti+4 and 
Ag0 species are identified, suggesting a correct formation of the 
TiO2/Ag heterojunctions.

- Ethylene removal by adsorption is greatly improved in IE composites 
because the electronic configuration of Ag+ species favors the 

Fig. 11. Ethylene conversion and TOF over time of sample 20TiO2-BEA with 16 
(◆) and 21 (▀) % O2, under UVA-Vis, 0.45 g of catalyst, 0 % RH, 100 ppm C2H4.
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complexation with the π-electrons of the ethylene molecule. 
Adsorption progressively improves with Ag-loading up to 5 wt%. The 
presence of humidity exerted a negative influence because there is 
competition with ethylene for the adsorption sites.

- Photocatalysts are active and totally selective for the total mineral
ization of ethylene to CO2, even under visible radiation. However, 
the conversions strongly decreased again in the presence of humidity 
or oxygen concentration. The best catalytic performance is found by 
impregnation (IWI) of TiO2-BEA composites, favored by a more 
preserved porosity and surface area values, smaller nanocrystals of 
anatase, and the formation of efficient TiO2/Ag heterojunctions.

- In designing specific devices to be installed in large storage chambers 
of climacteric fruits, we can take advantage of the strong improve
ment of the ethylene adsorption capacity on Ag-exchanged zeolites 
and specific photocatalysts by doping via impregnation of deposited 
TiO2 on the zeolite. A first column filled with Ag/zeolite can be used 
to pre-concentrate ethylene emitted by fruits by adsorption in the 
dark, followed by another column, or a section in the same column, 
containing the photocatalytic active phase highly dispersed on 
porous supports. After saturation of the first column, radiation is 
connected, favoring ethylene desorption in the first column and 
combustion in the second column, saving energy during the satura
tion periods. Alternatively, the use of independent columns can also 
permit the storage ethylene to be desorbed when the fruit will be 
commercialized, in order to provide the best quality to consumers.
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