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Abstract

Propylene epoxidation in mild conditions using molecular Oz is a highly desirable reaction that
represents a significant challenge in the field of heterogeneous catalysis for the synthesis of
oxygenated organic compounds of industrial interest. In this work, CuxO/TiO2 composites with
different mominal CuO loadings (in the range of 0.5-8.4 wt%) were used to promote the
photocatalytic epoxidation of propylene with molecular oxygen under UV-A irradiation in a
fluidized bed system. The photocatalysts were prepared by a straightforward method consisting of
thermal annealing of physical mixtures between copper acetate and sol-gel-derived TiO,. Different
characterization techniques were employed to assess the influence of CuxO content on the physical-
chemical properties of the CuxO/TiO> composites. The best combination in terms of propylene
conversion and selectivity towards propylene oxide (18.1% and 72%, respectively) was obtained
with CuxO/TiO; at 1.1 wt % CuO, as shown by photocatalytic tests. The high propylene oxide
selectivity is due to the ability of CuO in the CuxO/TiO2 composite to transform molecular Oz into
hydrogen peroxide that in turn is able to directly oxidize propylene to propylene oxide. By using a
UV-A light intensity of 297.2 mW cm2, the propylene conversion and the epoxide yield were 31.5
and 22.2%, respectively, significantly higher than that reported in the literature. Moreover, the
energy consumption of the reaction system employed in this paper was significantly lower than that

of photocatalytic systems studied in the literature dealing with selective propylene epoxidation.
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1 Introduction

Propylene oxide, also known as propene oxide, methyloxyrane or 1,2-epoxypropane, is an
important raw material used in the chemical industry for the synthesis of several compounds, such
as polyols, propylene glycol, glycol ethers, and non-ionic surfactants 1. In particular, propylene
oxide appears to be the third propylene derivative most synthesized by the process industry,
following polypropylene and acetonitrile [*- 2, For this reason, the global propylene oxide market is
expected to experience significant growth in the next years.

Nowadays, the synthesis of propylene oxide (PO) by industrial chemical plants occurs through five
different conventional processes (Figure S1): i) Chlorohydrin Process (CL), ii) Tert-butyl alcohol
co-product process (PO/TBA), iii) Styrene co-product process (PO/SM), iv) Hydrogen Peroxide
Process (HPPO), and v) Cumene Process (POC) E,

The predominant method for producing PO is the chlorohydrin procedure (CHPO), constituting
37% of global production B3, However, to eliminate the use of chlorine in synthesis, alternative
processes have been developed employing organic hydroperoxides for olefin epoxidation.
Specifically, organic intermediates such as Ethylbenzene (PO/SM), isobutene (PO/TBA), or
cumene (CHP) are utilized. These methods involve initial peroxidation of the intermediate molecule
followed by propylene epoxidation through olefin interaction with the generated peroxide. The
cumene process (CHP) offers the advantage that the coproduct, dimethylphenylmethanol, can be
recycled by hydrogenation and dehydration back into cumene. On the other hand, the direct
epoxidization of propylene using H202 and TS-1 catalyst (I, with over 90% PO selectivity,
commercialized by Evonik (formerly Degussa) in 2008, generates only water as a byproduct.
However, the relatively high cost of H20. in 2019 (around 500 USD/t) compared to propylene
oxide (PO) (approximately 1500 USD/t) poses a significant economic challenge for this process [,
Consequently, while the preference is for oxidation using abundant and inexpensive oxygen, a

catalytic process capable of selectively epoxidizing propylene remains a challenge. Indeed, the main



limitation of such processes is that they do not allow direct oxidation of the olefin by molecular
oxygen. This peculiarity implies the following disadvantages: i) low atom economy, ii) harsh
reaction conditions (high T and P, low pH), iii) use of toxic reactants, iv) presence of solvents and
by-products, and v) complexity of the separation and purification section 3 61,

In recent decades, research has focused on the formulation and application of thermal catalysts for
the epoxidation of propylene by molecular oxygen with the aim of having a process with high
epoxide yield. The best-performing catalysts in terms of conversion and selectivity are based on
noble metals (silver or palladium) as active phases [l Although these processes have high
propylene conversion values and selectivity to the desired product, they require high operating
temperatures (400 — 500 K) and pressures (10 —80 atm) and the presence of solvents (such as
benzene, acetonitrile, chlorobenzene and methanol) in the reaction medium [,

Among the diverse array of alternative processes available, direct photocatalytic propylene
epoxidation emerges as a promising and sustainable solution, exploiting molecular oxygen as
oxidant. This feasibility stems from several key factors: firstly, molecular oxygen boasts 100 wt%
active oxygen, making it an ideal oxidizing agent; secondly, solar light serves as a reliable,
abundant, and eco-friendly energy source; and thirdly, light-driven photo-epoxidation can be
doubtless conducted in mild temperatures. Despite the numerous advantages of photoepoxidation,
practical applications encounter challenges such as inefficient utilization of light, unsatisfactory PO
yield (low PO selectivity and inefficient propylene conversion), and potential photocatalyst
deactivation [©1,

To navigate towards economic and environmental sustainability, the primary objective is to identify
selective photocatalysts based on non-noble metals and employ a reactor configuration that
enhances the performance of the reaction system.

A viable strategy involves the utilization of copper oxide-based photocatalysts, which enable in situ

production of H,02 1, thereby enhancing selectivity towards the olefin epoxidation reaction.



An excellent choice for the photoreactor configuration is the use of a fluidized bed photocatalytic
reactor. Indeed, this reactor configuration compared to fixed bed photoreactors shows the
photoactivity increase partially associated with higher light absorption due to the utilization of
scattered light by the catalysts particles and photocatalyst recirculation %, Furthermore, the use of
a fluidized bed photoreactor enhances photonic efficiency and limits photocatalyst deactivation
phenomena during oxidation reactions Y. For these reasons, this configuration could allow
possiblyresulting-r a high and stable yield of propylene oxide 2, Based on these considerations,
the objective of this work was to formulate, synthesize, and test a titania-based photocatalyst with
an active phase consisting of copper oxide for the selective photoepoxidation of propylene in the
presence of molecular oxygen using a fluidized bed reactor. It is worthwhile to note that no
scientific paper delving into the PO photocatalytic synthesis from propylene epoxidation in the

presence of CuxO/TiO2 composites is reported in the literature.

2 Materials and methods

2.1 Materials

Titanium tetraisopropoxide (C12H2804Ti at purity higher than 97 wt%, Sigma Aldrich), copper(ll)
acetate (Cu(CO2CHs)2 at purity higher than 99 wt%, Sigma Aldrich), titanium(IV) oxysulfate
solution (TiOSO4 ~ 15% (w/w) in dilute sulfuric acid > 99.99%, Sigma Aldrich), distilled water
(Carlo Erba), and glass spheres (Lampugnani Sandblasting HI-TECH: 70-110 um grain size) were

purchased and used as received.



2.2 Preparation of TiO2z used as support for CuxO

The TiO, photocatalyst was synthesized by exploiting the advantages of the sol-gel ™31, In the
preparation step, 12.5 mL of titanium tetraisopropoxide (TTIP) was added drop by drop into 25 mL
of distilled water. Subsequently, the resulting mixture was stirred at room temperature for 10 min.
The resulting suspension underwent centrifugation and was subjected to three washes with distilled
water. Finally, the recovered materials were placed in a muffle furnace and heated to 450 °C for 30

min in a static air environment.

2.3 Preparation of CuxO/TiO2 composites

The CuxO/TiO2 composites were prepared using the synthesis method proposed by Manoj et al. 41,
Utilizing an agate pestle and mortar, a fixed quantity of pre-synthesized TiO2 powder (obtained in
the previous stage) underwent grinding for 3 h in conjunction with copper acetate. The resultant
finely ground mixture was subjected to calcination for 1 h at 400 °C in a muffle furnace.
Throughout this heating process, the combined raw materials underwent gradual decomposition and
oxidation of copper acetate. Specifically, five photocatalysts at different nominal CuO loads were
synthesized. The nominal percentages of copper oxide (expressed as CuO) in CuxO/TiO:
composites and the amount of the copper acetate and TiO2 employed are reported in Table S1. The
photocatalysts were named CuO(x%)/TiO2, where x% is the nominal CuO weight percentage in the

photocatalysts.

2.4 Characterization of the photocatalysts

X-ray powder diffraction (XRD) was performed on a Philips X Pert diffractometer equipped with a

Cu Ko radiation (26 range = 20" — 80°; step = 0.02° 20; time per step = 1 s).



The Brunauer Emmett and Teller (BET) surface area of the catalysts was assessed through dynamic
N2 adsorption measurements at — 196 °C, utilizing a Costech Sorptometer 1042 following a 30 min
pre-treatment in a helium flow at 150 °C. Laser Raman spectra were obtained at room temperature
using a Dispersive MicroRaman (Invia, Renishaw), equipped with a 514 nm laser, covering the
range of 100 — 800 cm™ Raman shift. The UV-A-Vis diffuse reflectance spectra (UV-A—Vis DRS)
of the catalysts were acquired using a Perkin EImer Lambda 35 spectrophotometer equipped with a
RSA-PE-20 reflectance spectroscopy accessory (Labsphere Inc., North Sutton, NH). Band gap
values of the nanocomposites were determined employing the Kubelka—Munk function (KM) and
plotting (KM x hv)? against Av.

A fluorescence spectrometer LS 55PerkinElmer with an Xe lamp as the excitation source was used
to record the photoluminescence (PL) spectra at room temperature. The samples were excited using
light of a wavelength of 362 nm.

X-ray Photoelectron Spectra on CuO(4.2%)/TiO2 and CuO(8.4)%/TiO. were acquired under ultra-
high vacuum conditions (~10® Pa) using a PSP CTX400 non-monochromatic Al X-ray source (
HV=13.5 kV, emission current lemiss=12 mA) and a VSW Class 100 concentric hemispherical
analyzer. A common Pass Energy (PE) value has been chosen for the survey and High Resolution
(HR) spectra acquisitions, equals to 44 eV. A Cu acetate reference sample has been analysed as
reference for the Cu(ll) oxidation state. The analysis has been performed by means of a PHI
Versaprobe 5000 with monochromatic Ka X-ray source (1486.6 eV), and a double charge
compensation system, with electron beam and Ar* ions. Survey and High Resolution (HR) spectra
were acquired with pass energy values of 187 eV and 23 eV, respectively. Data analysis was
performed with Casa XPS (Version 2.3.18) software. The calibration of the binding energy scale
was achieved by assigning an energy value of 284.8 eV to the main contribution (C-C) of the C 1s

region.



2.5 Photoepoxidation activity tests

Figure 1 depicts the schematic pictures of the experimental plant employed in this study. The
experimental system comprises i) four Mass Flow Controllers (MFCs) from Brooks Instruments for
precisely feeding various chemical species to the reactor (in detail CsHs, O2, N2, H20); ii) a
temperature-controlled saturator to feed water vaporized to photoreactor; iii) the photoreactor; iv) a
mass spectrometer (Trace MS; ThermoQuest) for analyzing the composition of the gaseous stream

exiting the reactor; v) a continuous CO-CO analyzer (Uras 10; Hartmann & Braun).
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Figure 1: Schematic picture of the experimental plant used for the photoepoxidation activity tests.



The photoreactor used for the photocatalytic activity tests is a fluidized bed reactor. It has planar
geometry, with two Pyrex windows for irradiating the photocatalytic bed, next to one of which the
lighting source for activating the photocatalyst was placed. This photoreactor has already been used
for photocatalytic tests for the synthesis of organic compounds through selective oxidation
reactions. A more complete description is reported in our previous works 1% 81, The light source is
constituted by a matrix of 120 UV-A LEDs (with the wavelength emission peak centered at
365 nm) or 120 visible light LEDs (whose emission spectrum is reported in Figure S2 of Supporting
Information). More details the light sources used for the activation of the photocatalyst are reported
in Supporting Information (Section SM.1).

The photocatalytic activity tests were conducted by feeding a gaseous stream consisting of CsHe,
02, H20 and N2, with a total inlet volumetric flow rate equal to 30 L h (STP). In particular, the
inlet propylene concentration was 4000 ppm, the molar concentrations of propylene and oxygen fed
into the reactor were set to the stoichiometric ratio of the olefin epoxidation reaction
(Fr = ccans™ / co2'N = 2), and the concentration of vaporized water into the inlet stream was fixed at
1000 ppm.

Before the photoepoxidation tests, a fixed quantity of photocatalyst was mixed with 20 g of glass
spheres (grain size: 70-110, Lampugnani Sandblasting HI-TECH) to guarantee fluidization 2 and
loaded inside the photoreactor. In particular, the experimental tests were conducted with a
photocatalytic bed in a bubbling fluid regime, guaranteeing a gas surface velocity of about six times
the minimum fluidization velocity. More details on the fluidization regime are given in Supporting
Information (Section SM.2).

Moreover, initial tests were performed to evaluate the amount of solid particles carried out of the
reactor by fluidizing the powders for several hours. No significant elutriation was observed (see
section SM.3 of Supporting Information), which was also confirmed by the steady photocatalytic

activity throughout the irradiation time during the photocatalytic tests (vide infra).



Dark equilibrium adsorption data of CsHe on photocatalysts surface were obtained by integration of
the concentration profiles before the photocatalytic tests. UV-A LED modules were switched on
after the complete adsorption of olefin on the photocatalyst surface. All the photoepoxidation tests
initially started at room temperature and when the LEDs were turned on there was an increase in
temperature up to 40 °C due to the heat dissipated by the LED matrix.

The data collected by the acquisition devices were exploited to evaluate the performance of the
photocatalytic reaction. The parameters analyzed were: i) the conversion of propylene (X), ii) the
yield to PO (), iii) the selectivity to PO (S), and iv) the selectivity to CO and CO2z (Sco + co2). They

were calculated using the following relationships:

Cng— COM,
X = (T) £ 100 )
C3Hg
o
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Where ¢y, is the inlet concentration of propylene, c2457, c2ifl o, c&y" and c25 are the outlet
concentrations of propylene, propylene oxide, carbon monoxide, and carbon dioxide, respectively.

Furthermore, two experimental tests were conducted to confirm the generation of hydrogen
peroxide using the optimal photocatalyst and bare TiOz. For these tests, a feed stream with a flow
rate of 30 L h™* (STP) containing 1000 ppm of water, 1000 ppm of oxygen and nitrogen was fed to
the reactor, and UV-A light was used to activate the photocatalytic bed. In this test, the gaseous
stream exiting the reactor was conveyed into a glass bubbler containing 25 mL of distilled water. At

fixed times (0 min, 15 min, 30 min, 60 min, 120 min, and 180 min), 1 mL of solution was taken,
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and the presence of H2O. was determined by adding 300 pL of titanium(IV) oxysulfate solution to
each sample and and by measuring the absorbance of the H202/TiOSO4 complex at A = 410 nm [

using a UV-Vis spectrophotometer (Lambda 35, PerkinElmer).

3 Results and Discussion

3.1 Photocatalysts characterization

Figure 2 shows the XRD patterns of the bare titania and the copper-loaded titania samples. As
commonly observed for samples prepared by the sol-gel method and calcined at temperatures below
600 °C, titania displays the peaks of the anatase phase, although a weak 2-theta signal at around
30.8 reveals the presence of a tiny fraction of brookite, being other peaks common to the anatase
phase [l The formation of copper oxide can be easily recognized starting from the sample
containing the lower copper content, CuO(0.5%)/TiO», through the signals at 35.5° and 38.9° (CuO
JCPDS card no. 00-041-0254). In particular, it is possible to observe the presence a weak peaks due
to copper oxide at 38.9° for the photocatalysts at CuO content of 0.5 and 1.1 wt%, evidencing the
presence of small-sized crystallites copper oxide in such samples 8. As the copper content
increases, the peaks at 35.5 and 38.9° also become more evident, confirming the formation of CuO
with crystallite size greater than 4 nm [° and proving the effectiveness of the heterojunction
synthesis method. The formation of Cu20, if present to any extent, is hardly detectable because the
most intense peak (37.105° in JCPDS card 35-1091) overlaps with one of titania anatase (JCPDS

card 01-078-2486).
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Figure 2: XRD patterns of the TiO2 and CuxO/TiO2 samples. The labels identify the main peaks of anatase (°), brookite (A)

and CuO (*).
XPS technique was involved to shed light on the oxidation state of Cu 2%, We started looking at the
reference sample of Cu acetate, to verify the Cu state of the precursor. After a survey spectrum
acquisition (not reported) we deduced the presence of C, O, Cu as expected from the composition of
Cu(CH3COO0).). Going deeper into the chemical state of Cu, we acquired HR spectra in the region
of the Cu2p doublet (see Figure 3). The shape and position of this 2p doublet are those known and
reported in literature 2! for the oxidation state of Cu(ll), which is easily recognizable by the
presence of the shake-up satellite between 940 and 950 eV, for the Cu2p3/2 component. We
therefore have the confirmation that the Cu precursor is in the +2 oxidation state. Taking this as a
reference, we moved on to the CuxO-TiO, composite materials. We decided to check the
CuO(4.2%)/TiO2 and CuO(8.4)%/TiO, samples. The survey spectra (not shown) showed the
presence of C, O, Cu and Ti, as expected. The HR regions of Cu2p (see Figure 3) show slightly

different doublets, when compared to the previous one of Cu-acetate. The shake-up satellite is
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reduced in intensity for both samples, while the photoelectronic peaks show higher FWHM values,
due to the presence of more than one oxidation state, since there is a shift towards lower binding
energy for lower oxidation states: Cu(l) is predicted at 932.2 eV, while Cu(ll) is usually found

between 933.8-934.7 eV 211,

i Cu2pq,2 cu(ll) Cu2pzp
satellite
1CuO(4.2%)/TiO, Cu(ll): 58%
';' ] T T T T T T T T T T T =
S,
2 Cu(ll): 49%
0
&  Cuo(s.4%)Tio,
E i 1 L 1 . I Y ) LS ) v 1
;ijxf“\\\\~“\ Cu(ll): 100%
1 cu acetate

1 ! I L | L 1 ¢ I ! I ! I !’ 1
956 952 948 944 940 936 932 928
Binding Energy [eV]

Figure 3: XPS Cu2p HR regions for samples (top) CuO(4.2%)/TiO2, (middle) CuO(8.4%)/TiO2 and (down) Cu acetate. A
fitting procedure was applied to each Cu2ps2 peak and its satellite, to infer their area ratios, to be able to calculate the
relative abundance of the Cu(ll) oxidation state, according to 24,

To calculate the relative abundance of the Cu(ll) component, for all three samples, we followed the
method of M. C. Biesinger et al. Y1 which requires the evaluation of the Cu2ps;, peak area to be
compared with the relative satellite area, by means of a fitting procedure, which has no chemical-
physical meaning, since no component is attributed to each curve used to infer the peak total area.
The procedure was applied to all spectra (as reported in Figure 3), and gave, as a result, for the Cu
acetate sample an abundance of the Cu(ll) oxidation state equals to 100%, while it gave 58% for

CuO(4.2%)/TiO2 and 49% for CuO(8.4%)/TiO2. We then found, from XPS analysis, that the
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average oxidation state of Cu changes from sample to sample, with a total composition of 100%
Cu(Il) for the reference precursor Cu acetate.

Figure 4 depicts the Raman spectra evolution of all the analysed samples. Pure TiO; evidenced the
Raman bands typical of TiO- in the anatase phase 1?2. More in detail, the Raman bands at about 144
and 636 cm™ are assigned to the symmetric stretching vibration of O—Ti—O 2% 23] while the signals
at about 394 and 514 cm™ are generated from the symmetric and anti-symmetric bending vibrations
of O-Ti-O, respectively 4. Pure CuO showed Raman bands at 291, 343, and 636 cm ™%, which well
agree with the Raman analysis of CuO crystals reported in the literature 251, The increase of CuO
content in CuxO/TiO, photocatalysts resulted in a lower intensity of the TiO, Raman band at 144
cm® because of the dispersion of copper oxide nanoparticles on the TiO2 surface, determining a
sharing effect of the surface O entities % 26 and indicating the possible formation of a
heterojunction between TiO. and copper oxide. Furthermore, the presence of CuO on the TiO>
surface was confirmed by the band formation at 291 cm™, which appeared more evident as the
amount of the CuO increased 1. Therefore, the Raman spectroscopy results are fully consistent

with the XRD analysis.
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Table 1 shows the specific surface area (SSA) values of all the photocatalysts calculated through the

BET method. The results highlighted that the highest SSA value is that of TiO, (79 m? g1), while

bare CuO shows the lowest value (9 m? g?). Furthermore, the SSA value decreases with the

increase of the CuO load within the CuxO/TiO2 composites. This behaviour may be due to the

deposition of progressively increasing amounts of copper oxide on the surface of TiO>, as reported

in the literature [28],
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Table 1: Specific surface area (SSA) and optical energy band gap (Eng) values for the synthetized photocatalyst in comparison

with bare CuO.

Sample SSA[m?g?] Eng[eV]
TiO: 79.0 3.20
Cu0(0.5%)/TiO2 78.0 3.10
CuO(1.1%)/TiO2 76.0 3.05
Cu0O(2.1%)/TiO: 75.0 3.00
CuO(4.2%)/TiO2 74.0 2.87
CuO(8.4%)/TiO> 70.0 2.50
CuO 8.8 1.52

The UV-Vis DRS spectra of the photocatalysts in terms of Kubelka-Munk function as a function of
wavelength (in the range 300-900 nm) are presented in Figure 5. As expected, bare TiO exhibited a
strong absorption feature below 400 nm, evidencing that this sample can absorb only in the UV-A
region of the electromagnetic spectrum 2°1. On the other hand, the presence of CuO in CuxO/TiO;
composites induced a red shift of the absorption onset and the generation of additional absorption
contributions in the range of 400-800 nm %, In detail, the absorption band extending from about at
450 nm to about 550 nm is assigned to the electrons transfer from the valence band of TiO; to the
conduction band of CuO 2% 31, Sych optical absorption can be evidence for the generation of a
heterojunction between CuO and TiO: in the CuxO/TiO2 composites. Additonally, the broad band
located in the range of 700—800 nm is associated with the d—d transition of Cu?* of bulk copper

oxide particles 20 31-32],
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Figure 5: Kubelka-Munk function (K-M) values as a function of wavelength for TiO2 and CuxO/TiO2 composites.

The Tauc plot, which is used to determine the optical energy band gap (Eng) of bare TiO,,
CuxO/TiO2 composites and pure CuO, is depicted in Figure S5 (Supporting Information) while the
obtained values of Eng are reported in Table 1. The Eng of pure TiO2 and CuO was 3.20 and 1.52 eV,
respectively. Compared to pure TiOz, the Eng of the CuxO/TiO2 photocatalysts decreased with the
increase of CuO content, in agreement with literature papers dealing with the formulation of copper
oxide-based photocatalysts 2% 28 331 |n particular, the Eng of CuO(0.5%)/TiO2 was 3.1 eV and
decreased up to 2.5 eV for the CuO(8.4%)/TiO> sample (Table 1).

Photoluminescence spectra were acquired at an excitation length of 362 nm to follow the fate of the
hole-electron pairs (Figure 6). The spectra show some characteristic titania peaks such as the one at
425 nm attributed to the radiative recombination of the self-trapped electrons (STE) and

corresponding to the band gap of the titania anatase **. The extent of photogenerated electron

17



trapping has a strong influence on the efficiency of photocatalytic systems and can cause a
mismatch between the PL peak and the absorption edge (Stoke shift) B3, The mechanism of STE
formation is complex and is attributed to the interaction between carriers and acoustic phonons 1,
However, Litke et al report that, in TiOz, this mechanism has not been fully elucidated 358, Another
characteristic peak is the one at 490 nm, attributed to the oxygen vacancy with two trapped
electrons, i.e. the F-center 71, The gradual dropping of the PL intensity as the copper load increases
is a sign of a more effective separation of electrons and photogenerated holes. This result can be
explained by the transfer of electrons from TiO2 to copper oxide nanoparticles at the interface 2%, in

agreement with Raman and UV-Vis DRS results.
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Figure 6: Photoluminescence spectra of bare TiO2 and CuxO/TiO2 samples.
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3.2 Photoepoxidation activity tests

3.2.1 Influence of CuxO loading

To assess the influence of CuxO loading, the photoepoxidation activity tests of the prepared samples
were performed by feeding 4000 ppm of CsHs into the photoreactor (stoichiometric molar ratio,
Fr = Ccane™ / co2™ = 2), irradiating the photocatalytic bed with a UV-A light intensity of 142 mwW
cm, and using a mass of photocatalyst equal to 3.2 g.

Figure 7 shows the results of the photocatalytic epoxidation test on the CuO(1.1%)/TiO>
photocatalyst. After switching on the UV-A LEDs, a rapid increase in the conversion of propylene
was observed due to the propylene partial desorption from the catalyst surface caused by the
temperature increase from room temperature up to 40 °C. However, the propylene conversion
became stables after 15 min of irradiation evidencing the reaching of the steady-state condition
(Figure 7a). Simultaneously, the formation of PO was observed. After about 25 min of irradiation
time, the PO concentration reached a steady state value. At this point, the LEDs were switched off
and a decrease in propylene conversion and PO concentration were observed. During the irradiation
period, CO2 and CO were also detected (Figure 7b) and the steady state values were 710 and 15
ppm, respectively. No other products were detected during the overall irradiation time. The thermal
effect on propylene conversion was assessed through a control test conducted at 40°C without
activating the light source, and the results confirmed that no propylene conversion occurred under

these conditions.
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Figure 7: a) CsHs conversion (X), CsHsO concentration, b) CO2 and CO concentrations during the photoepoxidation test with

CuO(1.1%)/TiO2 under UV-A light.
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The results of propylene photoepoxidation tests for all the tested photocatalysts are summarized in
Table 2. Bare TiO2 showed a propylene conversion of 14.8% with a very low PO selectivity (lower
than 3%) and a very high selectivity to carbon oxides (higher than 97%), underlining that in the
absence of copper oxide, TiO> is not able to promote the selective formation of the epoxide. On the
other hand, an increase in propylene conversion from 15.7 to 18.1% was observed when the
nominal CuO load in the composites increased from 0.5 to 1.1 wt% (i.e. for CuO(0.5%)/TiO; and
CuO(1.1%)/TiO. photocatalysts, respectively). It is worthwhile noting that the PO selectivity and
yield achieved with the CuO(1.1%)/TiO2 photocatalyst were 72 and 13%, significantly higher than
that observed for bare TiO.. Since the amount of propylene adsorbed under dark conditions
decreases with increasing CuO loading, the improved photoepoxidation performance can be solely
ascribed to the role of CuxO, which, under irradiation, acts as an active phase that can promote the
formation of hydrogen peroxide in situ from molecular O2 (see the photogenerated charges transfer
mechanism for the CuxO/TiO> composite reported below). Once generated, hydrogen peroxide is
the main oxidant involved in the mechanism of the propylene epoxidation reaction, as widely
reported in the literature 8. On the other hand, an increase of CuO content from 1.1 to 8.4 wt%
resulted in a decrease in propylene conversion from 18.1% to 5.9 %. This result can be explained by
invoking a phenomenon also known as "shielding effect" and reported in several literature papers
(391, probably, for CuO content higher than 1.1 wt%, the colored copper oxide may hinder the
effective irradiation of the not-coverd TiO; surface (photon absorption competition) %1, It is also
reported that CuO loadings higher than the optimal ones (i.e. able to induce the formation of an
effective heterojunction interface) may generate potential recombination sites for the
photogenerated charge carriers 2% 3L 41 As a consequence, a worsening of the photocatalytic
activity is obtained.

From the results of the tests, it emerged that the optimal sample was CuO(1.1%)/TiO-, since the

highest PO vyield value of 13% was obtained for this photocatalyst without a dramatic change in PO
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selectivity (Figure 8). For this reason, the subsequent photoepoxidation activity tests were

conducted using the CuO(1.1%)/Ti0- photocatalyst.

Table 2: Steady state values of propylene adsorption during dark phase, propylene conversion (X), selectivity (S) and yield

(Y) to PO, and selectivity to CO + COz2 (Sco+coz) for photoepoxidation tests under UV-A light by varying the CuO load in the

photocatalysts.
Photocatalyst CuO [wt9%] CsHs Adsorbed [umol gcat?] X [%] S[%] Y [%] Scoscoz [%0]
TiO: 0.0 55 14.8 2.7 0.4 97.3
Cu0(0.5%)/TiO2 0.5 53 15.7 60.4 9.5 39.6
CuO(1.1%)/TiO2 1.1 5.0 18.1 72.0 13.0 28.0
CuO(2.1%)/TiO: 2.1 4.6 14.7 78.3 11.5 21.7
CuO(4.2%)/TiO: 4.2 4.4 8.5 76.1 6.5 23.9
Cu0O(8.4%)/TiO2 8.4 3.6 5.9 75.1 4.5 24.9
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Figure 8: Steady state values of selectivity (S), and yield to PO (Y) for photoepoxidation tests under UV-A light by varying

the CuO load in the CuxO/TiO2 photocatalysts.
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3.2.2 Possible reaction and electron-hole transfer mechanism at the interface between CuO,
Cu20 and TiO2

The Mulliken relationship combined with the Nernst equation were applied to determine the edge

positions of the valence band (Eve) and conduction band (Ecg) at pH=7 (vs NHE) for TiO, and

CuO and Cu,0 [0 42l

Evg = X — Ec + 3 Epg—0.059%7  (5)

Ecg = Eyg — Epy (6)

where X is the absolute electronegativity of TiO (5.81 eV), CuO (5.81 eV) 3l and Cu.0 (5.33 eV)
[441 E. is the energy of free electrons on the hydrogen scale (ca. 4.5 eV), and Epq is the band gap
energy of the TiO2 (3.2 eV), CuO (1.52 eV) obtained from UV-Vis DRS analysis (Table 1), and
Cu20 (1.99 eV) 41, Taking into account the results and the works reported in the literature [“°l, the
charge transfer (electrons and holes) in CuxO/TiO2 composite photocatalysts, considering the couple
TiO2-Cu20 and TiO2-CuO, is could be classified as a straddling gap (type 1) ¢l Indeed, the Evs
and Ecg of TiO; are 2.5 V (vs NHE at pH=7) and — 0.7 V (vs NHE at pH=7), the Evs and Ecg of
Cu20 are 1.41 V (vs NHE at pH=7) and — 0.58 V (vs NHE at pH=7), while the Evs and Ecg of CuO
are 1.66 V (vs NHE at pH=7) and 0.14 V (vs NHE at pH=7), respectively, achieving the band

alignment reported in Figure 9.
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Figure 9: Proposed mechanism for electron and hole transfer in propylene photoepoxidation under UV-A light irradiation.

As shown from UV-Vis DRS spectra, CuxO/TiO2 composite is able to absorb UV-A light (Eq. 7).
At the CuO/TiO; interface, the photogenerated holes transfer from the TiO> valence band (VB) to
the CuO VB and subsequently to the Cu.O VB. whereas Simultaneously, the electrons that are
promoted in the TiO2 conduction band (CB) moved into the Cu2O CB, and finally to CuO CB.
Since the 02/02 " reduction potential (-0.35 V vs NHE at pH=7 ) is more negative than the Ecg of
CuO, the electrons in the CuO CB cannot reduce molecular oxygen to superoxide radical. On the
other hand, since the CuO Ece (+0.14 V vs NHE at pH=7) is less positive than the reduction

potential of O2/H20- (+0.28 V vs NHE at pH=7), the electrons in the CuO CB are able to reduce O>
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to H20; involving H* (Eq. 9 7)) that transfers from the hole site to the electron site thanks to proton
hopping and/or proton diffusion events 181,

However, the holes in the TiO, VB can oxidize the adsorbed H>O to generate hydroxyl radicals (Eq.
8) because the reduction potential of the OH/H,O pair (+2.31V vs NHE at pH=7 [“7]) is less
positive than the Evg of TiO2 (+2.5 V vs NHE at pH=7) whereas the holes in the Cu.O VB cannot
generate hydroxyl radicals from water since the Evs of Cu20 (+1.41 V vs NHE at pH=7) is less
positive than of OH'/H20O pair. Therefore, the generated hydrogen peroxide (Eqg. 9) allows the
epoxidation of adsorbed propylene (Eqg. 10) [** %8 Simultaneously, the oxidation of propylene to

CO; can occur via positive holes and hydroxyl radicals (Eq. 11) 191,

Cu,O0/Ti0O, + hv > h* + e~ (7)
h* + H,O(qas) » OH® + H* (8)
2e”+ 0, + 2H* - H,0, 9
C3Hey, + H20; > C3HeO + H,0 (10)

C3He 44y + OH*/h*™ — intermediates - CO, + H,0 (11)

An additional photoepoxidation test was performed with the CuO(1.1%)/TiO2 photocatalyst under
the same operating conditions but in the absence of water to confirm the key role of hydrogen
peroxide in the generation of PO. The results obtained from this test are shown in Figure 10. When
the UV-A LEDs were turned on, the steady-state propylene conversion was about 6% and only
carbon oxides were detected with a selectivity higher than 99%. Such a result is a clear indication
that the positive holes are also involved in the mechanism that leads to the mineralization of
propylene since the formation of hydroxyl radicals (Eq. 8) does not occur when water is not
continuously present in the reaction medium. Furthermore, the epoxide selectivity recorded in the

overall irradiation time was negligible. Based on the latter result, it is possible to argue that the
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propylene epoxidation reaction can selectively occur only when hydrogen peroxide is in situ
produced under irradiation. Indeed, in the absence of water in the gaseous stream, the hydroxyl
radical formation cannot be generated and therefore H* is not formed (Eq. 8). As a consequence, the

hydrogen peroxide generation cannot occur through the reaction involving molecular Oz and H™,

(Eq. 9).
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Figure 10: CsHs conversion (X) and PO concentration (Cro) in the photocatalytic test with CuO(1.1%)/TiO2 under UV-A light

in the absence of H20.

Other tests were carried out to evaluate the activation of the CuO(1.1%)/TiO photocatalyst with
visible light and to analyze the generation of hydrogen peroxide by the photocatalyst. The results of
the epoxidation tests in the presence of visible light showed that the CuO(1.1%)/TiO2 photocatalyst

cannot be efficiently excited for the generation of H.O (Figure S6 of Supporting Information).
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Indeed, in this case, PO was not detected, while the obtained propylene conversion was
approximately 5% with the formation of only CO and CO.. Possibly, propylene was oxidized to CO
and CO2 (Eq. 12) by the positive holes generated in the VB of Cu20. On the other hand, the non-
formation of PO can be explained considering that only CuO and Cu20 in CuO(1.1%)/TiO- can be
excited by visible light (CuO Eng = 1.52 eV; Cu20 Eng=1.99 eV), and this does not allow the
formation of H>O> because the Eve of CuO (+1.41 V vs NHE at pH=7) is less positive than of
OH'/H20 pair. Consequently, under visible light, the H* necessary for the formation of H,O, from
02 cannot be generated (Eq. 9).

On the other hand, the tests for the evaluation of the generation of hydrogen peroxide demonstrated
the formation of this oxidizing agent by CuO(1.1%)/TiO photocatalyst under UV-A light. Indeed,
from the spectrophotometric analysis, a continuous increase of the hydrogen peroxide absorbance
signal during the irradiation time was observed (Figure S7 of Supporting Information). It is
worthwhile to note that in the case of pure TiO2, the generated H2O, was significantly lower, in
agreement with the literature %, This last result may explain the very low PO selectivity (lower

than 3%) observed during the photoepoxidation test with TiO, alone under UV-A light (Table 2).

3.2.3 Influence of the incident UV-A light intensity
Additional propylene photoepoxidation tests were carried out to evaluate the influence of the
intensity of the UV-A light incident on the surface of the photocatalyst. The light intensity (®) was

varied in the range of 72 — 320 mW cm. The results are shown in Table 3 and Figure 10.

27



Table 3: Steady-state values of propylene conversion, selectivity and yield to propylene oxide, and selectivity to CO and CO:

for photoepoxidation tests by varying the incident UV-A light intensity.

® [mWem? X[%] S[%] Y[%] Sco+coz2[%]

0 0.0 0.0 0.0 0.0
72 8.6 75.4 6.5 24.6
142 18.1 72.0 13.0 28.0
297.2 315 70.4 22.2 29.6
311.4 32.2 70.6 22.7 29.4
320 31.9 70.8 22.6 29.2
40 +
a) b) - S —Y
& 100 - - 100
30 -
75 - [ i —
— 20 - —_ —
=, o S 50 A -5 X
X n >
10 - Py 25 25
0 100 200 300 0 100 200 300
® [mW cm] ® [mW cm-?]

Figure 3: a) Steady-state values of propylene conversion (X) for photoepoxidation tests by varying the incident UV-A light
intensity on CuO(1.1%)/TiOz ; b) steady-state values of selectivity (S), and yield to propylene oxide (Y) for photoepoxidation

tests by varying the incident light intensity on CuO(1.1%)/TiOz).

The experimental results evidenced that with the increase of @ up to 297.2 mW cm?, the
conversion of propylene increased linearly up to the value of 31.5% (Figure 11a), while the further
increase of the @ did not favour the Kkinetics, since at higher photon flux values, the recombination
reaction of the photoexcited pairs is favoured, worsening the photocatalytic activity P, On the

other hand, the PO selectivity appeared not to change significantly with the increase of incident
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light intensity (Figure 11ba). Consequently, since the propylene conversion increased, the PO yield

was enhanced up to achieve a value equal to 22.7 %.

3.2.4 Stability test of the CuO(1.1%)/TiO2 photocatalyst
To evaluate the stability of the CuO(1.1%)/TiO. photocatalyst, an irradiation test of 24 h was
carried out under an incident UV-A light intensity of 297.2 mW cm™. The obtained results are

shown in Figure 12.
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Figure 4: Propylene conversion and PO yield as a function of irradiation time. Photocatalyst weight: 3.2 g; gas flow rate: 30 L
h-1 (STP); propylene inlet concentration: 4000 ppm; oxygen inlet concentration: 2000 ppm; water inlet concentration: 1000

ppm; incident UV-A light intensity: 297.2 mW c¢cm.
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It is possible to observe that the conversion of propylene and the PO yield increased in about 15 min
to a steady state value and remained constant during all the photocatalytic tests showing the absence

of any deactivation phenomena.

3.2.5 Electric energy consumption and comparison with the literature
Using the data collected from the photocatalytic tests, it was possible to calculate the electric energy

consumption (Ey,), using the empirical equation proposed by Bolton et al. %2, as reported below:

p
g, =—F— (D
M FégHa*X

Where P is the electric power of the light source (kW), F£Y,. is the molar flow rate of propylene in

the inlet stream (molcsns ht), and X is the propylene conversion at state steady condition.

Several papers have been identified in the literature on the synthesis of PO through a photocatalytic
process based on the use of photocatalytic reactors operating in continuous mode. Their operating
parameters and energy consumption are shown in Table 4 and compared with the results obtained in
our work. It is possible to observe that the use of the CuO(1.1%)/TiO- in a photocatalytic fluidized
bed reactor is the most advantageous in terms of energy saving since the lowest E,, is achieved.
Furthermore, in all cases, the propylene conversion and PO yield was in the range 0.01-10% and
0.007-5.2%, respectively, significantly lower than that of CuO(1.1%)/TiO2 photocatalyst (propylene

conversion: 31.5%; PO yield: 22.2%).
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Table 4: Comparison with literature papers dealing with different photocatalysts for propylene epoxidation. PBPR=fixed bed

photocatalytic reactor; FBPR=fluidized bed photocatalytic reactor.

Type of Feane™
Photocatalyst UV-A Light X[%] Y[%] P[kW] Es[kW hmolcss] Ref.
Reactor [mol h]
V0.2/MCM-41 PBPR 0.3 mW cm (200 W Xe lamp) 2.65 0.07 0.016 0.2 107.82 8
V0.2Ti0.3/MCM-41 PBPR 0.3 mW cm (200 W Xe lamp) 2.65 0.16 0.077 0.2 47.17 8
Ti0.3/MCM-41 PBPR 0.3 mW cm (200 W Xe lamp) 2.65 0.01 0.007 0.2 754.72 8
Rb ion-modified 1.5%
PBPR 1.6 mW cm? (300 W Xe lamp) 0.011 1.56 0.438 0.3 1748.25 531
(wt) V,05/SiO,
TiO, PBPR  (Philips SP 500-W Hg Lamp) 0.01 55 0578 4.3 7818.18 5]
710, PBPR  (Philips SP 500-W Hg Lamp) 0.01 5 0.25 6.3 12600.00 [54]
BiWO-Ti50i/Glass 90 mW cm (40 UV-A LEDs,
FBPR 54 10 5.2 0.1 0.19 (2l
Spheres 100 W)
297.2 mw cm2 This
CuO(1.1%)/TiO, FBPR 54 315 222 0.057 0.034
(240 LEDs, 100 W) work

4 Conclusions

Propylene epoxidation with molecular oxygen has been carried out with CuxO/TiO2. composites in a
fluidized-bed reactor under UV-A irradiation. The CuxO/TiO2 composites at different CuO nominal
loads (in the range 0.5-8.4 wt%) were simply prepared through thermal annealing of physical
mixtures between copper acetate and sol-gel derived TiO. Physical-chemical characterization
results confirmed the presence of CuxO in the composites and the possible formation of a
heterojunction between TiO. and copper oxide.

Photoepoxidation tests showed that the addition of CuxO on TiO: surface led to an increase of
propylene conversion and selectivity to propylene oxide. In particular, the best performances
(propylene conversion: 18.1%; propylene epoxide selectivity: 72%) were obtained when the CuO
nominal load was 1.1%. It was argued that CuO in the CuxO/TiO2 composite promotes the

transformation of molecular Oz into hydrogen peroxide that in turn is able to directly oxidize
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propylene to propylene oxide. Moreover, the use of an incident UV-A light intensity of 297.2 mW
cm allowed to reach a propylene conversion and epoxide yield of 31.5 and 22.2%, respectively,
significantly higher than that reported in the literature dealing with the propylene epoxidation in
photocatalytic reactors operating in continuous mode. In addition, the stability of the the optimal
photocatalyst was evaluated by a 24 h photocatalytic activity test, showing the absence of
deactivation phenomena and underlining that the CuxO/TiO2 composite with a nominal CuO content
of 1.1 wt% can be considered as an effective and selective photocatalyst for the direct
photocatalytic epoxidation of propylene with molecular oxygen, allowing also a significant energy

saving.
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In this work, CuxO/TiO2 composites were used to promote the propylene photocatalytic epoxidation
with molecular oxygen. The best propylene conversion and propylene oxide selectivity (22.2% and
72%, respectively) was obtained on CuxO/TiOz at 1.1 wt % CuO. The high propylene oxide
selectivity is due to the ability of CuO to transform molecular O into hydrogen peroxide that in
turn is able to directly oxidize propylene to propylene oxide.
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