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Combined direct synthesis of hydrogen peroxide (DSHP) and epoxidation of propene to propylene oxide with
hydrogen peroxide (HPPO) was carried out first time in a continuous laboratory-scale trickle bed reactor
operating under mild conditions of 8 bar and 10°C. The reaction was performed with bimetallic gold-palladium
catalysts supported on titanium silicalite 1 (TS-1). Three series of catalysts were synthesized from two different
lots of TS-1 and different calcination heating rates. The catalysts were extensively examined using XRD, SEM-
EDS, TEM-SAED, STEM-EDS, ICP-OES, XPS, UV-vis DRS, nitrogen-physisorption and ammonia-TPD. The
metal-modification of TS-1 containing anatase impurities was shown first time, where the preferential deposition
site for the bimetallic nanoparticles was on the minor anatase phase, found in different amounts in commercial
TS-1 materials. In the first catalyst series, a higher anatase content was found, which led to a decrease of the
AuPd nanoparticle size compared to the second and third series. Increasing the heating rate in calcination
resulted in an additional reduction of the AuPd nanoparticle size. The propylene oxide selectivity was 55.7 %
using catalysts of the third series, while the propylene oxide production rate was 0.17 mol-kgei-h™! with 19.2 %
propene conversion. The use of a palladium-poor alloy was found to be crucial for this reaction system to limit
the hydrogenation of hydrogen peroxide and propene. The catalyst activity was investigated in the separate
processes of DSHP and epoxidation to get a deeper insight into the reaction mechanism. In the switch experi-
ments, DSHP followed by the combined reaction of DSHP and HPPO, the competing side reactions, hydroge-
nation of propene and hydrogen peroxide were confirmed. In another experiment, the dismutation of hydrogen
peroxide was disproved.

1. Introduction

Hydrogen peroxide (H202) is considered as an environmental-
friendly oxidant due to its harmless degradation to water while pos-
sessing strong oxidation properties [1]. These features make HyO, an
excellent oxidant, which is used in several applications, particularly as a
bleaching agent in pulp and paper and textile industries [2]. Further-
more, H2O5 is used in the chemical industry as a powerful oxidizer, for
instance in the production of epoxides, caprolactam, sodium percar-
bonate, peracetic acids and other compounds [3,4]. Currently, the

indirect anthraquinone process covers the demand of Hy05, despite its
numerous drawbacks concerning side reactions, accumulation of im-
purities in the working solution and catalyst deactivation [4]. Conse-
quently, large-scale production is required to maintain the process
profitable.

An alternative reaction route is the direct synthesis of hydrogen
peroxide (DSHP) from hydrogen and oxygen, which displays an
environmentally-friendly process considering the atom efficiency of 100
% as well as the avoidance of toxic waste [5]. Moreover, the major ad-
vantages of DSHP are the straightforward process setup and the
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production of HoO, in MeOH or MeOH/water solution, which can be
used directly in subsequent reactions, while the distillation of HoO5 from
the working solution is the critical issue of the anthraquinone process
[6]. The main challenge with DSHP is that the process needs to be
operated in a high dilution, as hydrogen and oxygen can form an
explosive gas mixture. Another issue is the selectivity, as water is the
favored product in DSHP [7]. Nevertheless, the principal simplicity of
the process allows the DSHP to be linked to existing processes on site or
combine them directly to a one-pot reaction and thus suppress the
degeneration of HyO,. By combining with other processes, for example
the production of methanol or benzyl alcohol, expensive purification
steps can be omitted [8,9]. Other positive aspects of DSHP are the
avoidance of the transportation of HyO5 from the production site to the
user site and the synthesis from inexpensive oxygen and abundant
hydrogen [10]. Current trends in the increasing use of electrolysis to
produce hydrogen and oxygen as the co-product and the expansion of
the hydrogen network favor the circumstances for DSHP.

In previous research, the preparation of various catalysts for the
DSHP has been reported, which differ in metal composition, preparation
method and support material [11-14]. The most frequently used active
phase is Pd or an alloy of Pd, Au or Pt in different compositions [15]. It
has been found that AuPd alloys are the most active binary species for
hydrogen peroxide production, as Pd activates hydrogen while gold
greatly reduces the O-O cleavage of Pd surfaces, which decreases water
formation [16,17]. The metal can be introduced on a broad range of
support materials, such as carbon, ion-exchange resins, alumina, silica,
zirconia, ceria, titania, or zeolites [18-20]. The research on the epoxi-
dation of olefins has been focused on zeolites as well, more precisely
titanosilicates. Taramasso et al. published in 1983 a revolutionary report
of titanosilicate-1 (TS-1), a zeolite which is able to activate H,O5 due to
its tetrahedral coordinated Ti species in the MFI structure [21]. The ti-
tanium silicate is applicable for many oxidation processes, for example
ammoxidation, oxidation of alcohols and epoxidation of alkenes
[22-24].

Alternative synthesis routes have been discovered to produce highly
valuable chemicals such as propene oxide (PO), which is one of the most
crucial building blocks nowadays with a market volume of 21 billion
USD in 2023 [25]. The chlorohydrin process is the traditional produc-
tion route for PO but it has lost importance due to the stoichiometric
production of a salt waste and the use of highly toxic and corrosive
chlorine [26]. Nowadays, only 30 % of PO is produced by the chloro-
hydrin process [25]. Other important processes are the styrene mono-
mer propylene oxide (SMPO) process and the tert-butyl alcohol (TBA)
process, where PO appears as a stoichiometric co-product. The direct
oxidation of propene with oxygen, catalyzed by noble metals, is of minor
importance, suffering from low turnover frequencies and biochemical
approaches are problematic owing to the stability of the organisms due
to the toxicity of PO [27]. Overall, the trend is shifted to the environ-
mentally friendly hydrogen peroxide to propylene oxide (HPPO) pro-
cess, which covers about 20 % of the PO production nowadays. This
process is still under investigation and intensification, so that various Ti
containing catalyst materials have been screened, e.g. Ti-Beta, Ti-MOR,
Ti-MCM, Ti-MWW [28]. Co-solvents have been used to improve the
selectivity and kinetic studies have been carried out to gain a deeper
understanding on the reaction mechanism [29,30].

Despite all the developments of HPPO, the disadvantage of this
process is still the high cost of HyO,. However, in 1998, Hayashi et al.
discovered that Au/TiO; can perform the epoxidation of propene in the
presence of hydrogen and oxygen in the gas phase, opening the possi-
bility of epoxidation with in-situ generated Hy02, achieving a PO
selectivity exceeding 90 % with 1-2 % of propene conversion [31].
Many research groups have improved this procedure, for example, by
using bimetallic catalysts [20], whose synergetic effects have been
confirmed in the DSHP, due to the suppression of the HoOy decompo-
sition on the highly active Pd sites and oxygen activation on Au sites,
resulting in an improvement of the HyOs selectivity. Nevertheless,
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previous investigations have proven that the Pd sites in the AuPd alloy
promote the propene hydrogenation [32]. According to our best
knowledge, the highest production rate of PO in the one-pot reaction has
been reported by Feng et al. to be 205 g kgea-h ! using Au/TS-1 in the
gas phase at 200°C [33]. In other publications, it has been demonstrated
that the epoxidation of propene with in-situ generated Hp,O5 can be
performed in supercritical CO; or in plasma [34,35]. However, these
operations require a high-energy input and temperatures of 100-200°C
or supercritical CO;, making them less attractive for industrial
applications.

Thus, the aim of this work was the development of a process that
operates continuously and under mild conditions in liquid phase in the
same way as the separate DSHP and HPPO processes. Therefore, a het-
erogeneous catalyst with co-existing active sites is necessary, consisting
of DSHP active AuPd nanoparticles and HPPO active Ti-zeolite, which
can perform the combined reaction systems, sketched in Fig. 1. These
catalysts were prepared, characterized and tested in a laboratory-scale
trickle bed reactor to correlate their physico-chemical properties with
their performance in the one-pot reaction, further called hydrogen to
propylene oxide process (HyPO). Thanks to further catalytic studies in
the separate processes, the dynamics of HyPO were unraveled.

2. Materials and methods
2.1. Materials

AuPd-TS1 catalysts were synthesized with commercial titanium sil-
icalite 1 (TS-1) (ACS Materials), hydrogen tetrachloroaurate(IIl) trihy-
drate (Thermo Fisher scientific, 99.99 %), palladium chloride (Alfa
Aesar, 99.9 %), urea (Sigma-Alrich, 99.5 %), hydrochloric acid (Sigma-
Alrich, > 37 %), ammonium hydroxide (Emplura, 32 %) and deionized
water. For the chloride ion test, silver nitrate (Sigma-Alrich, 99.0 %) was
used. Nitric acid (Fisher Scientific, 70 %) was used for passivation of the
reactor system. In the catalytic experiments, quartz wool (Roth), glass
wool (Merck) and quartz sand (Supelco) were used as packing materials
for the reactor tube. The reactants, hydrogen (Woikoski, customized
mixture of 4.89 % hydrogen in CO3), oxygen (Woikoski, 99.999 %) and
propene (Linde, 99.5 %) were dissolved in methanol (Sigma-Alrich,
> 99.9 %) while carbon dioxide (Woikoski, 99.995 %) was used as the
inert gas and for pressurizing the reactor. Argon (Woikoski, 99.999 %)
was used for pressure regulation. Propylene oxide (Sigma-Aldrich, 99.9
%) was used for calibration. In the epoxidation experiments, hydrogen
peroxide (Sigma-Alrich, 30 % w/w) was mixed with methanol. Titanium
(IV) oxysulfate (Sigma-Aldrich, 27-31 % sulfuric acid solution) was used
for the analysis of hydrogen peroxide. The Karl-Fischer-titration was
carried out with the titrant Hydranal™Composite 2 and Hydra-
nal™Methanol dry (Honeywell/Fluka) of the water analysis.

2.2. Catalyst preparation

Co-precipitation with urea was used to introduce the metal onto the
support material. In a typical catalyst synthesis experiment, PdCl, (6.67
mg) was dissolved with a few droplets of concentrated HCl and deion-
ized water (200 ml) was added, after which HAuCl4-3H20 (71.01 mg)
was added to the solution. The pH of the precursor solution was
increased with 32 % NH4OH to 2 or 2.5, depending on the catalyst batch,
that the urea hydrolysis was able to reach pH 5.8 — 7.3. Urea (1 g) and
TS-1 (7.96 g) were added to the flask. The pH was measured after each
step, and the flask was covered with aluminum foil. The slurry was
stirred vigorously at 250 rpm for 30 min at room temperature, heated at
80°C for 15 h and cooled down for 2 h under intensive stirring. The
slurry was filtered and washed at first with 32 % NH4OH and subse-
quently with deionized water until the chloride ion test was negative.
The solid was dried 24 h at 60°C statically in a rotary evaporator under
vacuum. In the last step, the as-synthesized catalyst was split into three
equal parts, which were calcined at 300°C with the heating rates of 1.5,
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Fig. 1. Reaction scheme of combined DSHP and HPPO with side reactions.

5 or 10°C/min. The prepared catalysts are listed in the Table 1. The
catalyst nomenclature includes the alloy type, TS-1 (TS1), calcination
heating rate and the number of the synthesis batch.

2.3. Catalyst characterization

The crystallinity was investigated by powder X-ray diffraction (XRD)
using a PANalytical Empyrean diffractometer with five axis goniome-
ters. The incident beam optics consisted of Bragg-Brentano HD X-ray
mirror, fixed 1/4° divergence slit, 10 mm mask, 0.04 rad soller slit and
1° antiscatter slit. The diffracted beam optics consisted of a 7.5 mm
divergence slit, 0.04 rad soller slit and PIXcel detector array. The X-ray
tube used was Empyrean Cu LFF. The X-ray radiation was filtered to
include the Cu Ky and Cu K,» components only. The results were
analyzed with MAUD (Material Analysis Using Diffraction) software
[36]. Instrumental broadening was evaluated with Si standard samples.
The results were obtained with 26 scan range from 5° to 120°.

The morphology studies were conducted by using scanning electron
microscopy (SEM) with energy dispersive X-ray spectroscopy (SEM-
EDS) (Zeiss Leo Gemini 1530 with Thermo Scientific UltraDry silicon
drift detector) and transmission electron microscopy (TEM) (JEOL JEM-
1400Plus). For the TEM examination, the samples were dispersed in
ethanol and sonicated before mounting on the grids. The particle sizes
were determined with the software ImageJ. Additional structural studies
were performed with transmission electron microscopy (TEM) (JEOL
JEM-2200FS) coupled with selected area electron diffraction (TEM-
SAED) for the crystal structure studies and scanning transmission elec-
tron microscopy with energy dispersive X-ray spectroscopy (STEM-EDS)
for the element mapping.

The elemental analysis of the bulk material was performed with
inductively coupled plasma — optical emission spectrometry (ICP-OES)
(Agilent 5110 ICP-OES). The absorbance of silicon, aluminum and ti-
tanium was measured with radiation sources at wavelengths 288.2,
396.2 and 334.9 nm, respectively. The elemental compositions were
calculated using the calibration curves generated from standard solu-
tions. The oxidation states of Au, Pd, Ti and carbon were determined by

Table 1
Synthesis of AuPd catalysts with different TS-1 lots and varying calcination
conditions.

Catalyst name TS-1 Synthesis batch Calcination conditions
AuPd-TS1-1.5-1 1st Lot 1st Batch 300°C, 3 h, 1.5°C/min
AuPd-TS1-5-1 1st Lot 1st Batch 300°C, 3 h, 5°C/min

AuPd-TS1-10-1 1st Lot 1st Batch 300°C, 3 h, 10°C/min
AuPd-TS1-1.5-2 2nd Lot 2nd Batch 300°C, 3 h, 1.5°C/min
AuPd-TS1-5-2 2nd Lot 2nd Batch 300°C, 3 h, 5°C/min

AuPd-TS1-10-2 2nd Lot 2nd Batch 300°C, 3 h, 10°C/min
AuPd-TS1-1.5-3 2nd Lot 3rd Batch 300°C, 3 h, 1.5°C/min
AuPd-TS1-5-3 2nd Lot 3rd Batch 300°C, 3 h, 5°C/min

AuPd-TS1-10-3 2nd Lot 3rd Batch 300°C, 3 h, 10°C/min

using X-ray photoelectron spectroscopy (XPS) (Thermo Fisher Scientific
ESCALAB 250Xi) equipped with a monochromatic Al K, (1486.6 eV)
radiation source and pass energy of 20 eV. The data were processed with
the Thermo Avantage software and binding energies (BE) were referred
to the C 1 s peak line at 284.8 eV. The coordination of the titanium
species of the support material was investigated via diffuse reflectance
UV-vis (UV-vis DRS). The reflectance spectra were measured with an
Avantes Avaspec HS-TEC CCD spectrometer through an Avantes FC-
UV600-1-SR fiber optic cable with an Avantes AvaLight-DHc employ-
ing deuterium and halogen lamps as light sources and an Edinburgh
Instruments BaSO4 disc as the white reference. The absorbance was
calculated from the reflection spectra according to the Kubelka-Munk
theory. The signal was processed with the Savitzky-Golay smoothing
algorithm with a window size of 10 and were normalized to [0,1].

The specific surface area and porosity were determined by nitrogen
physisorption (Micrometrics 3Flex-3500) using the Dubinin-
Radushkevich method for calculating the specific surface area and
density functional theory (DFT) for the determination of the pore vol-
ume and pore size distribution. Before the measurements, the samples
underwent ex-situ degassing at 0.1 mbar and 180°C for 24 h. The acidity
of the materials was measured by temperature programmed desorption
(TPD) (Microtrac Belcat II) equipped with a quartz tube reactor and a
thermal conductivity detector (TCD), using ammonia as the probe
molecule. The samples were pretreated at 300°C with a rate of 10°C/min
and keeping the temperature for 60 min under He flow (30 ml/min). The
ammonia absorption was performed at 100°C with a gas mixture of 7.5
% NHs/He for 30 min (30 ml/min). The sample was flushed with He for
60 min and cooled down to 50°C. The ammonia desorption was ana-
lysed up to 800°C, with a heating rate of 10°C/min, under a 30 ml/min
He flow. The target temperature was kept for 20 min. The surface charge
properties of the TS-1 materials were investigated with zeta potential
analysis (Malvern Zetasizer Nano-ZS) combined with an automatic
titrator (Malvern MPT-2). For the measurements, 10 mg of the material
was dispersed in 10 ml deionized water and sonicated. The analysis was
stabilized at pH 7 and conducted towards pH 1.5.

2.4. Experimental setup for catalytic experiments

The catalytic experiments were performed in a co-current trickle bed
reactor (TBR) made of AISI 316 stainless steel, 30 cm long and with 1.D.
12 mm, as is illustrated in Fig. 2. A copper coil encircled the reactor and
allowed temperature control from —20°C to 100°C by an external
thermostat (Grant LT D6G). Calibrated mass flow controllers (MFC)
(Brooks 5866 and 5850 series) were implemented to set the gas flow
rates. Methanol was used as the liquid phase and fed with a high-
pressure liquid metering pump (Eldex ReciPro Series 2000). A thermo-
couple monitored the temperature inside of the reactor tube. The reactor
was equipped with a rupture disk as safety measure. The pressure was
regulated by a backpressure controller (BPC) (U3L Ultra Low Flow Back
Pressure Regulator) installed at the tubular reactor. After the
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> Vent

——> Micro-GC

GC (iiq)

Fig. 2. Experimental setup for the epoxidation of propene (MFC = mass flow controller, BPC = backpressure controller, GC = gas chromatograph).

backpressure controller, a sample line and a “night line” for overnight
experiments were implemented. In the sample line, the gas and liquid
phases were separated in a three neck-round flask with a condenser set
to —5°C on top for recovering volatile compounds. The liquid was
sampled from the round flask with a pump (Heidolph Pumpdrive 5206).
In the “night line”, the gas and liquid phases were continuously sepa-
rated by a double siphon, so that the liquid was collected in a bottle and
the gas flow steadily passed the three-neck-round flask and allowed the
online-analysis with the micro gas chromatograph (Micro-GC).

The micro-GC (Agilent 490 MicroGC) used for gas analysis was
equipped with a thermal conductivity detector (TCD). Four capillary
columns (10 m MS 5A, 6 m 5CB, 10 m Al,O3/KCl, and 10 m PPU)
separated the gas mixture at 80°C and with helium as the carrier gas,
except for the molecular sieve column at 100°C and with nitrogen as
carrier gas. The liquid samples were analyzed with a gas chromatograph
(GC) (Agilent 6890 N G1540N) equipped with a capillary column (Plot
U). The column, with a length of 60 m, a diameter of 530 pm and an
active phase thickness of 20 ym, was operated at 185°C. The gases were
calibrated with a one-point calibration by sampling 10 times a gas
mixture containing hydrogen (4.27 vol %), oxygen (4.17 vol %), pro-
pene (8.49 vol %), and CO5 (83.13 vol %). The response factor of pro-
pane was assumed to be equal to that of propene since a TCD was used
and the thermal conductivities of both gases differ just about 0.0015
Wm ™! K1 [37]. The calibration of the GC for propylene oxide was
conducted with 0.01; 0.025; 0.05; 0.075; 0.1; 0.15 and 1 wt % solutions
in methanol.

For the Hy05 analysis, the liquid sample was weighted and 0.5 ml of
titanium oxysulfate solution was added. The yellow complex formed was
diluted with water to 10 ml and the absorbance at 409 nm was measured
with a UV-vis spectrometer (Shimadzu UV-2600i). A solution with 2 ml
methanol, 0.5 ml titanium oxysulfate filled up to 10 ml with water was
used as the reference in the double beam device [38]. The calibration of
the method was done by measuring the absorbance of 0.0047; 0.0093;
0.0187; 0.0467; 0.093; 0.187; 0.467; 0.933 and 1.87 mM H30,/meth-
anol solutions. The water analysis was conducted via Karl-Fischer
titration with a titrator (Metrohm 736 GP Titrino). Before the analysis,
the device was daily calibrated three times with an injection of 10 pl
water to determine the response factor. The methanol, used as the liquid
phase for the reaction, was analysed three times with an injection of 0.5
ml to distinguish between water that had formed during the experiment.

2.5. Catalytic experiments

Hydrogen and oxygen can form explosive gas mixtures. The use of
CO4, as inert gas can reduce the flammability significantly and promotes
the solubility of the other gases in the system [39]. For the sake of safety,
H, was supplied as a ready mixture with CO; to always ensure the
dilution with oxygen. Before the experiments, the reactor walls were
passivated by filling up the volume four times with 30 % HNOs to pre-
vent the decomposition of HyO5 [40]. The catalysts were pelletized and
sieved to a fraction of 32— 63 um for the experiments. The reactor was

packed from bottom to top: glass wool, quartz sand (125-250 um),
quartz wool, catalyst layer, quartz wool and quartz sand (125-250 pm).
For the catalyst layer, 1 g of catalyst was diluted in 20 g of quartz sand
(<125 pm) to improve the heat transfer and the HyO» selectivity [41].
The first sand layer kept the catalyst layer in the middle of the reactor
between quartz wool, while the second layer ensured the mass transfer
of the gases into the liquid.

The experiment started with pressurizing the reactor with CO, to 8
bar and cooling the reactor at 10°C. After the pressure and temperature
had stabilized, the methanol flow (1 ml/min) was turned on. After the
first methanol droplet passed the outlet, the catalyst bed was wetted for
1 h. Finally, the reaction started by switching from COj to the reactant
gas mixture. The gas and liquid flow rates were selected to operate in the
trickle-flow regime [42]. The typical reactant gas mixture for HyPO
consisted of 0.14 mmol/min of propene (PE), 0.07 mmol/min of O,
0.07 mmol/min of Hy and 1.46 mmol/min of CO, with a total volu-
metric flow rate of 40 ml/min at atmospheric pressure. The ratio of the
gases were changed for the DSHP, HPPO, H;0, decomposition experi-
ments and the hydrogenation/oxidation of PE, while the total gas flow
rate was kept at 40 ml/min by substituting the missing fraction with
COo, e.g. for HPPO the molar flow of CO, was 1.60 mmol/min and PE
0.14 mmol/min. The liquid phase for the HPPO and dismutation
experiment consisted of 0.0165 mmol/ml H,05 in methanol, confirmed
by UV-vis analysis. To shut down the reactor system, the reactant gas
mixture was switched to only CO,, while keeping the pressure and
cooling of the reactor. After 30 min flushing CO5, the methanol flow and
reactor cooling were turned off. After 1 h, the reactor tube was dep-
ressurized to atmospheric pressure and the CO, gas flow was turned off.
In the case of consecutive experiments, the reactor with the catalyst
inside was kept in the setup after the shutting down procedure and the
following experiment was started as previously described. The reactions
were continuously monitored by taking liquid samples to obtain infor-
mation from the transient and stationary states. The gas samples were
withdrawn automatically online by the micro-GC.

The conversions of hydrogen, oxygen and propene were calculated as
follows,

X(%) =" Tow 100 )
1n

where the subscripts in and out denote the inlet and outlet molar flows of

hydrogen, oxygen or propene. Since no ring opening products were

observed in the experiments, the selectivity of propylene oxide (PO) was

defined as

o 100 2

S(%) = -
( ) Npo + npropane

Another indicator used is the hydrogen efficiency (HE),
Tpo + M0,

nHZM - nHZour

HE(%) = x 100 3
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to determine the conversion of hydrogen to the desired product (PO) and
the intermediate product (H205).

3. Results and discussion
3.1. Catalyst synthesis

The initial approach to obtain a suitable catalyst for HyPO was to
combine the different active sites of the DSHP and HPPO processes. The
most active bimetallic alloy for the DSHP is AuPd with a metal
composition of 80 % gold and 20 % palladium, which activates
hydrogen with Pd but inhibit over oxidation to HyO due to the presence
of gold [43]. In a preliminary test of HyPO, a catalyst with this metal
composition on TS-1 formed excessively propane as the Pd catalyzes all
hydrogenation reactions in HyPO and its content is still too high for a
selective hydrogenation. Thus, it was decided to prepare catalysts with a
palladium content as low as 10 % in the AuPd alloy to further inhibit the
hydrogenation ability, increasing the HyO- selectivity and suppressing
propane formation. In the HPPO process, TS-1 is the most used catalyst
and commercially available. However, the deposition of gold on the ti-
tanium silicates has been challenging but with deposition precipitation
satisfying results have been achieved [44]. In this work, the urea
deposition precipitation method was chosen due to its applicability on a
broad range of different oxide supports resulting in high-dispersed gold
nanoparticles particularly after long synthesis times [45]. The applica-
bility of the method for bimetallic systems has been demonstrated for
AuPd/TiO; [46]. To guarantee an even deposition of Pd with Au, PdCl,
was chosen as the precursor forms after addition of HCl HoPdCly,, being
similar to the HAuCl; complex. A washing step with NH4OH was
introduced to fix the nanoparticles to the support after the synthesis,
before washing with water [47]. In the first deposition attempt, the urea
hydrolysis could not neutralize the very acidic slurry and the metal
precursors remained in solution. Therefore, the pH was increased from
0.8 to 2.5 with 32 % NH4OH, so that the urea hydrolysis initialize the
precipitation. In fact, it is known that the addition of ammonium in-
creases the surface charge of TS-1 and therefore improves the attraction
of negative charged metal precursors [48]. The urea deposition of the
first batch (AuPd-TS1-x-1) with prior NH4OH adjustment succeeded and
the pH reached 6.5 (Table 2). In case of the second batch (AuPd-TS1-x-
2), the precursor solution became cloudy after increasing the pH from
1.5 to 2.5, indicating a premature precipitation. The addition of less
NH,4OH to reach pH 2.5, probably did not sufficiently reduce the nega-
tive surface change of TS-1, discussed in Section 3.2. The pH increase in
the third batch (AuPd-TS1-x-3) was limited to 2, preventing premature
precipitation. Since the starting pH was lower than in the first batch
catalyst, the final pH of 5.8 was 0.7 lower compared to the first batch.
Due to the inappropriate metal deposition in the second synthesis,
proven by TEM (S 1), the catalysts AuPd-TS1-x-2 were not further
characterized.

3.2. Catalyst characterization

The findings of the crystallinity analysis had the most prominent

Table 2
Synthesis batches of AuPd catalysts with varying pH.

Catalyst Amount [Au] + [Pd] +NH4,0OH + TS- +Urea +15
+ HCl pH 1 pH h
pH pH pH
AuPd-TS1- 8g 0.8 2.5 2.5 2.6 6.5
x-1

AuPd-TS1- 10g 1.5 2.5 2.6 2.6 7.3
x-2

AuPd-TS1- 10g 0.5 2.0 2.0 2.1 5.8
x-3
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influence on other catalyst properties and consequences on the catalytic
performance. Initially, the titanium silicate crystal structure of the
commercial materials was intended to be confirmed using XRD. In Fig. 3,
the XRD pattern of the AuPd catalysts of the first and third series as well
as the pure TS-1 materials are displayed.

All the materials showed as their main phase the characteristic re-
flections at 20 = 7.9°, 8.7°, 23.0°, 23.7° and 23.4° of the MFI structure,
which is consistent with the simulated TS-1 pattern. However, a
reflection of the anatase phase was found at 25.3°, and only for the first
series catalysts also at 37°, 37.8° and 38.6° [49]. The occurrence of the
anatase phase originates from the hydrothermal synthesis of titanium
silicate, in which not all of the Ti is incorporated into the MFI framework
and titania is formed from excess Ti during the crystallization process
[50]. Thereby, the intensity of the anatase reflections decreases
dramatically when comparing the first series with the third one. The
intensity of the anatase reflection remained the same after the catalyst
synthesis compared to the starting material used in the respective lot.
From the reference intensity ratio (RIR), it was calculated that the first
lot TS-1 contains 7.93 vol % of anatase while the second lot, used for the
third catalyst series, contains 0.33 vol % of anatase. Reflections from the
metal were not found due to the low loading and small size of the
nanoparticles.

For the further determination of the different phases, SEM micro-
graphs were recorded. In Fig. 4, TS-1 of the first lot is imaged, and the
different morphologies are clearly visible. The majority of particles were
present as cauliflower-like spheres. Besides them, cubic and elliptic
particles were found in smaller amounts. Thereby, the spheres possess
diameters between 155 — 440 nm, the cube an edge length of 85-310 nm
and the ellipsoids have a maximum feret diameter of 150-440 nm. Ac-
cording to the previously discussed XRD results, it can be assumed that
the cubic and elliptic particles represent the anatase phase, since they
are present in a smaller amount than the cauliflower-like particles.

To obtain information about the compositions of the different par-
ticles, SEM-EDS of single particles were performed. The results of the
analyzed particles of Fig. 5 are displayed in Table 3 and in S 3. Hereby,
two different methods were applied, measuring either a single spot or a
small area. Both results confirmed a significant difference in the
elemental composition, where cubic particles have a Ti content of
10.4-17.3 at %, whereas the spherical particles contain 2.2-3.9 at %
titanium or the titanium signal in the spectrum was too weak to be
detected. The titanium-rich composition of the cubes is a strong indi-
cation of the presence of TiO,, but the atomic percentages need to be
used with caution since the X-ray beam can interfere with underlying
particles, leading to small errors in the measurement.

In the back-scattered electron (BSE) images, the contrast between
heavy and light atoms is well visible. Therefore, the Ti-rich cubes and
ellipsoids were displayed brighter than the Si-rich spheres in the un-
modified support material (Fig. 6a), indicating cubes to be anatase.
Moreover, the BSE images were used to study the distribution of metal
particles. To our surprise, the different particle morphologies play a
crucial role in the deposition. It was found that the cubes and ellipsoids
were fully decorated with AuPd nanoparticles (Fig. 6b, red frames)
while the spheres were nearly unmodified (Fig. 6b, light blue frame).
The material of the cubes and ellipsoids likely exert a stronger attraction
during the metal deposition. Besides the metal-decorated cubes and el-
lipsoids, metal aggregates were also found in the BSE images as big
bright spots (Figs. 6¢ and 6d, light green frame). The formation can be
caused by oversaturated sites of the cubes and ellipsoids and is more
stable in aggregates than onto the spherical particles. Interestingly, the
aggregation level was lower for catalysts of the first series, which is
logical considering the higher content of anatase in the first lot TS-1 and
consequently, a higher metal uptake capacity.

For a more detailed investigation of the deposition pattern and the
determination of the size of the supported metal nanoparticles, TEM
analysis was conducted. The micrographs displayed in Fig. 7 are
representative for all the catalysts of the first (7a, 7b) and third series
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Fig. 4. Scanning electron micrograph of TS-1 of the first lot with its different morphologies.

(7c, 7d). The deposition pattern, which was already found in the BSE
images, is present in the samples, where a small amount of metal par-
ticles was supported onto the spherical support particles while the cubic
and oval support particles were covered with metal particles. This
pattern was found independently of the different calcination procedures.
The examination of an uncalcined catalyst using TEM, shown in S 2,
confirms an uneven deposition before the calcination. Consequently, the
selective deposition takes place in the metal impregnation step, due to
stronger interaction of the metal precursors and the cubic and elliptical
particles.

TEM-SAED was the only analytical method that was able to identify
the actual nature of the three particle morphologies. In all diffraction
patterns, displayed in Fig. 8, a spot diffraction pattern was obtained

showing that all particles are present as single crystals. From the d-
spacing of the spots in Figs. 8d and 8e, the hkl indexes were determined
and distinctly assigned to the tetragonal anatase phase for cubes and
ellipsoids. The measured d-spacings of the TS-1 SAED pattern, reported
in S 4, slightly differ from literature as the substituted titanium distorts
the orthorhombic MFI lattice [51]. Nevertheless, the cauliflower-shaped
spheres can be assigned to the titanium silicate phase considering the
distortion. It can be concluded that the metal deposition occurs prefer-
entially to the anatase phase as both cubes and ellipsoids are identified
as the anatase phase.

The preferential deposition of the metals on titania is confirmed by
the zeta potential of TS-1, as this material is negatively charged at pH 1.5
(Fig. 9). In contrast, anatase is positively charged at pH lower than 3 or
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Fig. 5. Punctual (left) and areal (right) EDS on scanning electron micrographs of TS-1.

Table 3
Results of EDS-SEM (Fig. 5) of the oxides in at%. The results of the cubic particles
are marked in blue.

Measurement Punctual Measurement Areal

Si Ti Si Ti
1. 289 - 1. 13.6 13.9
2. 30.5 - 2. 10.1 17.3
3. 29.3 - 3. 31.3 -
4. 25.0 3.9 4. 27.6 3.4
5. 18.8 10.4 5. 27.4 2.2
6. 15.7 11.3
7. 25.4 3.2

5, depending on the Ti precursor [52]. Due to the different isoelectric
points (IEP), the negative charged metal precursors are preferentially
adsorbed onto less negatively charged titania instead of TS-1. The in-
fluence of anatase in the support materials on the zeta potential was
found, when comparing the first lot TS-1 with a higher surface charge in
the pH range from 1.5 to 7 than the second TS-1 lot, due to the higher
anatase content. Another reason for the preferential metal deposition on
anatase could be the presence of defects in the titanium oxide structure,
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which attract metal precursors [53].

The effect of a stronger metal-support interaction on anatase is re-
flected in the size distribution of the metal nanoparticles, which is
narrower and nearly half-sized than the distribution on titanium silica-
lite (Fig. 10), indicating the sintering of the weaker bounded particles
during the calcination process (Table 4). Therefore, it was decided to
report the nanoparticle size distribution of metal particles on anatase
and TS-1 separately.

In Table 4, the influence of the different calcination heating rates on
the mean particle size is reported. A trend is noticed in which the mean
size of AuPd particles on TS-1 and anatase decreases slightly from the
lowest to highest heating rate for both catalyst series. AuPd particles
became smaller by 0.26 nm in the first series and 0.42 nm in the third
series on anatase, and on TS-1 1.3 nm in the first series. A simple
explanation can be that the particles are exposed to heat for a longer
time at the lower heating rates, until the final temperature is reached.
Thus, the metal atoms are mobile for a longer time, promoting sintering.

STEM-EDS, was used to determine the chemical composition of the
nanoparticles and the support material. In Fig. 11 and S 5, the element
mapping of Si, Ti, Pd and Au of fresh AuPd-TS1-10-3 is displayed. These
images are representative for all the catalysts. The most striking feature
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WD = 66mm

Aperture Sizo = 30.00 pm
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%
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Fig. 6. Back-scattered electron images of a) TS-1, b) and c¢) AuPd-TS1-10-1 with metal decorated cubes and ellipsoids (red frames) and nearly unmodified spheres
(light blue frame), and d) AuPd-TS1-10-3 with metal aggregates (light green frames). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 7. Transmission electron micrograph (TEM) of AuPd-TS1-10-1 (a, b) and AuPd-TS1-10-3 (c, d) with AuPd nanoparticle on titanium silicalite (left) and anatase

(right) particles.

1/(0.15 nu)

Fig. 8. Transmission electron micrographs of cubic (a) and elliptic anatase (b), and TS-1 (c). The corresponding SAED-patterns are shown in d, e, f of the upper

transmission electron micrograph.

in the various maps is that the support particles contain either Si or Ti in
high concentrations, revealing the different chemical compositions of
TS-1 and anatase. The findings confirm the TEM-SAED results, where the
cubes and ellipsoids are identified as anatase, while titanium silicate is
assigned to the spheres. A further finding from the element mapping is
that Au and Pd appear at the same locations, as seen in Figs. 11e and 11f.
A rise of the Pd concentration profile in the line scans can be also
observed when the Au concentration profile increases, indicating an
alloy of both metals.

The measurement of small particles was challenging, however,

particles larger than 20 nm could be measured. Since the specific
spectral signals of Pd and Au partially overlap with those of Ti and Si, the
metal appears to be evenly distributed over the support particles.
However, the even metal distribution is ostensible as it originates from
the interferences of Si and Ti signals. Only visible metal in the original
STEM images coincide with the accumulated spots in the EDS maps of Pd
and Au. Nevertheless, the element mapping and line scan results prove
the bimetallic character of the nanoparticles and the applicability of the
urea co-precipitation to synthesize AuPd alloys.

To determine the chemical composition of the bulk materials, ICP-
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Fig. 9. Zeta potential measurements of the first and second lot of the TS-
1 materials.

OES measurements were carried out. The element analysis revealed a
uniform metal loading and composition among the different batches
(Table 4). This result was expected for each series, as the catalysts
originate from the same synthesis batch, but also between the two
catalyst series the metal loading difference was minor. The actual
loading 0.36-0.40 wt % for the first and third series deviate from the
nominal loading 0.5 wt %. A reason for the loss of metal might be the
first washing step with ammonium hydroxide, which is intended to fix
the nanoparticles to the support material during calcination, but weaker
bounded metal ions can be removed by a harsh chemical treatment [47].
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10-1, partially reduced gold precursor Au'*. The Au 4f;,, peak is
observed at 83.7 eV for fresh AuPd-TS1-10-1 corresponding to Au’, and
0.7 eV lower than for AuPd-TS1-10-3, indicating a stronger metal-
support interaction. The shift to a lower BE was also observed for Pd
with 0.4 eV difference. The BE shifts likely due to a charge transfer from
the anatase to gold and increase of the electron density in the metal
particle [55]. In AuPd-TS1-10-1, 28 % of gold is present as Ault
calculated from the Au 4f; /5 peak areas. For fresh AuPd-TS1-10-3, Au
4f; 5 peak is observed at 84.0 eV, which is reported for bulk gold [56].
This observation is consistent with the results presented in Fig. 6, where
more unsupported metal aggregates were found in AuPd-TS1-10-3. In
the Ti spectra of fresh AuPd-TS1-10-1, two Ti species can be found
corresponding to framework Ti at 460.4 eV and 466.5 eV and the extra-
framework Ti of anatase at 458.7 eV and 464.4 eV [57]. The shifted Ti
2ps3,2 peak at 460.4 eV indicates the interaction between Ti and Si [58].
The Ti peaks of anatase were not detected in the spectra of fresh AuPd-
TS1-10-3, consistent with the low anatase content found in the XRD
analysis. The difference between the fresh and spent catalysts is dis-
cussed in the catalyst deactivation section 3.4.

The different coordinated Ti-species were identified with DRS
UV-vis. In the spectra of the catalytic materials, shown in Fig. 13, three
titanium specific absorption bands of tetrahedral, tetrapodal (210 nm),
tetrahedral, tripodal (235 nm) and extra-framework (330 nm) Ti-
species were observed [59].

The bands of tetrapodal and tripodal tetrahedral Ti were strongly
overlapped, making the quantification difficult. The absorbance of the
extra-framework titanium, which can be assigned to anatase, signifi-
cantly declines from the first lot TS-1 to the second lot. These results are

Table 4
Mean size of AuPd nanoparticles on different sites, and metal loading and
composition of different catalysts.

Regarding the nominal loading of Pd and Au, the percentage loss of Catalyst AuPd nanoparticle AuPd nanoparticle Metal loading
palladium was 52 %—54 % higher compared to gold with a loss of 16 size S‘ZETS ) (Au/Pd)
. t -
%—25 %. Consequently, the AuPd alloy had a palladium content of ?:,2? aase [[J:m] [wt%]
6.3-6.5 % in the first catalysts series and 5.7 %-6.0 % in the third
instead of the aimed Pd content of 10 %. The framework Ti content of Aulpg:;rSl' 4.91+024 8.99 £0.28 g'ggi)(0'342/
1.2 at % in the support material was specified by the supplier. The low Ti AUPA-TSL5- 4754 0.14 81+03 0.363 (0.339/
concentration in the TS-1 particles is visible from the element mapping, 1 0.023)
where titanium is almost exclusively present in cubes and ellipsoids, as AuPd-TS1- 4.65 + 0.08 7.7+0.3 0.366 (0.343/
the framework single atoms are not visible in the mapping. 10-1 0.023)
. . AuPd-TS1- 8.52 + 0.12 143 £ 0.6 0.383 (0.360/
In the XPS spectra, shown in Fig. 12, palladium can be found as 153 0.023)
metallic Pd°. For fresh AuPd-TS1-10-3, the Pd 3d3/; peak is observed at AuPd-TS1-5- 8.38 + 0.12 12.2 + 0.4 0.382 (0.359/
340.3 eV and for fresh AuPd-TS1-10-1 at 339.9 eV. The Pd 3ds,, peak is 3 0.022)
overlapping with the gold Au 4ds/» peak [54]. Gold is present in the AuPd-TS1- 8.10£0.10 13.6 £05 0.398 (0.375/
oxidation states of the metallic form Au® and, exclusively in AuPd-TS1- 103 0.023)
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Fig. 10. Nanoparticle size distribution of AuPd nanoparticles on TS-1 (left) and anatase (right) support particles (AuPd-TS1-10-1).
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Fig. 11. STEM-EDS with line scans of fresh AuPd-TS1-10-3; a) and b) STEM image, c) Si, d) Ti, e) Pd and f) Au.
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Fig. 12. Gold (Au 4f), Pd (Pd 3d) and Ti (Ti 2p) XPS spectra of AuPd-TS1-10-1 and AuPd-TS1-10-3 before and after usage in HyPO.

consistent with the XRD results, where a bigger fraction of anatase was respectively, and differed in the isotherms (S 6). The catalyst AuPd-TS1-
found in the first lot of TS-1. The metal modified materials show similar 1.5-1 and AuPd-TS1-10-1 have with 395 m2/g and 396 m?/g a signifi-
spectra with respect to the TS-1 lot, which had been used for the catalyst cant lower SSA, as the catalysts of the third series. The larger proportion

synthesis, confirming that the metal deposition does not affect the to- of titanium silicate, which is known to have a high SSA due to the
pology of the support materials. In addition, a weak surface plasmon microchannel system, in the second TS-1 lot, can explain this observa-
resonance (SPR) band of the gold alloy was found in the metal-modified tion. Indeed, the pore volume increased from 0.25-0.26 cm3/g to 0.30
samples of the third series at 500 — 600 nm, as Pd damp it intensity [60]. cm®/g comparing the first to the third catalyst series, and the micropore

From the investigation of the textural properties via nitrogen phys- volume increased by 0.04 cm3/g from the first to third catalyst series.
isorption, it was found that all the catalysts within the series have similar When comparing the catalyst batch with the pure support material
specific surface areas (SSA) and pore volumes, as reported in Table 5. which had been used, a decrease of the SSA was observed due to clog-

Only AuPd-TS1-5-3 showed a lower SSA (348 m?/g) compared with ging of pores with AuPd particles after introduction of the metal [33].
AuPd-TS1-1.5-3 and AuPd-TS1-10-3 with 459 m2/g and 453 m?/g, The nitrogen physisorption experiments revealed that the pore structure

10
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Fig. 13. DRS UV-vis spectra of AuPd-TS1 catalysts of the first and third series and the corresponding TS-1 lot. In the magnified spectra of TS-1 2. Lot, the band
regions of tetrahedral coordinated Ti(IV) (tetrapodal in dark blue and tripodal in light blue), and extra-frame work Ti (TiO,) (grey) are shown. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 5
The textural and chemical properties of AuPd-TS1 and TS-1 catalysts. SSA —
specific surface area, Vpores — pore volume and dpores — average pore width.

Catalyst SSA? Vpores” [em®/g] dpores” Acidity?
[m®/g] Viot Viniero [nm] [umol/g]
AuPd-TS1-1.5-1 395 0.250 0.192 0.61 27.6
AuPd-TS1-10-1 396 0.260 0.194 0.61 29.1
AuPd-TS1-1.5-3 459 0.307 0.228 0.61 24.9
AuPd-TS1-5-3 348 0.216 0.169 0.61 30.1
AuPd-TS1-10-3 453 0.302 0.228 0.62 23.2
TS-1 (1st Lot) 397 0.232 0.189 0.62 68.0
TS-1 (2nd Lot) 515 0.302 0.245 0.62 42.6

2 Calculated with Dubinin-Radushkevich method.
b Calculated with Tarazona NLDFT method.

¢ Calculated with Horvath-Kawavoe method.

4 calculated with Ammonia-TPD.

was preserved after the metal deposition and aligns with the reported
MFI structure (S 7) [61].

The acidity measurement via ammonia-TPD is shown in S 8. Two
signals were observed at 95-105°C and 135 -155°C, representing
weak Lewis acid sites due to embedded Ti(IV) in TS-1 and anatase
[62,63]. The signal around 100°C declined with a decreasing anatase
content and therefore can be assigned to the Ti sites in anatase, resulting
in a decrease of the overall acidity from 68.0 umol/g to 42.6 umol/g.
After the metal modification of the support materials, a decline in the
acidity is observed, decreasing to 27.6-29.1 umol/g and to 23.2-30.1
umol/g, to the catalyst of the first and third series, respectively. The
decline of the acidity can be explained by the deposition of metal on the
acid sites, and a higher metal dispersion blocks the Ti sites more effec-
tively. AuPd-TS1-5-3 has a higher acidity (30.1 ummol/g), which might
be related to the findings of the loss of surface area observed.

3.3. Catalytic experiments in trickle bed reactor

To the best of our knowledge, combined continuous processes of
DSHP and propene epoxidation in liquid phase have not been reported
yet in open literature. The first step in this work was the development of

11

catalysts, bearing AuPd nanoparticles for the DSHP step, enabled
hydrogen and oxygen activation, and tetrahedral Ti sites for the
consecutive HPPO step, facilitated the activation of the in-situ generated
H0,. In preliminary experiments with a AuggPdyg catalyst, only traces
of PO were detected, as propene and H,O5 hydrogenation dominated the
reaction system. In contrast, the use of an AugoPd;( alloy resulted in
sufficient PO production and therefore defined the metal composition
used for this study. A monometallic Au catalyst was inactive DSHP,
confirming the essential role of Pd in the alloy for HyPO.

The second step in the development of the HyPO process involved
the determination of appropriate reaction conditions necessary for a
successful operation, as no comparative benchmarks are available for
such a combined system. The investigation of various reaction condi-
tions in the separated DSHP and HPPO processes using a trickle bed
reactor has been described previously [42,64]. The two key parameters
that differ the most are pressure and temperature. The DSHP has been
carried out at —10°C to increase the gas solubility and to suppress HyO»
dismutation, and at 10 bar to enhance the gas-liquid mass transfer. On
the other hand, in HPPO, the conversion of propene had an optimum at
40°C, but the selectivity of PO decreased at temperatures exceeding
25°C due to the formation of ring-opening products. Increasing the
pressure in HPPO up to 4.5 bar gave an improved propene conversion,
whereas only minor changes were observed at higher pressures. To find
a good compromise between DSHP and HPPO, in which the formation of
the ring-opening products and the HyO, decomposition are minimized,
it was decided to start the HyPO process at 20°C as the decomposition of
H30, does not take place at such a low temperature. The DSHP requires
a high pressure, but propene is liquefied at 10.2 bar and 20°C [65], so it
was decided to operate the system at 9 bar to avoid the condensation of
propene. The optimum gas and liquid flow rates were taken from the
DSHP reference to achieve a sufficient HyOy production rate, which is
expected to be the limiting factor in HyPO, and to comply with the safety
regime. In addition to the gases used in the DSHP, propene was added in
excess related to Hy and O, to shift the chemical equilibrium towards
PO. The total gas and liquid flow rates were maintained the same as in
the DSHP to operate within the trickle flow regime.
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3.3.1. Pre-run DSHP

The first catalytic experiment gave already important insights into
the reaction dynamics. Initially, the DSHP was to be operated first and
the propene flow switched on after reaching the steady state in the
DSHP. However, after 600 min, the HoO, production rate was still
increasing in the DSHP pre-run, displayed in S 9. At TOS = 600 min,
0.0695 mmol/min (99.9 %) of hydrogen and 0.0212 mmol/min (18.9
%) of oxygen were converted, while 0.0064 mmol/min H»0, and
0.0965 mmol/min HpO were produced. The high consumption of
hydrogen compared to oxygen, as well as the formation of more HyO
than fed reactants, which could be explained by an oxidation of meth-
anol to formaldehyde and water, and sequential hydrogenation to
methanol. Methanol is also directly involved in the reaction mechanism
and does not only act as the solvent [66]. However, the precise mea-
surement of the formaldehyde content is difficult, as this intermediate
might appear in low concentrations compared to methanol. A reaction
with CO; can be neglected considering the high thermodynamic stability
and the mild reaction conditions.

3.3.2. HyPO experiments with AuPd-TS1-x-1

To be able to carry out HyPO in the next experiment, all three re-
actants were introduced simultaneously to the reactor system from the
beginning. In the first experiment, HyPO did not reach the steady state.
Therefore, the reaction was restarted two more times, as shown in
Fig. 14. In each experiment, the HyO, production rate increased sharply
after a start-up period and subsequently declined. After the decline, a
slow increase in the HyO5 production rate to 0.0008, 0.0017 and
0.0025 mmol/min was recorded in the first, second and third experi-
ment, respectively. Moreover, the HyO, production started, after the
spike, at the same level as at the end of the previous experiment, which
means that the catalytic system is preserved even though the reaction
was stopped and restarted between two successive experiments. The
change of the reaction conditions after the second experiment did not
affect this pattern.

The steady increase in the HoOy production rate indicates a slow
change of the catalytic system. Fig. 14 reveals that the PO production
starts when the HyO5 production declines, demonstrating the consecu-
tive character of the reaction of PO production from the in-situ formed
H,0,. Evidently, the induction period of the epoxidation is due to the
activation of the framework titanium in TS-1 with H,O and H,O,, which
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changes its coordination and can be proven by the XPS results of the
spent catalyst in Section 3.4. Despite the steadily increasing HyO2 pro-
duction rate, the PO production rate remained stable at 0.007 mmol/
min during the first experiment and even slightly declined to 0.006
mmol/min during the second and third experiment. For all the experi-
ments, PO was produced in similar amounts, even though the reaction
conditions were changed after the second experiment.

After the first two experiments, it was decided to decrease the tem-
perature to hinder the propene hydrogenation and promote the DSHP,
and the pressure was decreased to avoid propene condensation. Besides
the changed reaction conditions between the first two experiments to
the third one, the ratio of propane and propene can be compared and
give an indication about the extent of propene hydrogenation. In S 10,
the gas analysis shows that the molar flow of propane declined in the
first experiment, whereas it became stable after three hours in the sec-
ond experiment, confirming the very slow stabilization of the reaction
system. Comparing the propane-to-propene ratio in the third experiment
with the previous ones, the ratio was significantly lower, indicating
suppressed propene hydrogenation at lower temperatures. Since the PO
production rate was on the same level in all the experiments while the
propane production rate was reduced in the third, HyPO is more effi-
cient under these conditions. After 420 min TOS in the third experiment,
hydrogen was converted to 94.2 %, oxygen 22.4 % and propene 45.5 %.
Thereby, the PO selectivity was 15.7 % with a HE of 13.5 %. The
hydrogen and oxygen consumptions in the three experiments were
similar to the DSHP pre-run, however, 52 % of the converted hydrogen
formed propane and the H,O formation, 0.048 mmol/min at TOS = 300
min, was cut by half compared to the DSHP. The reduced H»O formation,
which also includes Hy0 as a co-product of the epoxidation, indicates
that the consecutive epoxidation with HyOy competes with the HyO,
hydrogenation, which is described in more detail in the step experiment
from DSHP to HyPO. In this experiment and all following experiments,
no ring-opening products were detected, as the operating conditions are
very mild for the HPPO process.

For the following catalytic experiments, a nightline was imple-
mented in the setup to perform longer experiments. Surprisingly, the
catalyst AuPd-TS1-5-1 in HyPO became inactive after 32 h, whereby all
the reactant conversions declined to nearly 0 %, as reported in S 12. The
examination of the spent catalyst revealed that AuPd nanoparticles
aggregated, as seen in S 11, which can explain the tremendous decline of
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Fig. 14. Hydrogen peroxide (green) and PO (blue) production in HyPO for three experiments (1. square, 2. triangle and 3. circle) with AuPd-TS1-1.5-1. Reaction
conditions: 0.07 mmol/min H,, 0.11 mmol/min O, 0.13 mmol/min propene, 1.42 mmol/min CO,; 9 bar, 20C (1. and 2. Exp) or 8 bar, 10C (3. Exp). (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

12



C. Schmidt et al.

the catalyst activity. At this stage, according to the collected results, it
was not possible to identify an explanation for such a strong deactiva-
tion, and more investigations are needed to describe this phenomenon.

The catalytic experiment with AuPd-TS1-10-1 in HyPO consisted of
four individual runs since after the first run, lasting for 1920 min, the
system did still not reach the steady state. After every run, the reactor
was shut down and started up for the following one. In the gas (Fig. 15)
and liquid analysis (Fig. 16), practically the same chemical composition
was found after the re-start. Only from the third to the fourth run, a
slightly higher decline in the H3O, and PO production rates was
observed. In the beginning of the fourth run, fine particles were flushed
out from the reactor, due to a rapid de-pressurizing of the reactor after
the third run, which damaged the pressed catalyst particles and explains
the decrease of the catalytic activity in that specific run. In all the runs,
particularly in the first and fourth run, the conversion of hydrogen and
propene were declining, as seen in the gas analysis (Fig. 15). Despite the
decrease of the consumed Hj, the HyO, production rate was increasing
(Fig. 16), which cannot be explained only with the decrease of the
propane formation. This indicates a more efficient utilization of
hydrogen, in which the hydrogenation of Hy0, is suppressed with an
increasing TOS. Therefore, the conversion of propene to PO was stable
being 0.0078 mmol/min in the first run and 0.0060 mmol/min in the
fourth run with AuPd-TS1-10-1 (Fig. 16). Interestingly, the PO produc-
tion rate increased steadily in the second and third run with AuPd-TS1-
10-1, after it was relatively stable in the first run.

Noteworthy, the third run started on the following day, whereas
between the first and second run, there was a break of nine days. A
consideration is that during the break, a redox process with residues of
MeOH inside the reactor could change the oxidation state of the metal
particles to the initial state of the catalyst. It could also explain the
decline in the HyO, production rate and the higher conversion hydrogen
compared to the end of the first run, due to restored catalyst properties.
From the first to the third run with AuPd-TS1-10-1, the hydrogen effi-
ciency (HE) improved steadily (Table 6), due to the higher production
rate of HyO2 and PO while the hydrogen conversion declined. Interest-
ingly, the more the catalyst was used, the more the reaction of hydrogen
shifted from the formation of propane to desired products and improved
the PO selectivity.
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3.3.3. Step experiment DSHP to HyPO and ratio change of reactants
Another experiment was performed with AuPd-TS1-10-1, where the
process was started with DSHP followed by HyPO to examine the HyO»
production rate and determine the efficiency of the HyO2 conversion
into PO. In the third part of the experiment, the Hy:0,:PE ratio was
changed from 1:1:2 to 1:2:1 to increase the PO selectivity by suppressing
the hydrogenation of propene and enhancing the production of HyO».
The results are summarized in Table 7. The HyO5 production rate
increased over time during the DSHP as well as during the HyPO
(Fig. 17). In the DSHP, an over consumption of Hy (72.8 %) and O, (17.3
%) was noticed, excluding the part of reactants that formed Hy0». This
means that about two times more Hy was consumed than would be
required for the HyO formation. This reaction pattern of excessive Hy
consumption is similar to the DSHP pre-run with AuPd-TS1-1.5-1 and
indicates once more the presence of another reaction that could not be
identified. When switching from DSHP to HyPO, 58 % of the previously
formed H,04 is converted to PO at TOS = 1500 min, as shown in Fig. 17,
and the sum of PO and Hy05 account only for 66 % of HoO, before the
switch. This finding, together with the reduced O3 conversion indicates
an overall lower production of HyO, and shows a competing adsorption
of propene on the active sites for DSHP. However, excluding the Hy
consumed in the PE hydrogenation, only 37.8 % of Hj is converted
meaning that the combustion or hydrogenation of HyO5 are significantly
suppressed in the presence of the olefin. As in the HyPO with AuPd-TS1-
10-1, the Hy0- production rate continuously increased despite the slight
declining oxygen and hydrogen conversions (Table 7, S 13), indicating a
more efficient utilization of the reactants and supporting the assumption
that the combustion or hydrogenation of HoO, are suppressed. Note-
worthy, the catalytic system became more active in comparison with the
previous experiment. At 1500 min TOS almost double the PO was pro-
duced than in the fourth run. An activation of Ti-species with Hy09
during the DSHP is a possible reason n[67]. In the last stage of the
experiment, the HyO2 production rate was doubled after changing the
ratio (Fig. 17), although the hydrogen feed remained the same, and the
propene conversion to propane changed from 24.0 % to 26.6 %. How-
ever, the absolute propane production rate was suppressed by 23.8 %
and therefore the PO selectivity increased from 22.6 % to 24.3 %, and
the HE changed from 22.2 % to 26.3 %. The final PO production rate
decreased to 16.2 % with the reactant ratio change. However, the pro-
cess with the 1:2:1 Hy:0.:PE gas ratio achieved a more efficient
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Fig. 15. Gas phase behavior in HyPO with AuPd-TS1-10-1 in four consecutive experiments (runs). Reaction conditions: 0.07 mmol/min Hy, 0.07 mmol/min O,

0.14 mmol/min propene, 1.46 mmol/min CO,; 8 bar, 10C.
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Fig. 16. Production of hydrogen peroxide (green) and propylene oxide (blue) in HyPO with AuPd-TS1-10-1 in four runs. Reaction conditions: 0.07 mmol/min Hy,
0.07 mmol/min O, 0.14 mmol/min propene,1.46 mmol/min CO,; 8 bar, 10C. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

Table 6
Conversion, PO selectivity, hydrogen efficiency and H,O, and PO production
rate of HyPO with AuPd-TS1-10-1 in different runs.

Run, TOS X X X S HE P(H505) P(PO)
(Hy) (02) (PE) (PO) [%] [mmol/ [mmol/
[%] [%] [%] [%] min] min]
1st, 600 86.6 9.7 37.8 15.5 12.8  0.0002 0.0077
min
1st, 1920 80.9 11.3 34.8 17.1 149  0.0008 0.0078
min
2nd, 495 85.0 23.2 29.7 18.1 14.0 0.0008 0.0084
min
3rd, 600 86.7 17.3 35.6 19.8 17.4  0.0016 0.0091
min
4th, 600 80.0 19.1 27.0 13.9 13.1 0.0017 0.0063
min
4th, 2005 75.4 19.0 24.0 14.8 14.1 0.0019 0.0062
min
Table 7

Conversion, PO selectivity, hydrogen efficiency and H,O» and PO production
rate of HyPO with AuPd-TS1-10-1 in step experiment DSHP to HyPO with
different reactant ratios (H:0,:PE).

Step, TOS X X X S HE P(H,05) P(PO)
(Hy) (02) (PE) (PO) [%] [mmol/ [mmol/
[%] [%] [%] [%] min] min]
DSHP 99.6 44.7 — - 26.8 0.0190 -
(1:1:0),
1300 min
HyPO 88.9 20.0 34.7 23.5 19.7  0.0013 0.0111
(1:1:2),
1500 min
2890 min 83.7 19.9 33.2 22.6 222  0.0034 0.0099
HyPO 79.5 23.1 46.8 24.3 26.3 0.0066 0.0083
(1:2:1),
3100 min

utilization of the reactants.

3.3.4. Step experiment DSHP to HPPO
In a step experiment, the separated process of DSHP and HPPO were
conducted. A H,0, concentration of 0.0165 mmol/ml in MeOH was used
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for the HPPO, which was taken from the H,O, concentration achieved in
the DSHP at 1410 min TOS (Fig. 18). In the switch, the liquid phase was
changed from pure methanol to a HyO2/MeOH solution and only pro-
pene and CO, were fed for the HPPO process. In the first phase of the
experiment, the DSHP, hydrogen was almost completely converted, as
reported in S 14, but a HyO, production rate of only 0.0165 mmol/min
was found (Fig. 18), which aligns with the findings of the previous DSHP
experiment. With the switch to HPPO process, HyO, was expected to
produce an equal amount of propylene oxide, since no side reactions can
take place in the absence of hydrogen. Nevertheless, only 70 % PO
(0.0115 mmol/min) accounting for the total HyO feed was obtained
even though HyO5 was fully converted. At this stage it cannot be
explained how the rest of the HyO; is consumed, since the HoO; dis-
mutation can be excluded, according to the results reported in the
following section 3.3.5.

3.3.5. H30; dismutation and hydrogenation

Hy0, dismutation was investigated, using a HyO2/MeOH solution
with a concentration equal to the previous experiment (0.0165 mmol/
min). Under an inert CO; flow, the system stabilized after 3 h with only
3 % of HyO4 decomposition (S 15). The long stabilization might origi-
nate from the coordination of HyO5 on the titanium sites which are the
driving force of the epoxidation mechanism[68]. Overall, the extent of
dismutation is minor and can be neglected in the interpretation of the
experimental results. After stabilizing the dismutation, hydrogenation of
H,0, was investigated in more detail by turning on the Hy flow (0.07
mmol/min). 40 min after switching, no HyO2 was detected, showing that
all the fed HyO, was reduced to H,O, showing that the alloy in AuPd-
TS1-10-1 is still highly active in hydrogenation, despite the high gold
fraction. In contrast to dismutation, the hydrogenation of HyO3 plays a
major role in the reaction network.

3.3.6. Hydrogenation of propene

The propene hydrogenation was investigated with AuPd-TS1-10-1.
The reaction was conducted with 0.07 mmol/min Hj, 0.14 mmol/min
PE, 1.52 mmol/min CO,, substituting the oxygen flow with CO,. After
100 min TOS, 97.3 % hydrogen was converted to propane despite the
low reaction temperature (S 16) and confirming the high activity of the
alloy as in the previous experiment. It needs to be considered that pro-
pane production is promoted due to double excess of propene, which



C. Schmidt et al.

0.025 0.025
T —
m g
o o
V) 2]
- S
0.020 g 10020
up
_my
<
£ o015 - 0.015
<) J
IS X \
E |
= H ‘h.'.'\q
Q, 0.010 ™ e om L0010
T | | i
= | etam
‘ ffi
0.005 - | Fo0.005
| | ==
- ”-.'
| -
0.000 : : : : : —L 0.000
0 500 1000 1500 2000 2500 3000
TOS (min)

n(PO) (mmol/min)

Journal of Catalysis 454 (2026) 116637

Fig. 17. Production of hydrogen peroxide (green) and propylene oxide (blue) in DSHP and HyPO with AuPd-TS1-10-1. Reaction conditions: first part 0.07 mmol/
min Hp, 0.07 mmol/min Oy, 1.60 mmol/min CO,; second part 0.07 mmol/min Hp, 0.07 mmol/min O,, 0.14 mmol/min propene, 1.46 mmol/min COs; third part
0.07 mmol/min Hy, 0.14 mmol/min O, 0.07 mmol/min propene, 1.46 mmol/min CO,.; in all parts 8 bar, 10C. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 18. Production of hydrogen peroxide (green) in DSHP and propylene oxide (blue) in HPPO with AuPd-TS1-10-1 at 8 bar and 10C. Reaction conditions: DSHP
0.07 mmol/min Hy, 0.07 mmol/min O, 1.60 mmol/min CO5; HPPO 0.14 mmol/min propene, 1.60 mmol/min CO,; 0.0165 mmol/ml H,0, in MeOH. The dashed
line is the Hy0, concentration used in HPPO. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article.)

was applied in HyPO to shift the chemical equilibrium to PO. It is
noteworthy that the hydrogen and propene conversions slightly declined
towards the end of the experiment to 93.4 % and 45.1 %, respectively,
while the propene conversion was at TOS = 100 min 49.3 %. In
conclusion, the experiment shows that the hydrogenation process is a
competing reaction to the epoxidation process to a significate extent.
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Additionally, to the gas analysis, liquid analysis was performed, in
which only MeOH and traces of dissolved reactants were detected.

3.3.7. Oxidation of propene
The possibility of propene oxidation was investigated with AuPd-
TS1-10-1, where the reaction conditions were maintained as in the
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previous experiments and hydrogen was substituted by O,. Thereby,
neither oxygen nor propene were converted, and no oxidation products
were detected in the liquid phase analysis.

3.3.8. HyPO with oxygen pre-treatment

As observed in the previous experiments, long-term changes in the
activity of H;O, and PO were observed despite several successive and
different experiments with the same catalytic bed. It was first assumed
that a slow change of the electronic state of the metal nanoparticles
might be the reason for this effect. It is known that Pd>* possesses a
higher H,0, selectivity than Pd’, due to the decreased ability of
hydrogen activation and subsequent hydrogenation of HoO2[10] as well
as a higher dissociation energy of the O-O bound[69]. Hence, an
experiment with an oxygen pretreatment was performed. Before the
actual experiment, another experiment was conducted as a reference
under typical reaction conditions for HyPO. After the reference experi-
ment, the catalyst was pretreated with a gas flow rate of 1.25 mmol/min
CO5 and 0.42 mmol/min O at 20°C for 5 h. The same gas flow rates
were kept during the catalyst bed wetting with MeOH for 2 h. The
production rates of HoO5 and propylene oxide in the reference experi-
ment and in the experiment after the oxygen pretreatment were steadily
increasing (Fig. 19) as it was observed in the second and third run in
HyPO with AuPd-TS1-10-1 (Fig. 16). The final HyOy production rates
were 0.0028 mmol/min (reference) and 0.0043 mmol/min (pretreated),
while the PO production rates were 0.0098 mmol/min (reference) and
0.0118 mmol/min (pretreated).

Nevertheless, it can be concluded that the pretreatment did not affect
the catalyst performance, as the production rates of HpO and PO
continued after the pre-treatment where it has stopped in the reference
experiment, as previously observed in other consecutive experiments
keeping the catalyst inside the reactor tube. The same trend was
observed for the composition of the gas phase, as seen in S 17. It is
noteworthy that in the last experiment using AuPd-TS1-10-1, the reac-
tion system was still not stabilized even though the catalyst was used for
a total TOS of 184 h, including HyPO, DSHP, HPPO, as well as other tests
and additional reactor start up and shut down for each experiment,
which are not included in the TOS. This shows a remarkable catalyst
stability over time and towards changes in the reaction conditions. In the
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last experiment, the highest PO production rate was achieved with
0.0118 mmol/min and a PO selectivity of 26.5 % and 25.0 % HE. In
contrast, at the end of the third experiment with AuPd-TS1-10-1, the PO
production rate was 0.0092 mmol/min with a PO selectivity of 19.8 %
and 17.4 % HE (Table 6), confirming the assumption that the efficiency
of the reaction system increases with TOS.

3.3.9. HyPO experiments with AuPd-TS1-x-3

In the experiments using catalysts of the third series in HyPO, a
similar reaction pattern was observed, in which an increase of the HyO4
production rate (S 18) and a decrease of the propane production rate (S
19) were recorded with TOS. Both effects improved the HE and PO
selectivity. This trend was found for all the catalysts of the third series as
well as in the first HyPO experiment with AuPd-TS1-10-1. AuPd-TS1-
10-3 deviated slightly, as a decline in the PO production rate was
recorded. However, comparing the first and third catalyst series, the
differences in the PO selectivity and HE are outstanding as illustrated in
Fig. 20 and reported in S 20. With the catalysts of the third series, PO
selectivity in the range of 38.8 — 55.7 % and HE of 28.0 — 33.4 % were
achieved, while the experiment with AuPd-TS1-10-1 yielded in a PO
selectivity of 16.9 % and 14.6 % HE at TOS = 1500 min.

AuPd-TS1-10-1 produced propane in larger amounts, leading to a
decrease of HE and the PO selectivity. The higher Hy and propene
conversion can be related to the smaller size of the AuPd nanoparticles
in the catalysts of the first series, that is half of those the third series,
resulting in a lower volume-surface ratio. The enhanced accessibility to
Pd promotes the Pd-catalyzed hydrogenation of propene and H3O,.
However, due to the higher active surface, AuPd-TS1-10-1 achieved a
PO production rate of 7.9 pmol/min at 1500 min TOS, while the cata-
lysts of the third series yielded only 2.7—3.7 pmol/min. When
comparing all catalysts of the third series, a higher HoO5 production rate
resulted in a higher PO productivity, since more available HyO5 can form
PO. Thereby, AuPd-TS1-1.5-3 produced the most HyO, and PO. The
conversion of propene and oxygen are at a similar level among the
catalysts of the third series, while the hydrogen conversion differs from
all the catalysts of the third series, with AuPd-TS1-1.5-3 having the
highest conversion, followed by AuPd-TS1-5-3 and AuPd-TS1-10-3. The
formation of propane can be directly correlated with hydrogen
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Fig. 19. Production of hydrogen peroxide (green) and propylene oxide (blue) in HyPO using AuPd-TS1-10-1 with oxygen pretreatment (diamond) and without
(square). Reaction conditions: 0.07 mmol/min Hy, 0.07 mmol/min O, 0.14 mmol/min propene, 1.51 mmol/min CO,; 8 bar, 10C. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 20. Comparison of the catalyst performance of AuPd-TS1-10-1 and catalysts of the third series.

conversion, with more converted hydrogen leading to a higher propane
production rate. AuPd-TS1-10-3 had the lowest propane production
rate, which is mainly the reason for the higher PO selectivity and HE
compared to AuPd-TS1-1.5-3 and AuPd-TS1-5-3. Elemental analysis
revealed that AuPd-TS1-10-3 has a slightly higher gold content, about
0.015 wt % (Table 8), which could explain the better performance. A
correlation between the catalyst performance within the third series and
the AuPd particle size was thereby not found (Table 4).

3.4. Catalyst deactivation

To explain long-terms effects in HyPO, the spent catalysts from the
reactions were investigated with ICP. The metal loss after all experi-
ments was 4.4 % for AuPd-TS1-1.5-1 and 8.3 % for AuPd-TS1-10-1
(Table 8). The higher metal loss of AuPd-TS1-10-1 is due to the longer
TOS, 184 h, while AuPd-TS1-1.5-1 was used for only 31 h. Considering
the high TOS, the catalysts were relatively stable. It needs to be noted
that the metal content of the spent catalysts can be erroneously reduced
due to the contamination of sand from the catalyst bed. The catalysts of
the third series had significantly higher metal losses, 23.0 — 32.6 %,

Table 8
Metal loading fresh and spent catalysts, after HyPO, percentage metal loss and
Pd content in alloy of fresh and spent catalysts.

Catalyst Metal content Metal content A metal Pd in
(Au/ Pd) wt% (Au/ Pd) wt% (Au/Pd) * AuPd
fresh spent % fresh/

spent
%
AuPd-TS1- 0.365 (0.342/ 0.349 (0.327/ 4.3 (4.2/6.2) 6.5/6.3
1.5-1 0.024) 0.022)
AuPd-TS1- 0.366 (0.343/ 0.336 (0.313/ 8.3(8.8/0.1) 6.3/6.9
10-1 0.023) 0.023)
AuPd-TS1- 0.383 (0.360/ 0.271 (0.263/ 29.3 (27.1/ 5.9/2.9
1.5-3 0.023) 0.008) 65.2)
AuPd-TS1-5- 0.382 (0.359/ 0.294 (0.285/ 23.0 (20.6/ 5.9/2.9
3 0.022) 0.009) 61.4)
AuPd-TS1- 0.398 (0.375/ 0.268 (0.260/ 32.6 (30.7/ 5.7/3.0
10-3 0.023) 0.008) 64.2)

@ percentage loss of total metal, total Au and Pd between fresh and spent
catalyst.
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compared to AuPd-TS1-10-1 and AuPd-TS1-1.5-1, which affects the
H30, production rates, since the metal is the active phase in the DSHP.
In fact, the HyO5 production rates were stabilized or declined at TOS =
1500 min using catalysts of the third series while it was steadily
increasing using AuPd-TS1-10-1 after the same TOS. The metal
composition of the alloy was unchanged in practice for catalyst of the
first series with a Pd content from 6.3 — 6.5 % to 6.3 — 6.9 % while for
catalysts of the third series it slightly changed from 5.7 — 5.9 % to 2.9 —
3.0 %. The stability of the alloy was underlined by STEM-EDS line scans
of the spent AuPd-TS1-10-1 and AuPd-TS1-10-3, in which Au and Pd
occurs at the same locations, as reported in S 21and S 22.

The differences in the metal loss of the different catalyst series can be
explained by the SEM analysis in Fig. 21 of the spent catalysts, con-
firming the significant removal of the metal aggregates after the reac-
tion. Since in AuPd-TS1-1.5-1 and AuPd-TS1-10-1 much less metal
aggregates were found than in the catalysts from the third series (Fig. 6),
the metal loss of the catalyst is expected to be low and this was
confirmed by ICP analysis of the spent catalysts. The anatase impurity is
a fortunate circumstance as the agglomeration of AuPd was reduced
with a higher anatase content and a strong metal-support-interaction is
provided, seen in the charge transfer, Fig. 12, and a reduced acidity of
the metal modified TS-1 materials was obtained (Table 5).

In Fig. 22, the comparison of AuPd nanoparticle sizes of the catalysts
before and after HyPO reaction is illustrated. The AuPd nanoparticles of
AuPd-TS1-10-1 show a significant increase in their mean size of 1.9 nm
on anatase, while the increase in AuPd-TS1-1.5-1 is only 1.4 nm on
anatase. In the third catalyst series, the size of AuPd nanoparticles on
anatase in AuPd-TS1-1.5-3 is unchanged, while in AuPd-TS1-5-3 and
AuPd-TS1-10-3 they increased 1.9 nm and 2.5 nm, respectively. Only
AuPd-TS1-1.5-3 achieved in HyPO a stable PO production rate within
the catalysts of the third series (S 18). AuPd on TS-1 only increased
significantly in AuPd-TS1-10-1 and AuPd-TS1-5-3, whereas in other
catalysts an interpretation of the particle size change is difficult,
considering the measurement error. Besides this finding, no other
pattern was found that could be correlated with the results of the cata-
lytic experiments. The increase of the AuPd nanoparticles affects the
catalytic performance, particularly in the DSHP step of HyPO, since less
active surface is available. However, the metal loss is likely the domi-
nating reason for the catalyst deactivation, since the H,O5 activity
increased for AuPd-TS1-10-1 despite the increased metal nanoparticle
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Fig. 21. SEM images of AuPd-TS1-10-3 fresh (left) and spent (right), after HyPO reaction.
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Fig. 22. Mean sizes of AuPd on TS-1 (green) and anatase (blue) of different AuPd-TS1-x-x catalysts. Fresh catalysts are indicated bright and spent dark. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

size.

The spent catalysts AuPd-TS1-10-1 and AuPd-TS1-10-3 were char-
acterized using XPS (Fig. 12). The loss of the intensities of the Au and Pd
peaks is the most prominent change in the spectra compared to the fresh
catalysts, reflected in a higher signal-to-noise ratio for the fresh sample.
The intensity loss is higher for AuPd-TS1-10-3 compared to AuPd-TS1-
10-1, confirming the leaching results. In AuPd-TS1-10-1, the Au'*
content of gold remained practically unchanged being 28 % and 25 % in
the fresh and spent materials, respectively. In general, the oxidation
state of the metals was found unaltered even though a change was ex-
pected because of the long-term changes in the catalytic performance.
However, it cannot be ruled out that in-situ reduced metal had been
partially re-oxidized outside the reactor. In the Ti spectra, the peak
position of the framework Ti shifted from 360.4 eV to 359.4 eV in AuPd-
TS1-10-1 while for AuPd-TS1-10-3 the peak was only partially shifted.
During the reaction in HyPO, the coordination of the tetrahedral Ti
changed due to HoO and H30- to a Ti(0Si)2(OH)2(H20), environment,
leading to a lower BE[70].

Further examination of the spent catalysts was conducted with
thermogravimetric analysis to investigate if higher polyglycol species
were absorbed at the catalyst surface, which could occur in HPPO[71]
causing blockages of active sites. An indication of carbon species was
provided by the XPS spectra of the spent catalysts (S 23), in which a
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carbon peak increased after the reaction in HyPO increased, corre-
sponding to a C-O bonding[72]. Nevertheless, the thermogravimetric
analysis showed after the water loss no further mass changes and thus
the adsorption of this kind of compounds is not considered as a reason
for the catalyst deactivation.

4. Conclusions and outlook

The present work reports for the first time continuous epoxidation of
propene with in-situ generated hydrogen peroxide in liquid phase under
mild conditions of 8 bar and 10°C. The process to develop a TS-1 AuPd
bimetallic supported catalyst for this reaction system, active both in
direct synthesis of hydrogen peroxide and in propene epoxidation, was
described. These catalysts include the metal sites able to activate
hydrogen in the formation of HyO, with only a moderate olefin hydro-
genation due to a Pd-poor alloy, together with the Ti sites that perform
the epoxidation with the in-situ generated hydrogen peroxide. The
synthesized catalysts were extensively characterized to evaluate the
synthetic method and their properties. It was demonstrated how the
catalyst preparation is affected and even benefits from the anatase im-
purities present in the commercial TS-1, due to the higher capability to
anchor the metal precursors on the metal deposition step.

The synthesized and characterized catalysts were successfully tested
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in HyPO. A PO selectivity up to 55.7 % and hydrogen efficiency of up to
33.4 % were achieved. In addition, the properties of the spent catalysts
were investigated to elucidate the deactivation observed during the
experiments. Furthermore, the development and optimization of the
HyPO process was discussed. The first important results of this research
shed light on the complex dynamics of the continuous process, for
instance the increase of the PO selectivity and HE with TOS, and
demonstrated the benefits of combining both processes, e.g. suppression
of hydrogenation of H,O5 during the HyPO process due to the competing
coverage of the olefin on the metal nanoparticles.

Nevertheless, further experiments and characterizations are needed
to obtain a deeper understanding of the reaction network. Process
intensification can potentially be achieved by varying the metal
composition and the catalyst loading and the pre-treatment of the cat-
alytic materials as well as by varying the catalyst bed structure and re-
action conditions.
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