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Abstract: The development of efficient and stable catalysts is of great importance for the elimination
of volatile organic pollutants (VOCs). In this work, AuPdx nanoparticles (NPs) were loaded on TiO2

through the electrostatic adsorption approach to generate the yAuPdx/TiO2 (i.e., 0.35AuPd0.46/TiO2,
0.34AuPd2.09/TiO2, and 0.37AuPd2.72/TiO2; x and y are Pd/Au molar ratio and AuPdx loading,
respectively; x = 0.46–2.72; and y = 0.34–0.37 wt%) catalysts, and their catalytic activities for the
oxidation of ethyl acetate were determined. The results showed that the 0.37AuPd2.72/TiO2 sample
exhibited the best activity (T50% = 217 ◦C and T90% = 239 ◦C at SV = 40,000 mL/(g h), Ea = 37 kJ/mol,
specific reaction rate at 220 ◦C = 113.8 µmol/(gPd s), and turnover frequency (TOFNoble metal) at
220 ◦C = 109.7 × 10−3 s−1). The high catalytic performance of the 0.37AuPd2.72/TiO2 sample was
attributed to the good dispersion of AuPd2.72 NPs, the strong redox ability, the large ethyl acetate
adsorption capacity, and the strong interaction between AuPdx and TiO2. Acetaldehyde, ethanol, and
acetic acid are the main intermediates in the oxidation of ethyl acetate, and the loading of AuPdx NPs
effectively reduces the formation of the toxic by-product acetaldehyde. The oxidation of ethyl acetate
over the 0.34AuPd2.09/TiO2 sample might occur via the pathway of ethyl acetate→ ethanol→ acetic
acid → acetate → CO2 and H2O. We believe that the obtained results may provide a useful idea
for the design of bimetallic catalysts under industrial conditions and for understanding the VOCs
oxidation mechanisms.

Keywords: supported Au–Pd nanocatalyst; ethyl acetate oxidation; strong electrostatic adsorption;
sulfur dioxide resistance; reaction mechanism

1. Introduction

Oxygenated volatile organic compounds (OVOCs) are significant precursors of the
ozone (O3) and secondary organic aerosols in the atmosphere (SOA). OVOCs not only
have active reactivity that has an impact on the environment and climate, but they also
represent a significant risk to human health [1,2]. Catalytic oxidation is a crucial strategy
for reducing OVOCs emissions, and the key issue is the development of high-performance
catalysts [3–6]. The usage of ethyl acetate, a solvent with comparatively low toxicity, as a
replacement for benzene solvents has greatly grown. However, fewer studies have been
conducted to control ester-containing VOC pollution due to its low toxicity, and removing
esters is more challenging than removing benzene. Usually, the difficulty of oxidizing a
volatile organic compound increases with its molar mass, and the order of oxidation ease
is as follows: alcohols < aldehydes < aromatics < ketones < acetates < alkanes [7]. The
strongest bond in ethyl acetate and other oxygenated VOCs, in contrast to the hydrocarbon
structure, is the C=O bond [8]. Such a feature suggests that there are some differences in
the key active sites and reaction mechanisms catalyzing the oxidation of ethyl acetate [9].

Catalysts 2023, 13, 643. https://doi.org/10.3390/catal13040643 https://www.mdpi.com/journal/catalysts

https://doi.org/10.3390/catal13040643
https://doi.org/10.3390/catal13040643
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com
https://orcid.org/0000-0001-9857-0260
https://doi.org/10.3390/catal13040643
https://www.mdpi.com/journal/catalysts
https://www.mdpi.com/article/10.3390/catal13040643?type=check_update&version=1


Catalysts 2023, 13, 643 2 of 20

Currently, the majority of research on the catalytic oxidation of ethyl acetate has been
concentrated on transition metal oxides, which typically consist of the metal (Ce, Mn, Cu,
Co, and Zr) oxides [10–13] with good redox characteristics. However, transition metal
oxides exhibit poor low-temperature activities and high-temperature stability. Supported
noble metals show good catalytic activities at low temperatures, an easy adsorption of
reactants, and a strong ability to generate intermediate active species, but their use is
constrained by their high cost. In the catalytic oxidation of ethyl acetate, there are two key
issues: (i) ethyl acetate oxidation is prone to forming the by-products, among which
acetaldehyde is more dangerous and photochemically active than any of the reactants
and other by-products, and it is hence vital to assure full combustion of ethyl acetate [14];
and (ii) the effects of water vapor and sulfur dioxide on the activity of the catalysts in
ethyl acetate combustion and their inhibition or promotion mechanisms have not been
thoroughly investigated. Therefore, the development of a catalyst with high activity,
low acetaldehyde selectivity, and good stability is essential for the catalytic oxidation of
ethyl acetate.

The loading of bimetals can modify the surface electronic structures of the catalysts
due to the interaction between the two metals, which may not only effectively enhance
activity but also potentially improve thermal stability and resistance to poisoning of the
catalysts [15–18]. For the oxidation of ethyl acetate, it was reported that the bimetallic
1Ru–5Cu/TiO2 catalyst possessed better catalytic stability, higher CO2 selectivity, and fewer
by-products than the monometallic 1Ru/TiO2 and 5Cu/TiO2 catalysts [19]. Furthermore,
the performance of ethyl acetate oxidation was investigated by loading gold onto vari-
ous metal oxides, and the Au/CuO catalyst performed the best, since Au increased the
reducibility and reactivity of the carrier oxide surface [20]. Pd was the critical component
for the catalytic oxidation of ethyl acetate. For instance, the 0.26Pd/3.2N-TiO2 catalyst
exhibited good photothermocatalytic activity (T90% = 212 ◦C) and good water resistance
and stability in the oxidation of ethyl acetate [21]. The Pd/CeO2-SP catalyst showed the best
activity (T90% = 180 ◦C at a space velocity of 60,000 mL/(g h)) for ethyl acetate oxidation
due to the strong interaction between Pd NPs and CeO2 [22]. Substantial research on the
Au–Pd bimetallic catalysts has occurred in recent years, which has demonstrated that such
materials exhibited outstanding VOC oxidation performance with good low-temperature
reducibility and stability [23–25]. Ilieva et al. [26] performed catalytic combustion of ben-
zene over the Y-modified cerium oxide-supported Au, Pd, and Pd–Au bimetallic catalysts,
and found that the supported Pd–Au catalyst exhibited a higher activity (a complete ox-
idation of benzene was achieved at 150 ◦C) than the supported Au or Pd monometallic
catalyst, due to the enhanced oxygen mobility by the synergy of the two noble metals.
Tabakova et al. [27] used a continuous deposition–precipitation method to prepare the
Pd–Au bimetallic particles on the alumina-supported Y-doped ceria, and observed that the
doping of Y to CeO2–Al2O3 increased the catalytic activity of the supported Pd–Au cata-
lysts for benzene oxidation. Additionally, lowering the precious metal content can lessen
the cost of the as-obtained catalysts. It has been shown that the electrostatic adsorption
technique may produce uniformly dispersed noble metal nanoparticles (NPs) with small
particle sizes, and the fabrication procedure is rather straightforward. The electrostatic ad-
sorption method is based on the strong electrostatic adsorption (SEA), i.e., a charged metal
precursor is strongly adsorbed on an oppositely charged support surface by controlling
the pH value relative to the surface zero charge point (PZC) [28–30]. DeRita et al. used the
electrostatic adsorption approach to generate the Ptiso/TiO2 catalysts with a low loading
of 0.1 wt%, which employed the precious metal more efficiently [31]. A low noble metal
loading can be used to selectively fill the most thermodynamically stable adsorption sites
on a high-surface-area carrier with the atomically dispersed noble metal. When preparing
some bimetallic catalysts by the electrostatic adsorption strategy, C, SiO2, and TiO2 are
usually selected as the support. Titanium dioxide, which exhibits the oxidation–reduction
property, is inherently catalytically active, and its supported precious metal catalysts show
good low-temperature catalytic oxidation activities [32,33]. In addition, the high specific
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surface area and low cost of titanium dioxide make it the preferred choice as the noble
metal catalyst support.

Up to now, however, there have been no reports on the utilization of the supported
Au–Pd bimetallic catalysts for the oxidation of OVOCs; especially, reaction mechanisms
of the ethyl acetate oxidation and SO2 impact on this reaction are scarce. In the present
work, we employed gold–palladium bimetallic NPs as the primary active component and
nano-TiO2 as the support to prepare the yAuPdx/TiO2 (y is the weight loading of Au–Pd
NPs, and x is the Pd/Au molar ratio) catalysts and investigate their catalytic performance
for ethyl acetate oxidation, examine water- and sulfur-resistant behaviors, identify the
reaction intermediates, and probe the catalytic reaction mechanisms.

2. Results and Discussion
2.1. Crystal Phase Composition, Microstructure, and Surface Area

Figure 1 shows XRD patterns of the TiO2, 0.33Pd/TiO2, 0.36Au/TiO2, 0.37AuPd2.72/TiO2,
0.34AuPd2.09/TiO2, and 0.35AuPd0.46/TiO2 samples. By comparing with the XRD pattern
(JCPDS PDF# 21-1272) of the standard TiO2 sample, we can realize that all of the samples
exhibit diffraction peaks that are characteristic of the anatase TiO2 phase, and those diffraction
peaks at 2θ = 25.3◦, 37.8◦, 48.0◦, 53.9◦, 55.1◦, 62.7◦, 68.8◦, 70.3◦, and 75.0◦ are assigned to
the (101), (004), (200), (105), (211), (204), (116), (220), and (215) crystal planes of anatase TiO2,
respectively. After loading the noble metals, no diffraction peaks due to the Pd phase were
detected. By referring to the XRD pattern (JCPDS PDF# 4-0783) of the standard gold sample,
one can assign the diffraction peaks at 2θ = 38.2◦, 44.5◦, 64.6◦, and 77.7◦ to the (111), (200),
(220), and (311) crystal planes of the Au phase, respectively. The peaks at 2θ = 38.2◦ and 64.6◦

corresponded to the (004) and (204) crystal planes of the TiO2 phase. However, the lack of the
peaks at 2θ = 44.5◦ and 77.7◦ suggests that no Au aggregates are present in the samples [34,35].
For each of the yAuPdx/TiO2 samples, the XRD pattern was the same as that of anatase TiO2.
This result might be due to the lower loading of Au, Pd, or AuPdx NPs or their high dispersion
on the surface of TiO2.
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Figure 1. XRD patterns of (a) TiO2, (b) 0.33Pd/TiO2, (c) 0.36Au/TiO2, (d) 0.37AuPd2.72/TiO2,
(e) 0.34AuPd2.09/TiO2, and (f) 0.35AuPd0.46/TiO2.

Figure 2a–f shows HAADF–STEM images of the as-fabricated samples and the particle-
size distribution of 0.37AuPd2.72/TiO2. The particle sizes and AuPdx particle distribution
can be estimated from the HAADF–STEM images, and the noble metal NPs were highly
dispersed on the surface of TiO2. After analyzing the particle sizes of the noble metal
NPs in the TEM images, we can know that the AuPd2.72 NPs possess an average particle
size of 2.5 nm (Figure 2f). The particle size of Au NPs in the 0.36Au/TiO2 sample was
5–9 nm, and a high Pd dispersion on the 0.33Pd/TiO2 sample could be seen in the elemental
mapping (Figure S1 of the Supplementary Data), although it was difficult to see Pd NPs
in the HAADF–STEM images. In addition, the Pd and Au elements in 0.37AuPd2.72/TiO2
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were uniformly distributed on the TiO2 surface, as shown in the elemental mappings
(Figure 2h–k). The results of the linear scanning element analysis are shown in Figure 2l. It
is clear that Pd and Au elements in AuPdx NPs have nearly identical signal positions and
intensities, indicating that a Au–Pd alloy was formed. Therefore, the strong electrostatic
adsorption method was used to successfully create a Au–Pd bimetallic alloyed structure of
AuPdx/TiO2 with a uniform particle size and a good precious metal dispersion on TiO2.
Furthermore, it can be seen from the data listed in Table 1 that the surface area of TiO2 was
168 m2/g, and those of the Au-, Pd-, and AuPdx-loaded samples were 111–163 m2/g.
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Figure 2. HAADF–STEM images of (a,g) 0.37AuPd2.72/TiO2, (b) 0.34AuPd2.09/TiO2, (c) 0.35AuPd0.46/
TiO2, (d) 0.36Au/TiO2, (e) 0.33Pd/TiO2, (f) particle-size distribution of AuPd2.72 NPs, (h–k) elemental
mappings, and (l) line scan of 0.37AuPd2.72/TiO2.
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Table 1. Crystal phases, BET surface areas, actual noble metal contents, actual Pd/Au molar ratios,
and surface element compositions of the as-prepared samples.

Sample Crystal
Phase a

BET Surface
Area b

(m2/g)

Actual Au
Content c

(wt%)

Actual Pd
Content c

(wt%)

Actual Pd/Au
Molar Ratio c

(mol/mol)

Surface Element Composition (mol/mol)

Pd2+/Pd0

Molar Ratio
Auδ+/Au0

Molar Ratio
Oads/Olatt

Molar Ratio

0.33Pd/TiO2 Anatase 168 − 0.33 − 0.22 − 0.20
0.36Au/TiO2 Anatase 155 0.36 − − − 0.25 0.18

0.35AuPd0.46/TiO2 Anatase 111 0.28 0.07 0.46 0.15 0.30 0.26
0.34AuPd2.09/TiO2 Anatase 134 0.16 0.18 2.09 0.22 0.36 0.28
0.37AuPd2.72/TiO2 Anatase 163 0.15 0.22 2.72 0.23 0.42 0.33

a Crystal phases were identified according to the XRD results; b Data were determined by the BET method; c Data
were determined by the ICP–AES technique.

2.2. Surface Property

The XPS technique was used to analyze the surface oxygen species and element
compositions of the samples. Figure 3 shows O 1s, Pd 3d, and Au 4f XPS spectra of the
samples, and their quantitative analysis results are summarized in Table 1.
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The asymmetric peaks of each O 1s XPS spectrum could be decomposed into three
components with binding energies (Bes) of 529.5, 531.1, and 532.3 eV, which were attributed
to the surface lattice oxygen (Olatt), surface adsorbed oxygen (Oads), and surface adsorbed
molecular water or carbonate species [36–38], respectively. Among all of the samples,
0.37AuPd2.72/TiO2 possessed the highest Oads/Olatt molar ratio (0.33), which was slightly
higher than those (0.26–0.28) of 0.35AuPd0.46/TiO2 and 0.34AuPd2.09/TiO2, but much
higher than those (0.18–0.20) of 0.33Pd/TiO2 and 0.36Au/TiO2. It is well known that the
increase in the concentration of the adsorbed oxygen species on the catalyst is beneficial
for the enhancement of the catalytic activity of a sample. Hence, the 0.37AuPd2.72/TiO2
sample is expected to show better catalytic activity than the other samples for ethyl acetate
oxidation. Each Pd 3d spectrum was decomposed into four components: The ones at
BE = 335.8 and 340.9 eV were due to the surface metallic Pd (Pd0) species, while the ones
at BE = 337.8 and 342.8 eV were owing to the surface oxidized Pd (Pd2+) species [39,40].
The 0.35AuPd0.46/TiO2, 0.34AuPd2.09/TiO2, and 0.33Pd/TiO2 samples possessed surface
Pd2+/Pd0 molar ratios (0.22–0.23) higher than that (0.15) of the 0.35AuPd0.46/TiO2 sample.
The Au 4f XPS spectrum of each sample was decomposed into four components: The
ones at BE = 83.3 and 87.0 eV were assigned to the surface metallic Au (Au0) species,
whereas the ones at BE = 84.9 and 88.9 eV were attributed to the surface oxidized Au (Auδ+)
species [41]. The Au–Pd alloy-loaded samples exhibited higher Auδ+/Au0 molar ratios
(0.30–0.42) than that (0.25) of the Pd-free sample. As can be seen from the data in Table 1,
the 0.37AuPd2.72/TiO2 sample possessed the highest surface Auδ+/Au0 and Pd2+/Pd0

molar ratios and the highest surface adsorbed oxygen species concentration, hence showing
the best catalytic activity for the oxidation of ethyl acetate.
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2.3. Reducibility

The reducibility of the samples was investigated using the H2-TPR characterization,
and the results are shown in Figure 4. Two reduction peaks for the TiO2 sample were
observed at 311 and 488 ◦C, with the former resulting from the removal of the oxygen
species adsorbed on the TiO2 surface and the latter originating from the reduction of Ti4+ to
Ti3+ and the removal of the oxygen species in the lattice [42,43]. In the H2-TPR profiles of
the samples, one weak reduction peak at 70–100 ◦C was observed after the loading of noble
metals, which was attributed to the reduction of noble metals in an oxidized state on the
catalyst surface [23], as confirmed by the XPS results. Part of the Au and Pd on the sample
surface were present in the form of Auδ+ and Pd2+, but most of them still existed in the form
of the metallic states. It should be noted that the weak reduction peak was also related to
the removal of the oxygen species adsorbed on the TiO2 surface at low temperatures [44,45].
In addition, the reduction peak of TiO2 was shifted to lower temperatures, and the peak
at 330–401 ◦C was related to the reduction of Ti4+ to Ti3+, which occurred through the
dissociation of H2 chemisorbed on the surface of the precious metals to generate the atomic
hydrogen spillover on the support, and the more pronounced hydrogen spillover implied a
stronger interaction between the noble metals and the support [46,47]. The H2 consumption
of the various samples was estimated through quantitative analysis of the reduction peaks
in their H2-TPR profiles, as summarized in Table 2. The order in H2 consumption from
the highest to the lowest was 0.37AuPd2.72/TiO2 (0.35 mmol/gcat) > 0.34AuPd2.09/TiO2
(0.32 mmol/gcat) > 0.35AuPd0.46/TiO2 (0.27 mmol/gcat) > 0.33Pd/TiO2 (0.26 mmol/gcat) >
0.36AuTiO2 (0.19 mmol/gcat) > TiO2 (0.14 mmol/gcat). Apparently, the H2 consumption
was closely associated with the catalytic activity, i.e., the better the reducibility, the higher
the catalytic activity. Therefore, 0.37AuPd2.72/TiO2 would show the best catalytic perfor-
mance for the oxidation of ethyl acetate, as confirmed by the activity data presented below.
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Figure 4. H2-TPR profiles of (a) TiO2, (b) 0.36Au/TiO2, (c) 0.33Pd/TiO2, (d) 0.35AuPd0.46/TiO2,
(e) 0.34AuPd2.09/TiO2, and (f) 0.37AuPd2.72/TiO2.

Table 2. Catalytic activities at SV = 40,000 mL/(g h), apparent activation energies (Ea), metal disper-
sion, TOFPd, TOFNoble metal, specific reaction rates at 220 ◦C, and H2 consumption of the samples.

Sample

Catalytic Activity Ethyl Acetate Oxidation at 220 ◦C
Ea

(kJ/mol)
Metal

Dispersion (%)

H2
Consumption
(mmol/gcat)

T10% T50% T90% Specific Reaction Rate TOFPd TOFNoble metal

(◦C) (◦C) (◦C) (µmol/(gPd s)) (×10−3 s−1) (×10−3 s−1)

TiO2 228 268 303 − − − 72 − 0.14
0.36Au/TiO2 224 261 289 − − 3.8 60 52 0.19
0.33Pd/TiO2 179 225 261 48.3 26.9 14.6 44 35 0.26

0.35AuPd0.46/TiO2 208 236 257 97.5 46.4 11.7 57 41 0.27
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Table 2. Cont.

Sample

Catalytic Activity Ethyl Acetate Oxidation at 220 ◦C
Ea

(kJ/mol)
Metal

Dispersion (%)

H2
Consumption
(mmol/gcat)

T10% T50% T90% Specific Reaction Rate TOFPd TOFNoble metal

(◦C) (◦C) (◦C) (µmol/(gPd s)) (×10−3 s−1) (×10−3 s−1)

0.34AuPd2.09/TiO2 188 229 251 101.2 51.9 59.1 42 38 0.32
0.37AuPd2.72/TiO2 160 217 239 113.8 73.9 109.7 37 30 0.35

2.4. Catalytic Performance and By-Products Distribution

Ethyl acetate is a typical OVOC that was utilized as a probe molecule to assess the
oxidation activity of the catalysts. Figure 5A displays the ethyl acetate conversions over
the samples as a function of the temperature at SV = 40,000 mL/(g h). The T10%, T50%,
and T90% were used to compare the catalytic activities of the samples, as summarized in
Table 2. It can be observed that the catalytic activity was substantially higher over the
sample when Pd NPs were loaded on the TiO2 surface than that over the sample when
Au NPs were loaded. Especially, the supported Au–Pd bimetallic samples exhibited an
excellent catalytic performance, and furthermore, the higher the Pd content, the better the
ethyl acetate oxidation activity, with the 0.37AuPd2.72/TiO2 sample exhibiting the best
catalytic activity (T10% = 160 ◦C, T50% = 217 ◦C, and T90% = 239 ◦C at SV = 40,000 mL/(g h)).
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acetate oxidation over the as-obtained samples at SV = 40,000 mL/(g h).

In order to better compare activities of the different catalysts, we calculated the turnover
frequencies (TOFPd or TOFNoble metal) and the specific reaction rates, and the obtained results
are listed in Table 2. It can be seen that the TOFPd (60.0–73.9 × 10−3 s−1), TOFNoble metal
(14.1–109.7× 10−3 s−1), and the specific reaction rates (97.5–113.8 µmol/(gPd s)) of the yAuPdx/
TiO2 catalysts at 220 ◦C were significantly higher than the TOFPd (26.9× 10−3 s−1), TOFNoble metal
(11.9× 10−3 s−1), and the specific reaction rate (48.3 µmol/(gPd s)) of the 0.33Pd/TiO2 catalyst.
We also compared the catalytic activities for ethyl acetate oxidation of the 0.37AuPd2.72/TiO2
catalyst prepared in this work with other catalysts reported in the literature, as shown in Table S1.
Apparently, the specific reaction rate at 220 ◦C (67.7 µmol/(gNoble metal s)) of 0.37AuPd2.72/TiO2
was higher than that (22.7 µmol/(gNoble metal s)) of 0.63 wt% Pd/UiO-66 [48], that (55.4 µmol/
(gNoble metal s)) of 0.47 wt% Pd/Al2O3-pm [49], that (25.4 µmol/(gNoble metal s)) of 1 wt%
Au/CuO [20], that (34 µmol/(gNoble metal s)) of 1 wt% Ru–5Cu/TiO2 [19], and that (8.6 µmol/
(gNoble metal s)) of 1 wt% Pt/SnO2 [50], but lower than that (92.4 µmol/(gNoble metal s)) of 0.3 wt%
Pd/SBA-15 [51] and that (107.1 µmol/(gPd s)) of 0.84 Au/CeO2 [52].

The kinetic results of ethyl acetate oxidation reveal that under the oxygen-enriched con-
ditions, the oxidation of ethyl acetate follows a first-order toward the concentration of ethyl
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acetate [53]. Therefore, it is anticipated that ethyl acetate oxidation under oxygen-rich con-
ditions (ethyl acetate/O2 molar ratio = 1/200) can be considered to follow the first-order re-
action kinetics toward ethyl acetate concentration as follows: r = −kc = −Aexp(−Ea/(RT))c,
where r, A, k, and Ea are the reaction rate (mol/s), pre-exponential factor, rate constant
(s–1), and apparent activation energy (kJ/mol), respectively. The k value can be calcu-
lated using the reaction rates and reactant conversions at various temperatures. Figure 5B
shows the Arrhenius curves for the oxidation of ethyl acetate over the samples at an
SV of 40,000 mL/(g h), and Table 2 lists the apparent activation energies (Ea). The Ea
value increased in the sequence of 0.37AuPd2.72/TiO2 (37 kJ/mol) < 0.34AuPd2.09/TiO2
(42 kJ/mol) < 0.33Pd/TiO2 (44 kJ/mol) < 0.35AuPd0.46/TiO2 (57 kJ/mol) < 0.36Au/TiO2
(60 kJ/mol) < TiO2 (72 kJ/mol). It has been widely known that the lower the Ea value, the
easier the reaction proceeds. The 0.37AuPd2.72/TiO2 sample possessed the lowest Ea value,
further demonstrating that this sample showed the maximal catalytic activity for oxidizing
ethyl acetate.

Other organic by-products were discovered to be produced over the 0.33Pd/TiO2,
0.36Au/TiO2, and yAuPdx/TiO2 samples during the ethyl acetate oxidation process.
Figure 6 displays the concentration of acetaldehyde at different temperatures, in which ac-
etaldehyde was the major byproduct formed over these samples in ethyl acetate oxidation.
Obviously, the concentration of acetaldehyde formed over each sample was low at low
ethyl acetate conversions, and when ethyl acetate was converted, higher concentrations of
acetaldehyde were produced over the TiO2, 0.33Pd/TiO2, and 0.36Au/TiO2 samples, which
first reached their maximal values and then decreased until the acetaldehyde intermediate
disappeared. However, the amounts of acetaldehyde that formed over the supported Au–
Pd bimetallic samples were significantly reduced, with the acetaldehyde concentration that
formed over the 0.34AuPd2.09/TiO2 sample being less than 60 ppm at all of the reaction tem-
peratures. Ethyl acetate might be totally oxidized to CO2 and H2O, but a portion of ethyl
acetate formed the intermediate products at low temperatures, including acetaldehyde,
ethanol, and acetic acid [13]. The decrease in the amount of generated acetaldehyde over
the AuPdx-loaded samples was attributed to the conversion of the formed acetaldehyde to
acetic acid [54], which avoids generating intermediates with secondary contamination.
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2.5. Effects of H2O and SO2 on Catalytic Activity and Intermediate Selectivity

Since exhaust gas frequently contains water vapor under actual working circumstances,
and furthermore, water is also one of the products of VOCs oxidation, it is hence necessary
to examine the high-temperature stability and water resistance of the typical samples.
Figure 7 shows the influence of water vapor on the catalytic activity and selectivity of the
0.34AuPd2.09/TiO2, 0.33Pd/TiO2, and 0.36Au/TiO2 samples for ethyl acetate oxidation at
SV = 40,000 mL/(g h). The 0.34AuPd2.09/TiO2 and 0.33Pd/TiO2 samples possessed good
stability in the absence of water, whereas the 0.36Au/TiO2 sample was less stable. After
the introduction of 5 vol% water vapor, the catalytic ethyl acetate oxidation activity of each
sample showed a boosting effect, and the conversion of ethyl acetate was improved by
about 10, 15, and 14%, respectively. Ethyl acetate conversions over the 0.34AuPd2.09/TiO2
and 0.33Pd/TiO2 samples were restored to their initial levels after the supply of H2O
was cut off; however, the activity of 0.36Au/TiO2 declined by around 5%, which was
associated with its poor stability. The distributions of the major byproducts before and
after the introduction of water were compared, as shown in Figure 7D. It was evident that
more by-products were produced with the addition of water, in which there was a slight
rise in the amount of by-products over 0.34AuPd2.09/TiO2, an increase in the amount of
acetaldehyde over 0.33Pd/TiO2, and increases in the amounts of acetaldehyde and ethanol
over 0.36Au/TiO2.
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the (A) 0.34AuPd2.09/TiO2, (B) 0.33Pd/TiO2, and (C) 0.36Au/TiO2 samples for ethyl acetate oxidation
at an SV of 40,000 mL/(g h).

In general, the presence of water vapor decreases the conversion of ethyl acetate over
the sample, the hydrolysis of ethyl acetate increases the formation of acetic acid and ethanol,
and the adsorption of hydroxyl groups produced by the hydrolysis at the oxygen vacancies
inhibits the production of surface oxygen and prevents further conversion of intermediates
to acetates, thus decreasing the yield of carbon dioxide [19,55,56]. However, our earlier
research work [21,57] demonstrated that the addition of water also boosted the catalytic
activity, because new OOH species that formed on the catalyst surface could generate more
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reactive oxygen species. This finding was supported by the isotopic H2
18O analysis results,

which also suggested that the reaction mechanism might be altered in the case of water
addition, i.e., shifting from the Mars–van Krevelen (MvK) mechanism to the coexistence of
MvK and Langmuir–Hinshelwood (L-H) mechanisms [58]. Therefore, the presence of water
not only facilitated the conversion of ethyl acetate but it also increased the concentration of
the by-products produced via the hydrolysis of ethyl acetate. Furthermore, the generation
of further by-products was prevented over the supported Au–Pd bimetallic samples.

The SO2 present in the exhaust gas may significantly affect the stability of a catalyst
in the real industrial process. To investigate SO2 resistance of the typical catalysts, we
determined the effect of 50 ppm SO2 on the catalytic activity of the 0.34AuPd2.09/TiO2,
0.33Pd/TiO2, and TiO2 samples for ethyl acetate oxidation at an SV of 40,000 mL/(g h), and
the results are shown in Figure 8. The conversion of ethyl acetate over the 0.34AuPd2.09/TiO2
sample initially decreased by around 10% with the addition of 50 ppm SO2, but it gradually
increased to 10% higher than that in the absence of SO2. After cutting off SO2, the activity
was recovered to its initial level, demonstrating that the changes in ethyl acetate conversion
induced before and after SO2 introduction were reversible, and comparable phenomena
were also observed over the 0.33Pd/TiO2 and TiO2 samples. At the same time, the GC
results clearly showed that the level of one of the by-products formed by ethyl acetate
oxidation was progressively growing, while the contents of the other by-products (e.g.,
acetaldehyde and ethanol) were gradually dropping. In particular, numerous by-products
were gradually produced over the TiO2 sample. After the SO2 was cut off, the catalytic ac-
tivity and intermediate selectivity of the catalyst were recovered, but the by-products over
TiO2 were only slowly decreased. It is speculated that the introduction of SO2 promotes the
conversion of ethyl acetate and alters the reaction pathway of ethyl acetate oxidation over
this supported bimetallic catalyst. Over the 0.34AuPd2.09/TiO2 sample, the generation of
even more by-products was prevented.
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Figure 8. Effect of 50 ppm SO2 on (A–C) catalytic activity and (D–F)intermediate selectivity of the
(A,C) 0.34AuPd2.09/TiO2, (B,E) TiO2, and (C,F) 0.33Pd/TiO2 samples for ethyl acetate oxidation at
SV = 40,000 mL/(g h).
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2.6. Products Distribution of Ethyl Acetate Oxidation in the Absence or Presence of SO2

As shown in Figure 9, in order to better understand the catalytic oxidation of ethyl acetate,
we attempt to identify the potential intermediates formed over the TiO2, 0.34AuPd2.09/TiO2, and
0.33Pd/TiO2 samples at T50% using the GC/MS technique. In addition to the main intermediates
of acetaldehyde (CH3CHO), ethanol (CH3CH2OH), and acetic acid (CH3COOH), the reaction
of ethyl acetate and O2 over TiO2 gave rise to vinyl formate (HCOOCH=CH2), propylene oxide
(C3H6O), methyl acetate (CH3COOCH3), and 4-hydroxy-2-butanone (CH3COCH2CH2OH).
Over the 0.33Pd/TiO2 sample, in addition to the intermediate products similar to those over TiO2,
there was also (3-methyloxiran-2-yl)methanol (C4H8O2). Over the 0.34AuPd2.09/TiO2 sample,
however, both amounts of the intermediates produced and intensities of the corresponding
signal peaks were dramatically reduced. Only the reactant (i.e., ethyl acetate) and the by-
products (e.g., vinyl formate, acetic acid, and propanedioic acid (HOOCCH2COOH)) were
detected, which was consistent with the GC results. As a result, the AuPd2.09 NPs in the
0.34AuPd2.09/TiO2 sample could efficiently convert acetaldehyde to acetic acid by changing the
path of ethyl acetate conversion, and lessening the generation of the by-products.
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over (a) TiO2, (b) 0.33Pd/TiO2, and (c) 0.34AuPd2.09/TiO2.

Figure S2 displays the possible reaction intermediates detected during the ethyl acetate
oxidation process over the 0.34AuPd2.09/TiO2, TiO2, and 0.33Pd/TiO2 samples in the
presence or absence of SO2 at T90% and SV = 40,000 mL/(g h) for 5 h of ethyl acetate
oxidation. In conjunction with the GC findings, the introduction of SO2 increased the
formation of vinyl formate, while it inhibited the production of the by-products such as
propylene oxide and methyl acetate. The GC/MS data showed the decreased peak areas of
propylene oxide, methyl acetate, and ethyl acetate, but the peak area of vinyl formate did
not increase, which was probably due to its weak adsorption. According to the findings,
the increased conversion of ethyl acetate in the presence of SO2 could be caused by the
following: (i) The five-coordinated titanium atoms (Ti5c) and two-coordinated oxygen
atoms on the surface of anatase TiO2 react more readily with sulfur dioxide to generate
titanium sulfate [59], which covers the active sites on TiO2 and prevents the transformation
of ethyl acetate to acetaldehyde, propylene oxide, and methyl acetate; (ii) SO2 is adsorbed
on the catalyst surface, which hinders the adsorption and further conversion of ethyl acetate;
and (iii) SO2 is involved in the oxidation of ethyl acetate, which results in the conversion of
ethyl acetate to a new by-product. Therefore, the introduction of SO2 changed the pathway
of ethyl acetate oxidation, resulting in a partial conversion of ethyl acetate to vinyl formate.
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The addition of precious metals effectively reduced the poisoning of the active sites and
avoided the generation of more by-products.

2.7. Intermediates of Ethyl Acetate Oxidation and Possible Reaction Mechanisms

Moreover, we applied the in situ DRIFTS technique to further probe the surface species
generated and their alterations during the oxidation of ethyl acetate over the samples. The
gas mixture used in the in situ DRIFTS study was the same as that utilized in the activity
assessment. After the samples were activated in the oxygen flow for 1 h, in situ DRIFTS
spectra of the adsorbed species on the surface of the 0.33Pd/TiO2, 0.34AuPd2.09/TiO2, and
0.36Au/TiO2 samples were recorded at different temperatures, as shown in Figure 10. At
60 ◦C, the vibration absorption bands at 1060 and 1240 cm−1 corresponded to the ethyl
acetate C−O stretching vibrations (v(C−O) and ν(CO)) [48], the ones at 1375 and 1454 cm−1

were assigned to the symmetric bending vibration (δs(CH3)) and asymmetric bending
vibration (δas(CH3)) of methyl, respectively. The band at 1734 cm−1 was ascribed to the
C−O stretching vibration ((νasC=O)) of ethyl acetate, and the vibrational absorption bands
at 2933 and 2992 cm−1 corresponded to the symmetric stretching vibration (νs(CH3)) and
the asymmetric stretching vibration (νas(CH3)) of methyl [60], respectively.
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Figure 10. In situ DRIFTS spectra of (A) 0.33Pd/TiO2, (B) 0.36Au/TiO2, (C,E) 0.34AuPd2.09/TiO2,
and (D,F) TiO2 during (A–D) 1000 ppm ethyl acetate oxidation and (E,F) (1000 ppm ethyl acetate +
50 ppm SO2) oxidation at different temperatures.

The band corresponding to ethyl acetate gradually vanished as the temperature rose,
the band at 1247 cm−1 corresponded to the C−O stretching vibration (ν(C−O)) of the
surface alcoholates [19], and the one at 1327 cm−1 was due to the CH3 stretching vibration of
the surface acetates [48]. The bands at 1401 and 1463 cm−1 were assigned to the symmetric
stretching vibrations of COO− (νs(C=O)), indicating the generation of acetates and formates,
and the broad multibands located in the range of 1472–1589 cm−1 were assigned to the
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antisymmetric stretching vibrations of overlapping COO− (νas(C=O)) in surface acetate and
formate [19,61]. In addition, the absorption band at 1680 cm−1 was attributed to the C=O
stretching vibration of aldehyde (νas(C=O)) [62], and the one at 1766 cm−1 was ascribed
to the C=O stretching vibration of acetic acid (νas(C=O)) [61]. The band at 1020 cm−1

was assigned to the symmetric stretching vibration (νs(C−O−C)) of the C−O−C bond
in propylene oxide [63]. The signal band of methyl acetate was similar to that of ethyl
acetate, and none of the other by-products, such as vinyl formate, were detected, which
was possibly due to their low concentrations. Thus, it may be inferred that ethanol,
aldehyde, and acetic acid are the main intermediate products of ethyl acetate oxidation. It is
interesting to notice that compared to the other samples, the C=O stretching vibration band
of acetaldehyde at 1680 cm−1 vanished and the C−H stretching vibration band of aldehyde
at 2800 cm−1 was greatly reduced on the 0.34AuPd2.09/TiO2 sample [64]. It was shown
that the formation of the Au–Pd alloy in 0.34AuPd2.09/TiO2 helped to reduce the amount
of the hazardous by-products (such as acetaldehyde) generated via the catalytic oxidation
of ethyl acetate. Additionally, an accumulation of COO− was observed over the samples,
suggesting that the oxidation of COO− was the step that determined the rate of the ethyl
acetate combustion [60]. Combining the foregoing findings, we conclude that the major
catalytic ethyl acetate oxidation process is as follows: Ethyl acetate is initially adsorbed on
the sample, followed by the breaking of the C−O and C−C bonds to produce intermediates
such as ethanol and acetaldehyde. These intermediates then undergo a further reaction
with the adsorbed oxygen (O2

−, O2
2−, or O−) species to produce the acetate species, and

are eventually oxidized to CO2 and H2O.
To investigate the effect of 50 ppm SO2 presence on the adsorbed species during the

oxidation of ethyl acetate, in situ DRIFTS spectra of the adsorbed species at different temper-
atures were recorded. As shown in Figure 10E,F, the absorption band at 1640 cm−1 clearly
increased in intensity, which was ascribed to the C=C stretching vibration (νs(C=C)) [56].
The vinyl formate was presumed to be the by-product whose concentration rose after SO2
introduction since the C=C bond was not found in the other possible by-products generated.
The vibration bands corresponding to ethanol and acetaldehyde disappeared, which was
consistent with the results of the GC/MS measurements. Furthermore, acetate was formed
earlier in the presence of 50 ppm SO2 and already formed at 180 ◦C on the TiO2 sample,
demonstrating that SO2 promotes the conversion of ethyl acetate. However, the addition of
SO2 decreased the area of the band that was assignable to acetate. It has been shown that
acetate and sulfite can compete for the adsorption at the surface active sites, leading to a
decreased amount of acetate. The co-existing acetic acid might stymie the heterogeneous
reaction of SO2, resulting in a dramatic reduction in the amount of sulfites [65].

Figure S3 shows the ethyl acetate TPSR profiles of the 0.34AuPd2.09/TiO2 and 0.33Pd/TiO2
samples to examine the adsorption–desorption behavior of ethyl acetate. The highest abun-
dance fragments from ethyl acetate were those with mass-to-charge ratios of m/z = 45 and
m/z = 43, but since the same mass-to-charge ratio could also be formed in acetic acid, ac-
etaldehyde, ethanol, and other by-products, a mass-to-charge ratio of m/z = 88 was employed
as a characteristic fragment from ethyl acetate. The 0.34AuPd2.09/TiO2 sample displayed a
higher intensity of the desorption peak and a lower desorption temperature, indicating that
the bimetallic sample possesses a stronger ability to adsorb ethyl acetate, and the loading of
Au–Pd NPs improves the catalytic activity of the sample. The fragments with m/z = 18 and
m/z = 44 were characteristic H2O and CO2, respectively. The signal peak appeared in the
range of 150–208 ◦C of the desorption curve at m/z = 18, meaning that the breaking of the
C−O bond occurred during the oxidation of ethyl acetate, hence a strong water desorption
peak was observed at 300–500 ◦C due to the complete oxidation of the reactants and products.
Similar to this phenomenon, the peak at 300–500 ◦C of the desorption curve at m/z = 44 was
due to the desorption of the generated CO2. The 0.34AuPd2.09/TiO2 sample exhibited a
higher intensity of the CO2 desorption peak. The fragment with the highest abundance of
acetaldehyde possessed a mass-to-charge ratio of m/z = 29. However, since ethyl acetate was
more strongly adsorbed on the Au–Pd bimetallic sample, the desorption peak of acetaldehyde
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produced after the reaction was similarly strong in intensity. Because ethyl acetate and ethanol
both generated the fragment with m/z = 29, the contribution of such a fragment from ethyl
acetate and ethanol to the signal peak of the desorption curves could not be ignored.

As shown in Figure 11, ethyl acetate temperature-programmed desorption (ethyl
acetate-TPD) was performed from the 0.34AuPd2.09/TiO2, 0.33Pd/TiO2, and 0.36Au/TiO2
samples. Compared to the 0.33Pd/TiO2 and 0.36Au/TiO2 samples, the peak intensity of
CO2 desorption from the 0.34AuPd2.09/TiO2 sample was stronger, indicating that a larger
amount of ethyl acetate was adsorbed. The fragments with m/z = 58 and m/z = 74 were
characteristic of propylene oxide (C3H6O) and methyl acetate (CH3COOCH3), respectively.
Since m/z = 42 was another characteristic fragment of acetaldehyde, it shared many char-
acteristics with the m/z = 29 desorption curve. Additionally, in the m/z = 31 desorption
curve, the ethanol peak of the 0.34AuPd2.09/TiO2 sample displayed a higher intensity and
temperature than those of the other samples, showing that 0.34AuPd2.09/TiO2 possessed
a larger ethanol adsorption capacity. The 0.34AuPd2.09/TiO2 sample exhibited weaker
peaks for the desorption of acetaldehyde, propylene oxide, and methyl acetate, further
demonstrating that the formation of the Au–Pd alloy helped to decrease amounts of the
by-products.
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We propose a possible pathway for the oxidation of ethyl acetate over our catalysts by
combining the TPSR profiles, in situ DRIFTS spectra, and possible reaction intermediates
discovered by the GC/MS technique with the data provided in the pertinent literature. The
reaction mechanism can be described as follows: (i) Ethyl acetate molecules are adsorbed
on the catalyst surface; (ii) the C−O bond in ethyl acetate is broken, resulting in the primary
by-products such as CH3CH2OH and CH3CHO as well as the quick conversion of ethanol
to acetaldehyde, which is released as a by-product; and (iii) a little fraction of the C−C
bond in ethyl acetate is broken to produce CH3COOCH3, which is then broken down to
form HCOOCH=CH2, or other C=O bonds are broken to produce the other oxygenated
by-products, such as C3H6O. However, in the presence of Au–Pd alloys, acetaldehyde is
easily oxidized to CH3COOH, avoiding the release of acetaldehyde. In the end, CH3COOH
and other oxygenated by-products are further converted to CO2 and H2O. When water
vapor is added to the reaction system, the rise in reactive oxygen and hydroxyl groups
encouraged the hydrolysis of ethyl acetate, speeding up the reaction pathway of alcohol→
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aldehyde→ carboxylic acid. In particular, the deep oxidation of ethyl acetate is inhibited
and the reaction pathway is changed when SO2 is added to the reaction system.

3. Materials and Methods
3.1. Chemicals

The tetraamminepalladium dinitrate (Pd(NH3)4(NO3)2) was obtained from Heowns
Opde Technologies, Ltd., Tianjin, China, and chloroauric acid was obtained from Sinopharm
Chemical Reagent Co., Ltd., Shanghai, China, both of were used as the Pd and Au precur-
sors, respectively. The reagent grade NH4OH (28–30 wt% in concentration) used in the
catalyst synthesis was obtained from Beijing Myriad Technology Co., Ltd., Beijing, China.
The commercial nano-TiO2 (99.8 wt%) was purchased from Aladdin Company, Shanghai,
China. All of the chemicals were used without further purification.

3.2. Preparation of the Au/TiO2 and Pd/TiO2 Catalysts

The Pd/TiO2 and Au/TiO2 catalysts were prepared by the strong electrostatic adsorp-
tion (SEA) method reported in the literature [31,66]. In a typical preparation process, 0.5 g
of TiO2 was added to 100 mL of a NH4OH aqueous solution with a pH of 12. A total of
3.5 mL of tetraamminepalladium dinitrate (0.0067 mol/L) or 1.3 mL of chloroauric acid
(0.01 mol/L) solution was added to 20 mL of a NH4OH aqueous solution with a pH of
12 and it was stirred magnetically for 30 min; the precursor solution was slowly added
to the above TiO2-containing solution and stirred for 12 h. The final mixed solution was
heated to 70 ◦C until it had completely dried. The dried powders were calcined in a dry air
flow of 100 mL/min at a ramp of 10 ◦C/min in a tubular furnace at 450 ◦C for 4 h, so that all
of the remaining amine or nitrate ligands were ensured to be removed. The corresponding
TiO2-supported Pd or Au nanocatalysts were finally obtained. After determining the actual
noble metal loadings by the inductively coupled plasma–atomic emission spectroscopic
(ICP–AES) technique, we can find that the actual Pd and Au loadings in the Pd/TiO2 and
Au/TiO2 samples were 0.33 and 0.36 wt% (Table 1), respectively, and the corresponding
samples were denoted as 0.33Pd/TiO2 and 0.36Au/TiO2.

3.3. Preparation of the yAuPdx/TiO2 Catalysts

A total of 0.5 g of TiO2 was added to 100 mL of a NH4OH aqueous solution with
a pH of 12. Either 0.7, 1.8, or 2.2 mL of tetraamminepalladium dinitrate (0.0067 mol/L)
or 1, 0.6, or 0.5 mL of chloroauric acid (0.01 mol/L) solution was added to 20 mL of a
NH4OH aqueous solution with a pH of 12 and stirred magnetically for 30 min. The Au- or
Pd-containing precursor solution was added slowly and sequentially to the TiO2-containing
aqueous solution and then was stirred for 12 h. The final mixed aqueous solution was
heated to 70 ◦C until it was completely dried. The dried powders were calcined in a dry air
flow of 100 mL/min at a ramp of 10 ◦C/min in a tubular furnace at 450 ◦C for 4 h, so that
all of the remaining amine or nitrate ligands were ensured to be removed. According to
the results of ICP–AES characterization (Table 1), the actual Au–Pd loadings (y) in the as-
prepared catalysts were 0.37, 0.34, and 0.35 wt%, and the Pd/Au molar ratios (x) were 2.72,
2.09, and 0.46, respectively. For better presentation, we denote the as-obtained catalysts as
0.37AuPd2.72/TiO2, 0.34AuPd2.09/TiO2, and 0.35AuPd0.46/TiO2, respectively.

3.4. Catalyst Characterization

Physicochemical properties of the catalysts were measured using the following tech-
niques, including X-ray diffraction (XRD, Berlin, Germany), transmission electron mi-
croscopy (TEM, JEOL JEM-2010, Tokyo, Japan), high-angle annular dark field–scanning
transmission electron microscopy (HAADF–STEM, FEI G280-200/Chemi-STEM, Potsdam,
Germany), X-ray photoelectron spectroscopy (XPS, Thermo Fisher Scientific ESCALAB
250 Xi spectrometer, Waltham, MA, USA), N2 adsorption–desorption (BET, Micromeritics
ASAP 2020 analyzer, Norcross, GA, USA), thermal analyzer-gas chromatography/mass
spectrometry (GC/MS, 7890B-5977, Agilent, Santa Clara, USA), hydrogen temperature-
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programmed reduction (H2-TPR, AutoChem II 2920, Micromeritics, Norcross, GA, USA),
in situ diffuse reflectance infrared Fourier transform spectroscopy (in situ DRIFTS, Nico-
let 6700 FT-IR spectrometer with a liquid-nitrogen-cooled MCT detector, Bruker, Berlin,
Germany), and temperature-programmed surface reaction and desorption experiments
(TPSR and TPD, Autochem II 2920, Micromeritics, Norcross, GA, USA). The detailed
characterization procedures are described in the Supplementary Materials.

3.5. Catalytic Evaluation

Catalytic activities of the samples for ethyl acetate oxidation were assessed in a fixed-
bed quartz tubular microreactor (inner diameter = 6.0 mm), as illustrated in Scheme S1.
In the microreactor, a thermocouple was placed in the quartz tube and directly in contact
with the catalyst bed to measure the reaction temperatures. Ethyl acetate and its products
were analyzed online on a gas chromatograph (GC-2010, Shimadzu, Japan) equipped
with a flame ionization detector (FID) and a stabilwax@-DA column (30 m in length) for
VOC separation and a Carboxen 1000 column (3 m in length, and 1/8 inch in diameter)
for permanent gas separation. A total of 50 mg of the sample (40–60 mesh) and 250 mg
of quartz sand were well mixed in the microreactor. Prior to measuring the catalytic
activity, each sample was activated with an oxygen flow of 20 mL/min at 250 ◦C for 1 h.
The feedstock gas mixture was composed of (1000 ppm ethyl acetate + 20 vol% O2 + N2
(balance)), with the total flow rate, space velocity (SV), and ethyl acetate/oxygen molar
ratio being 33.4 mL/min, 40,000 mL/(g h), and 1/200, respectively. In the case of water
vapor introduction, 5.0 vol% H2O was added via a water saturator at 34 ◦C. In the case of
SO2 addition, a mass flow controller was used to introduce 50 ppm SO2 into the reaction
system from a SO2 cylinder that was balanced with N2. The conversion of ethyl acetate
was calculated according to the following formula: (cin − cout)/cin × 100%, where cin and
cout are the concentrations of ethyl acetate at the inlet and outlet, respectively. Catalytic
activities of the samples were assessed using the temperatures (T10%, T50%, and T90%)
required for ethyl acetate conversions of 10, 50, and 90%, respectively. In addition, specific
reaction rates and turnover frequencies (TOFNoble metal) at a given temperature were also
utilized to evaluate catalytic activities of the samples.

4. Conclusions

The electrostatic adsorption approach was used to successfully load Au, Pd, and AuPdx
NPs on the surface of anatase-type TiO2, thus preparing the 0.36Au/TiO2, 0.33Pd/TiO2,
and yAuPdx/TiO2 samples, respectively. Among all of the samples, the oxidation of ethyl
acetate was performed on each sample, and 0.37AuPd2.72/TiO2 exhibited the highest catalytic
activity (T50% = 217 ◦C and T90% = 239 ◦C at SV = 40,000 mL/(g h), Ea = 37 kJ/mol, specific
reaction rate at 220 ◦C = 113.8 µmol/(gPd s), and TOFNoble metal at 220 ◦C = 109.7 × 10−3 s−1).
The adsorption of the oxygen species and low-temperature reducibility of the samples were
improved after the loading of AuPdx NPs. The introduction of 5 vol% H2O promoted the
conversion of ethyl acetate to produce more amounts of acetaldehyde and ethanol. When
50 ppm SO2 was introduced, the ethyl acetate conversions first decreased and then recovered
or even increased by 10%, but more amounts of by-products were generated (inhibiting the
deep oxidation of ethyl acetate), with the lowest amounts of by-products being produced
over the 0.34AuPd2.09/TiO2 sample. Except for some low-concentration by-products (such
as HCOOCH=CH2, C3H6O, and CH3COOCH3), the main intermediates in the oxidation of
ethyl acetate were CH3CHO, CH3CH2OH, and CH3COOH. The oxidation of ethyl acetate
over the 0.34AuPd2.09/TiO2 sample might take place via the route of ethyl acetate→ ethanol
→ acetic acid→ acetate→ CO2 and H2O.

Supplementary Materials: The following are all available online at https://www.mdpi.com/article/
10.3390/catal13040643/s1. Catalyst characterization procedures and catalytic evaluation procedures.
Scheme S1: An illustration of the setup used for the catalytic activity evaluation, Figure S1: (a,c)
TEM images, (b-1,d-1) HAADF–STEM images, and (b-2–b-4,d-2–d-4) elemental mappings of (a,b)
0.33Pd/TiO2 and (c,d) 0.36Au/TiO2; Figure S2: Possible reaction intermediates detected during

https://www.mdpi.com/article/10.3390/catal13040643/s1
https://www.mdpi.com/article/10.3390/catal13040643/s1
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the ethyl acetate oxidation process at T90% and SV = 40,000 mL/(g h) over the 0.34AuPd2.09/TiO2,
TiO2, and 0.33Pd/TiO2 samples in the presence or absence of SO2; Figure S3: TPSR profiles of (a)
0.34AuPd2.09/TiO2 and (b) 0.33Pd/TiO2 for ethyl acetate oxidation, and references. Table S1: Compar-
ison of catalytic activities for ethyl acetate oxidation of the 0.37AuPd2.72/TiO2 sample obtained in the
present work and the various catalysts reported in the literature, Table S2. Possible reaction interme-
diates detected by GC/MS during ethyl acetate oxidation over the 0.34AuPd2.09/TiO2, 0.33Pd/TiO2,
and TiO2 samples.
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