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imetallic PdRu catalysts
supported on gamma alumina for
2-ethylanthraquinone hydrogenation†

Jinli Zhang,ab Kaige Gao,a Suli Wang,a Wei Lia and You Han*a

A series of bimetallic PdRu catalysts supported on g-Al2O3 were prepared by incipient wetness

impregnation method and were assessed in the 2-ethylanthraquinone hydrogenation process. It is found

that the addition of Ru to Pd can improve the catalyst's activity and maintain high selectivity at the same

time for 2-ethylanthraquinone hydrogenation. Several analysis techniques including N2 adsorption–

desorption, ICP-AES, XRD, TEM, H2-TPR, H2-TPD and XPS were adopted for characterizing the structural

and electronic properties of the samples. It is revealed that PdRu bimetallic system shows stronger

hydrogen desorption behavior in contrast to the monometallic catalysts. In addition, the higher fraction

of Pd2+ and the presence of Ru4+ in the PdRu system may act as the electrophilic sites for the

adsorption and activation of the C]O of the 2-ethylanthraquinone molecule through the lone electron

pair of the oxygen atom. These factors may be attributed to the superior performance of PdRu bimetallic

samples for 2-ethylanthraquinone hydrogenation.
1 Introduction

As an environmentally friendly oxidizing agent, hydrogen
peroxide (H2O2) has been increasingly used in many elds, such
as electronics, chemical synthesis, textile and pharmaceutical
industries, paper bleaching, mining and waste water treatment,
etc.1–7 By far, the anthraquinone (EAQ) process involving
sequential hydrogenation and oxidation of an anthraquinone
derivative (typically 2-ethylanthraquinone) is the most popular
route for commercial scale production of H2O2.8–11 Specically,
2-ethylanthraquinone (2-EAQ) in an appropriate mixture of
solvents (typically C9–C10 aromatics and trioctyl phosphate) is
hydrogenated catalytically to yield 2-ethylanthrahydroquinone
(EAQH2). Then EAQH2 is oxidized to produce H2O2 with
regeneration of the EAQ.12,13 However, various hydrogenation
products besides EAQH2 are produced in the hydrogenation
process due to further hydrogenation of EAQ, such as 2-ethyl-
5,6,7,8-tetrahydroanthracene-9,10-diol (H4EAQH2), 2-ethyl-
1,2,3,4,5,6,7,8-octahydroanthracene-9,10-diol (H8EAQH2) and
2-ethylanthrone (EAN), etc. Among them, only H4EAQH2 can be
oxidized to generate H2O2 and H4EAQ, which can also be used
in the production cycle of H2O2. Therefore, EAQ and H4EAQ are
usually called as “active quinones” and other hydrogenation
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products which are not capable to produce H2O2 are considered
as “degradation products”.14,15

Hydrogenation of anthraquinone in the presence of metal
catalyst is the key reaction in the synthesis of H2O2 through
anthraquinone route. Supported palladium catalyst are
commonly used in this process.16,17 Considering the growing
demand of H2O2, development of a catalyst with superior
performance and relatively low price is one of themost important
issues to satisfy the requirements of efficiency and economy.

It is well known that supported bimetallic catalysts have
attracted much attentions in the catalysis eld, as such
combination of metals can oen lead to superior catalytic
performance due to the synergetic effects.18 To improve the
catalytic performance of Pd based catalysts for hydrogenation
reactions, the effects of a second metal component additives,
including Au,19–22 Ag,23 Pt,24,25 Zn,26 Cu,27 Co,28 Sn,29,30 Ni,31,32 etc.
have been investigated extensively.

For 2-ethylanthraquinone hydrogenation process, continuous
efforts have also been made to improve the catalytic performance
by incorporating a secondmetal into Pd catalysts.33,34 Our previous
work has reported that addition of Au to Pd can enhance the
catalyst's activity for the hydrogenation of 2-ethylanthraquinone.35

However, considering its higher price of Au (almost twice of Pd),
the application of this catalyst is also restricted. Hence, it remains
a big challenge to nd promising candidates in order to reduce the
cost of catalysts to meet the requirements of economy.

PdRu, one of the most widely-studied bimetallic catalysts,
has been reported to be active for selective hydrogenation of
unsaturated organic compounds. Ntainjua et al. reported that
addition of Ru enhanced the activity of Pd/TiO2 for direct
RSC Adv., 2017, 7, 6447–6456 | 6447
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View Article Online
synthesis of H2O2 from hydrogen and oxygen.36 Luo et al. re-
ported that PdRu/TiO2 was not only exceptionally active but also
excellent, sustained selectivity for the catalytic hydrogenation of
levulinic acid to g-valerolactone.37 Huang et al. found that
bimetallic PdRu catalysts supported on mesoporous silica
nanoparticle (MSN) showed 5 times higher activity than that of
Pd/MSN towards the liquid-phase hydrogenation of phenol.38

Qiu et al. reported that the cinnamaldehyde conversion and the
selectivity towards the hydrogenation of C]O bond over Pd–Ru/
PCNT catalyst was better than Pd/PCNT and Ru/PCNT catalysts
under the same reaction conditions, which might be due to the
synergic effect of Pd and Ru metals or the promoting effect of
Ru metal.39 Chen et al. reported bimetallic PdRu catalysts on
porous alumina spheres behaved superior catalytic activity over
monometallic ones for selective hydrogenation of dimethyl
terephthalate (DMT) to dimethyl cyclohexane-1,4-dicarboxylate
(DMCD).40 Yu et al. found that bimetallic PdRu nanoparticles
could show high activity for hydrogenation of alkene.41

Generally, many researches have found the synergistic effect
in PdRu catalysts and proved that PdRu bimetallic systems
could exhibited superior performance than monometallic one
for some hydrogenation reactions. Inspired by these encour-
aging ndings, addition of Ru to Pd/g-Al2O3 may be a feasible
method to improve its performance for 2-ethylanthraquinone
hydrogenation process. In addition, its relatively low price (only
eight percent of Pd, four percent of Au) may meet the require-
ment of economy. However, as far as we can see, no studies have
been published on supported PdRu bimetallic catalysts for the
hydrogenation of 2-ethylanthraquinone. In addition, the
promoting roles of Ru need be further investigated.

In our present work, we attempt to prepare a series of
bimetallic PdRu/g-Al2O3 catalysts with different Pd/Ru mass
ratios by incipient wetness impregnation method and exten-
sively investigated their performance for 2-ethylanthraquinone
hydrogenation. Several analysis techniques including N2

adsorption–desorption, inductively coupled plasma-atomic
emission spectrometry (ICP-AES), powder X-ray diffraction
(XRD), transmission electron microscopy (TEM), X-ray photo-
electron spectroscopy (XPS) and temperature programmed
reduction of hydrogen (H2-TPR)/temperature programmed
desorption of hydrogen (H2-TPD) were adopted for offering
insights into the reasons for the superior catalytic performance
of PdRu bimetallic system.
2 Experimental
2.1 Materials

Na2PdCl4 (AR, Energy Chemical, China); RuCl3$xH2O (AR,
Aladdin, China); pseudoboehmite (AR, CNOOC Tianjin Chem-
ical Research Institute, China); 2-ethylanthraquinone, trioctyl
phosphate and trimethylbenzene (AR, TCI, Japan).
2.2 Catalyst preparation

PdRu/g-Al2O3 catalysts were prepared by the incipient wetness
impregnation method. Na2PdCl4 was used as the Pd precursor
and RuCl3$xH2O as the Ru precursor. Pseudoboehmite was
6448 | RSC Adv., 2017, 7, 6447–6456
calcined in air at 600 �C for 4 h to obtain g-Al2O3, then it was
used as the support. A slurry of g-Al2O3 in a Na2PdCl4 and RuCl3
aqueous solution was stirred at 45 �C for 1 h. Aer excess water
was evaporated, the impregnated samples were dried at 110 �C
overnight and nally calcined in static air at 450 �C for 4 h. Four
bimetallic catalysts were prepared with the same Pd loading
amount (0.6%) and varying the Ru content (0.4%, 0.8%, 1.2%,
1.6%), which were named as 0.6Pd0.4Ru, 0.6Pd0.8Ru,
0.6Pd1.2Ru, 0.6Pd1.6Ru, respectively. For comparison, mono-
metallic Pd (mono-Pd) with a metal content of 0.6 wt% (0.6Pd)
and monometallic Ru (mono-Ru) catalysts with a metal content
of 0.4 wt% (0.4Ru), 0.8 wt% (0.8Ru), 1.2 wt% (1.2Ru) and 1.6 wt%
(1.6Ru) were prepared using the same procedures respectively.

2.3 Catalyst characterization

The specic surface area, total pore volume and average pore
size were measured by low-temperature N2 adsorption–desorp-
tion experiment on a Surface Area & Pore Size Analyzer (Nova
2200e, Quantachrome Instruments, USA) at �196 �C. Before the
analysis, the samples were degassed at 300 �C for 4 h. Elemental
analysis was carried out by inductively coupled plasma-atomic
emission spectrometry (ICP-AES) using an Iris Advantage
Thermo Jarrel Ash device. XRD patterns were measured on
a Bruker D8 Advance diffractometer equipped with a Si (Li) solid-
state detector (SOL-X) and a sealed tube providing Cu Ka radi-
ation, in a 2q angle range from 10� to 90� with a scanning rate of
5� min�1. Transmission electron microscopy (TEM) analysis was
carried out using a JEOL JEM2010 microscope under an accel-
erating voltage of 200 kV. XPS was recorded using a Kratos Axis
Ultra DLD spectrometer employing a monochromated Al Ka X-
ray source (hn ¼ 1486.6 eV), hybrid (magnetic/electrostatic)
optics, a multi-channel plate and a delayline detector (DLD) to
examine the electronic properties of Pd and Ru on the catalysts
surface. All the binding energies were referenced to the C 1s peak
at 284.8 eV. Temperature programmed reduction of hydrogen
(H2-TPR) and temperature programmed desorption of hydrogen
(H2-TPD) were performed with an AutoChem BET TPR/TPD
(Quantachrome Instruments, USA) connected to a thermal
conductivity detector (TCD) to investigate the reducibility and
hydrogen desorption property of the catalysts. The classic H2-
TPR was as follows: a sample of 100 mg was heated from room
temperature to 600 �C at a heating rate of 10 �C min�1 under
a ow of 10% H2/Ar. The representative H2-TPD was conducted
as follows: prior to the absorption, the catalyst was reduced in
10% H2/Ar at 450 �C for 60 min, then cooled down in pure Ar.
Absorbent of 10% H2/Ar was introduced into the system at 40 �C
for 30 min. Aerwards, the system was purged with Ar for
30 min. Then temperature was ramped from 40 �C to 450 �C at
a rate of 10 �C min�1 in Ar.

The H2-TPR, H2-TPD investigations were performedwith fresh
catalysts and the N2 adsorption–desorption, ICP, XRD, TEM and
XPS investigations were performed using the reduced catalysts.

2.4 Catalytic performance test

Prior to the reaction, the samples were reduced at 450 �C in 10%
H2/Ar for 2 h. The hydrogenation experiments were performed
This journal is © The Royal Society of Chemistry 2017
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in an autoclave at a H2 pressure of 0.3 MPa and 60 �C with
a rotating speed of 1000 rpm. 120 g of 2-ethylanthraquinone was
dissolved in 1 L of a mixed solvent composed of trioctyl phos-
phate and trimethylbenzene with a volume ratio of 1 : 1 to
obtain the working solution. Typically, 0.3 g catalysts and 60 mL
of the working solution were put into the autoclave. Aer
reacting for a certain time (5 min, 10 min, 15 min, 20 min,
25 min, 30 min, 35 min), 2 mL of the hydrogenation products
were put into 15 mL deionized water and oxidized with O2 at
room temperature. Aer that, a H2O2 aqueous solution was
obtained. The content of H2O2 was analyzed by titration with
KMnO4 solution. Prior to titration, 5 mL of a 3 mol L�1 sulfuric
acid solution was added to the obtained H2O2 solution. The
catalytic activity is expressed by the following equation:

B ¼ 5

2

CV0M

V
(1)

where B is the hydrogenation efficiency (g L�1), C is the KMnO4

solution concentration (mol L�1), V0 is the KMnO4 solution
volume (mL),M is the molar mass of H2O2 (g mol�1) and V is the
H2O2 solution volume (mL). The productivity is dened as the
weight of H2O2 produced per gram of palladium per hour.

The concentrations of the initial concentration of EAQ
(n0(EAQ)), active quinones (EAQ and H4EAQ) in the working
solution aer a cycle process, which were denoted as nt(EAQ)
and nt(H4EAQ) were analyzed with a high performance liquid
chromatograph (HPLC) equipped with a C18 separation column
and a UV detector. The mobile phase was a mixture of methanol
and water with a volume ratio of 80 : 20 and the wavelength of
the ultraviolet radiation was set at 254 nm. The selectivity of
active quinones can be calculated by the equation:

S ¼ ntðEAQÞ þ ntðH4EAQÞ
n0ðEAQÞ � 100% (2)

3 Results
3.1 Structural and morphological properties

Table 1 shows the basic characteristics of the catalysts. The g-
Al2O3 support exhibits a mesoporous structure with SBET ¼
167.6 m2 g�1, Vp ¼ 0.54 cm3 g�1, Dp ¼ 12.8 nm. The surface area
and pore size of the support change only slightly aer loading
with the metallic components, indicating that the g-Al2O3 is an
Table 1 Structural and morphological properties of the catalysts and ba

Sample Pda (wt%) Rua (wt%)

Al2O3 — —
0.6Pd 0.51 —
0.6Pd0.4Ru 0.52 0.38
0.6Pd0.8Ru 0.50 0.63
0.6Pd1.2Ru 0.50 0.99
0.6Pd1.6Ru 0.49 1.25
1.6Ru — 1.29

a As determined by ICP. b BET surface area, total pore volume (Vp) and
desorption isotherms.

This journal is © The Royal Society of Chemistry 2017
excellent support for the PdRu catalyst. The decrease of the
surface area and pore size compared to g-Al2O3 is attributed to
pore blockage caused by the metallic components during cata-
lyst preparation.42

Table 1 also shows the metal contents of the samples
measured by ICP. The amounts of Pd and Ru in the catalysts
measured by ICP are lower than the theoretical values, which
may be due to the incomplete adsorption of Pd and Ru metal
ions onto the Al2O3 support. These phenomena were always
observed in the catalysts preparation process by impregnation
method.4,42–44
3.2 TEM

The TEM analysis was performed to investigate the morpho-
logical features. For each sample, particles in several images are
selected randomly to obtain the size distributions. The typical
TEM, particle size distribution histograms and HRTEM of
mono-Pd, 0.6Pd1.2Ru, mono-Ru are shown in Fig. 1. The
sphere-like particles can be seen obviously in each samples,
which may be due to the minimization of surface energy, and
not many particles can be found in a single image may be
attributed to the low loading amount and high dispersion. As
shown in Fig. 1, the average particle size of Pd derives from TEM
analysis is about 4.13 nm. The average particle size of 1.6Ru is
larger (6.21 nm) than that of 0.6Pd, whichmay be due to the fact
that Ru was more mobile on the surface or across the pores of
the support during the preparation process in the view of the
metal–support interaction.40 For the PdRu bimetallic catalysts,
the nanoparticles are also spherical type, very similar to the case
of monometallic Pd and Ru samples. The average particle size of
0.6Pd1.2Ru samples (4.85 nm) is slightly larger than mono-
metallic Pd but smaller than monometallic Ru, which can be
ascertained by the statistics. These results may be explained by
the consequence of geometric effect between Pd and Ru. The
typical TEM, particle size distribution histograms of
0.6Pd0.4Ru, 0.6Pd0.8Ru and 0.6Pd1.6Ru are also shown in
Fig. S1.† As we can see, the average particle size of 0.6Pd0.4Ru
and 0.6Pd0.8Ru is 4.24 nm and 4.35 nm respectively. The
0.6Pd1.6Ru sample shows a large particle size (5.76 nm), indi-
cating that an excessive Ru loading may cause the metallic
particles to aggregate.

The HRTEM images are also shown in Fig. 1. The lattice
fringe at 0.224 nm can be detected in mon-Pd, which can be
re support

SBET
b (m2 g�1) Vp

b (cm3 g�1) Dp
b (nm)

167.6 0.54 12.8
164.9 0.51 12.2
162.7 0.50 12.2
161.0 0.47 12.0
158.5 0.47 12.0
155.3 0.46 11.9
157.9 0.47 11.9

average pore diameter (Dp) were measured from the N2 adsorption–

RSC Adv., 2017, 7, 6447–6456 | 6449
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attributed to the Pd (111), and mom-Ru shows a lattice fringe at
0.204 nm which can be ascribed to the Ru (101) plane. For
0.6Pd1.2Ru sample, the plane spacing of 0.217 nm can be
detected, which doesn't accord with any lattice fringes of Pd and
Ru, suggesting that the PdRu alloy may be formed in the
bimetallic catalysts.44–46

Additionally, we have performed TEM-EDS to detect the distri-
bution of Pd and Ru in PdRu bimetallic system. As can be seen in
Fig. S2,† the relevant EDS spectrum recorded from the corre-
sponding region includes signals corresponding to Pd and Ru.

In order to gain a better understanding of the microstructure
of the PdRu particles, the samples were also observed using
TEM-HAADF, line-scanning EDS and EDS mapping. As shown
Fig. 1 TEM and HRTEM images of the fresh reduced catalysts, (a) and (b

6450 | RSC Adv., 2017, 7, 6447–6456
in Fig. S3,† the EDS line scanning analysis demonstrates that
the Pd signals and Ru signals almost homogeneous distribution
in the PdRu particle, and the relevant EDS mapping results also
reveal the homogeneous distribution of Pd and Ru, which can
further conrm the formation of PdRu alloy.44

In addition, the Pd particle with a plane spacing of 0.224 nm
and Ru particle with a plane spacing of 0.204 nm are detected in
the 0.6Pd1.2Ru sample (see Fig. S4†), demonstrating that
a fraction of Pd or Ru don't form bimetallic particle. The similar
phenomenon have also been observed by other researches,
which may be due to the disadvantage of the co-impregnation
method.40,45
) 0.6Pd, (c) and (d) 0.6Pd1.2Ru, (e) and (f) 1.6Ru.

This journal is © The Royal Society of Chemistry 2017
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3.3 XRD

The XRD patterns of the g-Al2O3 and the catalysts aer reduc-
tion treatment are shown in Fig. 2. Compared with pure g-Al2O3,
the XRD patterns of the mono-Pd, bimetallic PdRu and mono-
Ru samples only change slightly, indicating that the meso-
porous structure of g-Al2O3 is well retained aer supporting
with metal components. Peaks locate at 2q ¼ 38.4�, 42.2�, 44.0�,
69.4�, 78.4�, 86.0� correspond to the (100), (002), (101), (110),
(103), (201) planes of Ru metal (JCPDS Card no. 06-0663). As
shown in Fig. 2, no any characteristic peaks of Pd are observed,
which can be explained by the low loading amount or may be
attributed to the overlapping with the broad and high-intensity
peaks of g-Al2O3 support.
Fig. 3 H2-TPR patterns of different samples.
3.4 H2-TPR

The reducibility of the unreduced samples and the possible
interactions between Pd and Ru were investigated by H2-TPR.
The H2-TPR spectra for the various catalysts are presented in
Fig. 3. For mono-Pd sample, peaks observed at 107.5 �C should
be ascribed to the reduction of surface PdO, and the H2

consumption peaks show at 371.0 �C may be attributed to the
reduction of subsurface oxidized palladium species.35,47 The
1.6Ru catalyst exhibits a H2 consumption peaks at 256.0 �C,
which may be due to the reduction of RuO2. For the PdRu
samples, it is obvious that bimetallic cases cause signicant
change for the reduction behaviors. For all PdRu samples, the
reduction peaks of PdO shi to a higher temperature. On the
contrary, when compared with mono-Ru, the reduction peak of
Ru in the PdRu samples shi to a lower temperature. In addi-
tion, it is worth noting that no obvious negative peak assigned
to PdHx decomposition can be observed for any samples. As
PdHx decreasing with the decrease of metal particle size, this
result may be an evidence of the relatively small average particle
size and high metal dispersion of the samples.48 These results
can be attributed to the interaction between the Pd and Ru
species.
Fig. 2 XRD patterns of the g-Al2O3, 0.6Pd, 0.6Pd0.4Ru, 0.6Pd0.8Ru,
0.6Pd1.2Ru, 0.6Pd1.6Ru, and 1.6Ru samples.

This journal is © The Royal Society of Chemistry 2017
3.5 H2-TPD

H2-TPD were performed to investigate the correlation between
sites and hydrogenation performances of the catalysts from the
view of hydrogen supply, and the H2-TPD results for all samples
were given in Fig. 4. As can be observed in Fig. 4, the desorption
peak at 167 �C can be attributed to the chemisorbed hydrogen
for 0.6Pd, and H2 desorption peak is detected at 199 �C for
1.6Ru.

The peak intensity of PdRu bimetallic samples is obviously
stronger than that of monometallic Pd and Ru. According to the
results shown in Table 2, the desorption amount of H2 of PdRu
samples is even larger than the sum of 0.6Pd and 1.6Ru except
for 0.6Pd0.4Ru, which may be due to the low Ru loading
amount. In addition, the desorption amount of H2 of bimetallic
samples are enhanced as the amount of Ru increased from 0.4%
to 1.2% but decrease slightly for Ru contents of 1.6%, in
accordance with the tendency of the catalytic performance.
These results indicate that PdRu bimetallic systems show
stronger hydrogen desorption behaviors, which may be
Fig. 4 H2-TPD patterns of the different samples.

RSC Adv., 2017, 7, 6447–6456 | 6451
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Table 2 The desorption amount of H2 over all samples

Sample Total amounts (mmol gcatalyst
�1)

0.6Pd 2.46
0.6Pd0.4Ru 4.18
0.6Pd0.8Ru 5.60
0.6Pd1.2Ru 9.05
0.6Pd1.6Ru 7.28
1.6Ru 2.19
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attributed to the intense metal–metal and metal–support
interactions.

3.6 XPS

XPS investigations were carried out to get further insight into
the interactions between Ru and Pd and the valence states of the
surface metal species for those samples. The Pd 3d and Ru 3p3/
2 spectra of the catalysts are shown in Fig. 5. The binding
energies are referenced to the C 1s line at 284.8 eV.

As shown in Fig. 5, a positive shi (0.1–0.8 eV) of the Pd 3d
binding energy can be observed for the of PdRu bimetallic
catalysts with respect to 0.6Pd, indicating that a change in the
electronic properties of Pd atom modied upon alloying with
Ru, which can be also identied by the binding energy shi of
Ru. As the Ru 3d3/2 and Run+ 3d5/2 peaks overlaps with that of C
1s, the Ru 3p3/2 XPS signal are employed for all catalysts to
research the chemical state of Ru.37,44 The peaks at 461.0 eV and
463.4 eV are assigned to the Ru 3p3/2 line of Ru0 and Ru4+

supported on g-Al2O3.49 Compared with 1.6Ru, the Ru 3p3/2
binding energy of PdRu bimetallic catalysts presents a negative
shi (0.3–0.6 eV) caused by the electronic interaction of Pd and
Ru.

For further understanding of the XPS measurement, the
valence states of surface Pd and Ru species are derived from the
peak-tting method, and the XPS-derived ratios of oxidized and
reduced metal states with different samples are summarized in
Tables 3 and 4. With respect to the mono-Pd sample, the
proportion of Pd2+ species increase from 35.9% to 44.8% as the
amount of Ru increased. Correspondingly, the proportion of
Ru4+ decreased for the bimetallic catalysts compared with the
Ru/g-Al2O3. Similar changes in the electronic state of Pd and Ru
in bimetallic PdRu samples had also been found by other
researches earlier, implying the obvious interactions between
Pd and Ru for the bimetallic catalysts.44,45

3.7 Catalytic performance

The catalytic performance of all catalysts under the given reac-
tion conditions are shown in Table 5. As we can see, 1.6Ru
shows a low activity (0.8 g L�1) under our given reaction
condition, while 0.6Pd exhibits a hydrogenation efficiency of
10.1 g L�1, corresponding to a H2O2 productivity of 1581.3
gH2O2 per gPd per h. Compared to mon-Pd catalyst and mon-
Ru, it is evident that the PdRu bimetallic catalysts show
a signicant improvement in the catalytic performance. All of
the bimetallic PdRu catalysts exhibit a higher catalytic activity
than monometallic Pd catalyst, indicating the promotion effect
6452 | RSC Adv., 2017, 7, 6447–6456
of Ru addition to Pd. In particular, the hydrogenation efficiency
increases from 10.1 g L�1 to 12.1 g L�1 for 0.6Pd1.2Ru.

The effect of hydrogenation time for 0.6Pd, 0.6Pd1.2Ru and
1.6Ru are shown in Fig. 6. As the reaction time proceed, the
hydrogenation efficiency for all samples increased. Obviously,
the activity of bimetallic catalyst is higher than mon-Pd in the
whole process. However, the hydrogenation activity on 1.6Ru is
relatively low under the given reaction time. Respect to the
selectivity, all catalysts exhibit high initial selectivity at a rela-
tively low 2-EAQ conversion. With the reaction time going on,
the decrease of 2-EAQ selectivity for all samples can be
observed. It is worth noting that the 2-EAQ selectivity is well
preserved for the bimetallic samples. Hence, the hydrogenation
results demonstrate that addition of Ru to Pd can improve the
catalyst's activity and maintain the high selectivity at the same
time for 2-ethylanthraquinone hydrogenation.

The stability and reusability of the catalysts is very important
for the catalysts. Hence, recycling experiments were performed
to investigate this point. The stability and reusability of
0.6Pd1.2Ru in contrast with 0.6Pd was investigated, and the
recycling experiment results were shown in Fig. 7. It can be seen
that the hydrogenation efficiency of 0.6Pd1.2Ru decreased
slightly aer three runs. However, for 0.6Pd, there is a relatively
obvious decrease in catalytic activity in the recycling experi-
ments. It should be noted that both 0.6Pd1.2Ru and 0.6Pd
maintain the high selectivity during the recycling tests.

The changes in the average metal particle diameters of the
used samples aer three runs were also investigated by TEM
and shown in Fig. S5.† The 0.6Pd catalyst shows an increase in
the particle size aer three runs (from 4.13 nm to 5.00 nm). In
contrast, 0.6Pd1.2Ru catalyst almost keeps the same size aer
three catalytic runs (from 4.85 nm to 4.90 nm). Furthermore, the
metal contents of the fresh and used (aer three runs) catalysts
was determined by ICP-AES and shown in Table S1.† The result
shows that negligible leaching occurred during the catalytic
experiments.

These results demonstrate that the PdRu/g-Al2O3 doesn't
show obvious deactivation during three catalytic runs, illus-
trating its good stability and reusability.

4 Discussion

Addition of Ru can signicantly improve the performance of Pd
catalysts for 2-ethylanthraquinone hydrogenation process.
From the experimental results above, the superior catalytic
performance of bimetallic PdRu samples may be caused by the
synergistic effects between Pd and Ru, which can (i) enhance the
hydrogen desorption behaviors, (ii) modulate the electronic
state of metals and thus promote the activation of 2-ethyl-
anthraquinone molecules.

It is well known that the hydrogen supply plays an important
role in the hydrogenation reaction. Due to the intense metal–
metal and metal–support interactions, the desorption peak
intensity of hydrogen of PdRu bimetallic samples is obviously
stronger than that of monometallic Pd and Ru. That's to say,
more hydrogen can be supplied to reacted with 2-ethyl-
anthraquinone, leading to a superior hydrogenation
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 XPS spectra of Pd 3d and Ru 3p3/2 for the different samples.
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performance. In addition, it should be noticed that the activity
of 0.6Pd1.6Ru is lower than that of 0.6Pd1.2Ru. This may be due
to the severe aggregation of the metal particles because of the
This journal is © The Royal Society of Chemistry 2017
excessive Ru loading, and too many Pd atoms are covered by the
Ru which were unable to supply sufficient active sites, the
similar results had also been reported earlier.50,51
RSC Adv., 2017, 7, 6447–6456 | 6453
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Table 3 Binding energies (eV) and curve-fitting results of Pd 3d XPS
spectra

Samples

Pd 3d5/2, eV Pd 3d3/2, eV

Pd0% Pd2+%Pd0 Pd2+ Pd0 Pd2+

0.6Pd 335.9 337.1 341.1 342.3 64.1 35.9
0.6Pd0.4Ru 336.0 337.2 341.2 342.4 61.2 38.8
0.6Pd0.8Ru 336.1 337.4 341.4 342.6 60.4 39.6
0.6Pd1.2Ru 336.3 337.6 341.6 343.1 56.8 43.2
0.6Pd1.6Ru 336.3 337.7 341.7 343.1 55.2 44.8

Table 4 Binding energies (eV) and curve-fitting results of Ru 3p3/2
XPS spectra

Samples

Ru 3p3/2, eV

Ru0% Ru4+%Ru4+ Ru0

0.6Pd0.4Ru 462.8 460.5 65.8 34.2
0.6Pd0.8Ru 463.0 460.5 63.5 36.5
0.6Pd1.2Ru 463.0 460.6 61.9 38.1
0.6Pd1.6Ru 463.1 460.7 58.8 41.2
1.6Ru 463.4 461.0 54.9 45.1

Table 5 The performance of all the catalysts for 2-ethylanthraquinone
hydrogenationa

Catalysts
B
(g L�1) Selectivity

Productivity (gH2O2 per
gPd per h)

0.6Pd 10.1 99.5% 1581.3
0.6Pd0.4Ru 11.1 99.5% 1707.7
0.6Pd0.8Ru 11.6 99.6% 1851.3
0.6Pd1.2Ru 12.1 99.5% 1942.2
0.6Pd1.6Ru 11.8 99.4% 1923.5
0.4Ru 0 99.9% —
0.8Ru 0.3 99.6% —
1.2Ru 0.4 99.5% —
1.6Ru 0.8 99.4% —

a Reaction conditions: catalysts: 0.3 g, H2 pressure: 0.3 MPa,
temperature: 60 �C, reaction time: 15 min.
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With respect to the electronic factor, electropositive species
can act as electrophilic sites for the adsorption and activation of
C]O through the lone electron pair of the oxygen atoms,
Fig. 6 Hydrogenation efficiency and selectivity of 2-EAQhydrogenation
PH2

at 60 �C. (a) Hydrogenation efficiency, (b) 2-EAQ selectivity.

6454 | RSC Adv., 2017, 7, 6447–6456
known as the “electrophilic C]O activation” mechanism, can
favored the hydrogenation of C]O.52 For example, Richard et al.
found that the appropriate Fed+ deposited on Pt particles can act
as an adsorption site for the C]O group of the cinnamaldehyde
and then improve the activity and selectivity of platinum for the
liquid-phase hydrogenation of cinnamaldehyde into cinnamyl
alcohol.50 Hirschl et al. reported that an electropositive iron
could transfer charge to the oxygen atom thus activating the
hydrogenation of carbonyl group.53 Koo-amornpattana et al.
suggested that electropositive metal (Li+, Na+ and K+) can
enhance the activation of C]O.54

Many researches have also observed that electropositive Pd
or Ru could act as electrophilic sites for the adsorption and
activation of the C]O through the lone electron pair of oxygen
atoms and favored the hydrogenation of C]O. For example,
Mironenko et al. reported that the enhanced catalytic perfor-
mance of Pd–Ru/C catalysts in hydrogenation of benzaldehyde
may be due to facilitation of electrophilic activation of the C]O
owing to an increased fraction of the electron-decient Pd
species.45 Mistri et al. observed that addition Ru to Pd/CeO2 can
enhance its activity and selectivity for hydrogenation of p-
chloronitrobenzene due to the remarkable Ru4+ promotion
effect.55 Teddy et al. found that the electropositive Ru atoms in
the PtRu/CNT catalyst acts as electrophilic site for the adsorp-
tion and activation of the C]O bond via the lone electron pair
of the oxygen atoms, and permits to increase the selectivity of
cinnamaldehyde hydrogenation towards cinnamyl alcohol.56

Here our study suggests that the promoting role of Ru may
be explained via the “electrophilic C]O activation”. As evi-
denced by XPS analysis, the electronic interaction between Pd
and Ru causes an increased fraction of electron-decient Pd
species in the bimetallic samples. On the other hand, Ru4+

exists in each samples, and the amount of Ru4+ increases as the
increasing of the loading amount of Ru. The interpretation of
the promoting effects may be suggested as follow. The disso-
ciative adsorption of the hydrogen molecule in the surface of
metallic Pd and Ru can make easy supply of hydride ion. Pd2+

and Ru4+ can act as the electrophilic sites for the adsorption and
activation of the C]O through the lone electron pair of the
oxygen atoms, which may be conducive to the hydrogenation of
C]O and enhance the performance of PdRu catalysts (see
Fig. 8). This interpretation is also conrmed by the catalytic
performance described above.
on 0.6Pd, 0.6Pd1.2Ru and 1.6Ru in different reaction time under 0.3MPa

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Comparison of reusability of the 0.6Pd1.2Ru and 0.6Pd: (a) hydrogenation efficiency, (b) 2-EAQ selectivity. Reaction condition: catalysts:
0.3 g, H2 pressure: 0.3 MPa, temperature: 60 �C, reaction time: 15 min.

Fig. 8 The proposed mechanism of promoting effect of a second
metal in bimetallic PdRu/g-Al2O3 samples and the preferential modes
of 2-ethylanthraquinone activation on their surface.
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5 Conclusion

In this work, PdRu bimetallic catalysts supported on gamma
alumina were prepared by a facile incipient wetness impregnation
method for the 2-ethylanthraquinone hydrogenation. It is found
that the addition of Ru to Pd can improve the catalyst's activity and
maintain the high selectivity at the same time. The excellent cata-
lytic performance of the bimetallic catalysts in this reaction system
can be attributed to the synergistic effects between Pd and Ru.

(i) Due to the intense metal–metal and metal–support
interactions, more hydrogen can be adsorbed and dissociated
on PdRu bimetallic system in contrast to the monometallic
cases, as evidenced by H2-TPD results, which may favor the
hydrogenation effect of the PdRu catalysts.

(ii) The XPS results also indicate the intensied electronic
interactions between the two metals. The higher fraction of
Pd2+ and the presence of Ru4+ in the PdRu system may act as
the electrophilic sites for the adsorption and activation of the
C]O of the 2-ethylanthraquinone molecule through the lone
electron pair of the oxygen atoms, which may be conducive to
the hydrogenation of C]O and enhance the performance of
PdRu catalysts.
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