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Abstract: A series of Pd-Ni bimetallic catalysts supported on SBA-15 (0.2%Pd-x%Ni/SBA-15,
x = 0.4, 0.7, and 1.2) were prepared through the impregnation method combined with the
NaBH4 reduction method. X-ray diffraction (XRD), N2 adsorption-desorption, X-ray photoemission
spectroscopy (XPS) and transmission electron microscope (TEM) were used to characterize the
prepared catalysts. All the synthesized catalysts were evaluated for the liquid-phase hydrogenation
of cinnamaldehyde (CAL). The addition of Ni obviously enhanced the CAL conversion and selectivity
of C=C hydrogenation to hydrocinnamaldehyde (HALD) over the 0.2%Pd-x%Ni/SBA-15 catalysts.
Meanwhile, 0.2%Pd-1.2%Ni/SBA-15 showed the best performance with 96.3% conversion and 87.8%
selectivity toward HALD. This improvement was attributed to the synergistic effect between the
Pd and Ni nanoparticles, enhancing the dispersion of Pd metal particles and increasing the content
of surface Pd0 species. In addition, the influences of a few reaction factors including H2 pressure,
reaction temperature, and reaction time were studied over 0.2%Pd-1.2%Ni/SBA-15.

Keywords: selective hydrogenation; cinnamaldehyde; hydrocinnamaldehyde; synergistic effect;
Pd-Ni/SBA-15

1. Introduction

The selective catalytic hydrogenation of α, β-unsaturated carbonyl compounds to unsaturated
alcohols or saturated aldehydes is an important step for the production of a great deal of
chemicals, for instance, pharmaceuticals, spices, and fragrances [1–3]. Cinnamaldehyde (CAL) is
a typical α, β-unsaturated aldehyde, which can produce various product distributions through
its hydrogenation route (Scheme 1). Recently, hydrocinnamaldehyde (HALD), obtained by C=C
hydrogenation, was considered as a vital intermediate in the process of synthesizing pharmaceuticals,
which could be applied in HIV treatment [4,5]. Although the reduction of the C=C group is favorable
thermodynamically relative to the activation of the C=O group, developing high-performance catalysts
to improve the selectivity of C=C hydrogenation is still a great challenge.

Actually, a large number of catalytic systems have been used to study the hydrogenation of
CAL. We also have investigated in detail the CAL hydrogenation by using all sorts of catalysts
consisting of Pt/Graphene [6], Pt/CNS and Pd/CNS [7], Pt-Mo2N/SBA-15 [8], Pd-WN/SBA-15 [9],
and Co-Pt/SBA-15 [10]. In general, Pt [11–13], Ru [14,15], Au [16], Ir [17,18], Co [19,20], Cu [21,22]
are conductive to the C=O bond hydrogenation to generate cinnamal alcohol (COL), while Pd [23,24],
Rh [25,26], Ni [27–29] prefer a higher selectivity to the C=C bond, thus leading to the production
of HALD.
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Recently, many reported studies have used bimetallic catalysts to investigate CAL selective
hydrogenation. For example, Yang et al. [30] prepared a series of PdAu supported on mesoporous
silica catalysts, which showed that PdAu/MSN catalysts significantly improved activity four times
higher than the Pd/MSN catalyst. Zheng et al. [31] intensively discussed the hydrogenation of CAL
over Co-Pt as well as Cu-Pt bimetallic catalysts supported on SiO2, and compared the activity with
Co, Cu, and Pt monometallic catalysts. The results suggested that bimetallic catalysts including Co-Pt
and Cu-Pt showed greatly higher activity when compared with the monometallic part. In addition,
the bimetallic Co-Pt catalyst favored the selectivity of C=O hydrogenation, whereas the bimetallic
Cu-Pt catalyst promoted the hydrogenation of the C=C bond. Sun et al. [32] investigated the strong
interaction between Au and Pt nanoparticles for the hydrogenation of CAL; Ptm

∧Au immobilized on
SiO2 support showed higher activity and selectivity than monometallic Pt/SiO2 and Au/SiO2 catalysts.
Lin et al. [5] pointed out that the deposition of a tiny amount of Ir to Ni/TiO2 could evidently improve
the performance of CAL hydrogenation where the intensive interaction between Ni and Ir changed
the chemical state of surface Ni species, resulting in obvious enhanced activity when compared with
the monometallic Ni/TiO2 catalyst. Obviously, bimetallic catalysts can greatly improve the activity of
CAL hydrogenation and the selectivity to desired products. In general, the selective hydrogenation of
the C=C bond of CAL over different heterogeneous catalysts are summarized in Table S1.

In order to obtain metal-based catalysts with superior performance, the best method is to prepare
evenly dispersed metal nanoparticles on a large specific surface area support, for instance, mesoporous
carbon, silica, alumina, and so on [24,33–35]. Particularly, ordered mesoporous siliceous material
SBA-15 is widely used as the support candidate due to its suitable pore size and large pore volume as
well as high specific surface area [36,37]. In our previous work, we prepared a series of Pt-Co bimetallic
catalysts supported on SBA-15 with various Pt/Co ratios where the synthesized Pt-Co/SBA-15 catalysts
exhibited a marked enhancement in activity when compared with Pt/SBA-15, which was attributed
to the generation of the Pt-Co alloy to increase the amount of surface Pt0 species [10]. In addition,
the Pd-WN/SBA-15 samples were synthesized, and the results indicated that the addition of WN
could lead to greatly enhanced performance and good reusability for the ternary Pd-WN/SBA-15
catalyst. This improvement was assigned to the strong interaction of Pd and WN leading to an increase
in the ratio of surface Pd0 species as well as a decrease in the Pd particle size on the SBA-15 supported
Pd-WN catalyst [9].

Based on the above descriptions, we successfully synthesized a variety of PdNi bimetallic catalysts
supported on SBA-15 (0.2%Pd-x%Ni/SBA-15, x = 0.4, 0.7, and 1.2), and the influences of Ni content on
the selective hydrogenation of CAL over bimetallic catalysts were investigated. The results showed
that synthesized bimetallic 0.2%Pd-x%Ni/SBA-15 catalysts exhibited superior performance in the
hydrogenation of CAL to HALD than their monometallic counterparts. It was discovered that the
addition of Ni could enhance the dispersion of Pd nanoparticles and increase the amount of surface
Pd0 species, resulting from the strong interaction between Pd and Ni nanoparticles. The study provides
a strategy for enhancing conversion and selectivity with a much lower usage of Pd.
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2. Results and Discussion

X-ray fluorescence spectrometry (XRF) analysis was carried out to measure the actual Pd and Ni
contents for all samples. The theoretical Pd loading amount was 0.5 wt % for all catalysts, and the
theoretical Ni loading amount was 0.5 wt %, 1.0 wt %, and 1.5 wt %, respectively. According to the
XRF analysis, the measured Pd loading amount was about 0.2 wt % for all catalysts, whereas the
loading amount of Ni increased along with the theoretical value, which was 0.40 wt %, 0.69 wt %,
and 1.24 wt %, respectively. In order to make the experimental description more accurate, the catalysts
were named using the actual loading amount of Pd and Ni. As the actual loading amount of Pd for
all catalysts was similar to 0.2%, the Pd amount was denoted as 0.2% for convenience. Therefore,
the catalysts were denoted as 0.2%Pd-x%Ni/SBA-15 (x = 0.4, 0.7, and 1.2).

2.1. Texture Structure Measurement

Figure 1 displays the low-angle X-ray diffraction (XRD) patterns for 0.2%Pd/SBA-15 (b) catalyst
and 0.2%Pd-x%Ni/SBA-15 (c–e) samples. All samples and the SBA-15 support exhibited typical (100),
(110), (200) diffractions at 2θ of 0.5–2◦, which was associated with the highly ordered hexagonal space
group p6 structure of the SBA-15 host [38,39]. In addition, the result showed that the highly ordered
hexagonal mesoporous structure of SBA-15 remained unchanged with the impregnation of Pd and Ni
particles. Compared with the SBA-15 (a) support, the (100) reflection peak for all samples shifted to
a high-angle direction, which demonstrated that Pd and Ni were scattered into the SBA-15 mesoporous
channels. In addition, it was obvious that the 0.2%Pd/SBA-15 (b) and 0.2%Pd-x%Ni/SBA-15 (c–e)
samples showed a much lower intensity of the (100) reflection peak relative to the SBA-15 support,
suggesting the decrease of the mesoporous ordering of SBA-15.
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Figure 1. Low-angle XRD patterns of (a) SBA-15, (b) 0.2%Pd/SBA-15, (c) 0.2%Pd-0.4%Ni/SBA-15,
(d) 0.2%Pd-0.7%Ni/SBA-15, (e) 0.2%Pd-1.2%Ni/SBA-15.

The mesoporous structure of the samples was also studied by nitrogen adsorption-desorption.
As displayed in Figure 2, the isotherms of the 0.2%Pd/SBA-15 (b) and 0.2%Pd-x%Ni/SBA-15 (c–e)
samples exhibited a representative IV isotherm with an obvious hysteresis loop in the range of P/P0 of
0.6–0.8. The supported catalysts displayed cylindrical channels with a narrow pore size distribution
and were similar to the parent SBA-15 (a), which was inconsistent with the result of low-angle XRD.

At the same time, the porosity parameters are presented in Table 1. The specific surface area of
the 0.2%Pd/SBA-15 sample decreased to 635 m2/g from 745 m2/g of SBA-15, with the pore volume
of 0.2%Pd/SBA-15 decreasing to 1.04 cm3/g from 1.06 cm3/g of SBA-15, which can be attributed
to the introduction of Pd nanoparticles occupying the mesopore channels of SBA-15, resulting
in the reduction of the mesopore width. Importantly, after the addition of Ni, the corresponding
physicochemical properties further decreased. The Brunauer-Emmett-Teller (BET) specific surface
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area and pore volume of 0.2%Pd-0.4%Ni/SBA-15 decreased to 627 m2/g and 1.03 cm3/g, respectively.
For 0.2%Pd-0.7%Ni/SBA-15, the surface area as well as pore volume decreased to 595 m2/g and
0.97 cm3/g, respectively. The corresponding data for 0.2%Pd-1.2%Ni/SBA-15 were further reduced to
578 m2/g and 0.96 cm3/g. The significant decreases for the 0.2%Pd-x%Ni/SBA-15 samples in these
physicochemical parameters suggested that the addition of Ni to the 0.2%Pd/SBA-15 sample further
occupied the surface and pore of the support. Moreover, the highly ordered mesoporous channel
remained constant with the impregnation of Pd and Ni, demonstrating that Pd and Ni might be evenly
dispersed on the mesopores of the SBA-15 support. Besides, the pore size of all samples uniformly
lay at about 6.0 nm (Figure S1), slightly lower when compared with the pores of the SBA-15 support,
suggesting that the pore size of the support was occupied mildly by the introduction Pd and Ni.Catalysts 2018, 8, x FOR PEER REVIEW  4 of 16 
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Figure 2. Nitrogen adsorption-desorption isotherms for (a) SBA-15, (b) 0.2%Pd/SBA-15, (c) 0.2%Pd-
0.4%Ni/SBA-15, (d) 0.2%Pd-0.7%Ni/SBA-15, (e) 0.2%Pd-1.2%Ni/SBA-15.

Table 1. Relevant physicochemical properties of the different samples.

Sample
Metal Content a

(wt %) SBET
b (m2/g) Vpore

b (cm3/g) Pore Size b (nm)
Pd Ni

SBA-15 - - 745 1.06 6.1
0.2%Pd/SBA-15 0.16 - 635 1.04 6.0

0.2%Pd-0.4%Ni/SBA-15 0.18 0.40 627 1.03 6.0
0.2%Pd-0.7%Ni/SBA-15 0.18 0.69 595 0.97 6.0
0.2%Pd-1.2%Ni/SBA-15 0.19 1.24 578 0.96 6.0

0.2%Pd-1.2%Ni/SBA-15-used c 0.17 1.20 597 1.01 6.1
a The loading content of Pd and Ni determined by XRF; b Derived from N2 adsorption-desorption isotherms;
c 0.2%Pd-1.2%Ni/SBA-15 sample after two catalytic runs.

The wide-angle XRD patterns for the 0.2%Pd/SBA-15 (b) and 0.2%Pd-x%Ni/SBA-15 (c–e) samples
are displayed in Figure 3. As shown in the figure, all samples presented a broad peak of SiO2 at
approximately 22.5◦. In addition, there were not the diffraction peaks of Pd and Ni, meaning that
the Pd and Ni nanoparticles were highly dispersed on the support, which is consistent with previous
reports [40,41]. After increasing the Pd loading amount to 0.9%Pd/SBA-15, the XRD pattern of
the samples displayed a characteristic peak at 39.2◦ (Figure S2), matching the Pd (111) plane with
a face-centered cubic (fcc) structure, whereas the peak belonging to Ni was invisible for all samples.
In addition, the reflection peak of Pd (111) clearly shifted to a high angle direction and its intensity
gradually reduced along with the increase in Ni loading amount. Moreover, the reflection peak of Pd
(111) could not be observed for 0.9%Pd-1.2%Ni/SBA-15, indicating that the modification of Ni could
improve the dispersion of Pd nanoparticles on the SBA-15 support and achieve a much smaller Pd
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particle size. This could be illustrated by the strong interaction of Pd and Ni and that the addition of
Ni can inhibit the growth of Pd nanoparticles.
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Figure 3. Wide-angle XRD patterns of (a) SBA-15, (b) 0.2%Pd/SBA-15, (c) 0.2%Pd-0.4%Ni/SBA-15, (d)
0.2%Pd-0.7%Ni/SBA-15, (e) 0.2%Pd-1.2%Ni/SBA-15.

2.2. TEM Analysis

The transmission electron microscope (TEM) analysis was used to characterize the structure of
the synthesized catalysts as well as to provide effective proof of the distribution of nanoparticles
(Figure 4). As a first observation, all samples exhibited the typical ordered structure of mesoporous
SBA-15, which were in consistent with the results of the low-angle XRD and N2 adsorption-desorption
isotherms measurements. Figure 4a–d present the TEM micrographs of different areas acquired for
the 0.2%Pd/SBA-15 (a–b) and 0.2%Pd-1.2%Ni/SBA-15 (c–d) samples. It was noteworthy that no Pd
and Ni particles were detected in the TEM images. According to the XRF test, there was only a small
amount of metals loading on the SBA-15 support. The loading amount of metals was so low that
much smaller nanoparticles (less than 1 nm) could be formed in the 0.2%Pd-x%Ni/SBA-15 samples.
Thus, the highly dispersed metal particles were not clearly observed.Catalysts 2018, 8, x FOR PEER REVIEW  6 of 16 
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In order to prove the role of Ni, the TEM images of the 0.9%Pd/SBA-15 and
0.9%Pd-1.2%Ni/SBA-15 catalysts with high Pd content were also measured (Figure S3). Obviously,
nanoparticles with an uneven distribution could be observed for 0.9%Pd/SBA-15. The lattice spacing
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in the HR-TEM image (Figure S3b) was 0.223 nm, which was recognized as the (111) plane of Pd.
However, after the introduction of Ni, the nanoparticles were highly distributed on the pore channel of
the SBA-15 support and no large aggregated particles were observed. In addition, no observable crystal
plane of Pd could be found for the 0.9%Pd-1.2%Ni/SBA-15 sample, indicating that the introduction
of Ni can control the crystallization of Pd. This finding agrees well with the result of the wide-angle
XRD analysis, which also pointed out that the impregnation of Ni could improve the dispersion of Pd
particles on the SBA-15 support.

2.3. XPS Analysis

In order to examine the surface properties and the electronic states of Pd, the X-ray photoemission
spectroscopy (XPS) analysis was conducted for the 0.2%Pd/SBA-15 and 0.2%Pd-x%Ni/SBA-15
catalysts. As illustrated in Figure 5A, the XPS in the range of 333–345 eV was ascribed to the Pd3d
region. The Pd3d5/2 and Pd3d3/2 peaks at higher binding energies (337.6 and 342.7 eV) were described
to the Pd2+ species and the Pd3d5/2 and Pd3d3/2 peaks at lower binding energies (335.0 and 340.6 eV)
were attributed to the Pd0 (metallic palladium) [30,42]. However, there was a shift of 0.1–0.5 eV
towards high binding energy for three 0.2%Pd-x%Ni/SBA-15 (b–d) bimetallic catalysts with respect to
the 0.2%Pd/SBA-15 (a) catalyst, which can be ascribed to the reduction in the particle size of Pd with
the addition of Ni [43–45]. The above result further proved that the introduction of Ni could better
disperse the Pd nanoparticles and was in line with the results of the wide-angle XRD and TEM analysis.Catalysts 2018, 8, x FOR PEER REVIEW  7 of 16 
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In addition, the shift to the high binding energy of Pd also suggested that the surface charge
density of Pd particles increased with the amount of Ni. In order to quantify the surface Pd species,
the contents of the surface Pd0 and Pd2+ species were calculated by the relative peak area listed
in Table 2. The fractions of the Pd0 and Pd2+ species in 0.2%Pd/SBA-15 were approximately 43%
and 57%, respectively. It is notable that the content of metallic Pd0 increased from 61% to 90% upon
increasing the Ni loading amount from 0.4 wt % to 1.2 wt %, which revealed an electron transfer
from Ni to Pd, consequently leading to the increase in the surface Pd0 species. Interestingly, a good
linear relationship of the amount of surface Pd0 against the Ni loading amount was found on the
0.2%Pd-x%Ni/SBA-15 catalysts presented in Figure 6. The above results confirmed that the presence
of Ni could significantly improve the formation of surface Pd0, which is in keeping with the results
from the reported literature [46].
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Table 2. XPS data of the Pd3d levels for different samples.

Sample Pd Species
Pd Species BE (eV)

Content of Pd Species (%)
3d5/2 3d3/2

0.2%Pd/SBA-15
Pd0 335.0 340.6 43
Pd2+ 337.6 342.7 57

0.2%Pd-0.4%Ni/SBA-15
Pd0 335.1 340.7 61
Pd2+ 337.7 342.9 39

0.2%Pd-0.7%Ni/SBA-15
Pd0 335.4 341.0 71
Pd2+ 337.9 343.1 29

0.2%Pd-1.2%Ni/SBA-15
Pd0 335.5 341.0 90
Pd2+ 338.0 343.0 10

0.2%Pd-1.2%Ni/SBA-15
used

Pd0 335.4 340.9 79
Pd2+ 337.9 342.9 21
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Furthermore, Ni2p spectra were also analyzed for all 0.2%Pd-x%Ni/SBA-15 catalysts in Figure 5B
(b–d). The observed Ni2p3/2 and Ni2p1/2 with the binding energies of 852.5 and 869.4 eV were ascribed
to metallic Ni, and the Ni2p3/2 and Ni2p1/2 with the binding energies of 856.0 and 872.7 eV were
ascribed to the oxidized state of Ni. It could be seen that most of the Ni is the nickel (II) species, and
the fractions of the nickel (II) species in all 0.2%Pd-x%Ni/SBA-15 catalysts were approximately 90%,
and only a small fraction of Ni was nickel (0) for all samples regardless of the Ni loading amount.
The presence of nickel oxide also indicated that there was an electron transfer between Pd and Ni;
at the same time, the sample exposed to air would also lead to the formation of nickel oxide [47–50].

2.4. Catalytic Performance

2.4.1. Hydrogenation of CAL to HALD over Pd-Ni/SBA-15

The catalytic performances were tested over the 0.2%Pd-x%Ni/SBA-15 catalysts. As listed in
Table 3, the 1.2%Ni/SBA-15 catalyst only provided 29.0% conversion of CAL and 13.9% selectivity
to HALD, indicating that 1.2%Ni/SBA-15 showed negligible catalytic performance in the process of
selective hydrogenation. In addition, monometallic Pd supported on SBA-15 (0.2%Pd/SBA-15) showed
49.5% conversion of CAL and 48.0% selectivity to HALD. For 0.2%Pd-0.4%Ni/SBA-15, it performed
60.6% CAL conversion and 66.4% selectivity to HALD, and the selectivity to hydrocinnamal alcohol
(HALC), COL and other by-products were 10.6%, 0.8%, and 22.2%, respectively. When the loading
amount of Ni increased to 0.7 wt %, the conversion of CAL increased to 90.9% and the selectivity to
HALD reached 83.2% over 0.2%Pd-0.7%Ni/SBA-15. Interestingly, the 0.2%Pd-1.2%Ni/SBA-15 catalyst
showed 96.3% conversion of CAL and 87.8% selectivity to HALD, and the selectivity to other side
products decreased to 0.3%. In addition, the hydrogenation of CAL is a complicated process, and often
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yields many by-products. According to the literature [51–55], the other products possibly include
1-phenylpropane [51–54], β-methyl styrene [51–54], cinnamic acid [54,55], cinnamyl formate [54,55],
benzyl cinnamate [54,55], 1-(3-propoxyprop-1-enyl)benzene [55], 4,4-diphenylcyclohexa-1,5-dienyl
acetate [55], and other condensation products that could not be identified by gas chromatography-mass
spectrometer (GC-MS) due to their large molecular weights [55]. Moreover, very little COL was
observed for the 0.2%Pd/SBA-15 and 0.2%Pd-x%Ni/SBA-15 catalysts, similar to what has been
previously reported on Pd catalysts [56,57].

Table 3. Selective hydrogenation activity of CAL over 0.2%Pd-x%Ni/SBA-15 a.

Sample Conversion (%)
Selectivity (%)

HALD HALC COL Others

1.2%Ni/SBA-15 29.0 13.9 12.1 0.6 73.4
0.2%Pd/SBA-15 49.5 48.0 7.4 1.4 42.7

0.2%Pd-0.4%Ni/SBA-15 60.6 66.4 10.6 0.8 22.2
0.2%Pd-0.7%Ni/SBA-15 90.9 83.2 10.9 0.1 5.8
0.2%Pd-1.2%Ni/SBA-15 96.3 87.8 11.7 0.2 0.3

a Reaction conditions: 12.5 mg catalyst, 250 mg CAL, 15 mL isopropanol, 12 bar H2, 2 h, 80 ◦C.

Therefore, it is obvious that the introduction of Ni can evidently enhance the catalytic performance
of Pd on SBA-15 for CAL conversion and HALD selectivity. Of all the 0.2%Pd-x%Ni/SBA-15 catalysts,
the 0.2%Pd-1.2%Ni/SBA-15 catalyst showed the best performance. In other words, the bimetallic
catalyst is formed by a small proportion of Pd with the addition of Ni that exhibits a much higher
hydrogenation performance than the monometallic Pd catalyst with the same Pd loading amount.
The enhancement of activity can be ascribed to the synergistic effect between the Pd and Ni particles,
which changes the electronic structure of the surface Pd species as examined by XPS. Through
investigating the relationship between the yield of HALD and the amount of surface Pd0 over the
0.2%Pd/SBA-15 and 0.2%Pd-x%Ni/SBA-15 catalysts, it can be safely concluded that the yield of HALD
increased along with the increased content of Pd0. Therefore, it indicates that both the high conversion
of CAL and excellent selectivity to HALD over the 0.2%Pd-x%Ni/SBA-15 catalysts were caused by the
high amount of the surface Pd0. This is in keeping with our previous studies where a large number of
surface Pd0 species enhanced the hydrogenation activity of the substrates [7,9,58].

Table S2 summarizes the selective hydrogenation of CAL over the Pd-based catalysts reported
from the literature. The 5.0 wt %Pd/MWCNT catalyst designed by Zhao et al. gave 91.3% HALD
selectivity at 98.6% CAL conversion under 40 bar H2 pressure and 148 bar CO2 pressure [59]. Chen et al.
reported 80% HALD selectivity with 100% CAL conversion over 3.0 wt % Pd/(SH)MSC catalyst [3].
100% conversion of CAL and 97% HALD selectivity were obtained by using 0.7 wt %Pd/γ-Al2O3

under 20 bar H2 pressure in 3 h at 100 ◦C [60]. Wang et al. reported 86% HALD selectivity and almost
100% CAL conversion over the Pd catalyst supported on La2O2CO3 nanorods [23]. Yang et al. used Pd
supported on a silica modified titanate nanotube catalyst to obtain 84% HALD selectivity and 80% CAL
conversion at 30 ◦C in 150 min [61]. When the reaction was carried out over the 1.5%Pd-MWCNT/AC
catalyst, 41.8% conversion of CAL and 95.9% selectivity to HALD were gained by Ribeiro et al. [62].
Zhao et al. reported higher than 99.9% conversion of CAL with 90.4% HALD selectivity by using
a 1.0 wt %Pd/ZIF-8 catalyst under 20 bar H2 pressure in 6 h at 40 ◦C [63]. In summary, the bimetallic
0.2%Pd-1.2%Ni/SBA-15 catalyst still showed excellent catalytic performance with a low usage of Pd
when compared with the above reported Pd-based catalysts in the literature.

2.4.2. Effect of H2 Pressure over 0.2%Pd-1.2%Ni/SBA-15

The influence of hydrogen pressure on the hydrogenation of CAL to HALD over the
0.2%Pd-1.2%Ni/SBA-15 catalyst was investigated by varying the hydrogen pressure in the scope
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of 8–16 bar. As given in Table 4, the hydrogen pressure could affect the CAL conversion and HALD
selectivity to some extent. When the hydrogen pressure was 8 bar, 86.3% conversion of CAL and
71.2% selectivity to HALD were obtained. When the H2 pressure was increased from 8 bar to 10 bar,
the conversion of CAL as well as the selectivity to HALD improved to 87.3% and 80.7%, respectively.
Upon increasing the hydrogen pressure to 12 bar, the conversion of CAL increased to 96.3% and the
selectivity of HALD increased to 87.8%, which might be due to the fact that high pressure can enhance
hydrogen solubility in an isopropanol solvent, thus leading to more hydrogen molecules close to the
reaction medium [30]. With further increases in hydrogen pressure, the conversion of CAL increased to
nearly 100%, whereas the HALD selectivity was slightly decreased, and the production of completely
hydrogenated HALC was favorable, indicating the enhancement of the activity for the C=O bond
along with the increase of the hydrogen pressure. Thus, the preferred hydrogen pressure was 12 bar in
the present work.

Table 4. Effect of H2 pressure on activity over 0.2%Pd-1.2%Ni/SBA-15 a.

H2 Pressure (bar) Conversion (%)
Selectivity (%)

HALD HALC COL Others

8 86.3 71.2 9.4 0.4 19.0
10 87.3 80.7 9.5 0.1 9.7
12 96.3 87.8 11.7 0.2 0.3
14 98.1 79.7 12.6 0.1 7.6
16 99.8 76.7 14.4 0 8.9
a Reaction conditions: 12.5 mg catalyst, 250 mg CAL, 15 mL isopropanol, 2 h, 80 ◦C.

2.4.3. Effect of Reaction Temperature over 0.2%Pd-1.2%Ni/SBA-15

The influence of reaction temperature on the conversion and the selectivity to different
products was investigated by varying the reaction temperature in the 40–100 ◦C range over
0.2%Pd-1.2%Ni/SBA-15. As shown in Table 5, the increase of the hydrogenation temperature favored
the conversion of CAL, which increased from 30.1% (40 ◦C) to 99.5% (100 ◦C). In addition, the selectivity
of HALD also increased significantly from 52.8% to 87.8% with the temperature from 40 ◦C to 80 ◦C,
but decreased to 84.3% at 100 ◦C. This is explained by the fact that the hydrogenation of HALD to
HALC was improved at a higher reaction temperature, thus leading to the complete hydrogenation of
CAL to yield HALC as the final product.

Table 5. Effect of reaction temperature on activity over 0.2%Pd-1.2%Ni/SBA-15 a.

Temperature (◦C) Conversion (%)
Selectivity (%)

HALD HALC COL Others

40 30.1 52.8 9.9 1.6 35.7
60 52.6 74.5 10.9 0.8 13.8
80 96.3 87.8 11.7 0.2 0.3

100 99.5 84.3 15.0 0.1 0.6
a Reaction conditions: 12.5 mg catalyst, 250 mg CAL, 15 mL isopropanol, 12 bar H2, 2 h.

2.4.4. Effect of Reaction Time over 0.2%Pd-1.2%Ni/SBA-15

The catalysis characteristic of 0.2%Pd-1.2%Ni/SBA-15 for the CAL hydrogenation was further
explored by changing the reaction time, and the result is presented in Table 6. Obviously, the CAL
conversion increased with a prolonged reaction time and attained 100% for 3 h, but the selectivity to
HALD decreased slightly. This implies that the C=O group of HALD was difficult to activate under
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the above reaction conditions. Otherwise, one would expect the selectivity to HALD to diminish with
time because of the reduction in the amount of HALD as a result of its hydrogenation to HALC [24,64].

Table 6. Effect of reaction time on activity over 0.2%Pd-1.2%Ni/SBA-15 a.

Time (h) Conversion (%)
Selectivity (%)

HALD HALC COL Others

0.5 71.8 87.3 11.7 0.1 0.9
1 79.7 86.3 11.5 0.1 2.1
2 96.3 87.8 11.7 0.2 0.3
3 100 85.6 11.9 0.4 2.1

a Reaction conditions: 12.5 mg catalyst, 250 mg CAL, 15 mL isopropanol, 12 bar H2, 80 ◦C.

2.4.5. Activity Stability of 0.2%Pd-1.2%Ni/SBA-15

It should be noted that the stability of the catalysts in the hydrogenation of CAL to HALD is very
important. Thus, the reusability of 0.2%Pd-1.2%Ni/SBA-15 was further studied (Figure 7). The used
catalyst was separated by centrifugation with isopropanol several times after each test. It was observed
that the CAL conversion and HALD selectivity decreased to 80.1% and 75.7% after two cycles of the
catalyst, respectively. After the third cycle, the conversion and selectivity decreased to 65.7% and
66.4%, respectively. It was noteworthy that the catalyst remained stable up to forth uses, both the
conversion of CAL and the selectivity to HALD were maintained at about 60.0%. In order to find
the reasons for deactivation, the 0.2%Pd-1.2%Ni/SBA-15 catalyst after two runs was characterized
by XRF (Table 1), low-angle XRD (Figure S4), wide-angle XRD (Figure S5), N2 adsorption-desorption
measurements (Table 1), and XPS (Figure S6). The XRF analysis indicated that the Pd and Ni contents
of the 0.2%Pd-1.2%Ni/SBA-15-used catalyst were about 0.17 wt % and 1.20 wt %, respectively, which
suggested that there was trace leaching of Pd and Ni during the catalytic reactions. Therefore, the slight
loss of metals was not the reason for the catalyst deactivation. In addition, when compared with the
fresh 0.2%Pd-1.2%Ni/SBA-15 sample, the results of the low-angle XRD, wide-angle XRD as well as
the N2 adsorption-desorption of the reused catalyst were almost unchanged after twice recycling.
However, a significant change of the surface Pd species was observed for the used catalyst. As shown
in Table 2, the fraction of the Pd0 species decreased from 90% to 79%. The larger Pd2+ content on the
catalyst surface contributed to the formation of side products with high-molecular weights. In other
words, the deactivation reason can be ascribed to the reduction of the Pd0 amount on the surface of the
0.2%Pd-1.2%Ni/SBA-15 catalyst [58,61]. In addition, the used catalyst was reduced with hydrogen,
and the activity for CAL hydrogenation was measured. The results showed that the CAL conversion
and the HALD selectivity reached 85.1% and 84.0% over the reduced used catalyst, respectively.
Therefore, the catalyst could partially restore its catalytic activity through reduction.
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3. Experimental Sections

3.1. Chemicals

Tetraethyl orthosilicate (TEOS) and PdCl2 were purchased from the Tianjin Kermel Chemical
Reagent Co., Ltd., Tianjin, China; Ni(NO3)2·6H2O was purchased from the Tianjin Fortune
Chemical Reagent Co., Ltd., Tianjin, China; and Triblock poly(ethylene oxide)-b-poly(propylene
oxide)-b-poly(ethylene oxide) copolymer Pluronic P123 (Mw = 5800, EO20PO70EO20) was purchased
from Aldrich. CAL was purchased from Aladdin. Isopropanol was purchased from the Tianjin Fuyu
Fine Chemical Co., Ltd., Tianjin, China.

3.2. Catalyst Preparation

The preparation of pure silica SBA-15 was performed following the reported literature [65].
The 0.2%Pd-x%Ni/SBA-15 (x = 0.4, 0.7, and 1.2) catalysts were synthesized through impregnation
combined with the NaBH4 reduction method. Typically, 0.300 g of SBA-15 silica support was
impregnated with 10 mL deionized H2O with a certain amount of PdCl2 solution (Pd content of
6.0 mg/g) and Ni(NO3)2·6H2O precursor poured into the solution, and the suspension was stirred
for 12 h. Afterwards, the pH of the solution was adjusted to 10.0 using a NaOH solution (1 mol/L).
Then, the mixture was placed in an ice bath with vigorous stirring for 0.5 h, and the temperature was
maintained at 2–4 ◦C. Subsequently, the excessive NaBH4 was added dropwise to the above mixture,
which was vigorously stirred for about 4 h to reduce the high oxidation state of the metals. Finally,
the 0.2%Pd-x%Ni/SBA-15 catalysts were obtained by filtration with a large amount of deionized
water and ethanol in sequence and dried at 60 ◦C for 10 h in a vacuum oven. For comparison, the
0.2%Pd/SBA-15 and 1.2%Ni/SBA-15 catalysts were also prepared under similar conditions.

3.3. Catalyst Characterizations

Wide-angle X-ray diffraction (XRD) patterns were performed on Rigaku D/max-IIIB
diffractometer equipment (Rigaku Industrial Corporation, Tokyo, Japan) with Cu Kα (λ = 1.5418 Å)
radiation (40 kV, 20 mA) in the range of 10–80◦. For the low-angle XRD patterns, the scan scope
was 0.5–5◦, and the scanning rate was 1◦/min. N2 adsorption-desorption isotherms were measured
with a Micromeritics Tristar II (Micromeritics Instrument Corporation, Norcross, USA) at −196 ◦C,
and the Brunauer-Emmett-Teller (BET) specific surface areas were calculated from the adsorption
data. The pore size distributions were determined from the adsorption branches of the isotherms by
using the (BJH) method. X-ray photoelectron spectroscopy (XPS) measurements were carried out by
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using a Kratos-AXIS ULTRA DLD (Kratos Analytical Limited, Kyoto, Japan) with a monochromatic
Al Kα radiation source. Transmission electron microscopy (TEM) experiments were analyzed using
a JOEL model JEM-210 (JEOL, Tokyo, Japan) electron microscope with an acceleration voltage of 200 kV.
X-ray fluorescence spectrometry (XRF) was used to analyze the metals content by using a Bruker S4
Explorer instrument (Bruker Corporation, Billerica, MA, USA).

3.4. Hydrogenation of CAL

The hydrogenation reaction of CAL was performed in a 100 mL autoclave. Typically, CAL (0.25 g),
catalyst (12.5 mg) and isopropanol (15 mL) were introduced into an autoclave fitted with
a emperature-controlled furnace. Afterwards, the reactor was introduced three times with N2 and
three times with H2 to remove the air. Subsequently, the reactor was filled with the specific hydrogen
pressure (8–16 bar) and heated to the required temperature (40–100 ◦C) under magnetic stirring for
0.5–3 h. After the reaction, the solution was filtered to screen out the catalyst, and the products were
detected by gas chromatography (BFRL SP-3420, Beijing, Chain) equipped with flame ionization
detection (FID) as well as a HP-5 capillary column (30 m × 0.32 mm × 0.25 µm) using octanol as the
external standard. Therefore, the conversion of CAL and the selectivity to different products were
calculated by using Equations (1)–(5).

Conversion of CAL = (n0 − n(CAL))/n0 × 100% (1)

Selectivity of HALD (SHALD) = n(HALD)/(n0 − n(CAL)) × 100% (2)

Selectivity of HALC (SHALC) = n(HALC)/(n0 − n(CAL)) × 100% (3)

Selectivity of COL (SCOL) = n(COL)/(n0 − n(CAL)) × 100% (4)

Selectivity of side products (Sothers) = (100% − SHALD − SHALC − SCOL) (5)

where n0 and n(CAL) represent the molar amount of the original CAL and residual CAL after
reaction and n(HALD), n(HALC), and n(COL) are the molar content of the formed HALD, HALC and
COL, respectively.

4. Conclusions

A series of catalysts (0.2%Pd-x%Ni/SBA-15, x = 0.4, 0.7 and 1.2) were prepared and evaluated for
the liquid-phase hydrogenation of CAL. Typically, the introduction of Ni to 0.2%Pd/SBA-15 could
evidently improve the catalytic performance of Pd as a result of the strong interaction between Pd and
Ni. Of all the catalysts, 0.2%Pd-1.2%Ni/SBA-15 showed the best performance with 96.3% conversion
and 87.8% selectivity toward the HALD. This illustrated that Ni could be a co-catalyst of Pd, promoting
its catalytic performance in the selective hydrogenation of CAL. This improvement can be attributed
to the synergistic effect between Pd and Ni where first, the addition of Ni favors the dispersion of the
Pd nanoparticles; and second, the Ni increases the amount of surface Pd0 on the catalysts.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/8/5/200/s1,
Table S1: Selective hydrogenation of cinnamaldehyde to hydrocinnamaldehyde over heterogeneous catalysts from
the literature, Table S2: Details of the hydrogenation of CAL to HALD using Pd based catalysts, Figure S1: The
pore size distributions calculated from the desorption using the BJH method for (a) SBA-15, (b) 0.2%Pd/SBA-15,
(c) 0.2%Pd–0.4%Ni/SBA-15, (d) 0.2%Pd–0.7%Ni/SBA-15, (e) 0.2%Pd–1.2%Ni/SBA-15, Figure S2: Wide-angle XRD
patterns of (a) 0.9%Pd/SBA-15, (b) 0.9%Pd–0.4%Ni/SBA-15, (c) 0.9%Pd–0.7%Ni/SBA-15, (d) 0.9%Pd–1.2%Ni/SBA-15,
Figure S3: TEM images of (a–b) 0.9%Pd/SBA-15, (c–d) 0.9%Pd–1.2%Ni/SBA-15, Figure S4: Low-angle XRD
patterns for the fresh and reused 0.2%Pd–1.2%Ni/SBA-15 catalyst, Figure S5: Wide-angle XRD patterns for
the fresh and reused 0.2%Pd–1.2%Ni/SBA-15 catalyst, Figure S6: Pd3d XPS spectra for the fresh and reused
0.2%Pd–1.2%Ni/SBA-15 catalyst.
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