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Abstract A series of SiO, supported transition metal (Fe,
Co, Ni, Mo and W) phosphide catalysts were synthesized
and tested for the selective hydrogenation of cinnamalde-
hyde (CMA). Among these tested catalysts, Ni;,Ps/SiO;
and Ni,P/SiO, prepared with initial Ni/P ratios of 2/1.3 and
1/1 exhibited high activity and selectivity for the conver-
sion of CMA to hydrocinnamaldehyde (HCMA). The two
nickel phosphide catalysts showed selectivity to HCMA up
to 90% at a conversion of 90%. The properties of the nickel
phosphide catalysts were characterized by BET surface
area determinations, X-ray powder diffraction (XRD)
analysis, and transmission electron microscopy (TEM).
The influences of reaction temperature, hydrogen pressure,
Ni/P ratio, and reduction temperature were studied in
detail. For comparison, Pd/SiO, catalyst was also used in
this reaction, and the possible reasons for the different
catalytic performances of the two kinds of catalysts are
presented.
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1 Introduction

The chemo- and regioselective catalytic hydrogenation of
o, f-unsaturated aldehydes is one of the most active
research areas in catalysis research [1, 2]. The selective
hydrogenation of unsaturated aldehydes to their corre-
sponding unsaturated alcohols is highly desirable from an
industrial point of view [3]. In addition, the production of
the saturated aldehydes from unsaturated aldehydes has
industrial and biological applications [4]. Cinnamaldehyde
(CMA), one of these unsaturated aldehydes, is important in
industry and its selective hydrogenation products are
widely used in the perfume industry. Supported platinum
[5-8], iridium [9], ruthenium [10], cobalt [11, 12], copper
[13], gold [14, 15], and metal boride [16, 17] catalysts have
been investigated for their selectivity to cinnamyl alcohol
(CMO) in the hydrogenation of CMA. Supported ruthe-
nium [18] and palladium [19-22] catalysts have been used
in the selective hydrogenation of CMA to HCMA.
Although, in some cases, the results obtained were excel-
lent, there are still incentives for exploring new, more
convenient, and economical catalysts.

Numerous methods have been reported for the prepa-
ration of metal phosphides [23], but the synthesis routes
were very fussy and not environmentally friendly. By
chemical reduction, amorphous nickel phosphorous alloys
can be prepared simply and used as selective hydrogena-
tion catalysts with a high activity [24, 25]. However, these
amorphous catalysts are easily transformed into less active
crystalline compounds [26]. Another drawback of the
amorphous nickel phosphorus alloys is their selectivity to
sulfur-containing compounds, which leads to deactivation
[27]. Since the 1990s, a temperature-programmed reduc-
tion method has offered a simple and economical way to
prepare metal phosphides [28]. These materials have a
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significant capacity for avoiding the detrimental effects
from sulfur and carbonization, and have attracted much
attention in catalysis research. As hydrotreatment catalysts,
metal phosphides have been widely used in hydrodesulfu-
rization (HDS) and hydrodenitrogenation (HDN) [29-37].
Recently, Zhang et al. reported that MoP has excellent
catalytic activity in the decomposition of hydrazine, even
at a low temperature [38]. Song et al. adopted a new route
to prepare supported nickel phosphide from a Ni—B
amorphous alloy at low temperature. This material showed
an excellent activity in the HDS of dibenzothiophene [39].
Considering the excellent catalytic performances of metal
phosphides, it is logical to explore the application of metal
phosphides for the catalytic hydrogenation of CMA. To our
knowledge, there has been no report on this application
until now.

2 Experimental
2.1 Catalyst Synthesis

SiO,-supported phosphides (Fe,P, CoP, Co,P, Ni;,Ps,
Ni,P, MoP, and WP) were prepared by the temperature-
programmed reduction of their corresponding phosphates,
using similar procedures as reported in the literature [35].
The SiO, support (Qingdao Haiyang Chemical Co., Ltd,
20-40 mesh, 450 m%/g, pore volume 1.5 mL/g) was cal-
cined at 773 K for 3 h prior to use. In the case of the nickel
phosphide catalysts (Ni/P atomic ratios of 2/1.3 and 1/1), a
quantity of 0.485 or 0.746 g (NH4),HPO, was dissolved in
4.2 mL distilled water, and 1.650 g Ni(NOj3) - 6H,O was
then added. A few drops of nitric acid were added in order
to dissolve the precipitate and to form a clear solution,
which was added dropwise to 3.0 g SiO,. The precursor
was dried at 393 K for 12 h and calcined at 773 K for 5 h,
and then reduced in flowing hydrogen (60 ml/min/g) with
the temperature ramped from room temperature to 623 K
(0.06 K/s), and from 623 K to 853 or 1073 K (0.0167 K/s).
To prevent the catalysts from oxidizing in air, they were
passivated in 1% O,/N, for 2 h at room temperature.

Pd/SiO, catalyst (1 wt%) was prepared by the wetness
impregnation method. Impregnating solutions were pre-
pared by dissolving 0.016 g PdCl, dissolves in 1.5 mL 1:1
HCI solution. The above solution was added dropwise to
1.0 g SiO, until incipient wetness. After being dried at
393 K for 6 h and calcined at 623 K for 4 h, the catalyst
was reduced at 623 K for 2 h with hydrogen.

2.2 Catalyst Characterization

The X-ray diffraction (XRD) patterns of the samples were
obtained with a Rigaku powder X-ray diffractometer
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operated at 40 kV and 100 mA using Cu—Ko monochro-
mated radiation. The surface areas were determined using
the BET method based on adsorption isotherms in a
Micromeritics ASAP 2010 apparatus. The samples were
characterized by adsorption of N, at 77 K. BET surface
area (Sggr) and the pore size distribution of pores (PSD)
were determined. Before the measurement, the samples
were evacuated at 393 K for 2 h and at 523 K for 4 h. The
morphology of crystal samples was examined with trans-
mission electron microscopy (TEM) using a JEOL
JEM-2000EX microscope operating at 120 kV.

2.3 Hydrogenation and Analysis

Liquid hydrogenation of CMA (Alfa Aesar, >98%) was
carried out in a 300 mL stainless steel autoclave (Parr-
5500) equipped with a mechanical stirrer, a hydrogen inlet,
a thermocouple, a magnet stirrer, and a 4560 controller.
Before use, the catalysts were pretreated in high purity H,
at 723 K for 2 h. After the addition of 0.5 g catalyst, 3 ml
CMA, and 115 mL cyclohexane, the reactor was charged
and recharged 3-5 times with H, to exclude air. When the
temperature reached the desired level (333-393 K),
hydrogen was introduced to a desired pressure, and the
reaction was initiated immediately by stirring the reactant
vigorously (1000 rpm). During the reaction, the H, pres-
sure was held constant through use of a conductor. The
reaction was monitored by taking ~ 1.0 mL samples from
the reaction mixture periodically to determine the conver-
sion and selectivity. Generally, polar solvents will lead to
many undesired products even at lower reaction tempera-
tures [40, 41]. To avoid this, nonpolar cyclohexane was
used as the solvent in this study.

An Agilent 6890 gas chromatograph with FID detector
and auto injector was used for analyzing samples of reac-
tion mixtures. The conditions for the analysis were as
follows: FFAP capillary column (30 m x 0.25 mm ID),
injector temperature 533 K, detector temperature 533 K,
carrier gas He, 30 mL/min, and oven temperature pro-
grammed at an initial temperature of 393 K (7 min hold),
followed by ramping at 3 K/min to 423 K (3 min hold),
and then followed by an additional ramping at 10 K/min to
the 493 K final temperature (3 min hold). The retention
times of the compounds were HCMA ~ 12.1 min, CMA
~21.2 min, CMO ~21.6 min, and HCMO ~26.3 min.

3 Results and Discussion

3.1 Catalyst Characterization

Figure 1 shows the XRD patterns of the SiO, supported
nickel phosphide catalysts with different Ni/P ratios and
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Fig. 1 XRD patterns of nickel phosphide catalysts prepared with
different Ni/P ratios and reduction temperatures

reduction temperatures. When the Ni/P ratio was 2/1.3,
after being reduced with H, at 853 K, there were intense
peaks at 32.7°, 38.4°, 41.7°, 44.4°, 47.0°, and 49.0°, which
were attributed to the structure of Nij;;Ps. When the Ni/P
ratio was 1/1, after being reduced at 853 K with Hj, there
were intense peaks at 40.7°, 44.6°, 47.4°, and 54.2° and
weak peaks at 55.0° and 74.8°, which were attributed to the
structure of Ni,P. This catalyst was denoted as Ni,P¥/SiO..
By increasing the reduction temperature to 1073 K, the
crystal structure of the nickel phosphide whose Ni/P ratio
was 2/1.3 transformed from Ni,Ps into Ni,P. This catalyst
was denoted as Nisz/Sioz. From the XRD results, the
crystal structures of nickel phosphide were affected by the
Ni/P ratio and reduction temperature.

Table 1 lists the physical properties of the two kinds of
nickel phosphide catalysts and the SiO, support. The pure
SiO, has a BET surface area of 450 m%/g, a total pore
volume of 0.9 cm®/g, and an average pore diameter of
6.4 nm. It is noted that after supporting the nickel phos-
phide, the BET surface area and the total pore volume of
SiO, decreased slightly but the average pore diameters did
not change significantly. When the P content increased, the
surface area of the catalyst decreased further.

Figure 2 shows the physisorption isotherms of the nickel
phosphide catalysts. The two samples had similar

adsorption-desorption isotherms, showing representative
type IV isotherms, which are typical of mesoporous
structures.

The TEM images in Fig. 3 clearly show that the two
metal phosphide particles were distributed homogeneously
on the surface of the SiO,. The particle sizes of Nij,Ps
centering at 10-35 nm are larger than Ni,P? particles with
diameters of 5-20 nm. This is in good agreement with the
XRD results where Ni;,Ps/SiO, has stronger diffraction
peaks than Ni,P?/SiO..
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Fig. 2 N, physisorption isotherms of Ni;,Ps/SiO, and Ni,P%/SiO,
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Fig. 3 TEM images of Ni;,Ps/SiO, and Ni,P%/SiO,

Table 1 BET surface area, average pore diameter and pore volume of the nickel phosphide catalysts

Sample Ni/P atomic ratio Surface area (mz/g) Pore volume (cm3/g) Average pore diameter (nm)
SiO, 455 0.9 6.4
10% Ni;,P5/Si0O, 2:1.3 387 0.7 6.4
10% Ni,P%/Si0O, 1:1 334 0.7 6.3
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3.2 Hydrogenation of CMA
3.2.1 Results of Different Metal Phosphide Catalysts

The reaction results for metal phosphide catalysts in the
hydrogenation of CMA are summarized in Table 2. Except
for the nickel phosphide catalysts, the other metal phos-
phide catalysts had low activity and selectivity to HCMA at
393 K and 30 bar hydrogen pressure. The selectivities to
HCMA for Ni,P%/SiO, and Ni;,Ps/SiO, were more than
90%, but their activities were a little different under the
same reaction conditions. The two kinds of nickel phos-
phide catalysts were prepared with the same nickel content
and TPR steps, the only difference being P content. In
order to clarify the influences of crystal structure and P
content on the activity of nickel phosphide catalysts, Ni,P"/
SiO, was used in this reaction. For these three catalysts we
observed the changes in conversions and selectivities with
respect to reaction time at 373 K and 30 bar.

3.2.2 Effect of Crystal structure

From Fig. 4a, under the same reaction conditions, the
activity of Nij,Ps/SiO, catalyst was superior to that of

Ni,P/SiO, prepared with Ni/P ratios of 2/1.3 and 1/1.
Ni,P’/SiO, prepared with a Ni/P ratio of 2/1.3 had a better
activity than Ni,P*/SiO, prepared with a Ni/P ratio of 1/1.
From Fig. 4b, the selectivity to HCMA for the three cata-
lysts also had differences within 6 h. The selectivity
sequence for these catalysts was Nij,Ps/SiO, > Ni,P?/
SiO, > Ni,P"/Si0,. By prolonging the reaction time, the
conversion of CMA increased and the selectivity to HCMA
became equal. Combined with the above results, the P
content and crystal structure had a greater effect on the
activity than on the selectivity in this reaction. After
reduction when the initial Ni/P ratio was 1/1, more residual
P remained in the Ni,P/SiO, than in the Ni,P%/SiO, pre-
pared with an initial Ni/P ratio of 2/1.3. Some of the active
sites were covered with excess P which existed in the
framework of the Ni,P%/SiO,. It decreased the catalytic
activity of Ni,P*/SiO, compared with Ni,P’/SiO,. In the
initial preparation step, the same Ni/P ratio was used to
prepare Ni;,P5s/Si0, and Ni,P°/Si0,. After being reduced
at 1073 K, the P content in Nisz/SiOz was no larger than
that in Ni;,Ps/SiO,. The activity difference for these two
nickel phosphide catalysts did not arise from the different P
content but from the different crystal structure. According
to the literature [34], the shortest Ni—-Ni distances in Ni;,Ps

Table 2 Activity and selectivity data of CMA hydrogenation over different metal phosphide catalysts

Catalyst Reaction time (min) Conversion (%) Selectivity (%)
HCMA HCMO CMO

10% Fe,P/Si0, 240 1.8 28.5 71.5 0
10% Co,P/SiO, 240 1.7 44.0 0 56.0
10% CoP/SiO, 240 2.2 45.5 0 54.5
10% WP/SiO, 240 34 50.0 324 17.6
10% MoP/SiO, 240 39 40.6 54.6 4.8
10% Ni;»Ps/SiO, 120 78.1 93.0 6.0 1.0
10% Ni,P¥/Si0, 120 48.2 91.2 5.8 3.0

Reaction conditions: 0.5 g catalyst, 393 K, 30 bar H, pressure, 3 mL CMA, 115 mL cyclohexane, and catalyst pretreated at 723 K for 2 h before

testing

Fig. 4 Activity (a) and g 100 - - b 100
selectivity (b) of CMA o0} Ni P/Si0,|
hydrogenation over Ni;,Ps/ 2 80 | Ni.PYSiO g\°,
Si0s, Ni,P*/SiO, and Ni,P"/ < 7ol PISI0) < Ni_P/siO,
Si0,. Reaction conditions: 0.5 g O gt R o 9r w
catalyst, 373 K, 30 bar H2 5 ol NiP7YSIo, | T Ni,P%/Si0,
pressure, 3 mL CMA, 115 mL s -
cyclohexane, and catalyst s 0T S gol NiPYSIO,
pretreated at 723 K for 2 h g 3s0f °
. c L @
before testing o 20 °
© 10t @
0 1 1 1 1 1 1 1 1 1 1 70 1 1 1 1 1 1 1 1 1
0 60 120 180 240 300 360 420 480 540 60 0 60 120 180 240 300 360 420 48

Reaction time (min)
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and Ni,P are 2.53 and 2.61 A, respectively, while the
shortest Ni—Ni distance in Ni metal is 2.49 A. The shorter
Ni—Ni distance in Nij,P5 means that its properties are more
metallic than those of Ni,P. This is likely to be responsible
for a higher activity of Ni;,Ps/SiO, than that of Ni,P%/Si0,.

3.2.3 Effects of Temperature and Hydrogen Pressure

In addition to investigating the crystal structures and P
content on the catalytic performances of nickel phosphide
catalysts, we selected Ni;,Ps/Si0, as the catalyst to study
the effects of temperature and pressure on activity and
selectivity.

Table 3 contains the conversion and selectivity changes
along with the reaction temperatures. With an increase in
temperature the reaction rate improved significantly. From
333 to 373 K the conversion increased gently and from 373
to 393 K the increase accelerated. When the reaction
temperature was 333 K, the conversion of CMA was lower,
being only 6% for a reaction time of 120 min. At this
conversion rate the selectivity to HCMA was only 83%,
indicating the C=0 bond participated in the initial reaction
step, but the amount was small. When the temperature
increased to 353 K and above the conversion rate was
larger, the main product was HCMA, and the selectivity to
HCMA was higher than 90%.

Table 4 contains the conversion and selectivity changes
with different hydrogen pressures. The conversion of CMA
was improved by increasing the hydrogen pressure.
Selectivity to HCMA was not significantly affected by
pressure.

As usual, reaction temperature and pressure are impor-
tant factors for catalytic activity and selectivity, especially
in a multiphase sequential reaction. With an increase in the
temperature and pressure, it is important to the reaction
path which bond energy is higher. In this reaction, the bond
energy of the C=0 double bond is larger than the C=C
bond. So, as the reaction temperature and H, pressure
increase, the amount of CMO or HCMO should increase.
From the results in Tables 3 and 4, the conversion of CMA
increased with increasing reaction temperature and pres-
sure but the selectivity to HCMA remained stable. This
showed that nickel phosphides were excellent catalysts for
selective hydrogenation of unsaturated aldehydes to satu-
rated aldehydes.

3.3 Hydrogenation of HCMA

For nickel phosphide catalysts with a high activity and
selectivity for C=C hydrogenation, the selectivity for C=0
hydrogenation was poor. In our subsequent research we
used HCMA as the original material to investigate whether
the nickel phosphide catalysts have the ability to hydro-
genate the C=0 bond. From the results in Fig. 5, Nij;Ps/
SiO, catalyst had an excellent activity for C=O hydroge-
nation. When the reaction time was 240 min, the
conversion of HCMA was 88%. Compared with the results
in Table 3, under the same reaction conditions the con-
version of CMA was 54%. The results indicated that the
Ni,Ps/SiO, catalyst had a better hydrogenation ability for
the C=0 bond in HCMA than for the C=C bond in CMA.
During the hydrogenation process of CMA, only a low

Table 3 Effect of temperature on catalytic conversion and selectivity of Ni;»Ps/SiO,

Temperature (K) Reaction time (min)

Conversion (%)

Selectivity (%)

HCMA HCMO CMO
333 240 5.9 83.2 6.3 10.5
353 240 25.3 90.3 44 53
373 240 54.0 91.8 5.4 2.8
393 120 78.1 93.0 6.0 1.0

Reaction conditions: 10% Ni,P5/SiO, 0.5 g, 30 bar H, pressure, 3 mL CMA, 115 mL cyclohexane, and catalyst pretreated at 723 K for 2 h

before testing

Table 4 Effect of hydrogen pressure on catalytic conversion and selectivity of Ni;»Ps/SiO,

H, pressure (bar) Reaction time (min)

Conversion (%)

Selectivity (%)

HCMA HCMO CMO
10 240 32.1 95.1 3.0 2.1
20 240 44.9 94.7 3.5 1.8
30 240 54.0 91.8 5.4 2.8
40 240 81.7 922 6.1 1.7

Reaction conditions: 10% Ni;,Ps/SiO, 0.5 g, 373 K, 3 mL CMA, 115 mL cyclohexane, and catalyst pretreated at 723 K for 2 h before testing
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Fig. 5 Results of HCMA hydrogenation over Ni;;P5/SiO,. Reaction
conditions: 0.5 g 10% Ni;,P5/SiO,, 373 K, 30 bar H, pressure, 3 mL
HCMA, 115 mL cyclohexane, and catalyst pretreated at 723 K for
2 h before testing

percentage of C=0 bonds participated in the reaction, and
the produced HCMA did not hydrogenate further. A rea-
sonable explanation is that although Ni;,P5/SiO, has the
ability to hydrogenate C=C and C=0 bonds, this catalyst
prefers hydrogenating the C=C bond rather than the C=0
bond when the two double bonds exist in CMA at the same
time. CMA adsorbed more strongly on the nickel phos-
phide surface than HCMA. When HCMA was formed, it
broke away from the catalyst surface immediately, which
prevented it from hydrogenating further to HCMO, so the
selectivity to HCMA was kept high all through the reac-
tion. In order to have a better understanding of the catalytic
properties of the nickel phosphide catalyst in this reaction,
Pd/SiO, catalyst was also used to make a comparison.
Figure 6a and b indicate the results of hydrogenation of
CMA and HCMA over Pd/SiO,, respectively. When the
reaction time was 5 min, the conversion of CMA was as
high as 80%, and the main products were HCMA and
HCMO. The hydrogenation activity and selectivity of Pd/
Si0; had a big difference compared to the nickel phosphide
catalysts. When HCMA (Alfa Aesar, 97%) was the raw

material, metallic Pd had no catalytic activity when sup-
ported on multi-walled carbon nanotubes at 353 K [18], so
we also studied the hydrogenation of HCMA by Pd/SiO, at
373 K and 30 bar H, pressure. From the results in Fig. 6b,
Pd/SiO, still had no activity for C=0 bond hydrogenation
even at the higher reaction temperature and H, pressure.
The Pd/SiO, catalyst had no ability to hydrogenate the
C=0 bond in the HCMA, which had no C=C double bond.
When hydrogenating the CMA, the C=0 bond could be
converted into the C-OH bond, but the selectivity to
HCMA was poor. HCMA was produced by the selective
hydrogenation of the C=C bond and it could not transform
into HCMO over Pd/SiO,. HCMO was produced by
another path: CMA — CMO — HCMO. The reaction rate
of CMO to HCMO was faster than that of CMA to CMO,
so the yield of CMO was low. The difference between
Ni;,Ps/SiO, and Pd/SiO, was due to Ni;,P5/SiO, having a
weak affinity for selective hydrogenation of the C=0 bond,
so the reaction producing HCMO did not happen and the
selectivity to HCMA was high.

4 Conclusions

In summary, a series of economical metal phosphide cat-
alysts have been used for the first time in the hydrogenation
of CMA, and, in addition, the nickel phosphides also
exhibited good activity and selectivity. P content and
reduction temperature had significant effects on the crystal
structure of the nickel phosphide, and they also had a large
influence on the catalytic activity. With an increase in
temperature and pressure the activity of the nickel phos-
phide catalysts improved but the selectivity to HCMA was
unchanged. On the other hand, the nickel phosphide cata-
lysts used in this experiment have a different catalytic
performance from the Pd/SiO, catalyst. Pd/SiO, had a
better activity and lower selectivity to HCMA compared to
the nickel phosphide catalysts. The main reaction paths
were CMA — HCMA and CMA — CMO — HCMO for
Pd/SiO, catalyst. For nickel phosphides catalysts, the main
reaction path was CMA — HCMA.

Fig. 6 Results of CMA a
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Nickel phosphide materials will become a new class of

catalysts in the selective hydrogenation of unsaturated
aldehydes into saturated aldehydes.
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