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Selective hydrogenation of trans-cinnamaldehyde over SiO,-supported

Co—Ir bimetallic catalysts
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Selective hydrogenation of trans-cinnamaldehyde was studied on SiO;-supported Co-Ir bimetallic catalysts. Addition of Ir to
Co/SiO; increased the hydrogenation selectivity and activity of cinnamaldehyde to the corresponding cinnamyl alcohol (UOL). A
selectivity as higher as 93% to UOL at ambient temperature under H, pressure of 2.0 MPa was obtained over catalyst with
loadings of 10 wt% Co and 0.5 wt% Ir (Coj0,0lr5/SiO;). The XRD, Raman and TPR results showed that the higher dispersed
Co30, particles were formed on SiO, due to the addition of Ir, which increased the reducibility of Co3;0y4 to Co®. The reduction of
oxidized Co-Ir/SiO; samples occurred at the temperatures with about 200 K lower than that of the one without Ir species as
evidenced by the observations of TPR and in-situ Raman characterizations. The XPS results indicated that the large parts of Co304
in the sample of Co—Ir/SiO, were reduced to Co, but only small parts of that were reduced to Co” in the sample of Co/SiO, under
flowing 5%H,/Ar at 673 K. The CO chemisorptions revealed that the irreversible uptakes of CO on the reduced Co-Ir/SiO, sample
was much higher than those on the reduced Co/SiO, and Ir/SiO,, and also higher than the combination of that on the reduced Co/
SiO, and Ir/SiO,, respectively. The experimental data suggested that the presence of Ir played a key role in the reduction of Co304
to Co® through a strong interaction between them and that the amount of Co? at the catalyst surfaces was correlated to the activity

and more importantly to the UOL selectivity.
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1. Introduction

The selective hydrogenation of «, p-unsaturated
aldehydes (UAL) containing C=C and C=O groups to
the corresponding unsaturated alcohols (UOL) remains
a goal of considerable importance both for the industrial
production in fine chemicals and for the fundamental
research in catalysis [1-6]. Supported Co showed higher
hydrogenation selectivity to UOL [7-12]. Nitta et al.
[7,8] found that the supported Co could efficiently and
selectively hydrogenate the carbonyl group of UAL by
employing Co loading as high as 40 wt%. They
observed a strong selectivity dependence on Co particles
size in the liquid phase hydrogenation of cinnamalde-
hyde. However, Bueno et al. reported that there existed
at least four different Co surface sites at Co/SiO,, which
affecting the performance for the selective hydrogena-
tion of crotonaldehyde [10,11]. Besides, Several inter-
esting catalysts were effective for the selective
hydrogenation of unsaturated aldehydes. For instance,
a significant influence of the particle size on the
selectivity and activity was found with Ag/TiO, and
Au/TiO, catalysts for the selective hydrogenation of
crotonaldehyde [13,14]. Very high selectivities have been
reported with electronically promoted catalysts of sup-
ported Cu, Ag, Au for the reaction. Gold supported on
iron oxide could hydrogenate the citral to the corre-
sponding o, f-unsaturated alcohol with a selectivity
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higher than 95% [15]. The iron oxide on the catalyst
surface could act as a promoter to activate the C=0
bond and thus to increase the hydrogenation activity
and selectivity. An important enhancement in selectivity
could be obtained by the addition of promoters (second
metal, oxides or cationic species), through modifying the
metal particle size, the structure feature, etc [16]. It has
been shown that the bimetallic catalyst Pt—Co exhibited
much better catalyst activity and UOL selectivity than
the ones Co—Pd and Co—Ru [17-20]. Nevertheless, thus
far the detail report on the catalytic selective hydroge-
nation of unsaturated aldehyde with a bimetallic cata-
lyst Co—Ir is not available.

Trans-cinnamaldehyde, an example of a «, f-unsat-
urated aldehydes, is of great practical importance [21-
24]. Both the hydrogenated and semi-hydrogenated
products find wide application in the perfume industry.
Besides this, the unsaturated alcohol, cinnamyl alcohol,
is an important building block in organic synthesis.
Herein we report that a SiO,-supported bimetallic Co—Ir
heterogeneous catalyst which facilitates the chemoselec-
tive reduction of cinnamaldehyde to cinnamy alcohol
under mild condition.

2. Experimental
2.1. Catalyst preparation

Supported Co-Ir catalysts were prepared by the
incipient wetness technique of co-impregnation by sing
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aqueous solutions of HyIrClg and Co(NOs),. After
drying by evaporation, the catalysts were dried at 383 K
in air for 3 h followed by calcination at 673 K or 4 h
under air and reduction at 673 K for 6 h under 5%H,/
Ar with a flow-rate of 30 mL/min, unless otherwise
stated. The catalyst was designed as Co,lr,/support,
where x and y stands for the loading weights of Co and
Ir atoms (wt%), respectively. Moreover, the catalyst
Co,/Ir,Si0, was prepared by impregnation of H,IrClg
followed by calcination, and then by impregnation of
Co(NOs3), followed by calcination and reduction, in
sequence. The catalyst Ir,/Co,/SiO, was prepared by
impregnation of Co(NOs), followed by calcination, and
then impregnation of H,IrCls followed by calcination
and reduction, in sequence.

2.2. Characterization

Surface areas of the samples were measured by a BET
nitrogen adsorption method at 77 K using a TriStar
3000 machine.

Powder X-ray diffraction (XRD) patterns were
recorded with a Rigaku D/Max-C X-ray diffractometer
equipped with a rotating anode using Cu K, radiation
(2 =0.15418). The anode was operated at 40 kV and
30 mA. The 260 angles were scanned from 30 to 80 ° at a
rate of 2 °/min.

Chemisorption of CO on a series of catalysts was
independently determined by static volumetric measure-
ments on a Micromeritics ASAP2010M + C machine.
The samples were reduced at 673 K for 4 h under
flowing of 5%H,/Ar, followed by outgassing for 60 min
at reduction temperature before allowing them to cool
down to the chemisorption temperature at 313 K. The
chemisorption isotherm thus obtained was designed as
the variation of adsorbed gas quantity as a function of
the pressure at equilibrium while maintaining the sample
at constant temperature. Chemisorption isotherms were
expressed in terms of quantity adsorbed versus absolute
pressure. To differentiate the chemisorption from the
physisorption contribution, the sample was evacuated
after completion of the initial analysis which removed
only the reversibly adsorbed gas. Then the analysis was
repeated under the same conditions as the original
analysis except during the second analysis the active
area of the sample was already saturated with chemi-
sorbed molecules. The quantity of CO irreversibly
adsorbed by the sample was obtained by subtracting
the adsorbed volume data of second analysis from that
of initial analysis.

TPR spectra were recorded in the same fixed-bed
reaction system equipped with a gas chromatograph.
The samples were treated at 473 K for 1 h under
flowing of argon and then switched to a reduction gas
of 5%H,/Ar with a flow-rate of 35 mL/min, and
heated to 1073 K at a heating rate of 10 K/min for
TPR measurements.

The in-situ Raman spectra of the samples were
recorded on Renishaw-UV-Vis Raman System 1000
by projecting a continuous wave laser of argon ion
(Ar™) green (514.532 nm) by using a in-situ lab-made
Raman cell. The samples were reduced under flowing of
5%H;,/Ar at different temperatures and then cooled
down to 313 K each time under flowing of 5%H;/Ar to
collect the Raman spectra. A scanning range of 200-
1000 cm~! with a solution of 2 cm™! was applied.

The X-ray photoelectron spectroscopy (XPS) was
measured with a PHI Quantum 2000 Scanning ESCA
Microprobe equipment (Physical Electronics) using
monochromatic Al K, radiation (hv = 1846.6¢V,
25 W). The background pressure in the analysis cham-
ber was lower than 1 x 1077 Pa. The X-ray beam
diameter was 100 um, and the pass energy was 58.7 eV
for each analysis. The binding energy was calibrated
using a C 1s photoelectron peak at 284.6 eV as a
reference. The samples of pressed pellets were sealed in a
glass tube under high-purity Ar after reduction, then put
into the pre-vacuum chamber of the device to avoid the
samples contact with air as much as possible. After that,
the samples were transferred into the analytical chamber
by means of a transfer sledge.

2.3. Catalytic hydrogenation

The catalytic hydrogenation of trans-cinnamaldehyde
was carried out in a stainless steel autoclave of 60 mL
equipped with a magnetic stirrer. After the catalyst,
cinnamaldehyde and ethanol were placed in the auto-
clave, the reactor was filled three times with 1.0 MPa of
H, to exclude air. Then, the autoclave was heated to a
desirable temperature and pressurized with H, to
2.0 MPa. Once the pressure reached a steady state, the
hydrogenation reaction was initiated immediately by
stirring the reaction mixture vigorously (800 rpm). After
the reaction, the organic substance was analyzed on a
gas chromatograph equipped with FID and a capillary
column (OVI101, 30 m x 0.25 mm x 0.2 um).

3. Results and discussion

The metallic cobalt nanoparticles were known to be
essentially responsible for the selective hydrogenation of
unsaturated aldehyde, while the cobalt-silicate that may
be formed during the impregnation was much difficult
to be reduced to cobalt nanoparticles [25]. Therefore, the
structure feature of support has distinctive effects on the
dispersion of cobalt on the catalyst surface and then
affects the catalytic performance. We compared the
catalytic performance for the selective hydrogenation of
cinnamaldehyde over the catalysts of Coy90/SiO;, re-
duced at different temperature and Cojgolrg s supported
on different supports, respectively. The results are listed
in tables 1 and 2. The catalyst reduced at 773 K showed
the highest reaction conversion and also UOL selectivity
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Table 1
The catalytic performance for selective hydrogenation of cinnamal-
dehyde over Coy¢,/SiO, reduced at different temperature®

Entry Reduction Conversion Selectivity UOL
temperature (K) (%) (%) yield
(u 0)
SAL SOL UOL
1 623 2.2 30.1 127 572 1.3
2 673 2.9 334 52 614 1.8
3 773 3.5 309 69 621 22

?Reaction conditions: Temperature = 323 K, total pressure of
H, = 2.0 MPa, agitation speed = 800 rpm, ethanol = 6.0 mL, cin-
namaldehyde = 0.8 mL, catalysts weight = 180 mg, reaction
time = 10 min.

Table 2
The catalytic performance for selective hydrogenation of cinnamalde-
hyde over supported Ir-Co on catalysts with different carriers
at loadings of 10.0 wt% Co and 0.5 wt% Ir (molar ratio of Co/Ir

= 65.2)
Support  Sper (m? g7!) Conversion Selectivity UOL
(%) (%) yield
— (%)

SAL SOL DOL
SiO, 303 15.3 9.5 1.6 889 13.6
Al O3 165 6.4 144 30 826 53
TiO, 11 9.5 200 27 773 7.3
71O, 6 7.2 226 34 740 5.3
MCM-41 908 7.3 250 47 703 5.1
ACP 638 5.6 273 42 685 3.8
MCNTs® 114 8.9 212 28 76.0 6.8

4Reaction conditions are the same as in Table 1.

bAC stands for active carbon.

*MCNTs stands for multi-wall carbon nanotubes which was obtained
by a catalytic ecomposition of CHy (see ref. [26]).

than that reduced at 623 K or 673 K, although the
differences were not large from each other. Upon addition
of small amount of Ir into the Cojg(/SiO,, significant
improvements in the conversion and UOL selectivity were
obtained as showed in Table 2. The performance of such
supported Co-Ir catalyst system was affected by the
supports. The Co—Ir supported SiO,, Al,O3, TiO,, ZrO,,
MCM-41, AC and MCNTs were active in order of the
reaction conversion for the supports SiO; > TiO; >
MCNTs > ZrO; ~ MCM-41 > Al,O; > AC and also
were selective in order of the UOL formation for the
supports SiO, > Al,O3 > TiO; > MCNTs > ZrO; >
MCM-41 > AC. Among them, Co1¢Irg 5/SiO, showed the
highest reaction conversion of 15.3% and the selectivity
of 88.9% to UOL at 323 K.

The activity of Co-Ir/SiO, was increased with
increasing Ir amount, but the selectivity to UOL was
almost saturated to a plateau close to 90% at 323 K
once the addition of 0.5 wt% of Ir to Cojg(/SiO, as
illustrated in Figure 1. There was no significant increase
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Figure 1. Variations of conversion and UOL selectivity as a function
of Ir/Co ratio (wt/wt) in the case of 10.0 wt% Co loading. O:
Conversion; l: UOL selectivity. Reaction conditions: T = 323 K,
time = 10 min; P(H,) = 2.0 MPa, agitation speed = 800 rpm, etha-
nol = 6 mL, cinnamaldehyde = 0.8 mL, catalyst weight = 180 mg.

in the formation of UOL but considerable enhancement
for the reaction conversion while further addition of Ir
into Co/SiO; catalysts. On the other hand, the catalysts
of Co/SiO, or Ir/SiO, showed relatively lower conver-
sion and UOL selectivity under identical condition. As
for 0.5 wt% Ir/SiO, catalyst, a conversion of 9.4% and
a UOL selectivity of 67.7% were obtained. As for
4.0 wt% IrSiO,, the conversion and UOL selectivity
were slightly increased to 26.6 and 85.3%, respectively.
It is worthy noting that the cinnamaldehyde conversion
could be increased gradually with negligible influence on
the UOL selectivity by prolonging the reaction time.

The cinnamaldehyde conversion was increased dras-
tically by prolonging the reaction time with almost no
influence on the UOL selectivity. Figure 2 shows the
cinnamaldehyde conversion and the UOL selectivity
against the reaction time. The results indicated that the
UOL selectivity kept almost unchanged at about 90%
when the cinnamaldehyde conversion increased from
15.3 to 64%. Further increase in the cinnamaldehyde
conversion caused a small decrease in the UOL selec-
tivity. The UOL selectivity as high as 80.6% was
obtained at the cinnamaldehyde conversion of 79.5%.

Figure 3 shows the variations of conversion, product
selectivity and UOL yield with Coygolrys/SiO, as a
function of reaction temperature. The cinnamaldehyde
conversion increased linearly but the UOL selectivity
decreased slowly as increasing the reaction temperature.
A considerable activity along with a UOL selectivity as
high as 93% was obtained at temperatures ranging from
273 to 303 K.

Next we studied the effect of different impregnation
sequence on the catalytic performance with the Co—Ir/
SiO; catalyst. The results in Table 3 indicated that the
impregnation sequence was quite sensitive for the
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Figure 2. Variations of conversion and UOL selectivity as a function
of reaction time with Cojglrgs/SiO,. O: Conversion; Hl: UOL
selectivity. Reaction conditions are the same as in figure 1.
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Figure 3. Variations of conversion, selectivity and yield as a function
of reaction temperature with Cojglrgs/SiO,. O: Conversion; ll: UOL
selectivity; [J: SAL selectivity; A: SOL selectivity; ® UOL yield.
Reaction conditions:time = 40 min; others are the same as in figure 1.

Table 3
The effect of different impregnation sequence on the catalytic
performance for selective hydrogenation of cinnamaldehyde

Catalyst Conversion Selectivity (%) Yield
(%) (%)

UOL SAL SOL
Ir5,0/Co010.0/SiO; 21.4 94.4 4.4 1.2 20.2
CO10.0/1Ir2,0/Si0, 12.7 92.3 6.3 1.5 11.7
CO0,0lr2,0/Si0, 422 89.8 8.0 2.2 37.9

Reaction conditions: T = 323 k, P = 2 MPa, agitation speed =
800 rpm, ethanol = 6 mL, cinnamaldehyde = 0.8 mL, catalyst =
0.1800 g, time = 10 min.

catalytic activity and selectivity of the Coygglrs0/SiO;
catalyst. The catalyst derived from co-impregnation
afforded the highest activity but the lowest selectivity to
UOL, while that derived from adding Co before Ir (Ir, o/
Co10.0/S10,) showed relatively low conversion but gave
the highest selectivity to the UOL.

To obtain the structural information of the catalyst
Co-Ir/SiO,, we carried out the characterizations of X-
ray diffraction (XRD) and temperature-programmed-
reduction (TPR), in-situ Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) for a series of cata-
lysts. Figure 4 shows the XRD patterns for several
samples after calcination at 673 K for 4 h under air.
There were predominantly existed the diffraction lines
typical for cubic Co304 in the samples of Co/SiO, and
Co-Ir/SiO,. No phases for Ir-oxide species were
observed for the calcined Co-Ir/SiO, samples even if
the loading of Ir was as high as 6.5 wt%. The results
also showed that the peak intensity for the CO304 phase
in the case of Ir-contained samples was relatively weak
but broad, as compared with that for Co/SiO,. The size
of the Co3;04 crystallites, as estimated by XRD, tended
to decrease from 12 to 8 nm with increasing Ir loading
from 0.0 to 6.5 wt%. The results suggested that the
dispersion of metal oxides in the samples of Co-Ir/SiO;
were higher than that for cobalt alone supported on
SiO,. Figure 5 compares the XRD patterns for the
catalysts after reduction. As a common feature, the
diffraction lines were weak. As for CO/SiO; catalyst,
the cubic phases both for CoO and metallic Co were
obtained when the reduction temperatures at
623-673 K, characterizing at about 36.5°, 42.4°,
61.5° and 44.2 °, 51.5 °(weak), 75.9 °(weak), respec-
tively. More metallic Co could be formed when the
reduction temperature was higher (Figure Sa—), which
was beneficial for the selectivity to UOL as evidenced in
Table 1. On the other hand, the CoO phase in the
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Figure 4. XRD patterns for the samples calcined at 673 K for 4 h.
(a) Irg.5/Si02; (b) Ir4,0/SiO;; from (c) to (g) for samples Cojgolr,/SiOs:
y=20;0.5; 1.5; 4.0; 6.5.
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20/°

Figure 5. XRD patterns for the samples reduced under flowing of
5%H;/Ar for 4 h. (a) Coj9,/SiO, reduced at 623 K; (b) Coj,0/SiO;
reduced at 673 K; (c) Coy,0/SiO; reduced at 773 K; From (d) to (h) for
samples Cojglr,/SiO, reduced at 673 K: y = 0.5; 1.0; 1.5; 2.0; 4.0; 6.5;
(i) Irg0/SiO,. V: Co; #: CoO.

samples of Co—Ir/SiO, were negligible in the presence of
Ir loading ranging from 0.5 to 6.5 wt% (figure 5d). No
phases for metallic Ir species were obtained for reduced
Co-Ir/SiO; catalysts even if the loading of Ir was as high
as 6.5 wt%, indicating that the metallic Ir might be
embedded into the crystallite phase of metallic Co. Note
that the peak at about 47.6 °, accompanying with a
broad peak centered at about 41.7 °, was growing up
with the Ir content, probably being ascribable to the
formation of hexagonal phase of metallic Co.

Figure 6 compares the XRD patterns for the samples
obtained with different impregnation sequence before
and after reduction. The results were found to essen-
tially similar to each other. While the peak at about
47.6 °, accompanying with a broad peak centered at
about 41.7 °, was higher with the samples of Ir; y/Co1¢.0/
SiO, (Figure 6e) and Cojg/Ir20/SiO, (figure 6f) than
that with the one by co-impregnation Cojglr/SiO;
(figure 6d). The evidence, along with the results in
Table 3, suggested that the Co” species ascribable to the
formation of hexagonal phase might be related to the
selectivity to the UOL.

The results above suggested that the addition of Ir
onto Co/SiO; caused a higher reducibility of CoOy and
thus the metallic Co was readily formed under the
conventional reduction condition. Figure 7 shows the
TPR profiles for a series of samples related to Co-Ir/
Si0, catalysts. The sample Iry 5/SiO, showed a hydrogen
consumption peak at about 430 K, while the sample
Co19,/SiO, afforded two peaks at about 620 K and

Intensity / a. u.

300

1 1 ¥
1
200 WWWWMMMW ©

20/°

Figure 6. XRD patterns for the samples prepared by different
impregnation sequence after (A) calcination under air and (B)
reduction at 673 K for 4 h under flowing of 5%H,/Ar. (a) calcined
Co190lr2,0/Si03; (b) calcined Ir; ¢/Co19.0/SiO2; (c) calcined Coyg/Ira0/
Si0y; (d) reduced Coygglro/SiO,; (e) reduced Irso/Co10,/SiO2;
(f) reduced Co190/Ir2,/Si05. V: Co?

680 K respectively. The TPR profile for the oxidized
Co/SiO, sample was similar to that obtained in litera-
ture [10,24]. A drastic different reduction feature,
however, was obtained for the samples of Co-lr/SiO,
as compared to those for Ir/SiO, and Co/SiO,. Essen-
tially there were two hydrogen consumption peaks at
about 470430 K and 590490 K for the samples
contained bimetallic oxides. The two peaks were shifted
to the lower temperatures as increasing the Ir content,
which coincided with the XRD results. The deconvolu-
tion analyses showed that the peak areas at 470-430 K
were increased accordingly with the amount of Ir while
those at 590490 K almost kept constant. Therefore,
combining with the XRD results, we considered that the
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Figure 7. TPR profiles for the catalysts. (a) Iry s/SiOy; (b) Co19.0/SiO>;
from (c) to (h) for Coygolr,/SiOz: y = 0.5; 1.0; 1.5; 2.0; 4.0; 6.5.
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Figure 8. In-situ Raman spectra for the as-calcined samples of Cojglr,/SiO, during the process of reduction under flowing of 5%H;,/Ar at
different temperatures.(I-a) as-received Co3QOy; (I-b) Co49,/SiO; at 298 K; (I-c) Coy¢.,0/SiO; at 373 K; (I-d) Coy¢,0/SiO; at 523 K; (I-e) Coj9.0/SiO,
at 573 K; (I-f) Coyo,0/SiO, at 703 K (II-a) Coyg.1rg5/SiO5 at 298 K; (1I-b) Coyglrgs5/SiO, at 373 K; (II-c) Coyg.Irg5/Si0, at 423 K; (1I-d)

C010,0.1r0,5/Si02 at 573 K; (II—C) CO|0_01r0_5/SiOZ at 673 K.

hydrogen consumption peak at 470—430 K might be
related to the reduction of IrO4 to metallic Ir, while the
peak at 590490 K was probably due to the reduction of
CoOy to metallic Co. The lower reduction temperature
suggested that there might existed a significant syner-
gistic effect between Ir and Co species, which afforded
the higher reducibility of cobalt oxides as evidenced in
the XRD results.

The in-situ Raman spectra for the as-calcined samples
of Co10/Si0O, and Coyolrg5/SiO; during the process of
reduction at different temperatures are shown in Fig-
ure 8. To identify the Raman bands of the samples, the
Raman spectroscopy of Co3;04 was collected. The
Raman bands of Co304 exhibited at 674, 607, 514,
466 cm~', which are similar to the results in literature
[27,28]. The Raman spectra of the calcined samples of
Co1/SiO, and Cojolrys/SiO; exhibited strong Raman
bands at 674, 607, 514, 466 cm~!, which were assigned
to Co30y4. These results referred to the sample surface,
but agreed with the results for material bulk as shown by
XRD. When reduction at different temperatures under
flowing of 5%H,/Ar, the samples of Cojy/SiO; and
Cojolrg5/SiO, showed rather similar Raman activity,
although the temperatures for the structure transforma-
tion as reflected by the appearance of Raman bands
were different from each other. In the case of Co1y/SiO»,
the bands of Co3;04 remained after reduction at 373 K.
A broad Raman band between 400 and 650 cm~! was
emerged when the temperature at 523 K. The broad
Raman band was not identical to those of Co304 or
CoO [27,28]. It is suggested that the broad Raman band
represented a surface Co compound species related to
Co strongly interacting with the silica oxide, likely Co-
silicate, which might be formed by Co atom migration
into the silicas matrix and was detectable using Raman
spectroscopy but not XRD. When the sample was

reduced at 573 K, the Raman bands of Co3;04 and
Co-silicate were totally disappeared. In the case of
Coi9,0lrg5/Si0;, however, the bands of Co304 disap-
peared with the reduction temperature at 423 K. The
Raman spectroscopy provided additional results with
the Co species present, which were in good agreement
with the results of XRD and TPR.

Figure 9 shows the Co 2p XPS spectra for the
catalysts of Cojolr,/SiO; (y =0, 0.5, 2, 4) reduced at
673 K under flowing of 5%H,/Ar. The Co2p XPS

(c)

Normelized intensity (a. u.)

| i ) 1 L 1
775 780 785 790 795 800 805 810
Binding energy (eV)

Figure 9. Co 2p XPS spectra for the Cojglr,/SiO; catalysts. (a) as-
calcined Coy¢,/SiO,; from (b) to (e) for the samples Cojglr,/SiO,
(v = 0.0; 0.5; 2.0; 4.0) reduced at 673 K for 4 h.
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Table 4
Deconvolution results of Co 2p3;, XPS spectra for the Coyolr,/SiO; samples (y = 0, 0.5,2.0,4.0)
Catalyst Co'll Co!! Co Co’
(%)°

B.E. FWHM? Peak B.E. FWHM? Peak B.E. FWHM? Peak

eV) (eV) area (eV) eV) area (eV) (eV) area
Calcined Coy/SiO; 779.8 3.2 670.0 781.8 3.1 325.0 - - 0
Co01/Si0, 779.9 2.1 229.7 781.9 2.0 217.5 778.0 2.0 173.5 28
Coyolrg.5/SiO; - - - 781.5 2.4 145.7 777.9 2.1 626.1 81
Coy9lr,/Si0; - - - 781.6 2.0 243.4 778.0 2.0 760.1 76
Coyolrs/SiO; - - - 781.7 2.4 269.9 777.9 2.0 1115.5 81

“B.E. and FWHM denote binding energy and full width at half maximum, respectively.

PReduction degree (%).

spectroscopy for as-calcined Co;y/SiO, was also pro-
vided in figure 9. The decomposition of the Co 2p
spectroscopy for the as-calcined Coj¢/SiO, contained
the contribution of Co"™ and of Co!' species. The
binding energies in Table 4 for as-calcined Co;y/SiO;
are in good agreement with that in literature [29]. The
surface area ratio of the Co 2ps;; peaks of Co'™ and
Co'" was near to 2, corresponding to the Co'! (Co'')20,
formula. The deconvolution of Co 2p3/; and Co 2p; ),
peaks permitted to estimate the reduction degree of
outer layer cobalt species (% Co°) for the reduced
samples of Coyolr,/SiO; (y = 0, 0.5, 2, 4). The results are
reported in Table 4. For the Cojy/SiO,, the amount of
cobalt metal was low (28%) and the Co"! contribution
was still present after reduction at 673 K. For the
reduced Coyolr,/SiO> (y=0.5, 2, 4) samples, the
amount of cobalt metal was higher (76~81%) and
the Co"" contribution was no longer present. The Ir
4f7/, and Ir 4f5/, bands (not shown) appeared at binding
energies of 60.6 and 63.6, respectively, for the samples
Coiolr,/SiOy (y = 0.5, 2, 4) after reduction at 673 K,
which are the values typical of Ir?. The estimated extent
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Figure 10. Isotherms for CO adsorption on the catalysts reduced
at 673 K under flowing of 5%H,/Ar. [J: Co1,0/SiOz; O: Ir5/SiO;;
A: CO]OVQII‘OVS/SiOz; V: COlo_olrl_o/SiOZ; | R C010,01r4,0/Si02; o:
CO]()_()II‘sj/SiOz‘

of reduction of the Co304 phase might provide an
evidence for the assistance of I in the reduction of Co-
ions.

The isotherms for CO adsorption at 313 K on the
CO]o‘o/SiOQ, Ir0_5/8i02, and COlo,()II‘y/SiOZ (y = 05, 10,
4.0, 6.5) catalysts after reduction at 673 K under flow of
5%H;/Ar are displayed in Figure 10. Almost no irre-
versible CO adsorption at 313 was detected on the Co/
Si0,. The irreversible CO adsorption on the Ir(s5/SiO;
was quite small but detectable. Significant CO chemi-
sorption on Cojgolr,/SiO, (y=0.5,1.0,4.0,6.5) was
obtained and the amount was increased as a function
of Ir loadings. Such amount of CO adsorbed on the
Coi0.01r,/Si0, was not simply due to the combination of
that independently on Co/SiO; and Ir/SiO,.

Therefore, addition of small amount of Ir into the
SiO;,-supported cobalt system resulted in a strong
interaction between the bimetallic species, which re-
sulted in a higher reducibility and thus enhanced the
performance of Co-Ir/SiO, catalyst for the selective
hydrogenation of trans-cinnamaldehyde to the corre-
sponding cinnamyl alcohol under the mild condition.
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