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bstract

The amorphous Co–B particles were prepared from cobalt nitrate and potassium borohydride. Ethanol-thermal treatment has been used to promote
he crystallinity of Co–B particles. Both the amorphous and crystallized Co–B particles were characterized by X-ray powder diffraction (XRD),
canning electron micrograph (SEM), inductively coupled plasma (ICP), X-ray photoelectron spectroscopy (XPS), specific surface area (SBET),
O temperature-programmed desorption (TPD), and magnetic performance test. After crystallization, the synergistic effect between Co and B, the

tructure stability, and the magnetic property of Co–B enhanced while the activation energy in cinnamaldehyde (CMA) hydrogenation decreased.
urthermore, the conversion of cinnamaldehyde (CMA) increased from 5% to 57%. The hydrogenation of the C C bond in cinnamaldehyde
CMA) is favored for the amorphous Co–B particles while the hydrogenation of the C O bond is preferred for the crystallized Co–B particles.

fter 13 cycles, the crystallized Co–B particles remain higher cinnamaldehyde (CMA) conversion and cinnamyl alcohol (CMO) selectivity, which

s attributed to their good structure stability and the novel magnetic method for recycle; while the cycle performance of amorphous Co–B particles
s poor due to their instable structure.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Amorphous alloys have been extensively studied in the past
0 years due to their excellent electronic, magnetic and sur-
ace properties [1,2]. Recently, amorphous alloy, such as Ni–B,
o–B, etc., has been reported as a powerful catalyst in selec-

ive hydrogenation [3,4]. The majority of published research has
oncentrated on the effect of different supports, and the addition
f second metals on the selectivity of the catalysts for selective

ydrogenation. However, there are few reports for the effect of
he crystallinity on the hydrogenation performance for amor-
hous alloy catalysts despite crystallinity is an important factor

∗ Corresponding authors. Tel.: +86 28 8540 0591/3836;
ax: + 86 28 8540 3397.
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or the material properties. It is possibly attributed to the diffi-
ulty in promotion the crystallinity of amorphous alloy particles
ithout occurrences of decomposition or side reaction [1,2].
eanwhile, for unsupported amorphous alloy catalyst, the recy-

le problem is distinct [5]. To our best knowledge, there is no
eport for recycle of amorphous alloy catalyst by using magnetic
ethod.
In this paper, amorphous Co–B particles were firstly syn-

hesized by chemical reduction of cobalt nitrate by potassium
orohydride. A novel technique named low temperature ethanol-
hermal treatment, which replaced H2O with ethanol in the
ydrothermal method, has been developed in order to prompt
he crystallinity of Co–B particles. Amorphous and crystallized
o–B particles were examined as catalysts for cinnamaldehyde
CMA) hydrogenation. The effect of crystallinity on activation
nergy, hydrogenation mechanism, and cycle performance of
o–B particles was investigated. Furthermore, the effect of crys-

allinity on the magnetic properties of Co–B particles was also

mailto:tongdongge@163.com
mailto:chuwei65@yahoo.com.cn
dx.doi.org/10.1016/j.molcata.2006.10.032
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lized Co–B particles, respectively. As shown in Fig. 1a, a very
weak and broad diffraction peak appears at around 2θ = 45◦,
which is a characteristic of typical amorphous alloy structure of
Co–B particles [3], indicating amorphous structures of the Co–B
96 D.-G. Tong et al. / Journal of Molecular

tudied in order to develop a simple, economic magnetic method
or recycling Co–B.

. Experimental

.1. Catalyst preparation

Amorphous Co–B particles were prepared as follows. All
he reagents were of analytical grade. Twenty millilitres cobalt
itrate (0.5 mol/L) aqueous solution was added to potassium
orohydride aqueous solution (20 mL of 2 mol/L), which con-
aining 0.2 mol/L NaOH at ice-bath. The dropping rate was
.5 mL/min. A stirring (200 rpm) was kept throughout the reac-
ion using a magnetic stirrer. When no bubbles were released,
he black precipitate was washed with distilled water three times,
ollowed by ethanol three times. Finally, the sample was stored
n absolute ethanol until the time of use.

In order to prompt the crystallinity of Co–B particles with-
ut occurrences of phase decomposition and side reaction,
ow temperature ethanol-thermal treatment technique has been
eveloped. The typical experimental procedure is described as
ollows. The desired amounts of Co–B particles and absolute
thanol were added in a 100 mL stainless autoclave equipped
ith a magnetic stirrer and an electric heating system. Then the

eactor was sealed and filled repetitively with H2 more than four
imes to exclude air. Then it was filled H2 up to 4.2 MPa in order
o protect the Co–B particles from oxidation during the treat-

ent, followed by heating slowly (80 K/h) until 353 K (slightly
igher than the boiling point of ethanol). After treatment for 12 h,
he sample was collected and then stored in absolute ethanol until
he time of use.

.2. Characterization

X-ray diffraction (XRD) patterns of the samples were
cquired on D/rmax-rA X-ray diffractometer with Cu K�
ources. During the characterization, the ethanol wet Co–B sam-
le was used and dried in situ in the atmosphere of Ar (purity of
9.99%, treated with a Chrompack clean-oxygen filter) to pro-
ect the sample from oxidation. The compositions of the samples
ere analyzed by inductively coupled plasma (ICP, Irris, Avan-

age). The surface morphologies were observed by means of
scanning electron microscopy (SEM, Hitachi, S-800). X-ray

hotoelectron spectroscopy (XPS) was performed on a Perkin-
lmer 5000C ESCA system using Al K� radiation to determine

he surface electronic states of Co–B particles. Similarly, the
o–B samples were also dried in situ in pure Ar atmosphere

o avoid oxidation. All the binding energy (BE) values were
alibrated by using C 1s = 284.6 eV as a reference. The surface
omposition was determined by using 0.13 and 2.50 as the sen-
itivity factors to B 1s and Co 2p3/2, respectively, offered by
erkin-Elmer Company [6]. The specific surface area (SBET) was
easured by nitrogen absorption at 77 K after degassing at 373 K

or 2 h. The room temperature magnetic characterization of the

ample was performed by a vibrating sample magnetometer
MagLab-12, Oxford). CO temperature-programmed desorption
TPD) was performed in the following procedure. Firstly, the air
n the sample surface was removed with a nitrogen steam (purity

F
p

lysis A: Chemical 265 (2007) 195–204

f 99.99%, treated with a Chrompack clean-oxygen filter) at
73 K for 1 h and the surface was cooled to room temperature
n the same nitrogen steam. Then, CO was pre-adsorbed by the
atalyst at 383 K for 2 h. The CO steam was then replaced with
he carrier gas, which was kept at 383 K for 2 h in order to purge
he gaseous and physical-absorbed CO away from the catalyst
urface. After the surface was cooled down to room temperature,
he CO desorption was carried out by raising the temperature at a
peed of 40 K/min up to 573 K, then the released CO was deter-
ined by an on-line gas chromatograph (GC) equipped with

hermal conductivity detector (TCD).

.3. Activity test

Hydrogenation of CMA was carried out in a 100 mL stainless
utoclave equipped with a magnetic stirrer and an electric heat-
ng system. After addition of 4.5 mL CMA, 40.5 mL absolute
thanol, and 0.25 g catalysts, the reactor was sealed and washed
ith H2 more than four times to exclude air. Then it was filled
ith H2 up to 4.2 MPa, followed by heating until 353 K. Once

he pressure reached a steady state, the hydrogenation reaction
as initiated immediately by stirring the reaction mixture vig-
rously (1100 rpm). The initial rate of reaction was obtained by
easuring the drop of H2 within the first 0.5 h, from which the

pecific activity was calculated by using the ideal gas equation.
eaction products were analyzed on SC-200 with flame ioniza-

ion detection (FID) by means of SE-30 column at 525 K with
owing N2 as carrier gas.

. Results and discussion

.1. XRD patterns

Fig. 1 shows the XRD patterns of amorphous and crystal-
ig. 1. XRD patterns of (a) amorphous Co–B particles; (b) crystallized Co–B
articles.
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Table 1
Composition and specific surface area of fresh and spent Co–B particles

Sample Bulk composition (atom%) Surface composition (atom%) Specific surface area (m2/g)

Amorphous Co–B
Fresh Co67.9B32.1 Co62.6B36.8O0.6 131.9
4 cycles Co67.9B32.1 Co60.8B39.2 110.7
7 cycles Co67.9B32.1 Co57.6B42.4 92.3
9 cycles – – 76.8
11 cycles Co67.9B32.1 Co57.7B42.3 62.0

Crystallized Co–B
Fresh Co67.6B32.4 Co53.6B46.4 70.9
4 cycles – – 70.6
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Figs. 3 and 4 show the Co 2p3/2 and B 1s spectra of Co–B par-
ticles before and after crystallization, respectively. The surface
composition of the Co–B particles before and after treatment is
listed in Table 1.
7 cycles Co67.6B32.4

9 cycles –
13 cycles Co67.6B32.4

articles without crystallization. After being ethanol-thermal
reated at 353 K for 12 h, only a relatively sharper diffraction
eak appeared in XRD patterns of the sample, indicating that
he Co–B particles kept its amorphous structure with improved
rystallinity. The bulk composition of Co–B particles is shown in
able 1. From Table 1, it can be seen that the bulk compositions
re almost the same before and after crystallization.

From above results, one can see that low temperature ethanol-
hermal treatment is an effective way to prompt the crystallinity
f Co–B particles without occurrences of decomposition and
ide reaction.

.2. Surface morphology and specific surface areas

Fig. 2 shows the morphology of Co–B particles before and
fter crystallization. As shown in Fig. 2a, the amorphous Co–B
articles were composed of plenty of nano-flakes. The flower
ike morphology is very different from that prepared from CoCl2
3]. This difference may be attributed to the great deviation in
he preparation mechanism of Co–B particles from different
recursors. Because the physicochemical properties of different
recursors are not the same, such as NO3

− has a weak oxida-
ion power under the preparation conditions in this work and
he acidity of Co(NO3)2 aqueous solution is generally stronger
han that of CoCl2 solution, etc. The oxidation power of NO3

−
nd the acidity of Co(NO3)2 aqueous solution may acceler-
te the reduction reaction. The accelerated reaction generate
uch more stronger gaseous bubbles that acted as heterogeneous

ucleation centers for polycrystalline aggregation and growth of
ano-flakes. The disordered nano-flakes constructed a great deal
f cavities or microstructures, in which small molecules such as
itrogen could be absorbed. It also explains the much larger
pecific surface area of Co–B particles (131.9 m2/g) (Table 1)
ithout treatment in this work than that reported (26.2 m2/g) [7].
After low temperature ethanol-thermal treatment, the nano-

akes destructed to form globe like particles that distributed

omogeneously and with the average particle size around 60 nm,
s shown in Fig. 2b. These were mainly attributed to the crystal-
ization of Co–B particles as confirmed by the XRD characteri-
ation (Section 3.1). Also, the specific surface areas dramatically
ecreased to 70.9 m2/g (Table 1).

F
C

o53.6B46.4 70.8
70.5

o53.5B46.5 70.6

.3. XPS analysis
ig. 2. Surface morphology of (a) amorphous Co–B particles; (b) crystallized
o–B particles.
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3.4. Magnetic properties

Fig. 5a and b presents the magnetic hysteresis loops of the
Co–B catalyst before and after crystallization measured at 298 K
ig. 3. Co 2p3/2 spectra of (a) amorphous Co–B particles; (b) crystallized Co–B
articles.

As shown in Fig. 3a, the Co species in the Co–B sample
ithout crystallization were present in the metallic state with

he binding energy 778.6 eV [6]. But for B species, as shown
n Fig. 4a, one can see that the B species were present in both
he elemental state and oxidized state corresponding energies of
87.7 and 192.1 eV, respectively [6]. Contrary to the B species,
o significant oxidation of the metallic Co occurred through the
reparation process, indicating that the existence of the B species
ay effectively protect the metallic Co from oxidation. The

act that the oxidized B species could not be detected by XRD
uggested that the amount of oxidized B species was small. Fur-
hermore, the binding energy of the B species positively shifted
nly 0.5 eV, which is smaller in comparison with those reported
1 eV) [3,7], indicating that synergistic effect between the Co

nd B in the Co–B particles without crystallization is relatively
eaker than those reported prepared from CoCl2 [3,7]. The devi-

tion may be attributed to the different preparation routes of
o–B particles from different precursors.

ig. 4. B 1s spectra of (a) amorphous Co–B particles; (b) crystallized Co–B
articles.

F
r
C
m

lysis A: Chemical 265 (2007) 195–204

After crystallization, the peak for the metallic Co shifted to
ower binding energies while the peak of the alloying B shifted
ositively (Fig.3b and Fig. 4b). These changes implied that the
ynergistic effect between Co and B enhanced. Meanwhile, the
eak of those oxidized B species disappeared. The content of B
n the surface of Co–B particles increased, which is presented in
able 1. The real reason is not clear and needs to be investigated

ntensively. The increase of alloying B atom on the surface of
o–B is also beneficial to the enhancement of synergistic effect
etween Co and B. The successful observation of binding energy
hift for the metallic Co in this work is possibly attributed to the
elatively more enrichment of B species on Co–B particles pre-
ared from Co(NO3)2 in this work compared to those prepared
rom CoCl2 [3,7]. Because more electrons may transfer from
lloying B to the vacant d-orbital of metallic Co for Co–B par-
icles on which surface enriched B [8].
ig. 5. Hysteresis loops of (a) amorphous Co–B particles (the inset is the full
ange of the hysteresis measured between −175 and 175 Oe); (b) crystallized
o–B particles at room temperature (the inset is the full range of the hysteresis
easured between −800 and 800 Oe).
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[12]:

v = k[H2][CMA]0 (1)
D.-G. Tong et al. / Journal of Molecular

n an applied field of 5000 Oe, respectively. For amorphous
o–B, no significant hysteresis phenomenon was observed

Fig. 5a), revealing that the amorphous Co–B was almost super-
aramagnetic. This can be attributed to the particles in amor-
hous Co–B were so small that they might be considered to have
single magnetic domain [9]. From Fig. 5a and the enlargement
f the low field data as shown in the inset, the coercivity (Hc), sat-
ration magnetization (Ms), and remanent magnetization (Mr)
ould be determined to be 10.1 Oe, 47.8 emu/g, and 0.8 emu/g,
espectively.

For crystallized Co–B, the typical coercivity (Hc), saturation
agnetization (Ms), and remanent magnetization (Mr) at 298 K

re 260 Oe, 40.4 emu/g, and 15.3 emu/g, respectively. Compared
ith Hc and Mr values of amorphous Co–B, the crystallized
o–B exhibited much more enhanced coercivity and remanent
agnetization. It might be attributed to the increase in parti-

le size and the increased synergistic effect between Co and B,
hich enhanced the total magnetic moment [10]. In addition, the
s value of the crystallized Co–B is lower than that of amor-

hous Co–B. The decreased value of Ms may be resulted from
he decrease in surface area after crystallization [11].

The enhanced magnetic property for crystallized Co–B
nable it to be recycled by magnet, which make the recycle
ore easily. The simple recycle method makes the industrial-

zation application of Co–B catalyst very promising.

.5. Catalytic performance

.5.1. Kinetics aspect
In order to obtain reliable kinetic data, the experimental con-

itions in this work were investigated in detail.

.5.1.1. Stirring speed and catalyst amount. Mass transfer can
lay an important role in liquid phase hydrogenation [12].
n order to reduce the chances of mass transfer, the varia-
ion of CMA conversion over Co–B catalyst at different stir-
ing speed and catalyst amounts were investigated, respectively
Figs. 6 and 7). From Figs. 6 and 7, it can be seen that the con-
ersion was independent of the stirring speed in the range of
00–1200 rpm and varied linearly with catalyst amount.

In this work the stirring speed is 1100 rpm, and the catalyst
ass is 0.25 g. In addition, the evaluation for internal diffusion in

he CMA hydrogenation reaction over amorphous Co–B accord-
ng to the method provided by Guo [12] indicated that the effect
f internal diffusion in this work was negligible. So, it could be
oncluded that under the experimental conditions in this work,
he mass transfer was significantly eliminated, and the CMA
ydrogenation was controlled by the intrinsic kinetics of the
eaction.

For the crystallized Co–B catalyst, under the same exper-
mental conditions, the mass transfer was also found to be
liminated.
.5.1.2. Hydrogen pressure and CMA concentration. The
ydrogenation reaction over Co–B was performed at hydro-
en pressures ranging from 2.0 to 4.2 MPa while maintaining
constant temperature (353 K) and initial CMA concentra-

F
c
a

ig. 6. Dependence of the initial hydrogenation rate over the Co–B amorphous
atalyst on the stirring rate. Reaction conditions: 0.25 g catalyst, 4.5 mL CMA,
0.5 mL ethanol at PH2 = 4.2 MPa and T = 353 K.

ion (0.88 mol/dm3). Fig. 8 indicates that the rate of reaction
s directly proportional to the hydrogen pressure, effectively
xhibiting a first-order dependency on hydrogen.

The effect of CMA concentration on the rate of reaction was
tudied at constant temperature (353 K) and initial hydrogen
ressure (4.2 MPa). The result is presented in Fig. 9. The initial
ates of CMA were found to be independent of CMA concentra-
ion in the range between 0.59 and 1.12 mol/dm3. So the reaction
as zero-order with respect to CMA concentration in the range
etween 0.59 and 1.12 mol/dm3.

In this work the hydrogen pressure is 4.2 MPa, and the initial
MA concentration is 0.88 mol/dm3. So, the reaction kinetics
nder the reaction conditions in this work can be expressed as
ig. 7. Dependence of the CMA conversion on the mass of the Co–B amorphous
atalyst. Reaction conditions: 4.5 mL CMA, 40.5 mL ethanol at PH2 = 4.2 MPa
nd T = 353 K for 2 h. The stirring rate is 1100 rpm.
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are different from those over crystallized Co–B. For amorphous
ig. 8. Dependence of the initial hydrogenation rate over the Co–B amorphous
atalyst on the hydrogen pressure. Reaction conditions: 0.25 g catalyst, 4.5 mL
MA, 40.5 mL ethanol at T = 353 K.

here v is the hydrogenation rate of CMA, k the reaction rate
onstant, and [H2] and [CMA] are the concentrations of H2 and
MA, respectively.

Also, for the crystallized catalyst under the same conditions,
he reaction kinetics was found to obey Eq. (1).

.5.1.3. Reaction temperature. The influence of temperature
n the initial specific hydrogenation uptake rates (R) for CMA
ydrogenation over Co–B particles before and after crystalliza-
ion was studied at 60, 75, 90, 105, and 120 ◦C. Fig. 10 shows that
oth the reactions exhibit conventional Arrhenius behavior over
he temperature range from 60 to 120 ◦C. Based on the Arrhenius
quation, the activation energy was calculated according to the

lope of the straight lines obtained by plotting log R against 1/T.
he activation energy of amorphous Co–B is 25 kJ/mol. After
rystallization, the activation energy decreases to 16 kJ/mol,

ig. 9. Dependence of the initial hydrogenation rate over the Co–B amor-
hous catalyst on the CMA concentration. Reaction conditions: 0.25 g catalyst
t PH2 = 4.2 MPa and T = 353 K.

C
(
t

F
p
4

ig. 10. Dependence of the initial hydrogenation rate over (a) amorphous Co–B
articles; (b) crystallized Co–B particles on the reaction temperature. Reaction
onditions: 0.25 g catalyst, 4.5 mL CMA, 40.5 mL ethanol at PH2 = 4.2 MPa.

hich is slightly lower than that (18 kJ/mol) obtained by Li et al.
3]. The phenomena indicated that the activity of Co sites in the
o–B catalyst was improved after being crystallized although

he specific surface area decreased. It is possibly attributed to
he enhanced synergistic effect between Co and B in the Co–B
atalysts after being crystallized revealed by XPS (Section 3.3).

.5.2. Hydrogenation order
Fig. 11 is the CMA hydrogenation profile over Co–B particles

efore and after crystallization. From Fig. 11, one can see that
he products for the CMA hydrogenation over amorphous Co–B
o–B, dihydrocinnamaldehyde (HCMA) and 3-phenylpropanol
HCMO) are the products. The conversion of CMA is 5% and
he selectivity of HCMA and HCMO are 60% and 40%, respec-

ig. 11. CMA hydrogenation profile over Co–B particles (a) amorphous Co–B
articles; (b) crystallized Co–B particles. Reaction conditions: 0.25 g catalyst,
.5 mL CMA, 40.5 mL ethanol at PH2 = 4.2 MPa and T = 353 K for 2 h.
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Fig. 12. Hydrogenation mechanism for CMA.

ively. According to the hydrogenation mechanism for CMA
Fig. 12), HCMO can be produced by either the hydrogenation
f HCMA or cinnamyl alcohol (CMO). In order to investigate
hich of those routes contributed to the production of HCMO,

he separate hydrogenation of HCMA and CMO was studied.
he results in Fig. 13 clearly show the conversion of HCMA to
CMO reached 40% after 2 h, whereas no conversion of CMO
as observed during this time period. It indicated that HCMO is
roduced exclusively from the hydrogenation of HCMA and not
MO. Therefore, it could be conclude that HCMA is the initial
roduct when the CMA hydrogenation over amorphous Co–B.
t further confirmed that the hydrogenation of the C C bond is
avored for amorphous Co–B particles. This result is very dif-
erent from the results that CMO is the initially predominant
roduct in the CMA hydrogenation over Co–B prepared from

oCl2 reported by Li et al. [3]. The deviation is attributed to the
ifferent precursors in the preparation of catalysts.

ig. 13. Hydrogenation profile of HCMA and CMO over amorphous Co–B
articles. Reaction conditions: 0.25 g catalyst, 4.5 mL HCMA or CMO, 40.5 mL
thanol at PH2 = 4.2 MPa and T = 353 K.
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ig. 14. Hydrogenation profile of CMA over the crystallized Co–B parti-
les. Reaction conditions: 0.25 g catalyst, 4.5 mL CMO, 40.5 mL ethanol at
H2 = 4.2 MPa and T = 353 K.

When the CMA hydrogenation proceeds over the crystallized
o–B particles, the products are CMO and HCMA. Furthermore,

he conversion of CMA is 57%, which is considerably higher
han that over amorphous Co–B. Evidently, the catalytic activ-
ty of Co–B particles is improved. It indicated that the enhanced
ynergistic effect between Co and B has a stronger influence on
he catalytic activity of Co–B particles than that caused by the
ecrease of specific surface area. In addition, the selectivity to
MO is much higher than that of HCMA. In order to investi-
ate the hydrogenation order at the beginning of the reaction,
he products produced at the early stages were also analyzed.
he results were shown in Fig. 14. From Fig. 14, one can see

hat CMO is the only product during the early stages of the
MA hydrogenation. The hydrogenation trend is similar to those

eported by Li et al. [3]. The results suggested that with the
romotion of crystallinity and the enhanced synergistic effect
etween Co and B, a vertical C O atop geometry is preferred.

.5.3. Hydrogenation mechanism
During the hydrogenation, the CMA can absorb onto the sur-

ace of catalysts via two competitive mechanisms [13]. One is
planar geometry through the C C double bond, and the other

hrough a vertical C O atop geometry, as shown in Fig. 15.
For amorphous Co–B particles, the CMA hydrogenation

ay initially via a planar geometry through the C C double
ond since HCMA is the initial product. As the hydrogena-
ion progresses, the formed product can competitively adsorb
ith CMA. Because of the steric effect, the adsorption of new
olecules is sterically limited to vertical atop geometries. This

lso explains the fact that CMO is not reduced to produce HCMO
hether HCMA is reduced to give HCMO.

For crystallized Co–B particles, a vertical C O atop geom-

try is preferred because CMO is the only product during the
arly stage of CMA hydrogenation. It suggested that CMA
rstly absorbed onto the surface of crystallized Co–B via a
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Fig. 17. The conversion of CMA and the selectivity of CMO as functions of cycle
numbers over (a) amorphous Co–B particles; (b) crystallized Co–B particles
(
c
T

ig. 15. Hydrogenation mechanism of CMA over Co–B particles. (a) planar
eometry via C C; (b) vertical geometry via C O.

ertical C O atop geometry due to the promotion of crys-
allinity and the enhanced synergistic effect between Co and
. The stronger affinity for the adsorption of C O bond, which

s shown in the CO temperature-programmed desorption (TPD)
Fig. 16), further confirms the hydrogenation trend to C O bond
t the early stage of CMA hydrogenation for crystallized Co–B.
s the hydrogenation progresses, some CMA molecules may

bsorb onto the surface of crystallized Co–B via a planar C C
eometry due to the absorptive competition and then HCMA is
ormed.

.6. Cycle performance

Fig. 17a and b shows the changes of conversion of CMA
nd selectivity of CMO during cycles for CMA hydrogenation
ver amorphous and crystallized Co–B, respectively. For amor-
hous Co–B, the conversion over three consecutive runs almost
emains unchanged, then increases gradually (Fig. 17a). It is pos-
ibly attributed to that the enhancement of the synergistic effect

etween Co and B during the hydrogenation revealed by XPS
nalysis after four cycles (not shown here), which is possibly
ue to the enrichment of B component on the surface (Table 1),
mproves the activity of amorphous Co–B catalyst despite the

Fig. 16. CO TPD of (a) amorphous Co–B; (b) crystallized Co–B.
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the inset is the sketch map for recycling Co–B via magnetic method). Reaction
onditions: 0.25 g catalyst, 4.5 mL CMO, 40.5 mL ethanol at PH2 = 4.2 MPa and
= 353 K for 2 h.

ecrease of specific surface area (Table 1). After seven cycles,
he conversion reached the highest 13%, then decreased. The
ecrease of catalytic activity is possibly due to the dramatically
ecrease of specific surface area (Table 1). ICP results show that
o leaching during cycling was negligible (Table 1). In addition,

he increase of selectivity for CMO during the cycle indicated
hat the growth of particle size is benefit to the hydrogenation
o C O in CMA, which further confirmed the hydrogenation

echanism that proposed in Section 3.5. The fact of grain growth
or amorphous Co–B is also confirmed by comparison of SEM
icrographs of the recycled samples (Fig. 18a and b) after sev-

ral cycles with the fresh (Fig. 2a). The average particle sizes
f amorphous Co–B after 4 cycles and 11 cycles are 80 and
00 nm, respectively. The evaluation for internal diffusion also
uggested that the effect of internal diffusion in this work is not

istinct in spite of the grain growth for amorphous Co–B during
ycling.

For crystallized Co–B, the CMA conversion and CMO selec-
ivity over 13 consecutive runs still remain unchanged (Fig. 17b).
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ig. 18. Surface morphology of (a) amorphous Co–B particles after 4 cycles; (
ycles; (d) crystallized Co–B particles after 13 cycles.

he good recycle performance is attributed to its relatively sta-
le structure confirmed by the analysis of specific surface area
Table 1) and the comparison of SEM micrographs of the recy-
led samples (Fig. 18c and d) after several cycles with the
resh (Fig. 2b). Because the specific surface area and parti-

le size of crystallized Co–B almost remain unchanged dur-
ng cycling. ICP results also indicate that Co leaching during
ycling was negligible (Table 1). In addition, the simple recy-
le method, which applied the enhanced magnetic property

a
p
r

orphous Co–B particles after 11 cycles; (c) crystallized Co–B particles after 6

f crystallized Co–B, also benefits it to keep the good cycle
erformance.

. Conclusions
Amorphous Co–B particles were prepared from Co(NO3)2
nd KBH4. The crystallinity of Co–B is improved after low tem-
erature ethanol-thermal treatment for 12 h without the occur-
ence of decomposition. The synergistic effect between Co and
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04 D.-G. Tong et al. / Journal of Molecular

, the structure stability, and the magnetic property of Co–B
nhanced while the activation energy in the CMA hydrogenation
ecreased after crystallization. The hydrogenation of C C bond
n cinnamaldehyde (CMA) is favored for the amorphous Co–B
articles and HCMA is the initial product. With the promotion
f crystallinity and the enhanced synergistic effect between Co
nd B, the hydrogenation of C O bond is preferred and CMO
s the only product at the hydrogenation beginning. During the
ycling, the cycle performance for amorphous Co–B particles is
oor due to its structure instability. But for crystallized Co–B,
he CMA conversion over the crystallized Co–B still remains
nchanged after 13 cycles due to its relatively stable structure
nd the enhanced magnetic property that make it recycle more
asily.
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