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Abstract

CuO/Bi,03 (CuO/Bi,0O3/MCM-41) nanoparticles supported on MCM-41 were synthesized by a facile impregnation method. The products
were characterized by nitrogen adsorption/desorption, X-ray diffraction (XRD), H, temperature programmed reduction (H,-TPR) and scanning
electron microscopy (SEM). XRD patterns indicated the presence of crystalline CuO and Bi,O3 phase for CuO/Bi,O;/MCM-41 catalyst. TPR
results revealed CuO nanoparticles were dispersed well on MCM-41. SEM results showed that the nanoparticles were located on the MCM-41.
The activity of the catalysts towards ethynylation of formaldehyde for 1,4-butynediol synthesis was evaluated at atmospheric pressure. Compared
with unsupported CuO/Bi,O3; and commercial Cu/Bi-based catalyst, CuO/Bi,O;/MCM-41 catalyst showed maximum conversion (51%) and
selectivity (94%) towards 1,4-butynediol. The results show that CuO/Bi,O; catalysts supported on MCM-41 have potential for 1,4-butynediol

synthesis in industrial application.
© 2013 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

1,4-Butynediol (B3D) is a valuable intermediate to synthesize
1,4-butanediol (BDO) [1-3]. BDO is predominately used as
a feedstock in production of polyurethanes, polybutylene
terephthalate (PBT), gamma-butyrolactone and tetrahydrofuran
(THF) [4,5]. Due to its commercial importance, B3D synthesis
has been received much attention recently [6,7]. B3D is mainly
synthesized by ethynylation reaction of formaldehyde over
Cu/Bi-based catalysts [8,9]. In these Cu/Bi-based catalysts, copper
oxide is the main active component and bismuth oxide is usually
added into the catalysts for effectively restraining the formation of
cuprene and improving CuO crystallite dispersion [10].

Traditionally, unsupported or supported Cu/Bi-based catalysts
[11-16] are employed for the ethynylation reaction of formal-
dehyde. The unsupported Cu/Bi catalysts, such as man-made
malachite [12], nano Cu/Bi catalysts [13], often have high
activity. However, they are poor abrasion resistance and difficult
to be separated from the reaction system [17]. To solve the
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above problems, Cu/Bi catalysts were loaded on different
carriers including SiO,—MgO [14], HZSM-5 molecular sieve
[15], kaolin [16], etc. Among them, SiO,—MgO [14] has been
loaded Cu/Bi components by a co-precipitation method, and a
high catalytic activity towards 1,4-butynediol was obtained due
to the high dispersion of CuO and Bi,O;. Yang [15] has
reported that Cu/Bi catalysts supported on HZSM-5 molecular
sieve was prepared by impregnation method, and investigated its
activity under different ethynylation reaction condition. Luo
[16] has developed Cu/Bi catalysts supported on kaolin by
deposition—precipitation method, and found they also exhibited
good performance in ethynylation reaction of formaldehyde.
Therefore, in spite of some success, it is desirable to explore
other carrier loaded with Cu/Bi components for 1,4-butynediol
synthesis.

It is well known that MCM-41 molecular sieve with ordered
pore structures and large surface area has been widely used as
a carrier in many catalytic reactions [18-20]. Additionally,
MCM-41, containing a large number of silanol groups at the
surface of the channels, may make CuO diffuse easily [21].
And CuO can be loaded on inner or outer surface by reaction
with silanol groups, as a result, the amounts of Cu loading and
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losing may be decreased and there is little residual Cu in
products [22]. Hereby, we report Cu/Bi catalysts supported
on MCM-41 molecular sieve prepared by a facile impregnation
method. The as-prepared CuO/Bi,O;/MCM-41 catalysts
have shown excellent performance in ethynylation reaction
for 1,4-butynediol synthesis. Furthermore, the activity of the
CuO/Bi,03;/MCM-41 catalysts was also compared with that of
an unsupported CuO/Bi,05 catalyst and a commercial Cu/Bi-
based catalyst. The results showed that the CuO/Bi,O3;/MCM-
41 catalysts can be used as high effective catalyst for the
synthesis of 1,4-butynediol.

2. Experimental
2.1. Catalyst preparation

The CuO/Bi,O3/MCM-41 -catalyst was prepared by an
impregnation technique [I5]. A commercially available,
pure-silica MCM-41 zeolite (Catalyst Plant of Nankai Uni-
versity) was first impregnated with an aqueous mixture of Cu
(NOs3),, Bi (NO3); and concentrated HNO;5 at room tempera-
ture for 10h. The concentrated HNO; was to avoid the
precipitation of Bi*" ion. After the impregnation, followed
by dehydration in a vacuum rotary, the catalyst was dried at
120 °C overnight and finally calcined in air at 480 °C for 6 h.

The CuO/Bi,05 catalyst was prepared by a co-precipitation
method [11]. Na,COj3 solution was quantitatively added to an
aqueous solution of Cu (NOs), and Bi (NOs3); and the pH was
adjusted to 7.5. The mixture was stirred for 30 min and heated
to 45 °C. The suspension was then aged for 2h at room
temperature; the resulting precipitate was washed repeatedly
with hot deionized water till the filtrate was neutral, dried at
120 °C overnight and calcined in air at 450 °C for 5.5 h.

The commercial Cu/Bi-based catalyst was obtained from a
chemical company in China denoted as MK.

2.2. Catalyst characterization

The powder X-ray diffraction (XRD) patterns of samples
were collected on a DX-2000 X-ray diffractometer (Dandong
Instruments, China) using Cu Ka radiation (1=0.15418 nm)
and the scanning rate was set at 1.2°/min over a 2 theta range
of 2~80°. N, adsorption and desorption isotherms of the
samples were measured in a BET apparatus (JW-BK analyzer,
China) at —196 °C to evaluate their surface areas and pore
volumes. The tested samples were degassed at 105 °C for 2 h
under vacuum before their measurements. H, temperature
programmed reduction (H,-TPR) was performed to evaluate
the reduction properties of the as-prepared materials. The
measurements were conducted in an auto-controlled flow
reactor system with a thermal conductivity detector (TP-
5080, China). 50 mg of a sample was used for each measure-
ment. The sample was first treated in a N, stream at 500 °C for
1 h, cooled down to 50 °C and then heated in a 10% H,/N,
stream to 500 °C at a heating rate of 15 °C/min to obtain the
H,-TPR pattern. The morphology of the samples was observed
on a LEO1430VP scan electron microscopy (SEM). The Cu® ™

and Bi’ " contents in all prepared catalysts were determined
using the method of atomic absorption spectroscopy on a
Hitachi Z-2000.

2.3. Catalyst evaluation

All catalytic tests of ethynylation of formaldehyde with
acetylene were carried out in a three-neck flask connected with
reflux condenser, thermocouple and a three-way valve at atmo-
spheric pressure. A certain amount of catalysts and approximately
20 g formaldehyde (20 wt%) water solution were together added
in the flask placed in an oil bath with electromagnetic stirring,
followed by loading 0.1 mol/L. Na,CO3;—-NaHCO; buffer solution
for adjusting the pH value of the solution to 7.5. Before the
reaction, a flow of pure N, was introduced into the flask through
a three-way valve to purge O, inside the flask for the experiment
safety, and then C,H, was also introduced into the flask after N,
stream was stopped. After that, the solution with the catalyst was
stirred continually and heated to 75 °C and then kept in the
continuous C,H, stream for 4 h. During the treatment, the catalyst
was activated and its color turned to brick red. Next, the solution
was heated to 90 °C to start the ethynylation of formaldehyde
under the continuous flow of C,H,. Several hours later, the
catalytic reaction was stopped by introducing a N, stream and
closing the C,H, stream and the solution was cooled down to
room temperature.

The used catalyst was filtered and dried under vacuum. In
the filtrate, the formaldehyde content was determined by
titration with sodium sulfite to obtain the conversion of
formaldehyde while the 1,4-butynediol content was analyzed
using gas chromatography (Shimadzu, GC-14B) equipped a
FID detector and a RTX-5 capillary column using a 14-
butanediol-added internal standard method. The selectivity
tol,4-butynediol was obtained by dividing the yield of 1,4-
butynediol by the conversion of formaldehyde.

3. Results and discussion
3.1. Textural properties of the samples

The textural properties of the tested samples are listed in
Table 1. The unsupported CuO/Bi,Oj catalyst loaded with
69.4% Cu and 7.9% Bi, and commercial MK catalyst loaded
with 35.6% Cu and 4.0% Bi, possessed the lower surface areas
and pore volumes due to their nonporous structures. The blank
MCM-41 zeolite possessed large surface area and pore volume
of 1095 m%/g and 1.24 cm®/g, respectively, while its surface
area and pore volume decreased to 709 m*/g and 0.76 cm’/g
after loaded with 23% Cu and 6% Bi. This suggested that the
impregnated ions, especially the Cu ions might, have dispersed
into the channels of the MCM-41 zeolite crystals or near their
openings. The mean pore diameter in the CuO/Bi,O;/MCM-41
was only slightly different from the blank MCM-41, indicating
that the mesopores in the MCM-41 were not destroyed after
loading the metal oxides. The mean pore diameter in the
unsupported CuO/Bi,O; catalyst or MK catalyst might be
associated with pores existing between the particles. Compared
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Table 1
Textural property of MCM-41 and catalyst samples.

Sample Cu content /wt% Bi content /wt% Surface area/m*/g Pore volume/cm®/g Pore diameter/nm
MCM-41 - - 1095 1.24 4.5
CuO/Bi,03 69.4 79 27 0.08 6.8
CuO/Bi,0;/MCM-41 23.0 6.1 709" 0.76" 44
MK catalyst 35.6 4.0 45 0.08 4.4
“MCM-41 surface area in CuO/Bi,03/MCM-41 samples.
"MCM-41 pore volume in CuO/Bi,Os/MCM-41 samples.
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Fig. 1. XRD patterns of MCM-41 and catalyst samples.

with CuO/Bi,03 and MK catalysts, the CuO and Bi,O5 species
probably dispersed better on MCM-41 material due to its large
surface area and pore volume.

3.2. XRD

The XRD patterns of the three catalysts and MCM-41
zeolite are shown in Fig. 1. The diffraction peaks of the blank
MCM-41 was typical peaks of the highly-ordered mesoporous
MCM-41 material [22]. After the impregnation of Cu(NOs3),
and Bi(NOs)5 solutions and calcination, the order of the MCM-
41 zeolite structure was decreased, although the main structure
of MCM-41 still remained as evidenced by the existence of the
main (110) diffraction peak [23]. For the CuO/Bi,O3;/ MCM-41
catalyst, three other diffraction peaks were detected at 2 theta
angles of 35.2°, 38.4° and 48.4°, which were all ascribed to
those of bulk CuO species [24]. Despite the fact that the Cu
content decreased from 69.4 wt% in the CuO/Bi,0O5 catalyst to
only 23 wt% in the CuO/Bi,O3/MCM-41 catalyst, the CuO
diffraction peaks was still observed for the latter catalyst with
the intensities weakening. This suggests that the same CuO
crystal structure occurred in the CuO/Bi,O3/MCM-41 and
CuO/Bi,05 catalysts. The average CuO crystal size calculated
from the Scherrer equation was 19 nm for CuO/Bi,O3/MCM-
41 and 54 nm for CuO/Bi,0s3. Different from the situation for
the main CuO active phase, the typical diffraction peaks of

Fig. 2. H,-TPR profiles of samples with the same weight ((a) CuO; (b) Bi,O3;
(¢) CuO/Bi,03; (d) CuO/Bi,Os/MCM-41; (e) MK).

a-Bi,05 at 27.7°, 32.3°, 45.8° and 55.3° [25] were observed as
strong peaks for unsupported CuO/Bi,O; catalyst but were
hardly observed for CuO/Bi,O3;/MCM-41 catalyst. These
observations suggest that the Bi species were present in a
highly dispersed state on mesoporous MCM-41 zeolite [26],
although the Bi content (7.9%) in CuO/Bi,O; was similar to
that (6.1%) in CuO/Bi,O3/MCM-41 catalyst.

The XRD patterns of commercial Cu/Bi-based MK catalyst
were similar to that of CuO/Bi,0;/MCM-41 catalyst except for
the diffraction peaks of their carriers. The diffraction peak
intensities of CuO species on commercial MK catalyst were
slightly stronger than those on CuO/Bi,O;/MCM-41 catalyst.
The average CuO crystal size calculated from the Scherrer
equation was 13 nm for the MK catalyst. The crystallite size of
CuO was found to follow the order CuO/Bi,O; catalyst > -
CuO/Bi,03/MCM-41 catalyst > MK catalyst.

3.3. H>,-TPR

The H,-TPR profiles of CuO, BiO3;, CuO/Bi,O3;, CuO/
Bi,03/MCM-41 and MK samples are shown in Fig. 2. For
pure CuO, a main H, consumption peak was observed around
310 °C, which was attributed to the reduction of bulk CuO
[27]; while for pure Bi,O3, three H, consumption peaks with
relatively high temperatures were generated in the range of
215-625 °C [25]. The H,-TPR profile of Bi,O; trailed off at
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high temperatures, indicating that the pure Bi,O; compound
was not easily reduced by H, [28]. The reduction peak of CuO
in the CuO/Bi,0O5 catalyst was slightly shifted to low tem-
perature, i.e. 295 °C, suggesting that the addition of Bi,O3 was
beneficial to the dispersion of CuO and its reduction [29]. This
conclusion could be further illustrated by the H,-TPR profile
of CuO/Bi,O3/MCM-41, in which the reduction peak tem-
perature of CuO was clearly decreased to 235°C owing to the
relatively high dispersion of CuO on the large surface area
MCM-41 zeolite or Cu®" ions in an octahedral environment
[30]. For the H,-TPR profile of commercial MK catalyst, the
reduction peak temperature of CuO was 246 °C, this being
higher slightly than that of CuO in CuO/Bi,O3;/ MCM-41
catalyst; this indicates that CuO was dispersed better on
MCM-41 than in MK catalyst.

Fig. 3. SEM images of the blank MCM-41 sample (a) and the CuO/Bi,O3/
MCM-41sample (b).

Table 2
Activity of different catalysts in ethynylation reaction.”

3.4. SEM

The SEM images of the blank MCM-41 and CuO/Bi,O3/
MCM-41 samples are shown in Fig. 3. It could be seen from
Fig. 3a that the surface of the blank MCM-41 was smooth.
However, from Fig. 3b the surface of the MCM-41 loaded
CuO and Bi,O3 showed rough. This implied CuO and Bi,Oj3
were located as small particles on the irregular MCM-41 [31].
The size of CuO particles was about over 10 nm, which was
consistent with XRD results.

3.5. Catalytic activity for the ethynylation of formaldehyde

The catalytic activities of the prepared catalysts and the MK
catalyst for the ethynylation of formaldehyde are listed in
Table 2. It was found that the blank MCM-41 had no catalytic
activity for the ethynylation reaction of formaldehyde, while
other catalysts containing CuO and Bi,O; showed catalytic
activity. This meant that CuO and/or Bi,O3; were an essential
active. Due to the different CuO loadings in the catalysts above,
the amount of catalyst used in the catalytic runs was normalized
to a fixed amount of CuO. It can be seen from Table 2 that CuO
supported on the MCM-41 improved catalytic activity: the
HCHO conversion increased from 29% for CuO/Bi,O5 catalyst
to 51% for CuO/Bi,O3;/MCM-41 catalyst. Also, more impor-
tantly, 1,4-butynediol selectivity increased from 70% to 93.7%.
Although the same weight of CuO catalyst was used, CuO/
Bi,O5 catalyst and CuO/Bi,O3/MCM-41 catalyst exhibited a
difference in catalytic activity because MCM-41, with its large
surface area and ordered mesopore structures, yielded a high
dispersion of CuO (See Fig. 2 H,-TPR) and Bi,O5 (See Fig. |
XRD); hence, more active sites were obtained, which gave the
higher HCHO conversion and 1,4-butynediol selectivity.

Compared with the commercial MK catalyst, now applied in
a Chemical company in China and which gave just 37%
HCHO conversion and 71% selectivity to 1,4-butynediol,
CuO/Bi,03/MCM-41 catalyst gave better conversion and
selectivity under the same conditions (line 4 in Table 2).
Considering MK catalyst with 45 m?/g surface areas and
0.08 cm’/g pore volume (line 4 in Table 1), we could speculate
that the MK catalyst was small surface area and pore volume
resulting in CuO congregation and lower catalytic activity.
Apparently, MCM-41 allowed better dispersion of CuO and

Catalyst Cu content/wt% Catalyst quantities/g HCHO conversion/% 1,4-butynediol selectivity/%
MCM-41 0 1.2 0 0

CuO/Bi,03 69.4 0.4" 29.0 70.0

CuO/Bi,03/MCM-41 23.0 1.2 51.1 93.7

MK catalyst 35.6 0.8° 37.0 71.0

“Reaction conditions: reaction temperature 90 °C, reaction time 7 h, reaction pressure: atmospheric pressure, pH value 7.5, Formeldehyde volume: 20 g (20 wt%).

The same weight of Cu as that for the CuO/Bi,O3;/MCM-41.
“The same weight of Cu as that for the CuO/Bi,O3/MCM-41.
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Bi,O3; and CuO/Bi,O3/MCM-41 catalyst showed superior
activity for 1,4-butynediol synthesis than the commercial
MK catalyst and the unsupported CuO/Bi,O5 catalyst.

4. Conclusions

MCM-41 supported CuO/Bi,O3 nanoparticles catalyst was
successfully prepared by a facile impregnation method.
Compared with unsupported CuO/Bi,O; and commercial
Cu/Bi-based catalyst, CuO/Bi,03/MCM-41 catalyst showed a
superior catalytic activity toward the ethynylation reaction of
formaldehyde for 1,4-butynediol synthesis. The results demon-
strate that the CuO/Bi,O3;/MCM-41 catalyst has excellent
potential applications for fabrication high performance catalyst
for 1,4-butynediol synthesis in industrial areas.
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