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Abstract The production of 1,3-butadiene from acetylene

includes the dimerization of acetylene and hydrogenation of

the dimer. This work investigated the hydrogenation process

catalyzed by ionic liquid stabilized Pd nanoparticles. The Pd

nanoparticles were dispersed uniformly the in ionic liquid

phase by the N-heterocyclic carbene species adsorbed on the

surface of the nanoparticles. However, during the reaction,

the N-heterocyclic carbene layer was replaced by a hydro-

phobic byproduct, which caused the Pd nanoparticles to

separate from the [BMIm][BF4] phase and the loss of the

catalyst from the reaction phase. To solve this, n-heptane was

introduced into the reaction system to re-disperse the Pd

nanoparticles in n-heptane, and due to this, the Pd nanopar-

ticles maintained a high catalytic activity for a long term.
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1 Introduction

1,3-Butadiene (BD) is an important chemical intermediate

material, which is used as the monomer for the manufacture of

rubbers and polymers such as polybutadiene, styrene–buta-

diene rubber, acrylonitrile–butadiene–styrene polymer and

nitrile rubber [1]. The BD requirement is growing quickly due

to the rapid economic growth of developing countries such as

China and India. In 2011, the global consumption of BD was

10.5 million tons and it has been predicted to reach 13 million

tons by 2015, with 3–4 % annual increment [2]. BD is mainly

obtained from the petroleum industry from cracking of

naphtha or by the dehydrogenation of C4 hydrocarbons.

However, with the depletion of petroleum reserves and the

increasing BD demand, it is crucial to develop alternative

technologies for BD production [3]. It is widely accepted that

coal and natural gas will last longer than petroleum, therefore,

many new and alternative chemical processes based on coal

and natural gas are being developed. Acetylene is one of the

most important raw materials for coal and natural gas-based

chemistry [4]. In view of this, acetylene has been proposed as a

raw material for the production of BD. The process includes

the dimerization of acetylene to produce monovinylacetylene

(MVA) and the hydrogenation of MVA to produce BD. In the

past few years, our group have done much work on the

dimerization of acetylene and got remarkable results [5–7].

However, the hydrogenation of MVA has been scarcely

reported in the patent and academic literature. The reported

works on MVA hydrogenation are mainly focused its use for

the purification of the olefin feeding stock which contains

trace alkynes [8–11]. In this work, the hydrogenation of MVA

with high concentration was investigated for developing an

entire process for BD production from acetylene.

Palladium is usually used as the catalyst for the indus-

trial hydrorefining of olefin streams due to its high activity

and selectivity for semihydrogenated products [10–12]. In

these processes, the low concentration of alkynes in the

olefin stream allow the use of a supported Pd catalyst and a

fixed bed reactor owing to the small amount of heat

released [13]. However, when MVA is present at a high

concentration and is hydrogenated in a fixed bed, a large

amount of reaction heat will be released, and any poor heat
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transfer will probably induce a large amount of by pro-

ducts. Quasi-homogeneous catalysis is then the preferred

choice for the hydrogenation of high concentration MVA

for its efficient mass and heat transfer. An ionic liquid

stabilized transition-metal nanoparticles catalytic system is

a quasi-homogenous system which has received much

interest, especially for catalytic hydrogenation, for the

excellent properties of ionic liquids and also for the good

catalytic performance of transition-metal nanoparticles

synthesized in an ionic liquid [14–17]. At present, almost

all of the hydrogenation reactions catalyzed by ionic liquid

stabilized transition metal nanoparticles are processed in

batch reactors [18–20]. In a batch process, the transition

metal nanoparticles can be reused for several times without

an appreciable decrease of catalytic activity. However, a

batch reaction is not suitable for a large-scale industrial

application, and the investigation of the stability of tran-

sition metal nanoparticles in a batch process is not enough

for predicating the life time of the catalyst in a continuous

process. In this work, the continuous hydrogenation of

MVA catalyzed by Pd nanoparticles stabilized by an ionic

liquid for BD production was investigated and discussed.

2 Experimental

2.1 Materials

Palladium(II) acetylacetonate (Pd content = 34.7 %) was

purchased from Alfa Aesar. 1-Butyl-3-methylimidazolium

tetrafluoroborate ([BMIm][BF4], purity C 99 %) was pur-

chased from Cheng Jie Chemical Co. Methanol and n-

heptane were analytically pure and purchased from Sin-

opharm Chemical Reagent Co. Ltd. H2 (purity C 99.99 %)

was obtained from Beijing Beiwen Gas Factory. Monovi-

nylacetylene was supplied by Shana Chemical.

2.2 Catalysts Preparation and Catalytic Hydrogenation

A methanol solution of palladium(II) acetylacetonate was

mixed with [BMIm]BF4 and stirred at a set temperature to

obtain a uniform solution. Then, the solution was distilled to

remove the methanol. Finally, hydrogen gas was introduced

into the ionic liquid solution at 80 �C for the reduction of

palladium(II). After 2 h, Pd nanoparticles dispersed uni-

formly in [BMIm][BF4] were obtained. For the hydrogena-

tion of MVA, the catalyst was placed in a bubble reactor

equipped with a gas inlet and outlet, and a mixture of H2 and

MVA was continuously bubbled into the catalyst solution.

During the reaction, the gas was sampled at the outlet and

analyzed by gas chromatography (Shimadzu GC-14B

equipped with an Al2O3-PLOT chromatograph column and a

hydrogen flame ionization detector).

2.3 Analysis

Powder X-ray diffraction (XRD) patterns were recorded on a

Bruker D8 advance X-ray diffractometer with a nickel-filtered

CuKa radiation X-ray source at 40 kV and 20 mA. Trans-

mission electron microscope (TEM) images were taken using

a JEM-2010 TEM. Fourier transform infrared (FTIR) spectra

were recorded using a Nicolet Nexus spectrometer.

3 Result and Discussion

3.1 Structure of Pd Nanoparticles

The Pd nanoparticles obtained after the reduction of palla-

dium(II) acetylacetonate by hydrogen at 80 �C for 2 h were

washed with ethanol and separated from [BMIm][BF4]. In the

XRD pattern of the Pd nanoparticles shown in Fig. 1, the peaks
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Fig. 1 XRD pattern of the Pd nanoparticles

Fig. 2 TEM image of the Pd nanoparticles

Continuous Hydrogenation of Monovinylacetylene 2217

123



at 40.15�, 46.73�, 68.20� and 82.13� indexed to the 111, 200,

220 and 311 planes of Pd(0) (JCPDS PDF#65-2867) indicated

the formation of Pd(0) with the FCC structure. A TEM image

of the Pd nanoparticles is presented in Fig. 2. It was observed

that the Pd nanoparticles were dispersed uniformly and the

average diameter of the nanoparticles was 10 nm.

Figure 3 displays the FTIR spectra of the Pd nanopar-

ticles and [BMIm][BF4]. The absorption peaks of the Pd

nanoparticles showed that organic groups were adsorbed on

the surface of the Pd nanoparticles. The interaction of the

organic group with the metal surface is an effective inter-

action responsible for the stabilization of the nanoparticles.

The FTIR spectrum of the Pd nanoparticles was further

compared with that of [BMIm][BF4]. In the spectrum of

[BMIm][BF4], the absorption peaks at 3,161 and

3,121 cm-1 were assigned to the vibration of aromatic C–

H bonds, the absorption peaks at 2,941 and 2,876 cm-1 are

attributed to the vibration of aliphatic C–H, and the

absorption peak at 1,061 cm-1 was the characteristic

absorption peak of B–F [21]. In the spectrum of the Pd

nanoparticles, the absorption peaks attributed to the

vibration of aliphatic C–H bonds and B–F remain

unchanged compared with that of [BMIm][BF4], but the

absorption peaks assigned to the vibration of the aromatic

C–H bonds exhibited a red shift. This indicated that the

organic group adsorbed on the surface of Pd nanoparticles

was N-heterocyclic carbene as suggested by Finke and co-

authors [22] and Dupont and co-authors [23].

3.2 Catalytic Hydrogenation of MVA

The Pd nanoparticles stabilized by [BMIm][BF4] synthesized

at 80 �C were used in situfor the catalytic hydrogenation of

MVA. MVA and H2 were simultaneously bubbled into the Pd/

[BMIm][BF4] through a 3 mm tube, The reaction temperature

was gradually raised from 40 to 80 �C with the increase of

reaction time. The result shown in Fig. 4 showed that the

conversion of MVA increased from 12 to 23 % with the

increase of reaction temperature, and the selectivity for BD

remained around 72 %. Unfortunately, after reaction for 3 h,

it was found that Pd nanoparticles were suspended on the

liquid surface and could not be re-dispersed into the liquid

phase. Due to this, the Pd nanoparticles exhibited weak cata-

lytic activity. Therefore, the suspended nanoparticles were

separated and characterized by FTIR. The FTIR spectrum of

the Pd nanoparticles shown in Fig. 3 showed the disappear-

ance of the absorption peaks assigned to the vibration of the

aromatic C–H bonds and the stronger absorption peaks

attributed to the vibration of the aliphatic C–H bonds indicated

that the N-heterocyclic carbene layer adsorbed on the surface

of Pd nanoparticles had been possibly replaced by a hydro-

phobic by product.

Based on the above result, the process was changed to

be improved in two aspects. First, MVA and H2 were

bubbled into Pd/[BMIm][BF4] through a sintered plate,

which was used as a gas distributor. Second, some n-hep-

tane, which is immiscible with [BMIm][BF4], was added

into the Pd/[BMIm][BF4] system to form a two-phase

reaction system. Comparing of the new catalytic result

(Fig. 5) with the original catalytic result, it was showed

that the conversion of MVA remained around 20 % but the

selectivity of BD was increased from 73 to 80 %. The gas

distributor is proved effective for improving mass transfer

and BD selectivity. In addition, in the reaction process, Pd

nanoparticles were transferred from the [BMIm][BF4]

phase to the n-heptane phase, and were dispersed in n-

heptane uniformly. Thus, the Pd nanoparticles remained a
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Fig. 3 FTIR spectra of the Pd nanoparticles and [BMIm][BF4]
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high catalytic activity for more than 20 h as shown in

Fig. 5.

In fact, for the semi-hydrogenation of alkynes catalyzed

by pure palladium, the selectivity for semi-hydrogenated

products is very low. Pd-containing bimetallic alloys and

ligand-modified palladium are usually used for promoting

the selectivity of palladium catalyst [24–26]. In this work,

the Pd nanoparticles was not doped with other metals and

showed high selectivity toward BD. Are the N-heterocyclic

carbene adsorbed on the surface of the Pd nanoparticles

responsible for the high selectivity?

Lopez investigated the influence of hydrides and car-

bides on the selectivity of palladium. The results showed

that the carbides of palladium displayed no influence on the

adsorption of H atoms on the surface of Pd nanoparticles

but impeded the adsorption of H atoms on the deep layer of

Pd structure [24]. The H atoms adsorbed on the deep layer

of Pd structure are unselective for semi-hydrogenated

products [27]. In this work, the N-heterocyclic carbene

adsorbed on the surface of the Pd nanoparticles via Pd–C

bonds, which prevented the formation of hydrides on the

deep layer of Pd structure. Thus, the Pd–C bonds between

the Pd nanoparticles and the N-heterocyclic carbene are

responsible for the high selectivity of fresh catalyst.

However, in the hydrogenation process, the Pd nanoparti-

cles transferred from the ionic liquid phase to the n-heptane

phase due to the hydrophobic by product covered on the Pd

nanoparticles. The hydrophobic by product was probably

oligomer of BD because BD was identified as the precursor of

oligomer formation in the acetylene hydrogenation process

[28]. Although theoretic study showed that the barrier for

oligomerization increased in the presence of carbides [24], the

oligomerization was inevitably in presence of much BD. After

reaction, the n-heptane phase was collected, and then n-hep-

tane was distilled, with an agglomeration left over. It was the

produced oligomer in the hydrogenation process. The diffu-

sion of the oligomer from the surface of the Pd nanoparticles to

the n-heptane phase made it possible to remain origin activity.

The separated Pd nanoparticles after reaction were charac-

terized by XRD and XPS. The XRD pattern displayed in

Fig. 1 indicated that the Pd nanoparticles remained the FCC

structure. In the XP spectra shown in Fig. 6, only three strong

peaks assigned to C12, O1s and F1s were observed. It deduced

that the Pd nanoparticles were covered by the oligomer. In the

Pd3d XP spectra, the peaks at 335.8 and 337.7 eV were

attributed to the Pd(0) and the Pd bonding with C. The Pd–C

bonds made it possible to remain high selectivity. In a word,

the [BMIm][BF4]-n-heptane system provided an catalytic

system with possible long life time.

4 Conclusion

Pd nanoparticles stabilized by [BMIm][BF4] were synthe-

sized by the reduction of palladium(II) acetylacetonate

dissolved in [BMIm][BF4]. The N-heterocyclic carbene

species that covered the surface of the nanoparticles was

effective for the stabilization of the nanoparticles. In the

hydrogenation of MVA catalyzed by Pd/[BMIm][BF4], a

high reaction temperature led to a high MVA conversion

but low BD selectivity. When a gas distributor was used to

introduce the feed gases, the BD selectivity was increased

from 73 to 80 %. In the catalytic reaction process, with the

increase of reaction time, the N-heterocyclic carbene layer

on the Pd nanoparticles was replaced by a hydrophobic

byproduct, which induced the separation of Pd nanoparti-

cles from [BMIm][BF4] and made the Pd nanoparticles

ineffective. N-heptane was introduced into the catalytic

system, which could dissolve the hydrophobic by product

and this induced the dispersion of Pd nanoparticles in n-

heptane. In the [BMIm][BF4]-n-heptane two phase system,

the Pd nanoparticles maintained a high catalytic activity for

more than 20 h.
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Fig. 5 The catalytic result of the improved process
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