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Abstract The effects of support pretreatment with nC1–

C5 alcohols on the performance of Rh–Mn–Li/SiO2 cata-

lyst in the synthesis of C2-oxygenates from syngas have

been investigated by CO hydrogenation reaction, trans-

mission electron microscopy (TEM), pulse adsorption of

CO and H2, and Fourier Transform infrared (FT-IR)

spectroscopy. The catalysts prepared from the pretreated

silica supports exhibited higher space time yields of

C2-oxygenates (STYC2-oxy) and selectivities towards

C2-oxygenates (SC2-oxy) than that prepared from the

untreated silica support. The enhancement in the hydro-

phobicity of the pretreated silica supports would be

favorable for increasing Rh dispersion and ratio of Rh+/Rh0

sites, therefore increasing the number of active sites,

especially the active sites for CO insertion. Such variations

are responsible for the improvements in the catalytic per-

formance of the Rh–Mn–Li/SiO2 catalyst.

Keywords nC1–C5 alcohols � Support pretreatment �
Rh-based catalyst � C2-oxygenates � CO hydrogenation

1 Introduction

As one of the alternative means for producing clean fuels

and raw chemicals from non-petroleum sources, the cata-

lytic conversion of syngas to C2-oxygenates such as

ethanol, acetaldehyde and acetic acids has attracted much

attention in the past decades. So far, the Rh–Mn–Li/SiO2

catalyst, usually prepared by the impregnation method, has

been proven to be one of the most promising catalyst

systems for the synthesis of C2-oxygenates from syngas

[1]. However, in order to commercialize this C2-oxygen-

ates synthesis process, further improvements in the

performance of CO hydrogenation over the Rh–Mn–Li/

SiO2 catalyst are necessary.

Silica is one of the most extensively used catalyst sup-

ports due to its high surface area, ample porosity, and good

stability. Besides the textural properties, the surface prop-

erties of the silica gel also play an important role in

determining the performance of supported-metal catalysts

[2–4]. Qu et al. [3] have reported that the catalytic prop-

erties of a Ag/SiO2 catalyst for the selective oxidation of

CO in excess hydrogen were enhanced by calcination of

the silica support at appropriate temperatures due to a

preferential removal of the H-bonded Si–OH from the

silica surface, thus resulting in an improvement of the Ag

dispersion. Ho et al. [4] have studied the effect of ethanol

as the impregnation solvent on the properties of cobalt-

silica FTS catalyst, and observed that the ethoxyl groups

formed on the silica surface could lead to the formation of

smaller cobalt particle. Moreover, Zhang et al. [5] have

reported that pretreatment of the silica support with organic

solvents could enhance remarkably the catalytic activities

of Co-based catalysts for liquid phase FTS, owing to the

greatly increased dispersion and the high degree of

reduction of the supported cobalt component.

In the present paper, the effects of support pretreatment

with nC1–C5 alcohols on the catalytic properties of an

Rh–Mn–Li/SiO2 catalyst has been investigated via CO

hydrogenation reaction, TEM, pulse adsorption of CO and

H2, and FT-IR. To the best of our knowledge, this is the
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first attempt for improving the catalytic properties of Rh-

based catalysts for C2-oxygenates synthesis from syngas by

means of surface modification of the silica supports.

2 Experimental

2.1 Support Pretreatment

Silica gel (BET surface area ca. 200 m2/g, Qingdao

Haiyang Chemicals Co.) was dried at 383 K for 4 h, and

then used as the silica support in this study. For support

pretreatment, the silica gels (2 g) were treated with 5 mL

of C1–C5 normal alcohols by the impregnation method.

The resultant silica gels were dried at 383 K for 4 h after

preliminarily dried under ambient conditions.

2.2 Catalyst Preparation

The catalysts were prepared by co-impregnating the silica

supports with aqueous solutions containing RhCl3, MnCl2,

and LiCl. The impregnated catalysts were dried for ca.

5 days at room temperature and then further dried at 383 K

for 4 h. The catalysts prepared from the pretreated silica

supports were designated as Rh/Silica-CxOH (x = 1–5);

here CxOH was normal alcohols such as methanol, ethanol,

1-prothanol, 1-buthanol, and 1-penthanol, and Silica-CxOH

was the silica supports pretreated with CxOH. An Rh/Silica

catalyst, which was prepared from the untreated silica

support, was used as the reference. For all catalysts, the Rh

loading was 1.5 wt% and the weight ratio of Rh:Mn:Li was

1:0.35:0.025. The RhCl3 was purchased from Johnson

Matthey Precious Metal Corporation. Other metal salts

were purchased from No. 3 Plant of Tianjin Chemical

Agents.

2.3 Catalytic Tests

CO hydrogenation reactions were carried out in a fixed-bed

micro-reactor under 553 K, 5.0 MPa (H2/CO = 2) and

GHSV = 12,500 h-1. Before the reaction, all the catalysts

were in-situ activated at 623 K for 1 h in a flow of H2. The

reaction effluent passed through a condenser filled with

cold deionized water, and was subsequently analyzed by an

on-line Agilent 3000A Micro GC with four packed col-

umns respectively, namely, molecule sieve, Plot Q, Al2O3,

and OV-1, and a TCD. The produced oxygenates, captured

by complete dissolution into the deionized water, were

analyzed off-line by a Varian 3800 GC with an HP-FFAP

capillary column and an FID, using n-pentanol as an

internal standard.

2.4 Catalyst Characterization

Transmission electron microscopy (TEM) measurements

were carried out using a Tecnai G2 Spirit microscope

operated at an accelerating voltage of 120 kV. The cata-

lysts were reduced for 1 h in H2 at 623 K before testing.

The samples were then ultrasonically suspended in ethanol

and placed onto a carbon film supported on a copper grid.

The size and shape of the Rh particles were obtained by

analyzing the TEM images.

Pulse adsorption of CO or H2 was performed on a Mi-

cromeritics Autochem 2910 apparatus. About 200 mg of

the catalyst sample was reduced for 1 h in flowing H2 at

623 K, then purged by He or Ar at the same temperature

for 0.5 h, and finally cooled down to 323 K. Uptake of CO

or H2 was measured by injecting 5% CO–He into the He

carrier gas or 10% H2–Ar into the Ar carrier gas in a pulsed

mode.

Fourier Transform infrared (FT-IR) spectra of adsorbed

CO were recorded by a BRUKER EQUINOX 55 single-

beam FT-IR spectrometer. The sample was first reduced for

1 h in flowing H2 at 623 K, followed by purging with N2

for 30 min. When this sample was cooled to 323 K in a N2

flow, an FT-IR spectrum (denoted as spectrum A) of the

catalyst was recorded. Then, pure CO was introduced into

this system for 30 min. The catalyst was then purged again

with N2 for 30 min, and spectrum B was recorded. Sub-

tracting spectrum A from spectrum B gave a final IR

spectrum. All spectra were recorded with 16 scans and the

resolution was 4 cm-1.

The surface properties of the untreated and pretreated

silica supports were also analyzed by IR. The procedure for

the IR measurements was as follows: the sample was first

placed in the IR-reactor cell, and then purged with N2 at

383 K for 3 h to eliminate moisture. When the temperature

was reduced to room temperature, the IR spectrum of the

sample was recorded using air as the background.

3 Results and Discussion

3.1 CO Hydrogenation Performances of the Catalysts

Performances of CO hydrogenation over the various

Rh-based catalysts are presented in Table 1. The catalyst

Rh/Silica showed a normal catalytic performance, as indi-

cated by the space time yield of C2-oxygenates (STYC2-oxy)

and the selectivity to C2-oxygenates (SC2-oxy) of 493.6

g/(kg-cat h) and 71.2%, respectively. The catalysts pre-

pared from the pretreated silica supports exhibited higher

STYC2-oxy and SC2-oxy than those over the Rh/Silica cata-

lyst. Especially, the catalyst Rh/Silica-C4OH displayed

STYC2-oxy and SC2-oxy up to 630.8 g/(kg-cat h) and 76.9%,
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respectively. Moreover, with increasing the molecule weight

of the n-alcohol employed in the silica pretreatment, the

SC2-oxy increased from 72.3% to 78.1% while the STYC2-oxy

first increased, then reached a maximum of 630.8 g/(kg-

cat h), and finally decreased to 494.8 g/(kg-cat h). On the

other hand, it was noticed that the selectivities to CH4 and

C2+ hydrocarbons decreased continuously from 8.0% and

19.5% down to 5.3 and 16.4% respectively with increasing

the molecule weight of the n-alcohol used. Thus, it was clear

that pretreatment of the silica supports with nC1–C5 alcohols

improved significantly the CO hydrogenation performance

of the Rh–Mn–Li/SiO2 catalyst. Moreover, the catalytic

properties could be further regulated by changing the num-

ber of C-atoms in the alcohol molecule employed.

3.2 Rhodium Dispersion

Figure 1 shows typical TEM photographs of the catalysts

Rh/Silica, Rh/Silica-C2OH, Rh/Silica-C4OH, and Rh/Sil-

ica-C5OH. It was found that the Rh particles were dis-

persed with the same spherical shapes on these catalysts,

and that the rhodium particle size decreased consecutively

from Rh/Silica, Rh/Silica-C2OH, Rh/Silica-C4OH, to

Rh/Silica-C5OH catalyst. The average particles sizes

obtained by the statistical calculation from all the TEM

images for the above catalysts were 3.7, 3.2, 2.8, and

2.5 nm, respectively.

The uptakes of CO and H2 on these Rh-based catalysts

are summarized in Table 2. Both the CO and H2 uptakes

increased in the order of Rh/Silica \ Rh/Silica-C2OH \
Rh/Silica-C4OH \ Rh/Silica-C5OH, though the increase in

H2 uptake was not so obvious as that in CO uptake. On the

basis of the results of TEM and CO and H2 chemisorption,

it could be concluded that the pretreatment of the silica

supports with nC1–C5 alcohols enhanced the rhodium dis-

persion on the Rh–Mn–Li/SiO2 catalysts, thereby

increasing the number of active sites available for the

reactant molecules. Moreover, this effect of support pre-

treatment became stronger and stronger with increasing

molecule weight of the n-alcohol employed.

3.3 The Chemical State of Rhodium

FT-IR spectra of adsorbed CO on these Rh-based catalysts

are shown in Fig. 2. The observed CO adsorption bands are

all well established in the literature [6]. The broad band

centering at ca. 1,820 cm-1 is ascribed to the bridge-bon-

ded CO and the band at ca. 2,063 cm-1 to linearly

adsorbed CO, while the bands at ca. 2,034 and 2,100 cm-1

correspond to the geminal CO surface species. As shown in

Fig. 2, the intensity of geminal CO significantly increased

consecutively from Rh/Silica, Rh/Silica-C2OH, Rh/Silica-

C4OH, to Rh/Silica-C5OH catalyst, while that of the linear

and bridge-bonded CO changed only a little. It is well

established that the bridge-bonded and linear CO are

formed on the Rh0 sites and that the geminal CO is on the

Rh+ sites [7, 8]. Thus, it could be deduced from the above

results that the ratio of Rh+/Rh0 sites on the reduced cat-

alysts increased consecutively from Rh/Silica, Rh/Silica-

C2OH, Rh/Silica-C4OH, to Rh/Silica-C5OH catalyst.

Some researches have discovered that metallic Rh, i.e.

Rh0, is the active sites for CO dissociation, while partially

oxidized Rh, i.e. Rh+, is more favorable active sites for CO

insertion to form intermediates of C2-oxygenates [9–11].

As discussed above, the support pretreatment with nC1–C5

alcohols increased the Rh dispersion and the ratio of Rh+/

Rh0 sites, thereby increasing the number of active sites,

especially the active sites for CO insertion. According to

the well-known C2-oxygenates formation mechanism

[12, 13], CO hydrogenation to C2-oxygenates requires an

initial CO dissociation to form CHx species. Subsequently,

the reaction could proceed mainly through CHx

Table 1 CO hydrogenation performances over different Rh-based catalysts

Cat. Conv. CO (%) Selectivity of products (C%) STYC2-oxy g/(kg-cat h)

C2+
a CH4 EtOH HAc HOAc C2-oxyb

Rh/Silica 8.1 8.4 20.1 9.7 35.4 18.7 71.2 493.6

Rh/Silica-C1OH 8.6 8.0 19.5 9.4 36.1 20.3 72.3 539.8

Rh/Silica-C2OH 8.8 7.3 18.2 9.1 37.3 20.8 74.3 564.8

Rh/Silica-C3OH 9.3 6.9 17.7 8.3 38.3 21.6 75.4 607.0

Rh/Silica-C4OH 9.6 6.1 17.1 7.7 40.2 22.4 76.9 630.8

Rh/Silica-C5OH 7.1 5.3 16.4 8.1 40.0 23.2 78.1 494.8

Reaction conditions: 553 K, 5.0 Mpa (H2/CO = 2) and GHSV = 12,500 h-1

a C2+ designates hydrocarbons other than methane
b C2-oxy designates oxygenates such as ethanol, acetaldehyde, acetic acids, methyl acetate, and ethyl acetate etc
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hydrogenation to produce methane, CO insertion into CHx

followed by H addition to yield C2-oxygenates, and chain

growth through polymerization of CHx species. Thus, the

increase in the number of active sites, especially the active

sites for CO insertion, will definitely promoted the for-

mation of C2-oxygenates from syngas, and accordingly the

increasing of STYC2-oxy and SC2-oxy.

Since both Rh0 and Rh+ sites are active for CO

adsorption, while H2 is known to adsorb dissociatively on

Rh0 sites [7, 8, 14], the difference in ramping rates of CO

and H2 adsorption (shown in Table 2) could be interpreted

by the more obvious increase in Rh+ sites than that in Rh0

sites on the reduced catalysts. This difference might imply

a consecutive decrease in the relative surface coverage of

H* and CO* (hH/hCO) under our reaction conditions from

Rh/Silica, Rh/Silica-C2OH, Rh/Silica-C4OH, to Rh/Silica-

C5OH catalyst. As a consequence, the hydrogenation rate

of adsorbed surface C species to CHx would decrease from

Rh/Silica, Rh/Silica-C2OH, Rh/Silica-C4OH, to Rh/Silica-

C5OH catalyst. The decrease in the hydrogenation abilities

of the catalysts from Rh/Silica, Rh/Silica-C2OH, Rh/Silica-

C4OH, to Rh/Silica-C5OH catalyst was also demonstrated

by the increase in the selectivities to acetaldehyde and

Fig. 1 TEM photographs for

different Rh-based catalysts

Table 2 Uptakes of CO and H2 on different Rh-based catalysts

Rh/Silica Rh/Silica-

C2OH

Rh/Silica-

C4OH

Rh/Silica-

C5OH

CO/Rh 0.32 0.38 0.46 0.52

H/Rh 0.20 0.22 0.24 0.25
Fig. 2 FT-IR spectra of adsorbed CO on different Rh-based catalysts
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acetic acid, and the decrease in the ethanol selectivity

according to the above order (shown in Table 1). Since Rh0

is the active sites for CO dissociation, the relative rate of

CO dissociation also decreased according to the above

order due to the increasing ratio of Rh0/Rh+. Thus, the

decrease in catalytic activity over the Rh/Silica-C5OH

catalyst might be attributed to the excessive decrease in the

relative rate of CO dissociation or in the hydrogenation rate

of adsorbed surface C species to CHx. In addition, the

decrease in the selectivities to CH4 and C2+ hydrocarbons

with increasing the molecule weight of the n-alcohol

employed should be attributed to the decrease in the rate of

the CHx hydrogenation and in the rate of the polymeriza-

tion of CHx species, respectively.

3.4 Surface Properties of Silica Support

In an attempt to make clear that how the pretreatment of

the silica supports with nC1–C5 alcohols can influence the

rhodium dispersion and the chemical state of rhodium, we

have investigated the surface properties of the different

silica supports by FT-IR. As shown in Fig. 3, the sharp

absorption band at 3,743 cm-1 is assigned to isolated

Si–OH stretching vibrations and the broad band between

3,100 and 3,700 cm-1 to the hydrogen-bonded Si–OH

stretching vibrations, while the absorption bands at ca.

2,800–3,000 cm-1 correspond to C–H stretching vibrations

of superficial alkoxyl groups [15–18]. Comparing to the

untreated silica support, there is an obvious decrease in the

densities of both the isolated Si–OH and the hydrogen-

bonded Si–OH on the pretreated silica supports, with the

simultaneous appearance of the superficial alkoxyl groups.

These results suggest that the alcohol molecules were

grafted onto the silica surface by reacting with the Si–OH

during the support pretreatment. In addition, there was little

difference in the densities of the Si–OH among the pre-

treated silica supports, which implies that the grafting

process was independent of the polarity of the normal

alcohol in this study.

Gou et al. [19] have reported that the density of the

hydroxyl groups on the silica surface was correlated with

the dispersion of the silica-supported metals, and that a

higher metal dispersion was achieved with lower Si–OH

density. They also proposed the following model to explain

the results. At the later stage of the evaporation of water,

droplets of the impregnation solution could be formed on

the surface of the support. The droplets that were formed

on more hydrophobic surfaces would be more easily split

or shrunk, resulting in the formation of smaller droplets

than those on less hydrophobic surfaces. As a result, the

metal precursors may become more highly dispersed on

more hydrophobic silica gel. Since the densities of Si–OH

decreased and a number of alkoxyl groups formed on the

surface of the pretreated silica gels, the silica supports

tended to be more hydrophobic. So the above explanation

might also be applicable to account for the enhancement of

the rhodium dispersion on the catalysts prepared from the

pretreated silica supports in this study. Moreover, with

increasing molecule weight of n-alcohol employed, the

hydrophobicity of the silica surface further increased;

hence the rhodium dispersion was correspondingly

enhanced. In addition, being hindered from aggregation of

the metal precursors by superficial alkoxyl groups during

the drying and reduction processes, this might be another

important reason for the increase in the rhodium dispersion

[4, 18].

According to results reported in the literature [20, 21],

promoters such as manganese oxide could act as an elec-

tron acceptor and withdraw electrons from the Rh metal,

hence resulting in the formation of partially oxidized Rh,

i.e., Rh+ sites at the Rh–MnO interface. It was also reported

that the existence of manganese species could suppress the

reduction of the rhodium precursor, thereby increasing the

difficulty of rhodium reduction [22, 23]. Since the rhodium

dispersion increased in our work, the rhodium and the

promoters such as manganese were expected to contact

more extensively. Thus the increase in the ratio of Rh+/Rh0

sites might be attributed to more extensive interface of

rhodium and manganese to be formed due to a better dis-

persed Rh phase. Further investigations into the surface

modification effects of the silica supports with nC1–C5

alcohols for Rh–Mn–Li/SiO2 catalyst are now under way.

4 Conclusion

The CO hydrogenation performance of an Rh–Mn–Li/SiO2

catalyst was significantly improved by pretreating the silicaFig. 3 FT-IR spectra of untreated and pretreated silica supports
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support with nC1–C5 alcohols. The improvements in the

catalytic properties of the Rh–Mn–Li/SiO2 catalyst were

attributed to the increase in Rh dispersion and in the ratio

of Rh+/Rh0 sites, i.e., the increase of the number of active

sites, especially the active sites for CO insertion. The

enhancement in the hydrophobicity of the pretreated silica

supports might be responsible for the changes in the Rh

dispersion and the chemical state of rhodium.
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