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Abstract The unsupported Mo—Co-K sulfide catalysts
promoted by La were prepared through ultrasonic technol-
ogy in non-aqueous medium and its performances for the
synthesis of mixed alcohols from syngas were also inves-
tigated. The results showed that the catalysts promoted by
La exhibited higher CO conversion and selectivity to eth-
anol than the unsupported Mo—Co-K sulfide catalyst
without addition of La did under identical reaction condi-
tions. The catalysts were characterized by N, adsorption/
desorption, X-ray diffraction (XRD), Scanning electron
microscope (SEM), Transmission electron microscope
(TEM), Raman, and X-ray photoelectron spectroscopy
(XPS).

Keywords Syngas - Ethanol - Mixed alcohols -
Rare earth - Unsupported Mo—Co-K sulfide catalyst

1 Introduction

Much attention has been paid to mixed alcohols synthesis
due to its properties as the gasoline blend or alternative
motor fuel for the reduction of exhaust emission in the last
20 years. The addition of oxygenates, such as alcohols and
ethers, into gasoline give rise to decreased toxic exhaust
gas (CO, NO,) and in some cases increase octane number.
Especially, use of methyl zers-butyl ether (MTBE) has been
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prohibited recently in some countries or regions as additive
of oil-based fuel due to the new legal requirements in
environment protection. So, as a potential alternative fuel
or additive, the catalytic conversion of synthesis gas to
mixed alcohols is now attracting renewed attention for both
industrial application and fundamental research.

Attempts have been taken to develop new catalysts to
improve the catalytic activity and selectivity to mixed
alcohols. Recent studies revealed that both the activity and
selectivity to higher alcohols can be improved by adding
effective promoters, such as Fischer-Tropsch components
and alkali metals into MoS,-based catalysts [1-5], chang-
ing the nature of the catalyst supports [6-11], and
modifying the catalyst preparation method [12, 13]. Very
recently, other new catalysts were also developed and a
good activity and selectivity could also be obtained. For
instance, Kaliaguine et al. [14, 15] reported conversion of
syngas to higher alcohols over nanocrystalline Co—Cu-
based perovskites as catalysts, and Xiang et al. [16, 17]
reported synthesis of higher alcohols from syngas over
Fischer-Tropsch elements modified molybdenum carbides.
However, up to now, from the viewpoint of practical use,
among various catalysts, alkali-doped MoS, catalysts are
still considered the most promising due to their resistance
to sulfur poisoning and high activity for the water-gas shift
reaction.

To design unsupported MoS, based catalysts, it is
essential to properly introduce the modifier and preparation
method to improve its catalytic activity. The 3d transition
metals such as Co, Fe, Ni, Rh, et al. were introduced into
alkali-doped MoS, catalysts system [18-21]. Generally, it
was considered that at least two forms of transition metal
promoters simultaneously existed in MoS, based catalysts,
namely, separated phases of transition metal sulfides
and mixed phases such as so-called “Mo-M-S”
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(M = transition metals) [22, 23]. And it has been recog-
nized that the close interaction between Mo and promoter
atoms also exerted great influence on promotion effects for
mixed alcohols synthesis from syngas. Moreover, the
structural and morphology of metal promoter and MoS,
support was closely related to the promotion effects. As a
potential element, it has been reported that the addition of
La or Ce into supported Ni and supported Co catalysts gave
increased catalytic activity [24-26]. The results demon-
strated that the roles of the rare earths are as structural
promoters, chemical promoters, or synergetic promoters.
Ogawa et al. [27] introduced La into Ni-Mo/alumina
supported catalysts and investigated its effects on the
structural and catalytic activity for hydrodesulfurization
(HDS). They found that La loading significantly affected
the surface concentration of active components and the
structural of MoS, crystallites, which resulted in the
increase of the HDS reaction. However, few works of the
La promoted unsupported MoS, based catalysts have been
reported systematically for the synthesis of mixed alcohols
from syngas.

The aim of the present work is to explore the effect of
the La on between the catalyst structure and its catalytic
performance after addition into the unsupported Mo—Co-K
sulfide catalysts for the synthesis of mixed alcohols
from syngas through careful characterization of XRD,
N, adsorption/desorption, Scanning electron microscope
(SEM), HRTEM, Raman and X-ray photoelectron spec-
troscopy (XPS).

2 Experimental
2.1 Catalyst Preparation

The catalysts were prepared by an ultrasonic technology in
a non-aqueous medium. As a typical synthesis, tow non-
aqueous solutions were prepared (A and B). Solution A
consisted of Co(CH3zCOO), and rare earth metal nitrate
dissolved in ethanol, solution B consisted of (NH4)>MoS,
dissolved in ethanol. After the solution A was treated
30 min at room temperature under high-ultrasound envi-
ronmental, solution B was dropped into the mixture and
followed by treatment with ultrasonic apparatus till the
black precipitates were formed. The precipitate was aged at
room temperature overnight, and then filtered. The filtered
cake (precipitate) was repeatedly rinsed with ethanol. The
obtained solid was dried at 120 °C for 12 h, followed by
mixing with K,COj; to thermal decomposition at 500 °C
under N, for 2 h to obtain La-promoted unsupported Mo—
Co-K sulfidecatalyst. The Mo—-Co-K sulfide catalysts
promoted by rare earth (La, Ce, or Y) are denoted as

M MoCo,K,, where M is the rare earth, x, y, and z are the
molar ratio of M/Mo, Co/Mo, K/Mo, respectively.

2.2 Catalyst Test

The catalytic test was carried out in a fixed-bed reactor
with equipped with on-line gas chromatograph. For each
experiment, 0.8 mL sample was charged into a stainless-
steel reactor with I. D. of 6 mm. The synthesis gas
was composed of CO (30%), H, (60%) and N, (10%).
Reaction conditions were: temperature = 330 °C, pres-
sure = 3.0 MPa, and GHSV = 2,225 h™!. The products
were analyzed by gas chromatographs (HP-4890) after the
reaction for 24 h when a steady state activity appeared. H,,
CO, CHy, and CO, were monitored by TCD using H, as the
carrier gas. The capillary column (Propake-Q) was con-
nected to an FID using nitrogen as the carrier gas to
separate all of the C1-C5 alcohols and the C1-C6 hydro-
carbons. CO conversion and CO, selectivity were
determined using an internal standard, and the carbon-
based selectivity of the carbon-containing products
(including alcohols, alkanes, and other oxygenates) was
calculated by an internal normalization method.

2.3 Characterization

The catalysts were characterized by XRD, N, adsorption/
desorption, SEM, Transmission electron microscope
(TEM), Raman and XPS. The powder XRD patterns were
recorded at room temperature on a Bruker-AXS D8
Advance X-ray diffractometer using Cu—Ka radiation in
40 kV and 200 mA. The 6 angles were scanned from 5 to
70° at a rate of 5°/min. Brunauer—Emmett-Teller (BET)
surface areas of the catalysts were determined from N,
adsorption/desorption measurements at 77 K with a Mi-
cromeritics Tristar 3000 (Carlo Erba) system. The sample
was outgassed under vacuum at 250 °C for 3 h before the
adsorption of nitrogen. SEM images were taken with a
XL30E electron probe X-ray microanalyzer. Chemical
compositions were examined by EDS using XL30E elec-
tron microscope. For the SEM observations, the samples
were deposited on a sample holder and coated with Au.
High-resolution TEM (HRTEM) images were obtained on
a Philips TECNAI F-30 FEG instrument at an accelerating
voltage of 300 kV. The sample was dispersed with dry
ethanol. Raman spectroscopy was recorded with LabRam
1B spectrometer. The excitation power of the 632.8 nm
line of the YAG laser was fixed at 4.3 mW. XPS mea-
surements were recorded on a Quantum 2000 Scanning
ESCA Microprobe instrument with Al Ka radiation
(15 kV, 25 W, hv = 1486.6 eV). The pressure in the
sample chamber was around 4 x 107’ Pa. The sample
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temperature was 20 °C. All the binding energies (BE) were
referenced to the Cl1 s oine at 284.6 eV.

3 Results and Discussion

3.1 Metal Composition on the Surface and Surface
Area of Catalysts

Table 1 lists the results of metal composition on catalysts
surface measured by EDS and surface area of the as-pre-
pared catalysts. As shown in Table 1, the surface S/Mo
ratios of catalyst La,MoCogsKpe (x = 0.1, 0.2, 0.3) are
very close to the stoichiometric MoS, compositions, and
the surface Co/Mo, K/Mo, and La/Mo ratios are also very
close to that in the bulk of catalysts. However, the surface
S/Mo ratio in MoCoqsKg¢ catalyst is somewhat higher
than the stoichiometric MoS, compositions; and especially,
the surface Co/Mo ratio is far bigger than that in the bulk of
catalyst (Co/Mo = 0.5), which might be due to the possi-
bility that the separated aggregates of CoS, particles were
gathered on the surface of the catalyst MoCog 5K 6.

All the catalysts exhibited relatively low BET surface
area values of 3-10 m%*/g. The surface area of the as-pre-
pared catalysts was slightly lower than that of the pure
MoS, crystallites, and it increased with increasing La/Mo
molar ratio, whereas the surface area decreased with further
increasing La/Mo molar ration (above 0.2).

3.2 Characterization of X-ray Diffraction (XRD)

Figure 1 shows the XRD patterns for the unsupported
Mo—Co-K sulfide catalysts before and after addition of rare
earths. In all cases, the diffraction indicated the poorly
crystalline hexagonal MoS, with the broad reflection peaks
at 20 (degree) = 14.4, 33.3, 39.7 and 58.7, respectively.
For the MoCoqsKg¢ catalyst, three diffraction peaks at
21.7, 27.8, and 39.0 were observed, which might be related
to the structure of rhombohedral K-Mo-S in addition to
K,CO3;. Generally, K,CO5; would transform into K-Mo-S
phase, which was related to catalytically active sites for
alcohol synthesis. There were also some weak diffraction
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Fig. 1 The XRD patterns for the Mo—Co-K sulfide catalysts with or
without the addition of rare earths. (a) MoCog 5Kq 6; (b) Ceg,MoCoyq 5
Ko (€) YpoMoCogsKoe; (d) Lag1MoCogsKoe; (€) Lag2MoCop s
Ko.s; () Lag3MoCoq sKo.e; (g) LagsMoCop sKo.e

peaks at 20 (degree) = 31.4, 37.3, 47.3, and 54.8, which
were related to the second phase of CoS, such as CogSg
[28]. However, the addition of La, Y, or Ce caused strong
diffraction peak intensities at 20 values of 27.8 and 39.0
with the apparent decrease of the diffraction peak intensi-
ties of CoS, phase. And the K—-Mo-S peak intensities also
became stronger with the increase of La/Mo molar ratio.
On the other hand, due to the low La content, no diffraction
peak related to the La-contained phases was observed. All
these results suggested that the addition of La effectively
inhibited the formation of separated cobalt sulfides and
simultaneously enhanced the formation of K-Mo-S
phases.

Table 1 Results of BET and EDS measured the metal composition on the catalyst surface and surface area of the prepared catalysts

Cat. BET/m2/g Elements (atom%) Analysis results (atomic ratio)

Mo Co La K S S/Mo Co/Mo K/Mo La/Mo
MoS, 9.80 32.95 - - - 63.89 1.94 - - -
MoCogsKp ¢ 7.40 10.88 17.17 - 30.84 40.78 3.74 1.57 2.83 -
Lag MoCog sKg g 7.64 23.13 10.59 2.21 15.36 45.20 1.95 0.46 0.66 0.096
Lag,MoCo 5K 6 8.01 20.97 13.72 4.28 14.72 46.31 221 0.65 0.71 0.205
Lag3MoCo 5K 6 3.62 21.06 11.83 5.86 13.13 48.12 2.28 0.56 0.63 0.278
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3.3 Characterization of SEM and TEM

Figure 2 shows the SEM images of MoS,, as-prepared
catalyst MoCosKpe and Lag,MoCogsKgg. Some
remarkable differences were observed. For catalyst
MoCog 5K ¢ (Fig. 2b), the size and morphology of spongy
particles were non-uniform, and the needle-like crystal
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Fig. 2 The SEM images of MoS, and the unsupported Mo—Co-K
sulfide catalyst. a MoS,; b MoCog 5K 6; € Lag,MoCogsKo e

particles were observed. For the Lag ,;MoCo sKq ¢ catalyst,
however, no obvious needle-like particles was observed
(Fig. 2c), which had uniform spongy particles size and
morphology. The evident morphological differences
between two catalysts suggested that La addition effec-
tively enhanced the homogeneity and dispersion of
modified MoS, based catalyst.

Figure 3 shows representative HRTEM micrographs of
MoS,, as-prepared MoCogsKpe and Lag,MoCogsKoe
catalyst. Table 2 shows the structural parameters of MoS,
crystallites obtained by measuring the length and number
of MoS, layers in each HRTEM photograph. The MoS, is
characteristic random layers structure. The fringes
observed in the photograph had a spacing of about 0.6 nm
that was characteristic of the (002) basal planes of crys-
talline MoS, [29]. Each crystalline MoS, consists of
average seven layers slabs with over 10 nm in length. For
the MoCogsKg¢ catalyst, it only had stacked MoS, with
average 3.4 layers thickness and around 6.1 nm length
(Fig. 3b). However, for the Lay,MoCoq 5K ¢ catalyst, the
number of layers of the MoS, crystallites was about 5.3
with an average length 8.9 nm. This difference in structure
clearly indicates that the Lay,MoCo, 5Ky catalyst had
much longer and more stacked MoS, crystallites than that
in the MoCog 5K ¢ catalyst.

3.4 Characterization of Raman

To further investigate the effect of La addition on the
structure of the unsupported Mo—Co-K sulfide catalysts,
the Laser Raman spectroscopy was performed; and its
spectra are shown in Fig. 4. Three well-resolved bands at
about 380, 400 and 449 cm_l, respectively, were observed
for all samples. According to literature [30], the bands at
about 380 and 400 cm ™" are assigned to the characteristic
of Mo-S stretching vibration in MoS,; and the 449 cm s
assigned to the p-S bridge vibration in MoS,. Two new
bands at 620 and 980 cm ™" appeared in the MoCo 5K ¢
catalyst, which are attributed to the vibration of Co-S in
CoS, phases and Mo-S in Mo—Co-S phases [31], indicat-
ing that the separated cobalt sulfide phases existed on the
MoCog 5K ¢ catalyst. This observation was also in agree-
ment with the XRD, EDS, and SEM characterization
results. However, some obvious differences were observed
in the La,MoCogsKpe (x = 0.1, 0.2, and 0.3) catalyst.
First, the intensity of peak at 620 cm ™', assignable to the
vibration of Co-S in CoS, phases, decreased dramatically
and the peak even disappeared with increasing the La/Mo
molar ratio. Second, the peak at 980 cm™', assignable to
the vibration of Mo-S in Mo—Co-S phases, shifted to 886,
899 and 930 cm_l, respectively, with the increase of La/
Mo molar ratio. Third, the band of v (as) Mo-S in MoS, at
310 cm™! appeared and its intensity increased with the
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Fig. 3 The high-resolution TEM images of MoS, and the unsupported Mo—Co—K sulfide catalyst. a MoS,; b MoCog 5K s; € Lag,M0Cop 5K 6

Table 2 CO conversion and selectivity to alcohols with various catalysts

Cat. CO conversion/C% Alcohol STY/g/mL/h Selectivity/C% Alcohol distribution/C%
C,,0OH He ROH MeOH EtOH PrOH BuOH

MoCopKg 6 7.8 0.033 239 434 56.6 52.1 37.2 10.1 0.6
MoCoyg 1Ko 13.6 0.072 42.6 28.9 71.1 40.1 46.0 13.8 0.1
CepMoCoyp 1Ko 6 18.6 0.102 41.8 26.7 73.3 39.7 522 7.8 0.3
Y.MoCog 1Ko 16.5 0.085 429 30.7 69.3 353 55.2 8.9 0.4
Lag 1MoCoy 1Ko6 6.9 0.094 41.8 26.8 73.2 39.7 50.2 8.6 1.5
Lag,MoCog 1Ko6 17.2 0.096 43.0 24.8 75.4 39.3 53.4 7.1 0.2
Lag3MoCop 1Ko6 159 0.091 39.4 24.7 75.3 433 46.5 9.0 1.1
Lag ¢MoCop 1Ko.6 11.0 0.056 25.1 34.3 65.7 57.8 323 9.3 0.6

200 400 600 800
Raman shift /em™

1000 1200

Fig. 4 The Raman spectra of the unsupported Mo—Co-K sulfide
catalyst. (a) MoCogsKoe; (b) LagMoCogsKoe; (¢) Lag,Mo-
Coo.5Ko.6; (d) Lag3MoCoq sKo.6

increase La/Mo molar ratio. The discrepancy of Raman
vibration values might be the possibility that the La species
affected the electron structure between Co and Mo and
concentration of active sites of Mo—Co—S phases after
addition of La into the MoCog 5Ky ¢ catalyst.

@ Springer

3.5 Characterization of XPS

Figure 5 shows the Mo3d and Co2p-XPS spectra for MoS,,
MoCoysKpe, and Lag,MoCopsKgpe. In all cases, the
binding energy for Mo3d;, and Mo3ds, were around
229.0 and 232.2 eV (B. E.), respectively, which could be
assigned to MoS,. A slight shift of Mo3d;,, binding energy
toward lower value was observed for the MoCogysKge
catalyst, which was due to a strong electron transfer from
Co to Mo. Compared with the MoCog 5Ky ¢ catalyst, the
binding energy of Mo3ds,, further shifted toward lower
value and the peak area increased in the Lay,MoCoq sKo ¢
catalyst, indicating that La enhanced the interaction
between Co and Mo and the Mo*" concentration on the
surface of catalyst. No significant difference was observed
in the binding energy of Co2p between MoCog 5Ky and
Lag,MoCopsKge. The Co (2psn, 2pi12)-XPS  peaks
appeared at around 780.6 and 796.8 eV with their area ratio
being approximately 2. These values are characteristics of
the Co sulfide species interacting with Mo species to form
Mo—Co-S composite species [32]. And the Lajy,Mo-
Coy.sKo.6 catalyst showed a higher Co2p;/, peak area than
that in the MoCog sKq ¢ catalyst.
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Fig. 5 The XPS spectra of MoS, and catalysts for different elements.
(2) MoS,; (b) MoCoy5Ko.; (¢) Lag2MoCop sKo.6

3.6 Catalytic Activity

3.6.1 Effect of the Rare Earth

The CO conversion and selectivity to ethanol over the
various catalysts are listed in Table 3. The MoCoqsKg ¢

catalyst exhibited a much lower CO conversion and
selectivity to ethanol. However, the Mo—Co-K sulfide

Table 3 MoS, structural parameters of the different catalysts

Catalyst L3, (nm) N2, Ny/Lyy (nm™Y)
MoS, 10.2 7.0 0.69
MOCO()»5K()46 6.1 34 0.56
L3042M0C0045K0.6 8.9 5.3 0.60

a

av: average length of an MoS, stack
° . average number of MoS, layers per stack

catalysts promoted by La, Y, or Ce showed much higher
both CO conversion and selectivity to ethanol under
identical reaction conditions. For instance, the CO con-
version was increased from 13.6% to 17.2, 16.5 and 18.6%,
and the selectivity to ethanol was enhanced form 46.0% to
53.4, 55.2 and 52.2%, after the addition of La, Y and Ce,
respectively, in the case of M/Mo molar ratio at 0.2. The
results indicate that the addition of rare earth exerted an
important role in increasing both CO conversion and
selectivity to ethanol. As mentioned above, much more
catalytically active species formed on the surface of cata-
lysts after the addition of La, and as a result, it enhanced
effectively the catalytic activity.

On the other hand, CO conversion and selectivity to
ethanol were also influenced by the changes of La/Mo
molar ratio (listed in Table 3). Both of CO conversion and
selectivity to ethanol increased with increasing the molar
ratio of La/Mo, whereas too high a molar ratio of La/Mo
lowered the CO conversion and selectivity to ethanol. The
highest catalytic activity was obtained with the La/Mo
molar ratio at 0.2.

3.6.2 Effect of the Reaction Temperature

Figure 6 shows the effect of the reaction temperature on
CO conversion and selectivity over the Lag,MoCogsKg ¢
and MoCoysKpe catalyst. Similar reaction-chemical
behavior was observed on both catalysts. An increased CO
conversion was observed with increasing the reaction
temperatures for both MoCog sKg ¢ and Lag,MoCoqsKg e
catalysts. The selectivity to total alcohols decreased shar-
ply for both catalysts with the reaction temperature raised
from 300 °C to 340 °C. Compared with the MoCog sKg ¢
catalyst, the Lay,MoCo sKg¢ catalyst exhibited a higher
CO conversion and selectivity to total alcohols under
identical reaction conditions. Figure 6b shows the selec-
tivity to alcoholic products over the MoCogsKge and
Lag,MoCoq 5K ¢ catalysts. The major alcoholic products
consisted of MeOH, EtOH, and PrOH in our system. With
the increase of reaction temperature, the selectivity to
MeOH decreased magnificently along with increasing
EtOH and PrOH selectivity for both catalysts, whereas the
selectivity to EtOH approached a miximun value at
330 °C. As shown in Fig. 6b, the selectivity to EtOH on the
Lag,MoCogsKg¢ catalyst was higher than that on the
MoCog sKg ¢ catalyst during the whole process.

3.6.3 Effect of the Reaction Velocity
The effect of velocity (GHSV) of reactants on CO con-
version and selectivity was also investigated in the range

from 1,000 to 3,750 h™!. The results are presented in
Fig. 7. Compared with the MoCoq 5K ¢ catalyst, a higher
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Fig. 6 Effect of reaction temperature on CO conversion and selec-
tivity over catalyst: a MoCog 5K ¢; b Lag ,MoCo sKg.6

CO conversion and selectivity to alcohols could be
obtained over the Lag,MoCoysKye catalyst during the
whole process. With increasing space velocity, the contact
time between reactant feed and active species on the cat-
alyst surface decreased, resulting in the decrease of CO
conversion. Due to the decreasing probability of the CO
insertion and dissociation under a higher space velocity, the
selectivity to C,,-alcohols, i. e. EtOH and PrOH also
decreased, and correspondingly, the selectivity to MeOH
increased. But the selectivity to total alcohols kept
increasing with the increase of the space velocity.

3.6.4 The Stability of Catalyst

The time-on-stream activity and selectivity of the
Lag,MoCog sKg ¢ catalyst is reported in Fig. 8. No obvious
deactivation was observed for CO conversion and selec-
tivity to alcohols after the reaction for 27 days. The results
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Fig. 8 The stability result of Lag>,MoCoq 5K ¢ catalyst
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indicated that the Lay,MoCog 5Ky catalyst had strong
stability for the synthesis of mixed alcohols from syngas.

4 Conclusion

Effects of lanthanum promotion on the surface properties
and higher alcohols synthesis activity of the unsupported
Mo-Co—K sulfide catalysts prepared through ultrasonic
technology in non-aqueous medium were studied. La
addition significantly affected the surface morphology and
structure of catalysts, inhibited the formation of separated
CoS, crystal particles, and enhanced the dispersion of Co
species and catalytically active sites concentration such as
Mo—Co-S mixture phases on the catalyst surface. Com-
pared with the MoCo, 5K ¢ catalyst, the Lag ,MoCog sKg ¢
catalyst exhibited both higher CO conversion and selec-
tivity to total alcohols under identical reaction conditions.
And the Lag,MoCogsKge catalyst also showed strong
stability for the synthesis of mixed alcohols from syngas.
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