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Abstract
Ethanol induced method was applied to prepare Cu-Fe-Zr catalysts for conversion of syngas to higher alcohols. The catalytic performance of the
catalysts induced by ethanol was superior to that of the catalyst prepared by the conventional precipitation method. Among various procedures
for ethanol induced method, it was found that incorporation of ethanol in the precipitation process was the better. After incorporation of ethanol,
the crystal size of CuO decreased and the reduction of copper species became easier. The better activity of Cu-Fe-Zr catalysts prepared by
ethanol induced procedures was probably caused by the higher dispersion of Cu species.
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1. Introduction

The production of liquid fuels and high-value added
chemicals from coal has received significantly increasing in-
terest due to the limited petroleum reserves [1,2]. Synthesis of
alcohols from syngas is an important pathway to realize this
process because syngas can be produced from relatively abun-
dant coal resource. In recent years, various catalyst systems
were developed to synthesize alcohols from syngas, such as
Cu-Co, Cu-Fe and MoS2 based catalysts [3−9].

Higher alcohols (C2+OH) have potential applications as
fuels, additives to increase the octane number of gasoline,
and materials for synthesis of fine chemicals [10]. Although,
the conversion of syngas to higher alcohols has been im-
proved to some extent, the space-time yield of alcohols and/or
the selectivity of C2+ alcohols is still unsatisfactory. There-
fore, it is highly desirable to seek catalysts with high activ-
ity and selectivity for synthesis of higher alcohols from syn-
gas. The pretreatment of solid catalysts can change their
structure, such as Au/Al2O3 pretreated by H2 for oxida-
tion of CO [11], Sb-Mo-O catalyst pretreated by ethanol for
the oxidative esterification of ethanol [12], and HY zeolite

pretreated by various gases for o-xylene isomerization [13],
which improves their catalytic performance. It was reported
that the selectivity of methanol was significantly improved
using the catalyst prepared in the solvent of methanol [14].
Xu et al. has also reported that the Cu-Co-Fe catalysts ob-
tained in ethanol medium or pretreated by ethanol showed
higher activity and selectivity for synthesis of higher alcohols
from syngas [15,16].

In the present work, we investigated in detail the prepara-
tion of Cu-Fe-Zr based catalysts by ethanol induced method
and their catalytic performance in the conversion of syngas to
higher alcohols. The nature of the catalyst was characterized
by X-ray diffraction (XRD) and temperature-programmed re-
duction (TPR) by H2.

2. Experimental

2.1. Catalyst preparation

Cu(NO3)2·3H2O, Fe(NO3)3·9H2O, ZrOCl2·8H2O and
K2CO3 were of A. R. grade and were used as the materials
for preparation of Cu-Fe-Zr catalyst.
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2.1.1. Cu-Fe-Zr catalyst prepared by conventional method

Cu-Fe-Zr sample prepared by conventional method was
named as S1. First, Cu(NO3)2·3H2O, Fe(NO3)3·9H2O and
ZrOCl2·8H2O were dissolved in water to form a solution. The
molar ratio of Cu : Fe : Zr was 2 : 1 : 0.04. Then this solu-
tion and the aqueous solution of K2CO3 were simultaneously
added drop-wise into a beaker containing water. The mix-
ture was stirred at 343 K and its pH value was kept at 7.5.
The precipitate was aged at 343 K for 1 h, then it was filtered
and washed thoroughly with distilled water. After drying at
393 K for 12 h, the sample was calcined at 623 K in air
for 5 h.

2.1.2. Cu-Fe-Zr catalyst prepared by dif ferent ethanol in-
duced methods

Four catalysts (S2–S5) were prepared by ethanol induced
method. Among them, catalyst S2 was prepared by adding
ethanol into water in a beaker, catalyst S3 was prepared by
washing the precipitate with ethanol-water solution, catalyst
S4 was prepared by drying in the presence of ethanol vapor,
and catalyst S5 was prepared by calcination in the ethanol va-
por. All the other experimental conditions for S2–S5 were the
same with catalyst S1.

2.2. Catalyst characterization

XRD patterns were recorded on a Philips PW3040/60
diffractometer fitted with Cu Kα radiation (λ = 1.5404 Å).
H2-TPR experiments were carried out with a homemade ap-
paratus. All samples (20 mg) were first pretreated at 373 K in
Ar (50 ml/min) for 1 h. For TPR measurements, the samples
were heated from 373 K to 973 K at a rate of 10 K/min in an
8 vol% H2/Ar flow (50 ml/min).

2.3. Catalytic tests

The catalytic performance was evaluated in a fixed-bed
stainless-steel micro-reactor with 6 mm inner diameter. Prior
to reaction, the catalysts were reduced in-situ by the reac-
tant gas (n(H2)/n(CO) = 2.0) at atmospheric pressure, which
contained 8.0 mol% CO2 and 0.4 mol% CH4. The following
temperature-programmed procedure was employed:

(1) room temperature → 523 K for 1 h and keeping the
temperature at 523 K for 0.5 h;

(2) 523 K→ 573 K for 1 h and keeping at 573 K for 0.5 h;
(3) 573 K→ 623 K for 1 h and keeping at 623 K for 2 h.

After pretreatment, the temperature was decreased slowly to
593 K and the catalytic reaction was performed under the con-
ditions of 6.0 MPa and GHSV of 20000 h−1. The steady-state
activity was measured using an on-line gas chromatograph
with a 4 mm×2000mm stainless-steel packed column and an
FID detector.

3. Results and discussion

3.1. Crystal phase analysis of Cu-Fe-Zr based catalysts

Figure 1 shows the XRD patterns of Cu-Fe-Zr based cat-
alysts before reduction. The phase of CuO (JCPDS card No.
48-1548) was detected in S1 and S2 samples, but no ZrO2 and
ferric oxide was detected. The result suggested that the exper-
imental methods had no significant effect on the phase forma-
tion of the Cu-Fe-Zr catalysts. But the peak intensity of CuO
in S2 was lower than that in S1. It indicated that the addition
of ethanol probably decreased the crystal size of CuO.

Figure 1. XRD patterns of the as-synthesized S1 and S2

3.2. H2-TPR measurements

The H2-TPR results of the Cu-Fe-Zr catalysts are pre-
sented in Figure 2. Every sample exhibited two reduction
peaks in the range of 500−700 K and 700−900 K. The first
peak was attributed to the reduction of copper species, and the
second peak was related to the reduction of ferric species. The
first reduction peak of S1, S2, S3, S4 and S5 samples centered
at 630, 583, 610, 614 and 609 K, respectively. The reduction
peak of copper species in S2–S5 samples shifted to lower

Figure 2. H2-TPR curves of the as-synthesized S1–S5
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temperature compared with that of S1, indicating that the re-
duction of copper species became easier because of its smaller
crystal size. Additionally, the reduction of copper species in
S2 sample was the easiest.

3.3. Ef fect of ethanol-incorporated method on the catalytic
performance of Cu-Fe-Zr catalysts

The catalytic performance of Cu-Fe-Zr catalysts prepared
by the conventional co-precipitation and ethanol induced co-
precipitation method in the conversion of syngas to alcohols is
shown in Table 1. The main products were alcohol, dimethyl
ether, methane and ethene. It was obvious that the activity
and selectivity of alcohol over Cu-Fe-Zr catalysts prepared

by ethanol induced method were higher than those of catalyst
prepared by the conventional co-precipitation method. Ad-
ditionally, the ethanol-incorporated method also affected the
activity and selectivity of the catalysts. Among all the cata-
lysts, the S2 and S3 samples exhibited higher time-space yield
of alcohol (ROH) and selectivity of C2+OH than other cata-
lysts. Over S2 catalyst, the time-space yield and selectivity of
ROH were 1.25 g·ml−1·h−1 and 57.9 wt%, respectively. The
percentage of C2+OH in products of alcohols was 69.7 wt%,
which was higher than that over Cu-Fe-Co catalyst induced
by ethanol [16], Cu-Co [5], or Cu-Co-Zn-Zr [17] catalyst de-
scribed in literature. The better catalytic performance proba-
bly benefited from the small crystal size of copper species in
S2 catalyst [17].

Table 1. Results of CO hydrogenation over Cu-Fe-Zr based catalysts prepared by the conventional
co-precipitation and ethanol induced co-precipitation method

Selectivity (wt%) Yield of ROHa Conversion Distribution of alcohols (wt%)Catalyst
CH4 Ethene (Me)2O ROHa (g·ml−1·h−1) of CO (wt%) MeOH EtOH PrOH BuOH C2+OH

S1 15.4 8.4 21.7 54.5 1.04 43.2 39.9 27.3 23.0 9.8 60.1
S2 12.8 7.9 21.4 57.9 1.25 46.7 30.3 30.7 28.9 10.1 69.7
S3 13.5 8.5 23.0 55.0 1.22 46.5 30.1 30.4 28.2 11.3 69.9
S4 14.6 8.0 21.2 56.2 1.16 45.9 33.8 27.3 27.7 11.3 66.2
S5 15.4 8.4 21.7 54.5 1.09 44.8 31.4 29.2 28.3 11.1 68.6

Reaction conditions: T = 593 K, P = 6.0 MPa, GHSV = 20000 h−1, n(H2)/n(CO) = 2.3; a ROH represents alcohol

3.4. Catalytic performance of Cu-Fe-Zr catalysts prepared by
the incorporation of ethanol in the course of precipitation

As discussed above, the catalyst prepared by the incorpo-
ration of ethanol in the course of precipitation showed better
catalytic performance, so we further investigated this prepara-
tion method. The addition of ethanol into metal nitrate solu-
tion, precipitator K2CO3 solution and precipitation medium,
and the adding amount of ethanol were investigated. The re-
sults of CO hydrogenation to alcohols over these catalysts are
listed in Table 2, Table 3 and Table 4, respectively. Over
all the catalysts, the main products of alcohol are MeOH,
EtOH, PrOH and BuOH. But the space-time yield of ROH
and the selectivity of C2+OH are influenced by the amount of
ethanol added during the catalyst preparation. Over the cat-
alysts prepared by adding ethanol into metal nitrate solution,
the optimum amount of ethanol was 10 ml, where the high-
est space-time yield of ROH (1.36 g·ml−1·h−1) with C2+OH
selectivity for 74.2 wt% was obtained as shown in Table 2.
For the catalysts prepared by adding ethanol into precipita-

tor K2CO3 solution, the highest space-time yield of ROH
reached 1.76 g·ml−1·h−1 with 73.7 wt% C2+OH selectivity
when 20 ml ethanol was added as shown in Table 3. When we
added ethanol (8 ml) into the precipitation medium, the selec-
tivity of C2+OH was 71.6 wt% at the highest space-time yield
of ROH (1.45 g·ml−1·h−1) as shown in Table 4. When mak-
ing comparisonswith all the preparationmethods, this method
was superior to the formers. It consumed the least amount
of ethanol to obtain the higher space-time yield of ROH and
selectivity for C2+OH. In order to study why the amount of
ethanol influenced the catalytic performance, we performed
the H2-TPR of the catalysts prepared by adding ethanol into
the precipitation medium (Figure 3). It was found that the
reduction temperature of Cu species decreased with increas-
ing the amount of ethanol from 0 to 24 ml. But when the
amount of ethanol was further increased, the reduction tem-
perature increased. So it can be speculated that the amount of
ethanol affected the state of the active copper species, which
in turn influenced the catalytic performance of the Cu-Fe-Zr
catalysts.

Table 2. Results of CO hydrogenation over Cu-Fe-Zr based catalysts prepared by adding different amount
of ethanol into metal nitrate solution

Adding amount of ethanol Space-time yield of ROHa Distribution of alcohols (wt%)
(ml) (g·ml−1·h−1) MeOH EtOH PrOH BuOH C2+OH
0 1.04 39.9 27.3 23.0 9.8 60.1
10 1.36 25.8 32.2 31.2 10.9 74.2
20 1.08 28.9 31.7 28.6 10.8 71.1
40 1.06 26.9 30.2 29.6 13.2 73.1

Reaction conditions: T = 593 K, P = 6.0 MPa, GHSV = 20000 h−1, n(H2)/n(CO) = 2.3; a ROH represents alcohol
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Table 3. Results of CO hydrogenation over Cu-Fe-Zr based catalysts prepared by adding different amount
of ethanol into precipitator K2CO3 solution

Adding amount of ethanol Space-time yield of ROHa Distribution of alcohols (wt%)
(ml) (g·ml−1·h−1) MeOH EtOH PrOH BuOH C2+OH
0 1.04 39.9 27.3 23.0 9.8 60.1
20 1.76 26.3 33.4 34.7 5.6 73.7
40 1.35 24.8 33.5 29.1 12.5 75.2

Reaction conditions: T = 593 K, P = 6.0 MPa, GHSV = 20000 h−1, n(H2)/n(CO) = 2.3; a ROH represents alcohol

Table 4. Results of CO hydrogenation over Cu-Fe-Zr based catalysts prepared by adding different amount of ethanol into precipitation medium

Adding amount of ethanol Space-time yield of ROHa Distribution of alcohols (wt%)
(ml) (g·ml−1·h−1) MeOH EtOH PrOH BuOH C2+OH
0 1.04 39.9 27.3 23.0 9.8 60.1
8 1.45 28.4 31.4 28.3 11.8 71.6
24 1.23 26.2 31.5 29.8 12.5 73.8
40 1.08 32.8 30.7 25.7 10.7 67.2
80 0.96 34.5 31.1 25.4 8.9 65.5

Reaction conditions: T = 593 K, P = 6.0 MPa, GHSV = 20000 h−1, n(H2)/n(CO) = 2.3; a ROH represents alcohol

Figure 3. H2-TPR curves of samples prepared by adding different amount of
ethanol into the precipitation medium

4. Conclusions

In conclusion, in the synthesis of higher alcohols from
syngas, the catalytic performance of Cu-Fe-Zr catalysts pre-
pared by the ethanol induced method was better than that of
catalyst prepared by the conventional precipitation method.
The addition of ethanol decreased the crystal size of CuO and
thus the reduction of copper species became easier. More-
over, incorporation of ethanol in the process of precipitation
was better. Additionally, addition of ethanol into the precip-
itation medium was better than into the solution of metallic
salt and the precipitator. This method could also be extended
conveniently to other catalyst system for synthesis of higher
alcohols from syngas.

References

[1] Khodakov A Y, Chu W, Fongarland P. Chem Rev, 2007, 107:
1692

[2] Lohitharn N, Goodwin Jr. J G. Catal Commun, 2009, 10: 758
[3] Xu X, Doesburg E B M, Scholten J J F. Catal Today, 1987, 2:

125
[4] Chu W, Kieffer R, Kiennemann A, Hindermann J P. Appl Catal

A, 1995, 121: 95
[5] Deng S, Chu W, Xu H, Shi L, Huang L. J Natural Gas Chem,

2008, 17: 369
[6] Courty P, Durand D, Freund E, Sugier A. J Mol Catal, 1982, 17:

241
[7] Sheffer G R, Jacobson R A, King T S. J Catal, 1989, 116: 95
[8] Lin M G, Fang K G, Li D B, Sun Y H. Catal Commun, 2008, 9:

1869
[9] Su Y L, Liu B, Pei S P, Wang X Y, Liu Z M. Cuihua Xuebao

(Chin J Catal), 2004, 25: 683
[10] Herman R G. Catal Today 2000, 55: 233
[11] Zou X H, Qi S X, Suo Z H, An L D, Duan X. Cuihua Xuebao

(Chin J Catal), 2004, 25: 153
[12] Wang L C, Tsuda M, Eguchi K, Arai H, Selyama T. Chem Lett,

1987, (10): 1889
[13] Gendy T S, Pratt K C. React Kinet Catal Lett, 1981, 17: 1
[14] Hardman H F, Mazanec T J, Frye J G Jr. USP 4657887. 1987
[15] Xu J, Du B S, Xin Q, Huang H W. Cuihua Xuebao (Chin J

Catal), 1997, 18: 194
[16] Xu J, Wang X Y, Du B S, Xin Q, Li C. Cuihua Xuebao (Chin J

Catal), 1998, 19: 264
[17] Shi L M, Chu W, Deng S Y, Xu H Y. J Natural Gas Chem, 2008,

17: 397


