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1. Introduction

Higher alcohols synthesis (HAS) from syngas derived from coal, nat-
ural gas, and biomass has attracted more and more attention. Several ef-
fective catalytic systems have been developed for HAS up to date, which
include modified methanol synthesis catalysts, MoS,-based catalysts,
modified Fischer-Tropsch (F-T) catalysts and Rh-based catalysts [1-3].
Among them, the Cu-Fe based catalyst is considered as one of the
most promising catalysts due to low cost, high catalytic performance
and selectivity of higher alcohols, and high water-gas shift (WGS) activ-
ity [4-6]. Although numerous studies have been performed with the Cu-
Fe based catalysts [4-27], there are still many problems to be solved,
such as the formation of byproducts like hydrocarbons and CO,, the
low selectivity of higher alcohols [9,13,14,25]. So, how to further im-
prove the performance of the Cu-Fe-based catalysts for HAS remains a
topic for future study.

It is well known that, for a supported multi-component catalyst, the
introduction sequence of the different components may affect the inter-
action and dispersion of different components, thus affecting the cata-
lytic performance. For example, Deng et al. [28] found that the
impregnation order significantly affected the microstructure and per-
formance of Cu-Co/SiO-, catalyst for the synthesis of higher alcohols.
Wang et al. [29] and Yu et al. [30] reported that the sequences of intro-
ducing the Fe promoter exhibited great effect on the activity and selec-
tivity of the Rh/SiO,-based catalysts for the synthesis of ethanol. Borer et
al. [31] and Liu et al. [32] found that the impregnation sequence affected
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the performance of lanthana promoted Rh/SiO, and ceria promoted Rh-
Fe/SiO, catalysts, respectively.

In this paper, three SiO, supported Cu-Fe catalysts were prepared by
different impregnation methods, and used for the synthesis of higher al-
cohols from syngas. In order to elucidate the influence of the impregna-
tion method, the physicochemical properties of the catalysts were
characterized by XRD, N, adsorption, H,-TPR, CO-IR, and XPS
techniques.

2. Experimental
2.1. Catalyst preparation

A commercial silica gel (Qingdao Haiyang Chemicals Company,
China) was pretreated following previously reported procedure [22]
and used as the support in this study.

Co-impregnation and sequential impregnation methods were
employed for the preparation of SiO, supported Cu-Fe catalysts; both
the Cu and Fe loadings of the catalysts were 10% molar fraction relative
to SiO,. For the catalyst Cu-Fe/SiO, prepared by the co-impregnation
method, the SiO, was added into the solution of copper and iron ni-
trates, followed by evaporation in ambient atmosphere, and then
dried at 110 °C overnight, at last calcined in static air at 350 °C for 4 h.
For the catalysts Fe/Cu/SiO, and Cu/Fe/SiO, prepared by sequential im-
pregnation method, the SiO, was impregnated with the aqueous solu-
tion of Cu(NOs), and Fe(NOs3)s by different impregnation sequence.
More specifically, Cu was impregnated and calcined first followed by
Fe impregnation over the Cu/SiO,, catalyst, and Cu was impregnated sec-
ond onto a calcined Fe/SiO,, which was noted as Fe/Cu/SiO, and Cu/Fe/
SiO,, respectively.
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2.2. Catalyst testing

CO hydrogenation was performed in a fixed-bed micro reactor (made of
stainless steel) with length of 350 mm and internal diameter of 5 mm. The re-
sult of preliminary experiment indicated that there were no products pro-
duced without the participation of catalysts. The catalyst (0.3 g) that diluted
with inert a-alumina (0.5 g) to avoid channeling and hot spots was loaded
between quartz wool and axially centered in the reactor tube, with the tem-
perature monitored by a thermocouple close to the catalyst bed. Prior to reac-
tion, the catalyst was heated to 300 °C (heating rate = 3 °C/min) and reduced
with a Hy/N, mixture (50 mL/min, Vip/Vie = 1:9) for 4 h at atmospheric
pressure, then cooled down to 250 °C and the reaction started as gas flow
was switched to a Hp/CO mixture (30 mL/min, Viyp/Vco = 2:1) at 3 MPa.
All post-reactor lines and valves were heated to 150 °C for preventing the pos-
sible condensation of products. The exit products were analyzed on-line by
GC (Agilent 6820) equipped with a flame ionization detector (FID) for oxy-
genates and hydrocarbons, and a thermal conductivity detector (TCD) for
CO and CO,. The conversion of CO was calculated based on the fraction of
CO that formed carbon-containing products according to: % conversion =
(2_nM; / Mco) x 100, where n; is the number of carbon atoms in product
i; M is the percentage of product i detected, and Mco is the percentage of
CO in the syngas feed. The selectivity of a certain product was calculated
based on carbon efficiency using the formula % S; = (n;C;/>_n;C) x 100,
where n; and G are the carbon number and molar concentration of the prod-
uct i, respectively. The carbon balance was 100 4 5%, and the margin of error
was 5% for CO conversion and product selectivity.

2.3. Catalyst characterization

XRD patterns were recorded on a PANalytical X'Pert instrument
using Ni B-filtered Cu K, radiation (N = 0.15418 nm) at 40 kV and
40 mA. Two theta angles (26) ranged from 10° to 70° with a scanning
rate of 4°/min.

BET specific surface areas (Sggr), pore volumes (V,,) and average
pore diameters (Dj,) of the catalysts were measured by N, adsorption-
desorption isotherms at — 196 °C using a Micromeritics ASAP 2020
M -+ C adsorption apparatus after degassing the samples under vacuum
at 200 °C for 6 h. Sger was calculated using a value of 0.162 nm? for the
cross-sectional area of the nitrogen molecule; pore volume was deter-
mined by BJH adsorption cumulative volume of pores; average pore di-
ameter was calculated using adsorption average pore width (4 V/A by
BET).

H, temperature-programmed reduction (H,-TPR) was carried out in
a quartz micro-reactor. Firstly, 0.05 g of the prepared catalyst was
pretreated at 300 °Cin N, flow for 1 h prior to a TPR measurement. Dur-
ing the TPR experiment, H,/N, mixture gas with Vy,/Vy, = 1:9 was
used at 50 mL/min and the temperature was ramped from 50 to 650 °
C at a rate of 10 °C/min while the effluent gas was analyzed with a TCD.

The adsorption of CO on catalyst surface was studied using a Nicolet
6700 IR spectrometer equipped with a DRIFT (diffuse reflectance infra-
red Fourier transform) cell with CaF, windows. The sample in the cell
was pretreated in Hy/N, (50 mL/min, Vy,/Vne = 1:9) at 300 °C for
1 h, followed by N, stream (50 mL/min, Ultrahigh-purity) flushing at
300 °C for 0.5 h. After the temperature was dropped to 30 °C, the back-
ground was scanned in N, flow. Followed by introducing 0.5% CO/N,
(50 mL/min) into the IR cell, the IR spectrum of CO adsorbed on the cat-
alyst was recorded at 30 °C, when adsorption state remained steady. The
spectral resolution was 4 cm™ ' and the number of scans was 64.

Temperature-programmed desorption of adsorbed CO (CO-TPD)
was carried out in a quartz micro-reactor. The catalyst (0.1 g) was firstly
reduced for 1.5 hat 300 °Cin H, (50 mL/min), and then cooled down to
50 °C in He flow. The next step was CO adsorption at 50 °C for 30 min
until the saturation of the catalyst surface. Then the catalyst was
swept with He for 1 h. Subsequently, the sample was heated in a flowing
He stream (50 mL/min) up to 650 °C at a rate of 10 °C/min. The desorbed

Table 1
Crystallite sizes and textural properties of the support and catalysts.
Dewo’  Dre,0; Do’ Dre0  Sper’ V! Dy’
Sample nm nm nm  nm (m*>g™") (cm’-g™') nm
Cu-Fe/Si0O, 164 8.6 217 167 208.8 0.56 10.7
Fe/Cu/Si0,  19.1 5.1 237 141 178.7 0.50 11.2
Cu/Fe/Si0,  20.7 124 264 204 2125 0.57 109
Sio, - - - - 2614 0.89 13.7

2 The calcined catalysts.
5 The reduced catalysts.

species were detected with a quadrupole mass spectrometer (QMS,
Balzers Omnistar 200). MS signals at m/z = 28 (CO) and 44 (CO,)
were continuously recorded.

X-ray photoelectron spectra (XPS) were recorded on the Thermo
Scientific ESCALAB 250Xi spectrometer with an Al anode for Ka
(1486.6 eV) radiation. Charging effects were corrected by adjusting
the binding energy of C1s peak from carbon contamination to 284.6 eV.

3. Results and discussion
3.1. Catalyst characterization

From the XRD patterns of the calcined catalysts (Fig. S1), we can see
that all the catalysts show diffraction peaks at 26 of 35.6°, 38.8°, 48.7°,
and 33.4°, corresponding to crystal CuO and a-Fe,0s3, respectively
[16]. The average crystallite sizes of CuO and Fe,Os calculated by
Scherrer formula are shown in Table 1. As shown, the crystallite size
of CuO follows the order: Cu-Fe/SiO, < Fe/Cu/SiO, < Cu/Fe/SiO,, while
that of Fe,03 follows the order: Fe/Cu/SiO, < Cu-Fe/SiO, < Cu/Fe/SiO-.

Fig. 1 presents the XRD patterns of the reduced catalysts. The very
broad peak centered at 26 of 22.2° observed on all the catalysts can be
attributed to amorphous SiO,. Additionally, the peaks at 260 = 43.2°,
50.7°,74.1°; and 35.8°, 57.3°, 62.9° are ascribed to the presence of Cu
and Fe;0y, respectively [4]. However, the peaks attributed to CuO and
a-Fe,03 disappeared totally. These results suggest that the CuO and
«o-Fe,03 were respectively reduced to Cu and Fe30,4 after reduction.
On the other hand, the change trends for the crystallite sizes of Cu and
Fe;0, particles over the reduced catalysts are the same as those for crys-
tallite sizes of the CuO and o:-Fe,05 particles over the calcined catalysts
(Table 1).
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Fig. 1. XRD patterns of the reduced catalysts.
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Fig. 2. H,-TPR curves of the catalysts.

Textural parameters of the catalysts and support are also listed in
Table 1. As seen, the BET surface areas, pore volumes, and average
pore diameters of the catalysts are smaller than those of SiO, support,
which can be attributed to the deposition of oxides of Cu and Fe in the
pores of SiO, [15,21]. Particularly, the Cu-Fe/SiO, and Cu/Fe/SiO, cata-
lysts have similar surface area and pore volume, which are larger than
those of the Fe/Cu/SiO, catalyst.

Fig. 2 shows the H,-TPR profiles of the catalysts. It can be seen that
there are three reduction peaks (¢, 3 and vy): the o and > peaks are
assigned to the reduction of highly dispersed CuO and bulk CuO, respec-
tively [22], while the very broad -y peak can be ascribed to the stepwise
reduction of Fe,03 (Fe,03 — Fe;04 — FeO — Fe) [22].

It is evident from Fig. 2 that different impregnation sequences affect
the reducibility of Cu and Fe oxides. Firstly, the intensity of o peak
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Fig. 3. IR spectra of CO chemisorbed on different catalysts.
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Fig. 4. XPS spectra for Cu 2p of the reduced catalysts.

decreased in the order of Cu-Fe/SiO, > Fe/Cu/SiO, > Cu/Fe/SiO,, while
that of 3 peakincreased in the reverse order. This phenomenon suggests
that the relative content of highly dispersed CuO decreased in the order
of Cu-Fe/SiO, > Fe/Cu/SiO, > Cu/Fe/SiO,, indicating that the dispersion
of CuO decreased in the same order. Secondly, the temperature for max-
imum of y peak increased in the order of Fe/Cu/SiO, < Cu-Fe/SiO, < Cu/
Fe/Si0,, indicating that the crystallite size of Fe,05 followed the same
order, since the larger the crystallite size is, the higher the reduction
temperature should be [33]. These results are in good agreement with
those from XRD characterization.

Fig. 3 shows the infrared spectra of the in situ reduced catalysts after
CO adsorption. A strong band at about 2120 cm ™ ! was observed over all
the catalyst, which can be attributed to the CO linearly adsorbed on cop-
per species [7,8]. The band intensity of the three catalysts follows the
order: Fe/Cu/SiO, > Cu/Fe/SiO, > Cu-Fe/SiO,, which is in agreement
with the order of surface Cu content as determined by XPS (see below).

From the XPS spectra for the Cu 2p of the calcined catalysts (Fig. S2),
two peaks at ~933 eV and ~953 eV attributed to the spin-obit doublet of
Cu 2p are observed, which can be assigned to the binding energies of Cu
2ps/; and Cu 2p4; in CuO, respectively [23]. The other two peaks on the
higher binding energy side of both Cu 2p5/, and Cu 2p;; are satellite
structures. From the XPS spectra for the Fe 2p of the calcined catalysts
(Fig. S3), the binding energies of Fe 2ps,, and Fe 2p;, are at ~710 eV
and ~723 eV, respectively, corresponding to Fe,05 [23]. Based on
these results, it can be concluded that the copper and iron species in
all the calcined catalysts exist as Cu>* and Fe>*, respectively. This result
is in accordance with that obtained by XRD study.

The XPS spectra for Cu 2p of the reduced catalysts are shown in Fig.
4. The binding energies of Cu 2ps3,, and Cu 2p,, are at 932.7 eV and
952.5 eV, respectively, which is the characteristic of Cu® [34]. The disap-
pearance of the shake-up satellites verifies the absence of Cu? ™" species
after the reduction process [25]. The pure Cu phase on the reduced cat-
alysts detected by the XPS is in agreement with the result of XRD (Fig.
1). On the other hand, for Cu-Fe/SiO, and Cu/Fe/SiO,, the intensity of

Table 2
Surface compositions of the reduced catalysts determined by XPS.

Surface composition (mol %)

Catalyst Cu Fe Si 0 Cu/Fe molar ratio
Cu-Fe/SiO, 0.52 3.90 26.02 69.56 0.13
Fe/Cu/SiO, 0.69 5.54 28.13 65.65 0.12
Cu/Fe/SiO, 0.54 2.99 29.30 67.17 0.18
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Table 3
Performance of different catalysts in CO hydrogenation.

Selectivity Alcohol distribution
CO conv. % STYxon %
Catalyst % CO, CHx ROH (g-kgat-h™1) CH;0H C,+OH
Cu-Fe/SiO, 139 16.6 59.9 235 90.0 67.8 322
Fe/Cu/SiO, 17.6 179 56.0 26.1 126.6 56.3 43.7
Cu/Fe/SiO, 15.4 12.5 514 36.1 153.3 62.5 375

Reaction conditions: 250 °C, 3.0 MPa, Vi5/Vco = 2, SV = 6000 mL/(gcxh).

the Fe 2p peaks of the reduced samples (Fig. S4) was significantly en-
hanced in comparison with the calcined ones (Fig. S3), indicating that
their surface compositions have greatly changed after reduction process.

The surface compositions of the reduced catalysts calculated from the
XPS spectra are summarized in Table 2. As seen, the surface content of Cu
of the catalysts follow the order of Fe/Cu/SiO, > Cu/Fe/SiO, > Cu-Fe/SiO,
which is consistent with the result obtained by above CO-IR characteriza-
tion. On the other hand, the Cu/Fe molar ratio of the Cu/Fe/SiO, catalyst is
the largest due to its smallest surface content of Fe. This result can be due
to the formation of relatively larger Fes0,4 particles on this catalyst as ev-
idenced by the results of XRD (Table 1) and TPR (Fig. 2).

3.2. Catalytic performance

As shown in Table 3, the Cu-Fe/SiO, catalyst shows the lowest CO
conversion, the selectivity of total alcohols (ROH) and higher alcohols
(C5 4+ OH), and the space time yield (STY) of ROH. Compared with the
Cu-Fe/SiO; catalyst, the Cu/Fe/SiO, and Fe/Cu/SiO, catalysts show better
catalytic properties. The CO conversion follows the order: Fe/Cu/
SiO, > Cu/Fe/SiO, > Cu-Fe/SiO,, while the selectivity and STY of ROH fol-
low the order: Cu/Fe/SiO, > Fe/Cu/SiO, > Cu-Fe/SiO,. On the other hand,
the highest ROH selectivity obtained on the Cu/Fe/SiO, catalyst is due to
the lowest selectivity of the undesirable byproducts (CO, and CHy).
Moreover, the STY of ROH on the Cu/Fe/SiO, catalyst reached
153.3 g-kgad -h™ !, which is 1.7 and 1.2 times larger than that of Cu-
Fe/SiO, and Fe/Cu/SiO,, respectively.

Based on the reaction mechanism for HAS [6,11,23,24], all the reac-
tions involved take place on the sites of copper and iron. Therefore,
the activity and selectivity of catalysts are greatly dependent on the sur-
face contents of copper and iron. In this work, the order of CO conver-
sion of the three catalysts (Table 3) is in agreement with that of the
number of active copper species, which contribute to CO adsorption as
evidenced by the result of CO-IR analysis (Fig. 3). Similar result was
also reported previously [22,35]. On the other hand, the synthesis of al-
cohols including methanol and higher alcohols requires the participa-
tion of copper, while the synthesis of hydrocarbons only requires the
participation of iron. Thus, the higher ratio of Cu/Fe will benefit for the
formation of alcohols; on the contrary, the higher ratio of Fe/Cu will
benefit for the formation of hydrocarbons. If this hypothesis holds, the
Cu/Fe/SiO, catalyst with the highest Cu/Fe molar ratio should have the
highest ROH selectivity and the lowest CHy selectivity, which is in per-
fect agreement with the results obtained by catalyst testing (Table 3).

4. Conclusion

The effects of impregnation sequences on the properties of Cu-Fe/
SiO catalysts for the higher alcohols synthesis were investigated. The
results indicate that different positions of copper and iron in the cata-
lysts significantly influence the activities of Cu-Fe/SiO, catalyst. The
highest selectivity and STY of ROH were obtained on Cu/Fe/SiO5, in
which Fe was impregnated and calcined first followed by Cu impregna-
tion and calcination. However, the highest CO conversion was obtained
on Fe/Cu/SiO, catalyst, in which Cu was impregnated and calcined first
followed by Fe impregnation and calcination. The high CO conversion
can be attributed to the high surface content of Cu, while the high

ROH selectivity can be attributed to the high ratio of surface contents
of Cu to Fe.
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