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The effects of different impregnation sequences for the precursors of iron and other metals (Rh, Mn, Li) on the
catalytic properties of Fe-promoted Rh-Mn-Li/SiO, catalysts for the synthesis of C;~ oxygenates were investi-
gated. The means of N, adsorption-desorption, XRD, H,-TPR, in-situ FT-IR, and TPSR were used to characterize
the physics-chemical properties of the catalysts. The results showed that when the iron was impregnated and
calcined first followed by Rh-Mn-Li impregnation, it would availably inhibit the reduction of Rh and Mn
oxides; however, if the iron was impregnated second onto a calcined Rh-Mn-Li/SiO, catalyst, it was more con-
ducive to the dissociation and spillover of hydrogen, which could partly promote the reduction of Rh and Mn
oxides. Based on the IR description and catalytic performance of the catalysts for CO hydrogenation, it is con-
ceivable that the facile transformation of dicarbonyl Rh*(CO), into H-Rh-CO and Rh—-CO-Fe is responsible for
the higher selectivity of C5~ oxygenates over the catalyst, in which Fe was impregnated and calcined first
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1. Introduction

Oxygenated compounds with two or more carbon atoms (e.g.
ethanol, acetaldehyde, acetic acid) are important raw chemicals and,
among other possibilities, can be used as fuel additives [1]. Thus, de-
veloping new types of catalysts to synthesize these oxygenated com-
pounds from synthesis gas, which can be conveniently manufactured
from natural gas, coal and biomass, is very meaningful for societal
development because of the global demand for the decrease in the
dependence on petroleum [2,3]. Many catalysts, particularly Rh-,
Co-, Cu- and Mo-based catalysts, have been reported to be capable
of catalytic transformation of syngas to ethanol and other C5 oxygen-
ates [4,5]. However, most of the catalysts still suffer from low produc-
tivity and oxygenated compound selectivity.

Under the tireless efforts, silica supported rhodium based catalysts
are found to be the most promising catalysts because of their excep-
tionally high selectivity towards oxygenated products [6-10]. More-
over, the addition of appropriate promoters can further enhance the
rate of formation of oxygenates, especially ethanol [11-17]. Thus, un-
derstanding of the functioning mechanism of the promoter should be
helpful for the rational design of efficient catalysts for the synthesis of
(3 oxygenates during CO hydrogenation. As one part of the function-
ing mechanism, it has been mentioned that the right position of pro-
moters in the catalyst is quite important for obtaining better catalytic
performances [18-20]. For instance, Ledford et al. [21] studied two
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methods of preparing La>*-promoted Co/Al,0j; catalysts. They noted
promotional effect only when La®>* was impregnated and calcined
first followed by Co impregnation. Nevertheless, no effect was ob-
served when La®>* was impregnated second onto a calcined Co/Al,05
catalyst.

On the other hand, many studies have demonstrated that small
quantities of iron promoted the activity for CO hydrogenation on
Rh-based/SiO, catalysts, and affected the selectivity, such as increas-
ing the production of ethanol at the expense of acetaldehyde and
acetic acid [22,23]. In our previous study, we have also found that
the catalytic performance of Rh—-Mn-Li/SiO, catalyst for the synthesis
of C5” oxygenates from CO hydrogenation was enhanced by Fe doping
[24]. However, most of the research merely focused on the influence of
iron content, and few studies about the effect of preparation methods
for introducing the Fe promoter have been investigated before. To the
best of our knowledge, only Wang et al. [25] have briefly reported that
the catalyst prepared by the impregnation of a FeO,-SiO, composite
with Rh(NOs3)3 aqueous solution provided better ethanol formation
activity than those prepared by co-impregnation method, but no
more detailed reports have been followed so far. Inspired by the
La3+—pr0moted Co/Al,05 catalysts mentioned above, it is conceivable
that the further study of the effect of the impregnation sequences of Fe
and Rh on CO hydrogenation should be helpful for the better under-
standing of the Rh-Fe interaction and design of the catalysts.

This study is followed by our previous study, which has investigat-
ed the effect of the amount of iron promoter on the catalytic properties
of Rh-Mn-Li/SiO; catalyst in CO hydrogenation [24]. In this paper, we
prepared the Fe-promoted Rh-Mn-Li/SiO, catalyst by three different



J. Yu et al. / Fuel Processing Technology 112 (2013) 100-105 101

methods: 1) Fe was impregnated and calcined first followed by Rh-Mn-
Li impregnation; 2) all the precursors of metals were co-impregnated;
3) Fe was impregnated second onto a calcined Rh-Mn-Li/SiO, catalyst.
The main novel contribution of this work is the study of how the catalytic
activity and selectivity are affected by the different position of Fe in the
Rh-Mn-Li/SiO; catalyst.

2. Experimental
2.1. Catalyst preparation

SiO, was prepared by the modified Stober method [26]. In a typical
synthesis, solution | was prepared by mixing 21 mL TEOS (99.5%,
SCRC) with 50 mL anhydrous ethanol (99.7%, SCRC); solution Il was
composed of 76 mL NH3-H,0 (26 vol.%, SCRC) and 200 mL anhydrous
ethanol. Secondly, solution I was added slowly into solution Il in a flask
under rapid stirring at 25 °C and reacted for 4 h. The white solid prod-
uct was recovered by centrifugation (7000 rpm), which was washed
with absolute ethanol for three times and dried at 90 °C. Before used,
it was calcined in static air at 350 °C for 4 h.

RhCl; hydrate (Rh ~36 wt%, Fluka), Mn(NOs),-6H,0 (99.99%,
SCRC), Fe(NO3)3-6H,0 (99.99%, SCRC), and Li,CO3 (99.5%, SCRC) were
used in catalyst preparations. Co-impregnation and sequential impreg-
nation methods were employed for the preparation of Fe-promoted
Rh-Mn-Li catalysts supported on SiO, (Rh loading was 1.5 wt.% based
on the weight of Si0,, and the weight ratio of Fe:Rh:Mn:Li =
0.1:1.5:1.5:0.07). For the catalyst referred to as RMLFe/SiO, prepared
by the co-impregnation method, the SiO, was added into the aqueous
solution of RhCl; hydrate and other promoter precursors, followed by
drying at 90 °C for 4 h and then at 120 °C overnight before being cal-
cined in air at 350 °C for 4 h. For the sequential impregnation method,
the SiO, was impregnated with the aqueous solution of Fe(NOs); and
mixed aqueous solution containing RhCl; hydrate, Mn(NOs), and
Li,CO5 by different impregnation sequences. More detailed, Fe was im-
pregnated and calcined first followed by Rh-Mn-Li impregnation over
RML/Fe/SiO, catalyst; and Fe was impregnated second onto a calcined
Rh-Mn-Li/SiO,, which was noted as Fe/RML/SiO,. For comparison pur-
pose, the sample referred to as Fe/SiO, or RML/SiO; in the text was im-
pregnated with either the aqueous solution of Fe(NOs)3 or the mixed
aqueous solution containing RhCl; hydrate, Mn(NOs), and Li,COs, the
contents of the metals were consistent with the above catalysts.

2.2. CO hydrogenation

CO hydrogenation was performed in a fixed-bed micro-reactor
with length ~350 mm and internal diameter ~5 mm. The micro-
reactor was made of stainless steel. According to the activity result
of preliminary experiment, it indicated that there were no products
produced without the participation of catalysts. The catalyst (0.3 g)
was diluted with inert oi-alumina (1.2 g) to avoid channeling and
hot spots. Prior to reaction, the catalyst was heated to 400 °C (heating
rate ~3 °C/min) and reduced with H,/N, (molar ratio of Hy/N, = 1/9,
total flow rate = 50 mL/min) for 2 h at atmospheric pressure. The
catalyst was then cooled down to 300 °C and the reaction started as
gas flow was switched to a H,/CO mixture (molar ratio of Hy,/CO =
2, total flow rate = 50 mL/min (STP)) at 3 MPa. All post-reactor
lines and valves were heated to 150 °C to prevent product condensa-
tion. The products were analyzed on-line (Agilent GC 6820) using a
HP-PLOT/Q column (30 m, 0.32 mm ID) with an FID (flame ionization
detector) and a TDX-01 column with a TCD (thermal conductivity de-
tector). The CO conversion was calculated based on the fraction of CO
that formed carbon-containing products and the selectivity of a cer-
tain product was calculated based on carbon efficiency, as reported
previously [27,28].

2.3. Catalyst characterization

NHs temperature programmed desorption (NHs-TPD) was carried
out in a quartz microreactor. The sample (0.05 g) was pretreated at
500 °C for 1 h under a N, flow (50 mL/min). After the temperature
decreased to 30 °C, NHs was introduced for adsorbing on the surface,
followed by evacuation at 100 °C for 1 h to eliminate the weakly
physical adsorbed species. Then, the temperature was ramped from
100 °C to 550 °C at 10 °C/min while the effluent gas was analyzed
with a TCD.

H, temperature-programmed reduction (TPR) was carried out
in a quartz microreactor. 0.1 g of the as-prepared sample was first
pretreated at 350 °C in O,/N, (molar ratio of O,/N, = 1/4) for 1 h
prior to a TPR measurement. During the TPR experiment, H,/N,
(molar ratio of Hy/N, = 1/9) was used at 50 mL/min and the temper-
ature was ramped from room temperature to 500 °C at 10 °C/min
while the effluent gas was analyzed with a TCD.

CO adsorption was studied using a Nicolet 6700 FT-IR spectrome-
ter equipped with a DRIFT (diffuse reflectance infrared Fourier trans-
form) cell with CaF, windows. The sample in the cell was pretreated
in Hy/N, (molar ratio of Hy/N, = 1/9) at 400 °C for 2 h, and then the
temperature was dropped to room temperature. After the cell was
outgassed in vacuum to <1072 Pa, the background was recorded.
After CO was introduced for 80 min (pe, = 8.0 x 103 Pa), the IR
spectrum of CO adsorbed on the catalyst was recorded. Then the
mixture of H/N, was introduced again, and the IR spectrum of
adsorbed CO was recorded as a function of time. The concentration
of CO was higher than 99.97%, and it was pretreated by dehydration
and deoxygenization before being used. The spectral resolution was
4 cm ™! and the number of scans was 64.

The temperature-programmed surface reaction (TPSR) experi-
ments were carried out as follows: after the catalyst was reduced at
400 °C in Hy/N, (molar ratio of Hy/N, = 1/9) for 2 h, it was cooled
down to room temperature and CO was introduced for adsorption
for 0.5 h; afterwards, the H,/N, mixture was swept again, and the
temperature was increased at the rate of 10 °C/min with a quadru-
pole mass spectrometer (QMS, Balzers OmniStar 200) as the detector
to monitor the signal of CHy (m/z = 15).

3. Results and discussion
3.1. CO hydrogenation results

The effects of different impregnation sequences for the precursors
of iron and other metals on the catalytic properties of Rh—-Mn-Li-Fe/
SiO; catalysts in CO hydrogenation are shown in Table 1. For compar-
ison, the catalytic properties of single Fe-supported SiO, (Fe/SiO-)
and RML/SiO, are also included in the table. As shown, CO, and hy-
drocarbons were the principal products over the 0.1Fe/SiO, catalyst,
with a selectivity of 22.1% and 72.1%, respectively; and only a little
(5 oxygenates were detected, with a selectivity of 4.8%. Compared
with the Fe/SiO, catalyst, the RML/SiO, catalyst showed better
catalytic properties for the synthesis of C;~ oxygenates, and the pro-
motion of Fe could further enhance the activity of RML/SiO, catalyst.
Moreover, it can be seen that the activity over the Fe promoted cata-
lysts under the same conditions decreased in a sequence: RML/Fe/
SiO, ~ RMLFe/SiO, > Fe/RML/SiO,. With respect to product selectiv-
ity, the highest CJ~ oxygenates selectivity along with the lowest C5
hydrocarbons selectivity was obtained on RML/Fe/SiO, catalyst. The
formation of the undesirable by-product CH4; and CO, were similar
on RML/Fe/SiO, and RMLFe/SiO, catalysts, which were much lower
than that on Fe/RML/SiO, catalyst. Furthermore, it is noteworthy
that the yield of the C; oxygenates increased remarkably from
266.2 g/(kg-h) over Fe/RML/SiO, to 562.8 g/(kg-h) over RML/Fe/SiO,.
These results suggest that the sequence of Fe addition significantly
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Table 1
Catalytic properties for CO hydrogenation on different Rh-Mn-Li-Fe/SiO, catalysts.

Catalyst CO conv. Selectivity of products (C%) STY(C3 Oxy)©
(€ o, CH,4 MeOH AcH EtOH Cf Oxy* ¢ HCP (g/(kg - h)
Fe/SiO, 93 22.1 7.2 1.0 1.0 2.0 4.8 64.9 15.6
RML/SiO, 189 1.1 121 23 254 271 543 30.2 309.1
RML/Fe/SiO, 285 1.1 11.8 0.5 30.6 32.7 64.3 223 562.8
RMLFe/SiO, 28.2 14 11.7 0.6 328 229 58.2 28.1 491.0
Fe/RML/SiO, 19.7 3.8 17.7 1.1 28.1 16.5 45.6 318 266.2

Reaction conditions: 300 °C, 3 MPa, S.V. = 10,000 mL/(g-h), V(H;) / V(CO) = 2, data taken after 15 h when steady state reached. Experimental error: 4-5%.

3 (3 Oxy denotes oxygenates containing two and more carbon atoms.
> €5 HC denotes hydrocarbons containing two and more carbon atoms.
€ STY(CS Oxy): space time yield of C3~ Oxy.

affect the activity and product selectivity over the RML/SiO- catalyst in
CO hydrogenation.

3.2. Structural and textural characterization

Firstly, the samples were characterized by XRD and N, adsorption-
desorption. XRD patterns (not shown) of the support and correspond-
ing catalysts showed no crystalline phases, indicating that the SiO, is
XRD-amorphous and the metal particles are highly dispersed. The sim-
ilar BET surface areas (~15 m?/g) were obtained on all the samples.

On the basis of the above results, it is not surprising that the dif-
ferent impregnation sequences cannot influence the high dispersion
of Rh and other promoters since the loadings of Rh and promoters
were relatively low, and this can also explain why no significant differ-
ence was observed in the BET surface areas of the different catalysts.

3.3. NH3-TPD

NH;3-TPD was used as a tool for measuring the changes of surface
acidity depending on the methodology of iron incorporation. All the
catalysts did not show a noticeable peak in the NH3-TPD profiles
(not shown here), indicating that there is almost no acid site on the
surface of all the catalysts investigated in the work.

Based on the result, it is conceivable that whether the support of
SiO, or the loaded metals showed no acidity, and the methodology
of iron incorporation cannot influence the surface acidity of the
Fe-promoted Rh-Mn-Li/SiO, catalysts. Thus, it is inferred that the
change of catalytic activities over the Fe-promoted Rh-Mn-Li/SiO,
catalysts is not related to the surface acidity of catalysts.

3.4. H,-TPR

Fig. 1 shows the temperature programmed reduction (TPR) pro-
files for all the catalysts. For comparison, the profiles of single
Fe-supported SiO, (Fe/SiO;) and RML/SiO, are also included in the
figure. It can be seen that no evident reduction peak appeared on
the only Fe-supported SiO, sample, implying that the amount of Fe
(0.1 wt.%) was too small to be detected. As reported in previous
paper [24], there were three peaks of H, consumption in the TPR pro-
file of RML/SiO; catalyst. The high temperature peak centered around
300 °C was ascribed to the reduction of MnO, [29,30], and the major
peak at 135 °C and the shoulder peak at 157 °C were assigned to
the reduction of Rh,03 not intimately contacting with Mn species
(denoted as Rh(I)) and of Rh,03 intimately contacting with Mn spe-
cies (denoted as Rh(ll)), respectively [22,30].

It is evident that the different impregnation sequences for the iron
and other metals remarkably affected the reducibility of Rh and Mn
oxides. Compared with the catalyst of RML/SiO,, the reduction peaks
of Rh(I) and Rh(II) over RML/Fe/SiO, catalyst shifted to the higher
temperatures (140 °Cand 167 °C), while the amount of Rh(II) greatly
increased along with a decrease of the amount of Rh(I). At the same
time, the reduction peak of MnO, diminished along with a slight

shift to a higher reduction temperature (305 °C). It is suggested that
when the iron layer in the Rh and Mn below, the iron would availably
inhibit the reduction of Rh and Mn oxides. In the related works, the in-
hibition of Rh reduction in the presence of iron oxide was also proved
by Burch et al. [12] and Mo et al. [15]. As the iron was impregnated
from inner layer to outside of the catalyst, the reduction peaks of
Rh and Mn would slightly shift to the lower temperatures again, and
the two reduction peaks of Rh oxides incorporated gradually. It is con-
ceivable that the effect of Fe on the inhibition of Rh and Mn reduction
can be weakened when the iron was impregnated from inner layer to
outside of the catalyst.

The TPR results showed clearly that different interaction among
Rh, Mn and Fe occurred when the impregnation sequences changed.
It is concluded that the Fe species achieved closer contacts with the
Rh and Mn species as the Fe layer in the Rh and Mn below. This closer
interaction could lead to an increase in the Rh-Fe interface, where the
C atom of the adsorbed CO is thought to be attached to the Rh atom,
while the O atom to the Fe ion [12]. This mode of CO adsorption is
thought to be the most vital in the catalytic synthesis of oxygenates
from CO hydrogenation [13]. Thus, enhancement in the selectivity
of C oxygenates, especially in the selectivity of ethanol, can be
explained in terms of the two-site activation of tilted adsorbed CO
with Rh-Fe species, which is also consistent with our FT-IR result
showed as below.

3.5. FT-IR

A series of infrared spectra of the in situ reduced catalysts after CO
adsorption at 30 °C for 80 min are compared in Fig. 2. It can be seen
that the IR spectra of the adsorbed CO all exhibited a band around
2067 cm™ ! and a doublet at 2104 and 2034 cm™ ! with different rel-
ative intensities. The 2067 cm ™' band can be attributed to the linear

167 O reduction peak of Rh(l)
o reduction peak of Rh(ll)
v reduction peak of Mn

305

o RMUFe/sio,

Signal of TCD (mV)

T T T T T T T
100 200 300 400
Temperature (°C)

Fig. 1. The TPR profiles of the different catalysts.
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Fig. 2. The infrared spectra after CO adsorption on the different catalysts at 30 °C for
80 min.

adsorbed CO [CO(1)] and the doublet can be assigned to the symmet-
ric and asymmetric carbonyl stretching of the dicarbonyl Rh*(CO),
[CO(gdc)] [31]. It is widely accepted that the dicarbonyl species
can only be formed on the Rh™ sites which may be highly dispersed
and linear CO on the Rh sites [32,33]. As the addition of iron was
gradually impregnated from inner layer to outside, the intensities of
adsorbed CO species decreased. Meanwhile, the bands centered at
around 2180 and 2125 cm ™!, which can be attributed to gaseous
CO [34], increased.

Based on the above results, it is conceivable that the position of Fe
can influence the CO adsorption considerably, considering that the
total CO adsorption of Fe/RML/SiO, catalyst decreased remarkably
due to the decrease of Rh coverage compared to that of RML/Fe/SiO,
catalyst.

Fig. 3 shows the IR spectra of adsorbed species on the in situ re-
duced catalysts by H,/N; flow flushed into the cell after CO adsorbed
at 30 °C. As observed, the CO(l) band on RML/Fe/SiO, catalyst
decreased rapidly at first. As the time increases, the intensity of
CO(gdc) decreased, along with the new bands at around 2055 cm !
and 1990 cm™ ! raising slowly. The 2055 cm™ ' band can be attributed
to rhodium carbonyl hydride species [H-Rh-CO] (i.e., re-formation of
metallic Rh from isolated Rh ) [35-37]. Considering the fact that band
at 1990 cm ™! is intermediate between the Rh-CO and Fe-CO [38]
stretching frequencies, it can be assigned to the Rh-CO-Fe species,
as has been proposed by Guglielminotti et al. [23]. For the Fe/RML/
SiO, catalyst, it can be seen differently that the adsorbed CO decreased
as a function of time, and no new bands appeared. Although the
spectra for the desorption behavior of adsorbed CO on RMLFe/SiO,
catalyst were similar to that on RML/Fe/SiO,, it is obvious that the
transformation ability of CO(gdc) into H-Rh-CO or Rh-CO-Fe species
was weaker, and more adsorbed CO was desorbed compared to that of
RML/Fe/SiO,.

Based on the above IR results, it is suggested that the CO(gdc)
species can be changed in two different modes: (a) desorbed associa-
tively, (b) transformed into H-Rh-CO or Rh-CO-Fe species, and the
different positions of iron in the catalysts resulted in remarkable
changes in desorption/transformation behavior of adsorbed CO in
the presence of hydrogen. The CO(gdc) species on RML/Fe/SiO, cata-
lyst can be easily transformed to H-Rh-CO and Rh-CO-Fe species;
however, the CO(gdc) species on Fe/RML/SiO-, catalyst only desorbed
in the H, atmosphere. By combining the catalytic properties of the cat-
alysts and above discussions, it can be inferred that the catalytic perfor-
mances of the catalysts are related to the desorption/transformation
behavior of CO(gdc) species in the reaction, and the facile transforma-
tion of CO(gdc) into H-Rh-CO and Rh-CO-Fe is responsible for high
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Fig. 3. The infrared spectra after CO adsorption at 30 °C for 80 min followed by flushing
with 10% Hy/N, (time = 0, start of H,/N, flushing) on different catalysts: a) RML/Fe/
SiOy, b) RMLFe/SiO,, ¢) Fe/RML/SiO,.

selectivity of C3~ oxygenates, which is consistent with our previous con-
clusion [24] and proposition by Guglielminotti et al. [23].

3.6. TPSR result

Since the hydrogenation of dissociated CO into CHy is very fast on
the Rh-based catalyst, the methane formation in TPSR can be used as
a tool for measuring the CO dissociation over such catalysts [39]. Fig. 4
shows the profiles of CH4 production on the catalysts. It can be seen
that on the profile of RMLFe/SiO, catalyst, the peak of CH4 formation
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Fig. 4. The TPSR profiles of the different catalysts.

was centered at around 240 °C; however, the CH4 peak shifted to
255 °Cand 265 °C on Fe/RML/SiO, and RML/Fe/SiO,, respectively, im-
plying that weaker CO dissociation ability was obtained on them. In
addition, the amounts of CH, produced by the catalysts were differ-
ent: the amount of CH4 produced on the Fe/RML/SiO, was the largest
among the three catalysts; whereas on RML/Fe/SiO,, the intensity of
CH,4 peak was much lower than that on the other two catalysts.
According to the viewpoint of Yuan and co-workers [40], this observa-
tion indicates that the number of active sites responsible for methane
production decreased in the following order: Fe/RML/SiO, > RMLFe/
SiO, > RML/Fe/SiO,.

CO dissociation is believed to be the first step in the synthesis of
C5" oxygenates, and the resulting surface carbon is then hydrogenated
to form a surface hydrocarbon species, (CHy)aqs. This (CHy)ads Species
can then undergo: (a) hydrogenation to form methane, or (b) CO in-
sertion to form oxygenates, or (c) chain growth to form higher hydro-
carbons. The hydrogenation to form methane and the formation of
oxygenates from CO insertion are the couple of competitive routes
to the reaction. Thus, considering that the iron in the catalyst surface
was more favorable for hydrogenation, the higher selectivity of CH,4
was obtained over Fe/RML/SiO, catalyst.

4. Conclusions

The effects of different impregnation sequences for the precursors
of iron and other metals on the catalytic properties of Fe-promoted
Rh-Mn-Li/SiO, catalysts for the synthesis of C;~ oxygenates were
investigated. The results showed that the different positions of Fe in
the catalyst markedly influenced the catalytic performance of the cat-
alysts. The highest CO conversion and yield of C5 oxygenates were
obtained on the RML/Fe/SiO,, in which Fe was impregnated and cal-
cined first followed by Rh-Mn-Li impregnation.

The H,-TPR result showed that the different impregnation se-
quences for the precursors of iron and other metals remarkably affect-
ed the reducibility of Rh and Mn oxides. It is suggested that when the
iron layer in the Rh and Mn below, the iron would availably inhibit the
reduction of Rh and Mn oxides; however, the iron in the catalyst sur-
face was more conducive to the dissociation and spillover of hydrogen,
which could partly promote the reduction of Rh and Mn oxides. The
result of TPSR also suggested that the iron in the catalyst surface was
more favorable for hydrogenation, resulting in the higher selectivity
of CH4 over the catalyst of Fe/RML/SiO,. Based on the IR description
and the catalytic performance of the catalysts for CO hydrogenation, it
is conceivable that the facile transformation of CO(gdc) into H-Rh-CO
and Rh-CO-Fe is responsible for the higher selectivity of C5~ oxygenates,
especially for ethanol, over RML/Fe/SiO- catalyst.
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