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Abstract

The effect of titanium promotion on the catalytic performance of Rh—-Mn-Li catalyst supported on PVP-modified SiO, for
C,* oxygenates synthesis from CO hydrogenation was investigated. The highest selectivity toward C,* oxygenates (51.3%)
was achieved over the RML/0.5Ti/SiO, catalyst. Characterization results indicates that the addition of Ti promotes the
adsorption of geminal CO and the formation of Rh*, which is favorable for the CO insertion into metal-CH, band, and finally

increases the selectivity of C,* oxygenates.

Graphical Abstract

The effect of titanium promotion on the catalytic performance of Rh—Mn-Li catalyst supported on PVP-modified SiO, for
C,* oxygenates synthesis from CO hydrogenation was investigated. The highest selectivity toward C,* oxygenates (51.3%)

was achieved over the RML/0.5Ti/SiO, catalyst
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1 Introduction

Nowadays, one of the largest social challenges is the demand
for alternative sources of liquid fuels, which would reduce the
greenhouse gas emission and depletion of fossil fuel resources
[1]. A novel technology for the production of C, oxygenates,
such as ethanol, acetaldehyde and acetic acid, from syngas
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derived from biomass, coal and natural gas, has attracted more
and more attention [2—4]. Many catalysts for the synthesis of
C, oxygenates have been reported in the literatures, such as
Rh-based catalysts [5, 6], modified methanol synthesis cata-
lysts [7, 8], modified Fischer—Tropsch catalysts [9] and Mo-
based catalysts [10]. Among these, Rh-based catalysts have
been thought as the best catalysts for the selective production
of oxygenates via syngas conversion due to their excellent
activity and selectivity in C, oxygenates [5, 11-14]. The influ-
ence of various supports on the catalytic activity of Rh-based
catalysts has been widely reported [15]. SiO, has been the
most frequently used support, because the Rh-based catalysts
supported on it exhibit moderate activity and good selectivity
toward C, oxygenates [16—-18].

In addition to the effect of support, a wide range of pro-
moters, including transition metals and rare-earth elements,
also have significant influence on the selectivity of ethanol
and other C,* oxygenates [19-23]. It is well known that the
addition of promoters, such as Mn and Li will greatly improve
the catalytic performance of Rh-based catalysts. So far, the
Rh-Mn-Li/SiO, catalyst is proven to be one of the most
favorable catalyst systems for the synthesis of C,* oxygen-
ates from CO hydrogenation. Furthermore, some researchers
studied the influence of iron promoter on catalytic properties
of Rh—Mn-Li/SiO, for CO hydrogenation, and found that the
addition of Fe can facilitate the transformation of dicarbonyl
RhJ“(CO)2 into H-Rh—CO, which is favorable for the formation
of C2+ oxygenates [12, 22]. Wang et al. [24] studied the effect
of ZrO, on the catalytic activity of Rh—-Mn-Li/SiO,. It was
found that the addition of promoter Zr increased the amount
of tilt-adsorbed CO species, which was suggested to be not
only the precursor for CO dissociation but also the precursor
for ethanol formation.

TiO,, which employed in serving as the support in many
literatures, could be favorable for the formation of C2+ OXYy-
genates from CO hydrogenation [25-27]. However, it is rarely
studied as a promoter. In our previous studies, it was found that
the activity of the Rh—Mn-Li/SiO, catalyst for the synthesis of
C," oxygenates from syngas was enhanced greatly when the
commercial SiO, was replaced by the monodispersed SiO,
that prepared by polyvinylpyrrolidone (PVP) modified Stober
method [28, 29]. Here, aiming to further improve the catalytic
performance of this novel catalyst, various amounts of Ti were
added into it and tested for the C, oxygenate synthesis from
syngas. Moreover, insights into the effect of Ti on Rh—Mn-Li/
SiO, for CO hydrogenation were demonstrated by a series of
means.
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2 Experimental
2.1 Catalyst Preparation

SiO, was prepared by a modified Stober method [29].
Firstly, the solution A was prepared by mixing 21 ml
tetraethylorthosilicate (TEOS) (99.5%, SCRC) with
50 ml anhydrous ethanol (99.7%, SCRC); the solution
B was a mixture of 76 ml NH;-H,O (26 vol%, SCRC),
200 ml anhydrous ethanol and 1 g polyvinylpyrrolidone
(PVP) (99.7%, SCRC). Secondly, the solution A was added
slowly into the solution B in a flask under rapid stirring
at 25 °C and reacted for 4 h. The white solid product was
separated centrifugally at 7000 r.p.m for 5 min, washed
with ethanol for three times and then dried at 90 °C for
12 h before being calcined in air at 600 °C for 4 h. Lastly,
the SiO, prepared by the above method was impregnated
with the aqueous solution of Ti(OC4Hg), (98%, SCRC),
the paste dried at 90 °C for 12 h and finally obtained the
support of xTi/SiO, (x=0.1, 0.5, 3) after calcined in air
at 600 °C for 4 h, where x represents the nominal weight
percent of TiO, in the xTi/SiO, support after calcination.

A series of Rh-Mn-Li/xTi/SiO, catalysts were pre-
pared by the incipient wetness impregnation method.
RhCl; hydrate (Rh~39 wt%, Fluka), Mn(NO;),-6H,0
(99.99%, SCRC), LiNO; (99.95%, SCRC), and the sup-
ports mentioned above were used in catalyst preparation.
Impregnated catalysts were dried at 90 °C for 4 h, and
then at 110 °C overnight before calcined in air at 350 °C
for 4 h. For all catalysts, Rh loading was 1.5 wt% and the
weight ratio of Rh:Mn:Li=1.5:1.5:0.07. Elemental analy-
sis by inductively coupled plasma (ICP) revealed good
agreement between the expected and experimental val-
ues. The obtained catalysts were denoted as RML/SiO,,
RML/0.1Ti/Si0O,, RML/0.5Ti/Si0,, and RML/3Ti/SiO,,
respectively.

2.2 Catalyst Characterization

The metal loadings of the catalysts were determined by
ICP-OES (PerkinElmerOptima 7000DV).

H, temperature-programmed reduction (TPR) of the cata-
lysts were carried out in a quartz micro-reactor. 0.1 g of the
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 H,/N, =1/9) mixture
was used at 50 ml/min and the reduction temperature ramped
from 50 to 500 °C (10 °C/min) while the effluent gas was
analyzed with a thermal conductivity detector (TCD).

CO adsorption was studied using a Nicolet 6700 FTIR
spectrometer equipped with a diffuse reflectance infrared
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Fourier transform (DRIFT) cell with CaF, windows. The
sample in the cell was pretreated in H,/N, (molar ratio
of H,/N,=1/9) at 400 °C for 2 h, followed by N, (50 ml/
min) flushing at 400 °C for 0.5 h. During cooling down to
the room temperature in N,, a series of background spec-
tra were taken at different temperatures. Then, 1% CO/
N, (50 ml/min) was introduced into the cell and the IR
spectra at the desired temperatures were recorded. After
heating up to 300 °C in CO/N, mixture for 60 min, a H,
flow (1 ml/min) was added into the flowing CO/N,, and the
IR spectra were recorded as a function of time. Ultrahigh-
purity N,, H, and CO used in the IR investigations was
further purified by dehydration and deoxygenization. The
spectral resolution was 4 cm™! and the number of scans
was 64.

The temperature-programmed surface reaction (TPSR)
experiments were carried out as follows: after the catalyst
was reduced at 400 °C in H,/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; then, the H,/N, mix-
ture was swept again, and the temperature was increased at
the rate of 10 °C/min with a quadrupole mass spectrometer
(QMS, Balzers OmniStar 200) as the detector to monitor the
signal of CH, (m/z=15).

XPS measurements were performed using a Kratos
Axis Ultra DLD spectrometer equipped with an Al Ka
(1486.6 eV) X-ray source. The samples were pressed into
small double side tap on a multi-specimen stage, then
outgassed overnight under p < 1073 Pa in the preparation
chamber and introduced into the analysis chamber where
the pressure was around 10~* Pa. The pass energy of the
analyzer was set as 150 eV and the spot size was approxi-
mately 1.4 mm?. For the XPS measurements of reduced
catalysts, the as-prepared samples were reduced in situ at
400 °C for 1 h under the H, flow (10 ml/min) in the prep-
aration chamber, and then the samples were transferred
into the analysis chamber by a transfer rod under ultrahigh

Table 1 CO hydrogenation reactivity data on different catalysts

vacuum. The binding energies were calibrated relative to
the C Is peak from carbon contamination of the samples
at 284.9 eV to correct for contact potential differences
between the sample and the spectrometer.

2.3 Reaction

CO hydrogenation was performed in a fixed-bed
micro-reactor with length ~350 mm and internal diam-
eter ~5 mm. The catalyst (0.3 g) diluted with inert
a-alumina (1.2 g) was loaded between quartz wool and
axially centered in the reactor tube, with the tempera-
ture monitored by a thermocouple close to the catalyst
bed. Prior to reaction, the catalyst was heated to 400 °C
(heating rate ~3 °C/min) and reduced with H,/N, (molar
ratio of H,/N, =1/9, total flow rate =50 ml/min) for 2 h at
atmospheric pressure. The catalyst was then cooled down
to the reaction temperature and the reaction started as gas
flow was switched to a H,/CO mixture (molar ratio of H,/
CO =2, total flow rate =50 ml/min) at 3 MPa. All post-
reactor lines and valves were heated to 150 °C to prevent
product condensation. The products were analyzed for
both hydrocarbons and oxygenates on-line (FL GC 9720)
using a HP-PLOT/Q column (30 m, 0.32 mm ID) with
detection with a flame ionization detector (FID) and a
TDX-01 column with a TCD. The conversion of CO was
calculated based on the fraction of CO that formed carbon-
containing products according to: %Conversion = ().n,M,/
M) X 100%, where n; is the number of carbon atoms in
product i; M; is the percentage of product i detected, and
Mcq is the percentage of CO in the feed. The selectiv-
ity of a certain product was calculated based on carbon
efficiency using the formula n,C;/Y n,C;, where n; and C;
are the carbon number and molar concentration of the ith
product, respectively.

Catalyst Reaction tem-  CO Conv. (%) Selectivity of products (C%) STY(C,*
erature (°C Oxy) g/
P ¢© CO, CH, MeOH AcH EOH GC,"HC* C,*Oxy® (kgﬂ)l)g
RML/SiO, 300 24.8 3.6 14.1 2.7 21.5 14.7 36.1 43.5 290.4
RML/SiO, 280 14.3 4.5 13.5 2.5 24.7 16.2 33.0 46.5 173.6
RML/0.1Ti/SiO, 300 14.5 2.8 15.9 2.3 29.3 16.8 28.1 50.9 201.4
RML/0.5Ti/SiO, 300 13.9 3.8 14.5 2.5 25.1 17.2 27.9 51.3 193.7
RML/3Ti/SiO, 310 14.1 4.1 20.6 3.1 16.5 17.8 33.5 38.7 140.8
RML/3Ti/SiO, 300 8.8 5.1 18.6 4.5 214 15.8 28.0 43.8 105.2

Reaction conditions: P=3 MPa, Catalyst: 0.3 g, and flow rate =50 ml/min (H,/CO=2), data taken after 15 h when steady state reached. experi-

mental error: +5%
C,* HC denotes hydrocarbons containing two and more carbon atoms

5C,* Oxy denotes oxygenates containing two and more carbon atoms
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3 Results and Discussion
3.1 Catalytic Activities

The effect of Ti promoter on the catalytic properties of
Rh-Mn-Li/SiO, catalyst in CO hydrogenation is shown
in Table 1. Under the same reaction temperature (300 °C),
the CO conversion of the RML/xTi/SiO, catalysts dropped
with the increase of Ti loading. However, the selectivity of
C,* oxygenates increased notably over the catalysts sup-
ported on Ti modified SiO,, indicating that the doping of Ti
could accelerate the formation of C,* oxygenates. In order
to exclude the effect of conversion on selectivity, the cata-
lysts of RML/Si0O, and RML/3Ti/SiO, were also operated
at 280 and 310 °C respectively, which achieved the similar
CO conversions as RML/0.1Ti/SiO, and RML/0.5Ti/SiO,
reacted at 300 °C. Under the similar CO conversion levels
(~14%), the maximum of C,* oxygenates selectivity was
obtained at the RML/0.5Ti/SiO, catalyst. It is indicated that
the selectivities of the catalysts are mainly controlled by the
nature of the active center. On the other hand, the catalytic
performance obtained at different reaction temperatures also
indicated that the selectivity of hydrocarbon increased with
the increase of CO conversion, while the selectivity of oxy-
genates decreased. Moreover, the yield of the C,* oxygen-
ates decreased sharply when the Ti content reached 3%.

3.2 H,TPR

Figure 1 shows the H,-TPR profiles of various catalysts. It can
be seen that all the catalysts exhibited three reduction peaks
of H, consumption. According to the literatures [12, 30], the
first two peaks were ascribed to the reduction of Rh,O; not

Intensity (a.u.)

T T T T T T T T T T T T T
50 100 150 200 250 300 350 400
Temperature (°C)

Fig. 1 TPR profiles of the catalysts: (@) RML/SiO,, (b)) RML/0.1Ti/
Si0,, (c¢) RML/0.5Ti/Si0,, (d) RML/3Ti/SiO,
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intimately contacting with Mn species (denoted as Rh(I) spe-
cies) and of Rh,0; intimately contacting with Mn species
(denoted as Rh(II) species), respectively; and the third one
was ascribed to the reduction of MnO,. In addition, the peak at
around 265 °C on RML/xTi/SiO, catalysts might be attributed
to partial reduction of TiO, [31]. As shown in Fig. 1, with the
increase of the loading of Ti, the reduction of Rh,O; shifted
to the lower temperature. According to Chen and co-workers
[32], the smaller particles of Rh can be reduced at a lower tem-
perature, thus the addition of Ti promoter can reduce the size
of Rh particles and increase its dispersibility. Since the Rh(II)
species only appears when there is a strong Rh—Mn interac-
tion, the intensity of Rh(II) peak could determine the strength
of Rh—Mn interaction. Based on the result of Table 2, the ratio
of Rh(I)/Rh(II) decreased firstly and then increased with the
increase of Ti loading, indicating that the appropriate content
of Ti can enhance the interaction of Rh—Mn. It is conceivable
that the intensity of this interaction may affect the reduction
of Rh and change the state of the active site, and further influ-
ences the catalytic activity.

3.3 FT-IR Study

Figure 2A shows the infrared spectra of adsorbed CO on the
in situ reduced catalysts at 30 °C for 30 min. It can be seen
that the IR spectrum was mainly composed by a doublet at
~2100 and ~2037 cm™! and a band at around 2068 cm™!. It
is reported that the ~2068 cm™! band can be ascribed to the
linear adsorbed CO [CO(1)] and the doublet can be assigned to
the symmetric and asymmetric carbonyl stretching of the gem-
dicarbonyl Rh*(CO), [CO(gdc)] [33]. It is widely accepted
that the CO(gdc) is formed on the Rh™ sites and CO(]) is on the
R sites [17, 34]. Meanwhile, the bands centered at around
2173 and 2130 cm™! can be attributed to gaseous CO [34]. It
can be seen from Fig. 2A that the CO(1) could be observed on
all the reduced catalysts and the intensity basically unchanged;
However, the amount of CO(gdc) increased significantly after
doping of Ti, which suggests that the number of Rh* increases.
According to the literature [35], the Ti promoter can suppress
the reduction of rhodium, so more Rh™ ions would exist on the
catalyst surface. It is well acknowledged that Rh is the active
center for CO dissociation, and Rh* sites are responsible for
CO insertion to form intermediates of C,* oxygenates [36,
37]. Thus, more Rh" sites existed on the catalyst surface imply
more activity sites for CO insertion, which could improve the
selectivity toward C," oxygenates.

Table 2 The ratios of reduction peaks of Rh,0O; for different forms

Catalyst RML/SiO, RML/0.ITi/ RML/0.5Ti/ RML/3Ti/
Si0, Sio, Sio,
Rh(I)/Rh(I) 1.60 0.55 0.66 3.01
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Fig.2 The infrared spectra of absorbed CO in the CO/N, flow at
RML/0.5Ti/Si0,, (d) RML/3Ti/SiO,

Table 3 The ratios of peak areas of IR bands for the adsorbed CO
species

Catalyst RML/SiO, RML/0.1Ti/ RML/0.5Ti/ RML/3Ti/
Sio, Sio, Sio,
CO(gde)/ 031 0.99 1.95 0.50
coq)*

4C0O(gdc)/CO() denotes the peak area ratio of CO(gdc) versus CO(l)
in Fig. 2A; experimental error: +5%

On the other hand, it is worthy to note from Table 3
that the ratio of CO(gdc) versus CO(l) (Rh*/Rh°) on the
catalysts increased in the order of RML/SiO, < RML/3Ti/
Si0, < RML/0.1Ti/Si0, < RML/0.5Ti/SiO,. Considering
that H, is known to be adsorbed dissociatively on Rh’ sites
[38], it is inferred that a lower relative surface coverage of
H* and CO* (84/0) would be obtained on RML/xTi/Si0,
catalyst due to their higher ratio of Rh*/Rh® than that on
RML/SiO,. Gao et al. [39] observed that hydrogen-assisted
CO dissociation is the rate-limiting step for CO hydrogena-
tion, it is likely that the decrease of Oy may restrain CO dis-
sociation on the catalysts of RML/xTi/SiO,, leading to the
decrease of CO conversion.

Figure 2B shows the IR spectra of adsorbed species on the
in situ reduced catalysts in CO/N, flow at 300 °C. It can be
seen that, under the reaction temperature, the CO(gdc) of all
the catalysts disappeared, only the CO(]) existed. It is indi-
cated that the adsorption of CO were dominated by linear
adsorption at the reaction temperature. Compared with the
catalysts of RML/SiO, and RML/3Ti/SiO,, the CO(l) band
on the catalysts of RML/0.1Ti/SiO, and RML/0.5Ti/SiO,
was shifted to higher frequency. The higher carbonyl stretch-
ing frequency of CO(l) may suggest less back-donation from
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Rh into acceptor *, orbital, which infers that the Rh sites
are more electropositive caused by the electron-withdrawing
effect of Ti. That is to say, the strength of the Rh—CO bond
would be weakened by the appropriate amount of Ti dop-
ing. The weakened Rh—CO bond should be beneficial to the
insertion of CO, resulting in the significant increase of C,*
oxygenates selectivity over the catalysts of RML/0.1Ti/Si0,
and RML/0.5Ti/Si0O,.

Figure 3 shows the IR spectra taken after CO reaction
with H, at 300 °C on the different catalysts. It can be seen
that the IR spectra of adsorbed CO all existed in the form of
CO (1) with different relative intensity after H, flushing as
a function of time, which indicates that the CO (1) species
is the mainly reactive species at the reaction temperature.
The rates of decrease in the band for CO (1) on different
catalysts followed the order as shown in Fig. 3: RML/0.1Ti/
Si0, < RML/0.5Ti/Si0, < RML/SiO, < RML/3Ti/Si0,. It
is conceivable that, with the doping of Ti, the hydrogenation
performance of the catalyst decreased sharply, thereby an
appropriate content of Ti is conducive to the increase in the
selectivity of C,* oxygenates.

3.4 TPSR Study

Figure 4 shows the TPSR experiment over RML/SiO, cata-
lysts with different Ti loadings. The profile of CH, forma-
tion indirectly indicates that the ability of CO dissociation
related to the temperature of CH, formation, and that of
hydrogenation correlated with the peak intensity of CH,
formation. It can be seen from Fig. 4 that the peak of CH,
formation of RML/SiO, catalyst was centered at around
245 °C, however, the CH, peak shifted to higher tempera-
ture on RML/xTi/SiO, catalysts, indicating that with the

@ Springer
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Fig.3 The infrared spectra after CO hydrogenation on different catalysts at 300 °C: a RML/SiO,, b RML/0.1Ti/SiO,, ¢ RML/0.5Ti/SiO,, d

RML/3Ti/SiO,

introduction of Ti the dissociation ability of CO decreased,
which is in line with the result of FT-IR. In addition, the area
of CH, peak was different, following the order as shown in
Table 4: RML/0.5Ti/Si0, < RML/SiO, < RML/0.1Ti/Si0O,
< RML/3Ti/SiO,, in which the RML/0.5Ti/SiO, catalyst
showed the weakest capability of hydrogenation. Accord-
ing to the literature [40], the formation of CH, from CH,
hydrogenation and the formation of C," oxygenates from CO
insertion are the couple of competitive reaction. Therefore,
the appropriate amount of Ti doping can promote the incor-
poration of CO into CHy, to form C,* oxygenates precursors,
resulting in an increase in the selectivity of C,™ oxygenates.

3.5 XPS Analysis

The Rh 3d core level spectra of different catalysts are dis-
played in Fig. 5. It can be found from Fig. 5A that two

@ Springer

peaks observed at 309.8 and 314.6 eV could be attributed
to Rh 3dy;, and Rh 3d;, in all the fresh catalysts, suggest-
ing that Rh species existed as Rh,05. The Rh 3d core level
spectrum of catalysts after in situ reduction are displayed
in Fig. 5B. It is observed that the binding energy of the
Rh 3ds;, and Rh 3d;,, peaks were located at 306.7 and
311.5 eV, indicating that Rh’ is the major Rh species on
all the reduced catalysts. However, it is obvious that the
binding energy of Rh 3ds,, and Rh 3d;,, of RML/0.1Ti/
Si0, and RML/0.5Ti/SiO, were shifted to higher values,
suggesting that the electronic density on Rh particles
decreased because of the electron-withdrawing property
of Ti [37]. It is inferred that the Rh component in the cata-
lysts of RML/0.1Ti/SiO, and RML/0.5Ti/SiO, existed in a
nonstoichiometric state, which was between Rh® and Rh*,
that is to say, some partially positively charged Rh®* spe-
cies also co-existed with Rh® on the surface of RML/0.1Ti/
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Fig.4 The TPSR profiles of the different catalysts for CH, forma-
tion: (a) RML/SiO,, (b) RML/0.1Ti/SiO,, (¢) RML/0.5Ti/SiO,, (d)
RML/3Ti/SiO,

Table 4 The peak area of

Sample
methane produced during TPSR P Acns
in different catalyst RML/Si02 1.0%
RML/0.1Ti/SiO, 1.24
RML/0.5Ti/SiO, 0.83
RML/3Ti/SiO, 1.35

“The peak area of CH, formed
in TPSR over the RML/SiO,
catalyst was quantitative for one
unit; experimental error: +5%

309.8

Intensity (a.u.)

T T T T T T T T T T T
318 316 314 312 310 308 306
Binding energy (eV)

Si0, and RML/0.5Ti/SiO, catalysts after reduction. Since
Rh* ions are the active sites of CO insertion, the doping
of Ti facilitates the progress of CO insertion, resulting in
the increase in the selectivity of C,* oxygenates, which is
consistent with the result of FT-IR.

4 Conclusions

In this work, highly efficient Rh—Mn-Li/Si0, catalysts with
and without doping of Ti were synthesized. The results
show that the addition of Ti greatly affected the catalytic
performance of Rh—-Mn-Li/Si0, on CO hydrogenation: Ti
could improve the activity for C,* oxygenates formation, but
decreased the CO conversion. Results from FT-IR and XPS
indicates that the doping appropriate amount of Ti can stabi-
lize Rh* ions, leading to more activity sites for CO insertion,
finally resulting in the excellent catalytic performance of
RML/0.1Ti/SiO, and RML/0.5Ti/SiO, for C,* oxygenates
synthesis. Combining the results of H,-TPR and TPSR, it is
proved that the appropriate amount of Ti loading can gradu-
ally strengthen the interaction between Rh and Mn. This
interaction is conducive for a weakened hydrogenation abil-
ity, which is favorable for the CO insertion into metal-CHy
band, finally resulting in the excellent catalytic performance
of RML/0.5Ti/SiO, for C,* oxygenates synthesis.

306.8

Intensity (a.u.)

— 1 T 1 T T T T
318 316 314 312 310 308 306 304 302
Binding energy (eV)

Fig.5 Rh 3d XPS patterns of fresh (A) and reduced (B) catalysts: (a) RML/SiO,, (b) RML/0.1Ti/SiO,, (c) RML/0.5Ti/SiO,, (d) RML/3Ti/SiO,
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