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Abstract: Different metathesis catalysts were evaluated regarding their activity for propene produc-
tion from ethene and trans-butene feedstocks. Nickel, molybdenum, rhenium and tungsten, along
with bimetallic nickel-rhenium systems were applied with commercial supports and self-synthe-
sized MCM-41. For the latter support the Si/Al ratio was adjusted as an additional optimization
parameter (Si/Al = 60). Attractive activities were observed using Re and NiRe based catalysts at
moderate temperatures of 200-250 °C. In contrast, the tungsten-based catalysts were only active
above 450 °C. Three catalysts, namely Re/AIMCM-41(60), NiRe/mix (1:1) and W/SiO: offered pro-
pene selectivity’s exceeding 40% at attractive conversion rates. These catalysts were characterized
by BET, powder XRD, NH3-TPD and TPR-TPO-TPR cycles. At specific reaction temperatures, reac-
tion-regeneration cycles were performed, which revealed that for the Re and W catalysts the initial
reactant conversions and propene selectivity can be recovered. In contrast, for the NiRe catalyst, a
continuous, gradual and irreversible decrease of activity was observed. Even though the tungsten
catalyst was operated at the highest temperature, no irreversible decrease in conversion and pro-
pene selectivity occurred. Therefore, this catalyst has potential as a promising candidate for the
synthesis of propene.

Keywords: propene; metathesis; heterogeneous catalysis; stability; regeneration

1. Introduction

In 2005, Chauvin, Grubbs and Schrock were awarded with the Nobel Prize for their
research regarding the metathesis for organic synthesis [1-3]. Before Herisson and
Chauvin have developed the now generally accepted underlying catalytic cycle of the
metathesis [4]. Grubbs developed catalysts based on ruthenium for specialized ring-open-
ing-metathesis-polymerization (ROMP) and ring-closing-metathesis (RCM) [5,6]. To op-
timize the production of desired components the catalysts were functionalized with or-
ganic groups [7]. A promising field is pharmaceutical production [8], where Grubbs cata-
lysts of the second generation were utilized to produce drugs and specialty chemicals
[9,10]. Schrock [11,12] achieved more stable functional groups for molybdenum and tung-
sten imido alkylidene complexes for specialty applications.

For the production of propene from ethene or butene feedstocks numerous publica-
tions focused specifically on selecting the type of catalyst. Li [13] utilized MoH-beta-
Al203 and achieved a conversion of 80% for butene, while the propene selectivity ex-
ceeded 95%. The catalyst, however, observed deactivation by oligomerization that re-
sulted in multiple coke species. These species formed at the beginning of the reaction,
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leading to blockage of active catalyst surface and resulting in high initial loss of activity
[14]. The addition of Mg suppressed the oligomerization significantly and enhanced the
activity of the catalysts [15]. Liu employed the same Mo-H-beta Al2Os for the metathesis
of ethene and trans-butene, giving propene in sufficient amounts [16]. Further, Mo-MCM-
22-Al:0s was evaluated, with a highly interesting propene selectivity of 95%. Less Al re-
sulted in a more stable catalytic system, though without Al, no activity could be observed
[17].

Huang [18] accomplished a conversion of 60-63% of 2-butene with maximum pro-
pene selectivity of 88% for WOs-Al:Os-HY. A slight deactivation over 50 h on stream, be-
ginning at 30 h [19] was observed. Zuo [20] found that H2O resulted in irreversible deac-
tivation via reduction of the active WOx species. It was concluded, that sintering and sub-
sequently structural changes were caused. Behr and Schiiller found similar effects of de-
activation for Re207 on alumina supports [21] when employing a pentene feed. The con-
version decreased from 40 to 20% at room temperature and under increased pressure. By
increasing the temperature above 80 °C, the effect of deactivation significantly increased.
Furthermore, water showed an extraordinary influence as an impurity. It acted as a poison
in the catalytic system used and thus significantly impeded its functionality.

The highly active and selective ruthenium Grubbs catalysts face deactivation as well.
Engel found that the deactivation of Ru alkylidenes suppresses metathesis and only isom-
erization occurs [22]. In the investigation of Lafaye for N-heteroaromatics metathesis [23],
the deactivation is initiated by nitrogen, resulting in the decomposition of Ru Grubbs cat-
alysts of the second generation via steric effects and electron-drawing by ligand species.
Further, the deactivation increases with increased Bronsted basicity of the amine. When
increasing the stability of Grubbs catalysts, the activity decreases via IT-acidic group in-
teraction with the Ru center. This leads to steric hinders of the active surface, as Poater
[24] concluded for Ru-benzylidene Grubbs catalysts. This finding illustrates the necessary
trade-off that the catalyst researchers face.

In the present paper, the authors evaluated the activity of several potential metathesis
catalysts for the production of propene using a wide range of combinations of varying
catalytic metals and the employed supports. Promising candidates are characterized and
their stability and long-time operation are evaluated. The overall objective is the selection
of a catalyst suitable for application in a mini-plant setup.

2. Results and Discussion

This chapter presents the results of the activity tests for the selected metathesis cata-
lysts for the direct propene production from ethene/trans-butene feedstocks (Section 2.1).
The three most promising candidates are selected characterized in detail (Section 2.2) and
afterwards submitted to a reaction-regeneration cycle (Section 2.3), where the resulting
conversions and selectivity’s are analyzed and discussed.

2.1. Performance Parameters

Suitable performance parameters must be selected to evaluate the respective catalytic
processes. Analogous to the mentioned previous studies the conversion (Equation (1)), the
selectivity (Equation (2)) and the yield (Equation (3)) are chosen for comparative purposes.
In the case of metathesis, conversion must be specified for each of the two reactants used
(ethene and trans-butene). For selectivity, the molar flow of a product is related to the
entity of all measured products. The equation of yield is adapted to replace the stoichio-
metric factors. Metathesis is a reversible reaction and all alkenes available can participate
as a product and reactant. In the present case, individual reactions were not decoupled
and the yield of a product has to be related to the two carbon sources used. Correspond-
ingly, as in (Equation (3)), the total quantity of the reactants is used, and stoichiometry is
replaced by the ratio of carbon numbers of the reactants to the product.
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2.2. Activity Test

Numerous catalysts were investigated for the direct conversion of ethene to propene
[25]. The results of these studies are used to identify a suitable candidate for propene pro-
duction via cross-metathesis from ethene and trans-butene at atmospheric pressure.

Commercially available materials such as SiOz, y-Al20s and TiO2 were used as sup-
ports, as well as self-synthesized AIMCM-41 with different silica to aluminum ratios. In
addition, mixed catalysts consisting of MCM-41 and y-ALOs were subsequently impreg-
nated with a selected metathesis metal. The number of all tested catalysts comprised of
101. Their combinations are depicted in Table Al (Appendix A).

From these prepared catalysts, examples based on their maxima in propene selectiv-
ity with varying temperature for an equimolar feed of 2.5% ethene and 2.5% trans-butene
are presented here. These selected 16 catalytic systems are summarized in Table 1 with
the corresponding temperature for maximum propene selectivity and the obtained con-
versions of the fed reactants.

Based on the previously performed investigations for the direct conversion of ethene
to propene [25-27], a nickel incorporated AIMCM-41 was evaluated for cross-metathesis.
This unusual active metathesis metal was first concluded by Iwamoto [27], to occur as one
reaction step in the overall reaction network of Ni/AIMCM-41. For the two possible prep-
aration methods according to Norefia Franco [28] and Iwamoto [27], the selectivity to pro-
pene was always below 30%. Ethene was converted with more than 35 and 50%, trans-
butene with more than 85% in both cases. The high temperature of 477 °C allows for the
conclusion that not metathesis is the dominant effect, but rather catalytic cracking. As al-
ready concluded in [26]. Accordingly, the stability of the catalyst under desired reaction
conditions is doubtful [29], as severe deactivation was observed above 400 °C.

Table 1. Activity results of selected suitable metathesis catalysts for varying temperatures with an
equimolar feed of 2.5% of ethene and 2.5% of trans-butene.

Catalyst Variation Temperature ScsHe Xcams Xirans-C4H8
Ni/AIMCM-41 (60) TIE [28] 477 °C 25.6% 53.2% 86.2%
Ni/MCM-41 TIE [27] 477 °C 27.2% 37.8% 87.7%
Re/AIMCM-41 (5) TIE 250 °C 31.0% 4.6% 62.3%
Re/AIMCM-41 (16) TIE 175 °C 45.5% 7.9% 69.5%
Re/AIMCM-41 (60) TIE 200 °C 42.9% 8.9% 68.1%
Re/AIMCM-41 (16) IWI 200 °C 35.6% 6.4% 65.7%
Re/AIMCM-41 (60) IWI 175 °C 42.6% 7.9% 67.6%
Re/AIMCM-41 (150) IWI 200 °C 34.9% 6.9% 60.8%
Re/SiO:z IWI 450 °C 23.5% 7.5% 36.2%
NiRe/AIMCM-41 (60) TIE 175 °C 16.9% 2.6% 50.6%
NiRe/AIMCM-41 (60) TIE-pt 250 °C 37.2% 17.6% 65.9%
NiRe/mix (1:1) IE 225°C 43.9% 9.2% 67.8%
Mo/MCM-41 (16) TIE 477 °C 8.7% 9.1% 75.9%
Mo/MCM-41 TIE 477 °C 10.8% 0% 71.5%
W/SiO2 IWI 600 °C 46.0% 19.9% 67.5%
W/AIMCM-41 (150) TIE 475 °C 34.4% 12.2% 76.9%
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Considering Table 1, the heterogeneously catalyzed metathesis with rhenium under
atmospheric pressure shifts the maximum in propene generation to significantly lower
temperatures in comparison to nickel [25,26]. The highest formation rate is at around 200
°C, except for Re/SiOz. The commercial support with rhenium presented the lowest selec-
tivity to propene of the here presented catalysts, which is associated with low trans-butene
conversion. In contrast, the self-synthesized MCM-41 support material in combination
with rhenium provides more than 30% and for the interesting cases even more than 42%
in propene selectivity. At the point of maximum selectivity, more than 60% of the trans-
butene is converted, but only 4.5 to 8% of ethene. This observation indicates that isomeri-
zation is the dominant reaction, as supported by the high selectivity to the butene-isomers.
In conclusion, propene is generated rather by self-metathesis. Accordingly, ethene is
formed in this process, which further reduces its conversion.

For the rhenium catalysts, it can be concluded that an optimum acidity of the
MCM-41 support material exists. This optimum is dependent on the preparation method.
For the template ion exchange with a Si/Al ratio of 16 with 45.5% propene and the incipi-
ent wetness impregnation at a Si/Al ratio of 60 with 42.6% were achieved.

The maximum in propene selectivity (Figure la) corresponds to a reduction of the
butene isomers. The conversion of ethene and trans-butene increased slightly in this
range. Above 400 °C, the conversion of the reactants increases more significantly as a re-
sult of coking. In parallel, the butene selectivity decreases, indicating a loss in catalytic
activity by coking, which is evident after evaluation of the carbon balances.
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Figure 1. Conversion Xi of the reactants (ethene and trans-butene) on the left axis and selectivity of
the analyzable production Sj (propene, 1-butene, cis-butene and pentene) on the right axis for vary-
ing reaction temperature for (a) Re/AIMCM-41 (60), (b) NiRe/mix (1:1), (c) NiRe/AIMCM-41 (60)
pretreated under nitrogen for 1 h at 500 °C and (d) W/SiO».
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Similar results are obtained for the bimetallic nickel-rhenium catalysts (Figure 1b and
c). This type of catalyst was designed to combine the advantages of both active compo-
nents, namely nickel for dimerization of ethene and rhenium for the metathesis. Here, an
improvement was achieved with trans-butene conversion of 68% and ethene with 9% as
the highest values. At the conversion maxima, the propene selectivity increased to 43.9%.
The active thenium metal site in combination with the added Al:Os converts the reactants
more effectively. At 425 °C a second, significantly smaller peak occurs with 10% of pro-
pene selectivity achieved, see Figure 1b. This second peak is assumed to correspond to the
active nickel site.

Using an optimized catalyst support [25] with a Si/Al ratio of 60, the temperature for
the maximum propene selectivity could be significantly reduced for the bimetallic cata-
lyst. This corresponds with a reduced selectivity (16.9%) and lower conversion rates (2.5
and 50.6%). To further improve the performance, a pre-treatment procedure (pT) at 500
°C for 1 h under nitrogen was performed [18,19,30]. This procedure increased the maxi-
mum reaction rates to slightly higher temperatures of 250 °C but led to 37.2% propene
selectivity, with 17.6% and 65.9% in conversion. Figure 1c shows that propene with over
20% selectivity can be obtained over a wide temperature range. The conversions de-
creased slightly with increasing temperature. Above 400 °C, the conversion of the reac-
tants increased significantly but did not result in a second maximum in propene selectiv-
ity. Accordingly, only the rhenium site seems to be affected by the pre-treatment.

In contrast to rhenium, molybdenum revealed little to no activity under the reaction
conditions used and without a pre-treatment procedure. In addition to the examples
shown in Table 1, a wide variety of synthesized catalysts was tested, as shown in Table
A1. For all catalysts containing Mo, a maximum propene selectivity of 11% was achieved.
The conversion of trans-butene was above 10%, whereas ethene conversion varied signif-
icantly, but was at a low level. Due to reduced propene formation, molybdenum is ex-
cluded in this paper.

The catalysts incorporated with tungsten indicated no propene formation in the
range of 50-300 °C range and only the isomerization products were analyzed. Above 300
°C, conversions and propene formation increased significantly. For W/AIMCM-41 with a
Si/Al = 60 at 475 °C 34.3% selectivity of propene were detected. Simultaneously, conver-
sions of 12.1% for ethene and 76.8% for trans-butene were measured. The necessary tem-
perature increase for the activation of the tungsten active sites is a common property of
these reaction systems, which was already discussed in the introduction. Although an in-
crease in reaction temperature is not desirable, interesting results for W/SiOz are given
(Figure 1d), indicating potential for application. This configuration on a commercial SiOz
support material was heated to 600 °C and managed to achieve a propene selectivity of
46%. Furthermore, there are promising conversion levels of ethene with about 20% and
trans-butene with 67.4%.

Tungsten is known to be more robust to reaction conditions and possible impurities
than rhenium and molybdenum. Therefore, an increase in temperature is not detrimental,
especially given the absence of byproducts. Only minimal amounts of pentene were
formed, shown in (Figure 1d). This observation and the high conversion of ethene indicate
that predominantly the desired reaction for the formation of propene from ethene and
trans-butene takes place.

Another behavior was obvious regarding the catalysts using MCM-41. On the one
hand, ethane and hexene are formed here in addition to pentene, and on the other hand,
the temperature for the maximum propene formation rate is not equivalent to the highest
conversion rates. The aluminized MCM-41 supports have specific acidic Bronsted- and
Lewis centers that extend the product spectrum [25]. However, the maximum propene
selectivity for the Re impregnated catalysts corresponds to a sink in butene selectivity. At
the same time, conversions and pentene selectivity reach a maximum. This observation
allows for the assumption that the self-metathesis of butenes is dominant, with the con-
version of ethene not reaching the same level as trans-butene.
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As mentioned above, not all systems necessarily achieve maximum conversion at the
point of highest propene selectivity. For the catalysts with nickel or mixed support of
MCM-41 with y-ALQOs, the highest conversion is found at the highest temperature. This
effect can be explained by the activation of nickel and the resulting increase in byproducts.
Under these conditions coking on the acidic sites is severe.

Based on the activity tests, three candidates are selected for a more detailed investi-
gation—Re/AIMCM-41(60) with Si/Al = 60, NiRe/mix(1:1) and W/SiOz. For these, a de-
tailed characterization and stability analysis with deactivation and regeneration cycles
was performed. For rthenium, the relevant operating temperature was at 200 and 175 °C
with selectivities to propene of over 40% and simultaneously high conversions for both
trans-butene and ethene. In comparison to other support materials with varying alumi-
num content, the interesting areas for propene formation are somewhat broader, for the
bimetallic catalyst. Furthermore, W/SiO2 was chosen as a catalyst that is active at signifi-
cantly higher temperatures of 600 °C, but a commercial support provides large quantities
at a low cost.

These catalysts were first characterized in the form of fresh powder and a powder
used after the reaction. Cyclic experiments for each catalyst system with intermediate re-
generations treatments are presented thereafter.

2.3. Characterization

In this section, characteristics of the catalytic materials are summarized. It should be
noted, that detailed comparisons are difficult for the rather different materials considered.
It was not possible and also not intended to identify the active sites with the analytical
methods available. It was the goal to use the data obtained to (i) prepare more detailed
characterization studies and in particular to (ii) evaluate reaction engineering aspects re-
garding the application of these catalysts.

2.3.1. N2 Physisorption (BET)

The adsorption isotherms for the different support materials (Figure 2a) and the cho-
sen catalysts are shown (in Figure 2b). The mesoporous character of the specific supports
is evident by the type IV adsorption isotherms present. For MCM-41, the typical course of
capillary condensation with a narrow hysteresis (H1) between 0.2 and 0.35 of relative pres-
sure is recognizable. This observation is consistent with the pore sizes of 4.1 nm presented
in Table 2 and the total pore volume of around 1.1 cm?/g.

Volume, cm>/g(STP)

N Re/AIMCM-41(60)
——sio, F|[——wisio,
MCM-41 | |——NiRelmix(1:1)

—— AIMCM-41(60) E

A

Ry

o |

£

© |-

)

£

2 |-

(]

>

0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Relative pressure, plp0 Relative pressure, plpO

(a) (b)

Figure 2. N2-physisorption isotherms of the used support materials (a), as well as for the fresh and
tested catalysts for the metathesis of ethene and trans-butene towards propene (b).
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Table 2. N2-physisorption data for the applied support and catalyst materials as fresh and tested
systems after reaction under the specific metathesis reaction conditions.

2 3

Catalyst SBET/ i dp, nm dﬁ“’”es, nm Vo995, % Voo, %
Si0, 278.3 20.1 17.3 1.40 0.97
W/Si0, 241.6 20.4 16.1 1.23 0.47
A0, 205.7 112 7.8 0.58 0.58
MCM-41 1087.5 4.1 3.9 1.23 1.07
AIMCM-41 (60) 1087.0 5.2 4.0 1.50 1.12
NiRe/mix (1:1) 2267 8.5 5.9 0.48 0.36
Re/AIMCM-41 (60) 917.0 6.1 4.0 1.40 0.90

The hysteresis of the AIMCM-41 compared to the pure MCM-41 showed a deformed
hysteresis combination of types H1 and H3 because of mono- and multilayered adsorption
on the mesoporous material and changed pore sizes (5.2 nm) by the alumization. The val-
ues lie between 0.25 and 0.6 of relative pressure.

The hysteresis of y-Al2Os compared to AIMCM-41(60) support starts at a higher rel-
ative pressure of about 0.6. This shift is due to the larger pore diameter of this material, as
shown in Table 2 with 11 nm and a total pore volume of 0.58 cm?/g.

Silicon dioxide exhibits capillary condensation between relative pressures (p/po) of
0.65 and 0.97. The corresponding hysteresis size can be explained by the larger pores with
a diameter greater than 20 nm, resulting in a total pore volume of 0.97 cm?3/g.

The physisorption profiles of the catalysts largely correspond to the respective sup-
ports. The rhenium-loaded catalyst (Re/AIMCM-41(60)) shows similar hysteresis curves
such as the AIMCM-41 but is deformed in the H3 hysteresis section because of larger pore
size. The adsorption isotherm of the tungsten catalyst is very similar to silicon dioxide
with a slightly changed pore system (Figure 2b, Table 2). The bimetallic NiRe/mix (1:1)
catalyst presents a different form. This hysteresis between 0.43-0.99 of relative pressure is
a combination of two hysteresis (MCM-41 and y-Al:0Os) in an overlapped region.

Table 2 provides an overview of the parameters obtained from the BET method for
supports and catalysts. Further, the specific surface areas of the tested materials increase
in the following order:

y — AL,O; < NiRe/mix(1:1) < W/Si0, < Si0, < Re/AIMCM-41(60) < (Al)MCM-41

2.3.2. Powder X-ray Diffraction (XRD)

XRD measurement results for the supports (a) and catalysts (b) are plotted in Figure
3. The x-ray diffractograms of MCM-41 material are characterized by the characteristic
peaks in a narrow region at 20 = 2.5°, 4° and 5°. The uniform structure of the MCM-41
consists of hexagonal arrays of non-intersecting tubular nanopores of controlled diameter
(4.1 nm).
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Figure 3. XRD patterns for (a) the applied support materials and (b) catalysts for the metathesis of
ethene and trans-butene in the range of 20 = (0-80°.

The detection up to 20 = 80° corresponds to the amorphous structure of the silica. In
all materials, no newly formed crystalline structures are recognizable. Except for the tung-
sten catalyst, here the crystalline structure presents values between 20 = 20-60°. The de-
formation due to different aluminum contents in the support is well defined in the region
up to 20 = 10°.

The typical progressions of the XRD spectra of the amorphous y-Al2Os can be recog-
nized between 20 = 25-70° and of the amorphous SiO: at 20 = 15-30°. This characteristic
behavior of the y-alumina is recognizable in the diffractograms of the mix catalysts, as a
combination of attenuated peaks in the small-angle range below 20 = 10°, shown in Figure
3b. These are characteristics of the AIMCM-41 support fractions. The W/SiO: diffracto-
gram showed a combination of typical silica support and crystalline phase of impregnated
tungsten at 20 = 22—40° as a crystalline phase of WO:s.

2.3.3. Ammonia Temperature Programmed Desorption (NHs-TPD)

The results of the NHs-TPD measurements to characterize the surface acidity of the
investigated catalysts are shown in Figure 4. The Re catalysts on aluminized MCM-41 and
NiRe on mixed support present stronger acidity compared to the W/SiOz. The reason is
the non-acidity of the silica support [30,31], the low-temperature peak corresponded to
weak acid sites caused by the containing tungsten oxide. Additionally, a signal emerges
above 500 °C in Figure 4 for the blue and green curves. which could be an indication of
increased catalytic activity.

Re/AIMCM-41(60)
—— AIMCM-41(60)
+ ——Wwisio,
SiO2
——— NiRe/mix(1:1)
r —Alzos

TCD signal with offset, mV

/\\m — ],/

100 200 300 400 500 600
Temperature T, K

Figure 4. NHs-TPD profiles of the applied catalysts for the metathesis of ethene and trans-butene.
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Both, Re/AIMCM 41 (60) and NiRe/mix (1:1) catalysts indicated not only low temper-
ature peaks or shoulders at 200 °C but also a broad peak up to 400 °C. Further, an ammonia
desorption peak above 450 °C, indicating the presence of strong acidic sites [31], which is
dependent on the used support and loaded metal. The amount of NH3 molecules de-
sorbed per gram of catalyst at the end of the TPD experiment were calculated (W/SiO2—
0.16 mmol/g, NiRe/mix (1:1)—0.71 mmol/g and Re/AIMCM 41 —1.02 mmol/g). Herewith
the total acidity of the studied catalysts was confirmed, which is an indicator for the oc-
curring deactivation effects of the catalysts.

2.3.4. Temperature-Programmed Reduction/Oxidation/Reduction Cycles

The results of the H2-TPR followed by O-TPO and a second H>-TPR measurements
for the investigated catalysts are shown in Figure 5. The shift in the temperature regions
of the TPR/O/R cycle of the selected catalysts among each other is due to the different
support materials, the loaded metal and the interactions between the active component
and support material.

TCD Signal with offset, mV

Re/AIMCM-41(60)-TPR1 = NiRe/mix(1:1)-TPR1
Re/AIMCM-41(60)-TPO + NiRe/mix(1:1)-TPO
~——— NiRe/mix(1:1)-TPR2

Re/AIMCM-41(60)-TPR2 ||

TCD Signal with offset, mV

W

100 200 300 400 500 600 700 800 900

100 200 300 400 500 600 700 800 900

Temperature T, K Temperature T, K
(a) (b)
——WISiO,-TPR1
WISiO,-TPO
E ———WISi0,-TPR2
8|
£
)
=
=
2
®
c
2|
»
a
o
'_ b

100 200 300 400 500 600 700 800 900
Temperature T, K

()

Figure 5. TPR/O/R cycles of the catalysts (a) Re/AIMCM-41(60), (b) NiRe/mix (1:1) and (c) W/SiOz
applied for the metathesis of ethene and trans-butene towards propene.

The rhenium catalyst (Figure 5a) presents signals in the range of 290 °C to 350 °C. At
these temperatures, rhenium appears to be reduced. After the oxidation of the catalyst,
the TPR peak is slightly shifted to a higher temperature. This indicates an insignificant
change of the active catalyst phase.
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The bimetallic nickel rhenium catalysts mixed support has a broad double peak max-
imum between 270 °C and 480 °C. This observation is rather constant for both TPR meas-
urements, but the intensity of the signal is reduced for the second TPR. The presence of
both y-alumina and MCM-41 supports can explain the high-temperature broad peak at
about 750 °C as a reduction of metal species interacting with alumina and incorporated
into the support framework by the ion exchange.

The tungsten catalyst shows a wide reduction range between 530 °C and 850 °C, cor-
relating to the range, in which the highest activity was observed. For this catalyst the TPR
profiles are identical. Only the occurring shoulder at 800 °C disappears in the second
measurement, indicating that a crystalline form of the system cannot be regained after
oxidation. Though, this appears to have no detrimental effect on the catalytic perfor-
mance, as the reaction temperature was only 600 °C and is illustrated further in the stabil-
ity (Section 2.3). The oxidation behavior of this studied catalyst system confirmed their
reactivation/re-oxidation results. The tungsten on SiO: is the only catalyst with an oxida-
tion region (350-550 °C) at a lower temperature than the reduction profile.

It was determined that the analyzed areas of increased activity correspond to the
temperature peaks of the TPR and thus indicate a reduction to an active catalyst state.
Accordingly, the three selected catalysts are suitable for further consideration for stability
evaluation.

2.4. Stability

The three selected catalysts are analyzed for their stability and regenerability. First,
the conversion of the fed reactants is evaluated over a measurement cycle of three reac-
tions each lasting 24 h with intermediate regeneration. The resulting product spectrum is
then analyzed and, based on this data, a catalyst can be selected providing sufficient long-
time stability.

Initially, the catalyst with aluminized MCM-41 and a rhenium phase on the surface
is examined (Figure 6). Initially, 75 and 12% conversions for trans-butene and ethene were
achieved, respectively. Within the first 9 h, deactivating effects lower the respective con-
versions to 68 and 5% for the two reactants. After that, the profiles of the second and third
experiment follow the same courses. After the regeneration, the activity of the catalyst
could be restored and a constant value for the trans-butene conversion with 70% was ob-
tained. This regeneration of the catalyst is a positive result, beneficial for a possible appli-
cation, even though a loss in activity with time-on-stream is apparent.
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Figure 6. Conversion of the applied reactants trans-butene (upper graph) and ethene (lower graph)
with time-on-stream (TOS) applying Re/AIMCM-41(60) as the catalyst at 200 °C and 500 kgcar-s'm3,
with regeneration at 500 °C and 20% oxygen for 3 h.

In contrast, the conversion for NiRe/mix (1:1) (Figure 7), both for trans-butene and
for ethene, undergoes an initial decay lasting 5 h. Afterward, the conversion rates remain
constant with time-on-stream (TOS). For trans-butene, a maximum of 55% is obtained and
reaches 47% of conversion. Ethene conversion is initiated at 3% and is close to zero after-
ward, which is detrimental as the desired cross-metathesis is not taking place. After the
first regeneration, the conversion has the same initial values for trans-butene and ethene,
respectively. These values decrease in the first 5 h to 49 and 0%, which are kept constant
for the remaining time of the experimental run. With the second regeneration procedure,
the conversion of ethene is initially zero, afterwards it slightly increases to 3% within the
first 2 h of the experiment and is zero in the following again. In the case of trans-butene,
the conversion drops further to 45% and remains constant afterward. The decreasing ac-
tivity is an indication of the non-ideal regeneration of the catalysts, which reduces the
available catalyst surface. As a result, the catalyst activity is reduced. This observation is
a negative feature. As deactivation is a dominant effect, even in this lower temperature
range. The applicability of the catalyst is limited.
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Figure 7. Conversion of the applied reactants trans-butene (upper graph) and ethene (lower graph)
with time-on-stream (TOS) applying NiRe/mix (1:1) as the catalyst at 225 °C and 500 kgeats'm=?, with
regeneration at 500 °C and 20% oxygen for 3 h.

Finally, the catalyst with tungsten on the commercial SiO: support is tested. Regard-
ing the conversion of trans-butene, shown in Figure 8, it can be seen that this value only
undergoes marginal changes over time and that regeneration has no influence on this
value, at values higher than 60%. In contrast, the conversion of ethene starts at 10% and
rises to 17% during the first measurement. The regeneration with 20% of oxygen at 500 °C
does not deteriorate the activity of the catalyst. Contrary, during the second experiment,
the catalyst shows an increasing conversion profile over time. The value rises to 20% for
ethene, which remains constant after the second regeneration. Such an increased conver-
sion rate is a highly positive result, which indicates an intensification of the desired cross-
metathesis towards propene.

In comparison, the W/SiO: conversion profile is stable and ethene even shows in-
creasing values. The other two candidates reveal a decreasing activity with time-on-
stream but approach a constant value after the second regeneration. Whereby, NiRe/mix
(1:1) presents no reasonable conversion rates of ethene.
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Figure 8. Conversion of the applied reactants trans-butene (upper graph) and ethene (lower graph)
with time-on-stream (TOS) applying W/SiO: as the catalyst at 600 °C and 500 kgcar-s-m=, with regen-
eration at 500 °C and 20% oxygen for 3 h.

Based on this information, the selectivities of the catalysts throughout the three ex-
periments can now be examined under steady-state reaction conditions and with respec-
tive regeneration treatments. First, the selectivity distribution of the products for the
Re/AIMCM-41(60) catalyst is analyzed (Figure 9).
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Figure 9. Selectivity of the main reaction products with time-on-stream (TOS) applying Re/AIMCM-
41(60) as the catalyst at 200 °C and 500 kgears-m™, with regeneration at 500 °C and 20% oxygen for 3

h.
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Selectivity S, %

In this case, propene is the main product for the entire measurement at around 60%
of selectivity, but it decreases to 50% for each experimental run. The measured profiles
are reproducible. The byproducts achieve 18% for cis-butene and 8% for 1-butene, ini-
tially. The butene isomers increase continuously, reaching 24% and 10% for cis- and 1-
butene at the end of the experiment, respectively.

For the second and third deactivation/regeneration cycles, the same profiles can be
observed, which are in good agreement with the decreasing ethene conversion. The cata-
lytic activity can be regained, but the catalyst faces constant loss in metathesis rate with
TOS. The decreased productivity by metathesis productivity is accompanied by an en-
hanced, but still less significant, isomerization. This appears to be due to self-metathesis
of the butene, as indicated by increasing pentene selectivity.

In the case of NiRe/mix (1:1) catalyst (Figure 10), the experimental results are much
different. Initially, cis-butene is the primary product with 42% of selectivity. Subse-
quently, the selectivity increases to 58% over the course of the experiment. An equivalent
course is observed for 1-butene, from 19% to 27%. In contrast, the selectivity for propene
and pentene are reversed. Propene starts at 20% and falls to 10%. This observation is in
accordance with the loss in ethene conversion. Thus, the isomerization becomes more pro-
nounced, while the propene generation via cross-metathesis is not present and the only
source for propene is a self-metathesis of the butene isomers.
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Figure 10. Selectivity of the main reaction products with time-on-stream (TOS) applying NiRe/mix
(1:1) as the catalyst at 225 °C and 500 kgeats'm=, with regeneration at 500 °C and 20% oxygen for 3
h.

After the first regeneration, cis-butene is initially formed with 40% of selectivity and
increases to 56%. 1-butene follows an equivalent course from a value of 18 to 26%. The
desired product propene starts at 30% and decreases continuously to about 12%. The se-
lectivity of hexene and pentene increases by about 3%. The analyzed results support the
conclusion that there is an enhancement regarding isomerization and cross-metathesis.

With the subsequent regeneration, the selectivity for propene decreases from 22% to
8% for the third experiment. Accordingly, the isomerization is the dominant effect, which
is in accordance with no ethene being converted. Thus, only cis-butene and 1-butene with
60 and 28% selectivity, respectively, are present.

These significantly decreasing profiles of the desired product with TOS are a negative
aspect of this catalytic material. Additionally, propene is never the main reaction product,
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which is due to the dominant effect of isomerization and reduced metathesis, as pentene
decreases as well.

The W/SiO2 system is analyzed analogously (Figure 11). This catalyst forms 1-butene
as the main product, followed by propene, cis-butene and traces of pentene. The selectiv-
ity of propene drops from 32% to 28%. Cis-butene isomers increase analogously from 37%
and 40%. The selectivity of the isomers then drops to 30% for 1-butene and 23% for cis-
butene. In parallel, the selectivity for pentene remains constant at about 3% and the pro-
pene selectivity rises to about 44%. After the subsequent regeneration, the initial propene
selectivity is still at 40%. In the following, the profile approaches a local minimum of 38%
and afterwards, increases to 50% of propene selectivity. The enhanced conversion of eth-
ene is beneficial for the generation of propene via the cross-metathesis, while less butene
is agglomerated by conversion in this reaction. As a result, the selectivity with respect to
the butene isomer gradually decreases. This is related to the fact, that the thermodynamic
equilibrium shifts towards trans-butene, which is converted in the metathesis.
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Figure 11. Selectivity of the main reaction products with time-on-stream (TOS) applying W/SiO: as
the catalyst at 600 °C and 500 kgea-s'm 2, with regeneration at 500 °C and 20% oxygen for 3 h.

In contrast, the selectivity of the byproducts 1-butene, cis-butene and pentene are not
subject to significant differences, due to deactivation, within an experimental run. Pentene
is constant and remains at the low level for the entire time-on-stream. As for the butene
isomers, the slight decrease of 5% over 72 h of operation follows a steady and parallel path
from the initial values of 30% for 1-butene and 26% for cis-butene. Therefore, with increas-
ing ethene conversion the reaction rate for propene generation is enhanced to explain the
observed phenomena.

Based on the results for the conversion of the reactants used and the resulting product
spectra, the selection of a catalyst for the use in a segregated reactor setup is possible. For
this specific configuration, W/SiO2 was chosen. For three experiments, each with a subse-
quent regeneration, a high and constant conversion for trans-butene and a steadily in-
creasing value for ethene were determined. On this basis, the targeted formation of pro-
pene from the two reactants is promoted, thus improving selectivity. This catalyst is suit-
able for operation if the reaction temperature is not of primary interest and the necessary
energy for heating can be provided. For setups with a limit regarding the maximum tem-
perature the Re/AIMCM-41 (Si/Al = 60) catalyst would be an interesting alternative can-
didate, offering high propene selectivity and simple regeneration, even though a decreas-
ing conversion is observed with time-on-stream.
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3. Methods
3.1. Catalyst Preparation

The (A)MCM-41 based catalysts were synthesized by the template ion exchange
(TIE) method proposed by Alvarado-Perea et al. [26] via tetrabutylammonium silicate (as
a mixture of tetrabutylammonium hydroxide and fumed silica (Sigma—-Aldrich, Taufkir-
chen, Germany) and cetyltrimethylammonium bromide (Merck, Darmstadt, Germany) in
deionized water. Finally, sodium aluminate was added for preparation of AIMCM 41 sup-
ports. The resultant mixture was with a molar composition of 1 S5iO2: 0.35 CTABr: 0.31
TBAOH: 0.000 0.2 NaAlO2: 55H20. This mixture was aged 48 h at 100 °C in an oven. The
resulting white solid was recovered by vacuum filtration, washed and dried at 80 °C. The
support was at 600 °C for 6h calcinated only for IWI preparation.

The preparation of Re/AIMCM-41(60) is based on the above-mentioned TIE method,
with a solution of ammonium perrhenate (NHsReOx).

For the NiRe/mix (1:1) catalyst a suspension of MCM-41 and y-AlL:Os (Sasol, Ham-
burg, Germany) in deionized water was used, with a solution of ammonium perrhenate
(NH4ReOs) and nickel-(II)-nitrate (Ni(NOs)2:6H20) under continuous mixing the ionic ex-
change (IE) was performed. The mixture was aged for 20 h at 80 °C without stirring, then
washed, dried for 24 h at 80 °C and was finally calcinated.

The W/SiO: catalyst was prepared by incipient wetness impregnation (IWI) of the
silicon dioxide (Grace, Diiren, Germany) with a solution of ammonium metatungstate hy-
drate ((H2sNsO21W12)-H20) and continuously stirred for 15 min. The material was dried at
room temperature for 24 h and finally calcinated. The calcination of all catalysts in a muf-
fle furnace with a blowing fan at 600 °C for 6 h with a heating rate of 10 K/min in air was
carried out.

3.2. Catalyst Characterization

For the determination of the nitrogen adsorption-desorption isotherms and calcula-
tion of BET surface areas, pore volumes and pore sizes a NOVA2000e (Quantachrome®,
Boynton Beach, FL, USA) was used. The sample was pretreated in a vacuum at 120 °C for
24 h. An X'Pert PRO (PANalytical, Kassel, Germany) using Ni-filter Cu K« radiation was
used for determination of XRD patterns in a 20 range from 1.3 to 80° of the catalysts. The
reducibility of the catalysts was determined by using ChemStarTPx+ (Quantachrome,
Boynton Beach, FL, USA). The catalysts were loaded in a quartz U-tube reactor. Before Hz-
TPR and O2-TPO experiments, the sample was pretreated in a He flow of 50 cm?/min at
150 °C for 30 min. Afterwards, the sample was cooled to 50 °C. Then followed the TPR
measurement with 10% H: in argon up to 900 °C. TPO measurements with 10% O2 in
helium up to 700 °C. The temperature was changed at a rate of 10 K/min. The difference
in the hydrogen/oxygen flow was determined by a thermal conductivity detector (TCD).

3.3. Experimental Evaluation

The evaluation of the catalytic activity was carried out in a laboratory fixed-bed re-
actor. The catalyst was placed in an inert quartz glass tube with an inner diameter of 0.6
cm and a length of 40 cm. This setup further includes a catalytic afterburner and a gas
chromatograph. All experiments were performed at atmospheric pressure, with a sample
mass of 0.2 g of catalyst. The feed gases from Westfalen AG (Miinster, Germany) consisted
of ethene (99.95%), trans-butene (5% in N2) and nitrogen (99.9993%). For the regenerative
process steps, synthetically air was introduced. The catalyst bed was encased with inert
particulate material (a-Al20s-Spheres 1.0/160, Sasol) to ensure an ideally mixed gaseous
flow and for pre-heating of the fed gases. The reactor was embedded in an electrical oven
(HTM Reetz, Berlin, Germany). The quantitative analysis of the gaseous components was
realized by GC6890/MSD5973 (Agilent, Santa Clara, CA, USA), a combination of HP PlotQ
and HP Molsieve5A columns with thermal conductivity detection.
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During the experimental study, the space velocity (weight of catalyst/flow rate, W/F)
in the range of 500-2600 kgers'm= was varied. The molar fraction of ethene and trans-
butene in the feed was kept at an equimolar composition with 2.5% each. For validation
of the deactivating behavior, the catalyst bed was kept under constant conditions for 24 h.
The catalyst was heated under nitrogen to reach the desired reaction temperature. After
each experimental run, the catalyst was regenerated at 500 °C with 20% of oxygen for three
hours to ensure complete coke removal from the catalyst bed. After the catalyst regenera-
tion, the reactor was cooled to 50 °C under nitrogen. Each experimental point was meas-
ured at least two times, to obtain reliable and reproducible experimental results.

4. Conclusions and Outlook

The objective of this study was the identification of an active and stable catalyst for
the desired cross-metathesis of ethene and trans-butene to propene. An intensified process
is developed by decoupling the reaction network of the direct conversion of ethene to
propene. A wide range of 100 catalysts, with 16 presented here, was validated, exploiting
the typical metathesis transition metals rhenium, molybdenum and tungsten with differ-
ent support materials.

The catalysts incorporated with molybdenum showed little to no activity with no
pre-treatment for propene formation from ethene and trans-butene under atmospheric
pressure. A similar result can also be observed for tungsten for temperatures below 400
°C. At higher temperatures, high conversion rates and significant propene selectivity were
observed for W/SiOx.

Contrary to molybdenum and tungsten, the catalysts with rhenium achieved prom-
ising activity and a propene maximum at a temperature of about 200 °C. In all experi-
ments, trans-butene is converted at significantly higher rates than ethene. The use of alu-
minized MCM-41 as the support material with an optimized Si/Al ratio is particularly
suitable for metathesis. An alternative is the use of a bimetallic catalyst using both nickel
and a metathesis metal. This approach increases the complexity of the reaction network
as another active site is added.

Three promising candidates could be identified for an investigation of their stability.
NiRe/mix (1:1) showed a decrease in conversions with increasing reaction time. The activ-
ity of ethene conversion drops to zero and cannot be recovered. In contrast, the trans-
butene conversion remains constant. After the regeneration procedure, propene is not
formed and only isomerization takes place.

For Re/AIMCM-41(60) a similar situation is present, but regeneration is possible.
Though deactivation is apparent and reduces the generation of the desired product pro-
pene with time-on-stream, propene is still the main reaction product. The most promising
results were observed for a W/SiOz catalyst. The conversion of trans-butene remains at the
same level and increases for ethene. At the same time, the selectivity to propene increases
as well. In addition, no byproducts besides the butene isomers occur as there are hardly
any acidic sites that can catalyze a possible cracking as a side reaction.

In the case of W/SiOz long time operation was found to be possible. Both the possi-
bility to regain the activity and the satisfying conversion rate of ethene are seen as prom-
ising indicators. In combination with the attractive selectivity with respect to propene the
catalysts W/SiO2 and Re/AIMCM-41(60) are suitable candidates for the application in
small scale setups. Dependent on the available apparatus and desired operating condi-
tions.

Future work will focus on applying a suitable catalytic system within a two-step seg-
regated reactor cascade for improved propene production compared to a single reactor
operation. Since an increased operating temperature is not a limiting factor, the tungsten
catalyst is seen as a promising candidate for the application considered.
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Appendix A

Table Al. Entity of prepared metathesis catalysts for highest propene selectivity and the corre-
sponding temperature, conversions and product selectivity’s.

Metal TIE IWI mix commercial Si/Al CMetal
Ni X X X
Re X X X X
Mo X X X
W X X X X
NiRe X X X
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