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The hydroformylation reaction is one of the most important
applications of homogeneous catalysis on an industrial scale
with worldwide production capacities exceeding 15 Mio tons
per year. Efficient catalyst immobilization becomes mandatory
for such large-scale processes. In this work, a supported liquid
phase (SLP)-type catalyst on a silicon carbide support material
was applied in the continuous Rh-bpp (bpp=biphephos)
catalyzed gas-phase hydroformylation of but-1-ene. A parame-
ter variation was carried out in the pressure range from 0.5 to
3.0 bara for but-1-ene, 0.5 to 5 bara for H2, 0.5 to 5 bara for CO,

and in the temperature range from 90 to 125 °C. Activation
energies were determined for the individual reactions showing
a shift in activation energy most significantly for the hydro-
formylation to n-pentanal for temperatures of 110 °C and above.
For all substrates the effective reaction orders were calculated
and employed in a power-law rate model giving good agree-
ment of measured and modeled data within a �20% error
margin. Similar results were obtained using a microkinetic
model.

Introduction

Homogeneous catalysis can offer several benefits compared to
heterogeneous catalysis. The dissolved complexes, usually
modified by appropriate ligands, allow very high specific
activity and selectivity at mild reaction conditions.[1] However,
the often tedious separation of the catalyst complex from the
reaction mixture hampers the industrial implementation of this
type of catalysis. A recent survey on this topic is given in the
review article by Vural Gürsel et al.[2] Heterogeneous catalysis,
where usually a solid is in contact with a liquid or gas phase,
offers significantly simplified product separation and catalyst
recycling. Thus, the majority of industrial processes is utilizing
heterogeneous catalysts.[3] A promising approach would be the

combination of both types of catalysis; hence the field of
homogeneous catalyst immobilization is being intensively
researched and has seen numerous approaches over the past
decades.[4–7] A very promising technique is the concept of
supported liquid phase (SLP) catalysis as shown in Figure 1.[8]

Here, a thin film of liquid, containing molecularly dissolved
catalyst complexes, is dispersed over the inner surface area of a
porous support. Especially ionic liquids exhibit negligible vapor
pressures, hence the application of supported ionic liquid phase
(SILP) materials allows catalysis in continuous gas-phase
processes.[9] Successful examples include hydroformylation,
hydroaminomethylation, carbonylation, water-gas-shift reaction,
hydrogenation, and oxychlorination.[10–24] Besides the high
activity and selectivity that is associated with the dedicated
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Figure 1. Schematic description of the supported liquid phase (SLP) concept
for catalysis. Dissolved hydroformylation catalysts are indicated by “Rh”.
Accumulation of substrates or products inside the film leads to pore
blocking.
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metal-ligand combination used, the stability of such SILP
catalysts can be high, exceeding 800 h in academic studies.[14]

However, over such long-term runs, the liquid film can change
due to small amounts of substrate or, more likely, product
accumulation inside the confined pore space (see Figure 1).

For industrial scenarios, this could result in a slow
deactivation due to swelling of the film and blocking of
transport pores, which has been observed in e.g. hydro-
formylation over 2000 h using an Rh-diphosphite-SILP system.[25]

In most cases, regeneration is possible by pressure swing
operation.[10,26] Nevertheless, such interruptions of the process
would lower the efficiency and counterbalance the benefits of
SILP catalysis. Recently, we published a new SLP-type catalyst,
which showed significant improvement over the state of the art
SILP-system regarding by-product formation, stability and
hence industrial applicability (see Scheme 1).[15]

It is shown in the study, that no deactivation was observed
for the SLP system, while a minor loss of activity was seen in
the SILP system. Since the selectivity remained high throughout
the run, it was concluded that the well-known effect of pore-
blocking by swollen IL films is the reason for the deactivation
(schematically depicted in Figure 1). SiC was used as support
material since it has an excellent heat conductivity of
120 Wm� 1K� 1 compared to 1.38 Wm� 1K� 1 for SiO2, which is

commonly used for SILP hydroformylation. Switching to SiC can
therefore lower the risk of hot-spot formation in the exothermic
reaction when it comes to large-scale applications. In this work,
we present kinetic studies of this new and promising SLP
catalyst system consisting of Rh-bpp dissolved in sebacate and
entrapped within the pore system of SiC particles to gain a
better understanding of the system for industry-near applica-
tions.

Results and Discussion

Under reaction conditions, the Rh-bpp-SLP catalyst leads to a
reaction network of several side reactions (see also Scheme 2).
Beyond the desired hydroformylation of but-1-ene and syngas
to n-pentanal (rhf,n), the formation of 2-methylbutanal (rhf,i) also
occurs. Furthermore, hydrogenation of but-1-ene to butane (rhg)
as well as isomerization of but-1-ene to cis-2-butene (riso,c) or
trans-2-butene (riso,t) need to be taken into account. Both
isomerization reactions are to be postulated as equilibrium
reactions. However, when running the reaction with excessive
use of feed to keep the overall conversion of but-1-ene low,
equilibrium-posed limitations may be neglected and the
assumption of irreversible reactions sufficiently describes the
reaction network. As shown in Table S2, the equilibrium
conversion for both the formation of cis-2-butene and trans-2-
butene is at 80% or above for a broad temperature and
pressure range.

The effective kinetics of each reaction considered was
described by the Arrhenius and power-law approach. To
examine the activation energies, order of reactions, and rate
constants, reliable experimental data were of major importance.
Therefore, the stability of the catalyst, the reproducibility of
defined reaction conditions, and the independence from the
mass of the catalyst had to be checked. The catalyst obtained a
steady-state behavior after 30 h TOS (see ESI Figure S2). Periodi-
cally checking the reference conditions while performing a
partial pressure variation showed no change in activation or
selectivity over more than 200 h TOS (see ESI Figure S3). Further
investigations using different catalyst loadings showed, that the
activity and selectivity were independent of the mass of catalyst
used (see ESI Figure S4). Therefore, the overall conversion of
but-1-ene scales linearly with the residence time. A metal
loading variation from 0.03 to 0.1 wt% was carried out as
shown in Figure S5. For all individual reactions, an effective
order in Rh concentration of 0.7 was observed. With the value
being close to 1, the absence of mass transport limitations can
be assumed.

Parameter Estimation

For the determination of the activation energies of the
individual reactions, the temperature in the reactor was varied
between 90 °C and 130 °C. After calculating the effective
reaction rate of every single reaction at stationary conditions,
plotting the natural logarithm against the inverse temperature

Scheme 1. Reaction network for the hydroformylation of but-1-ene including
undesired by-products. The desired n-pentanal is highlighted. Building
blocks for SLP and SILP are shown below.

Scheme 2. Reaction network for Rh-bpp-SLP catalyzed hydroformylation of
but-1-ene.
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(Figure 2) allowed the estimation of the effective activation
energies according to the Arrhenius approach.

Linear regression of the data points leads to the observa-
tion, that the curves were more accurately described by two
separate straight lines. Between 105 °C and 110 °C, the
correlation of temperature changes, leading to higher activation
energies at lower reaction temperatures and vice versa. The
determined values are summarized in Table 1.

The effective activation energies determined in the lower
temperature range (90–105 °C) are in good agreement with
literature data from gradient-free experiments using a similar
system. For a Rh-bzp-SILP (bzp=benzpinacol 2,2’-(3,3’-di-tert-
butyl-5,5’-dimethoxybiphenyl-2,2’-diyl)bis(oxy)bis(4,4,5,5-tetra-
phenyl-1,3,2-dioxaphospholan), sebacate, [C2C1Im][NTf2]) cata-
lyst an effective activation energy of 55.7–65.2 kJmol� 1 was
determined for the formation of n-pentanal.[28] At temperatures
above 105 °C, especially the formation of the desired n-pentanal
was notably influenced by temperature. The effective activation
energy changed from 51.6 kJmol� 1 to an extremely low value of

2.2 kJmol� 1. We assume that a complex interplay between
classical macro-kinetics (diffusion vs reaction rate) and solubility
inside the film is responsible for this decline. Only taking the
data points above 110 °C into account even resulted in a slightly
negative effective activation energy of � 2 kJmol� 1 for the
formation of n-pentanal. A similar decrease in activity with
increasing temperatures has been reported for a SILP system in
the nickel catalyzed dimerization of propene. In that case, a
decrease in propene solubility with higher temperature was the
cause.[30] In our case, the behavior probably also stems from an
substrate impoverishment in the supported liquid phase. As
only the formation of n-pentanal is strongly effected, an
impoverishment of syngas is assumed. Some evidence in
support of this hypothesis will be briefly outlined below. Since
no literature data of but-1-ene, CO and H2 solubility in
bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate is reported, calcu-
lations of the Henry coefficients were conducted using
COSMOthermX19 (ESI Figure S18). It is found, that the solubility
of but-1-ene exceeds the syngas solubility by far, making an
impoverishment of but-1-ene very unlikely. For H2 and CO
solubility, a decreasing solubility with increasing temperature is
found from theoretical calculations (see ESI Figure S18). For CO
this trend could be also observed experimentally (see ESI
Figure S19). These trends are in accordance with measurements
from Ohlin et al. and Sharma et al. for ionic liquids in the
temperature range up to 80 °C and 100 °C respectively.[31,32]

To characterize the influence of the individual reactants on
the reaction network and thereby determine the effective
reaction orders, partial pressures of the components in the feed
were varied. While the concentration of one substrate in the
feed was changed, the partial pressures of the other two
reactants were kept constant. During the feed variations, an
inert component was added to maintain the feed volume flow
as well as the total pressure of 10 bara in the reactor.

The partial pressure of but-1-ene was varied between
0.5 bara and 3 bara. The linearized results are shown in Figure 3.
The reaction orders were estimated by the slope of the straight
lines fitted to the data (see Table 2 for details). Since but-1-ene
participated in every considered reaction, its concentration
positively influenced all reactions, resulting in reaction orders of
1.1–1.2.

The partial pressures of hydrogen and carbon monoxide
were varied each between 0.5 bara and 5 bara and their
influence was evaluated after linearization (see Figure 4). The
formation of n-pentanal as a function of H2 partial pressure

Figure 2. Rh-bpp-SLP catalyzed hydroformylation of but-1-ene. Arrhenius
plot derived from temperature variation experiments (Treactor=90–125 °C) for
Rh-SLP catalyzed hydroformylation of but-1-ene. Individual reaction rates reff,i
were calculated for the formation of n-pentanal (◆), 2-methylbutanal (^),
cis-2-butene (!), trans-2-butene (~) and butane (*). The dashed line
indicates the estimated temperature (ca. 107 °C), at which the SLP system
becomes mass transfer influenced. Reaction conditions: mcatalyst=1.0 g,
wRh=0.05 wt%, Rh:bpp=1 :4 (molar), bpp:sebacate=1 :4 (molar),
p=10 bara, _nH2=4.6 mmolmin� 1, _nCO=4.1 mmomin� 1,
_ninert=2.2 mmolmin� 1, _nbut-1-ene=1.6 mmolmin� 1.

Table 1. Effective activation energies determined in the temperature range from 90 to 130 °C.

Compound i 90–105 °C
EA,i
[kJmol� 1]

110–130 °C
EA,i
[kJmol� 1]

40–100 °C[a]

EA,i
[kJmol� 1]

95–115 °C[b]

EA,i
[kJmol� 1]

n-pentanal n 51.6
66.2
77.2
76.4
52.8

2.2
40.5
52.5
54.5
31.4

55.7–65.2 30.3
2-methylbutanal iso 42.7–48.3 56.7
cis-2-butene cis 74.1–79.2 49.1–58.2
trans-2-butene trans 85.4–92.6
butane hy 54.1–57.4 64.2

[a] Results from Kokolakis using a Rh-SILP catalyst in the continuous gas-phase hydroformylation of but-1-ene,[28] [b] Results from Jörke et al. using a Rh-
bpp-complex in the liquid-phase hydroformylation of n-decenes.[29]
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could not sufficiently be described by linear regression over the
total pressure range studied. When partial pressures below
2 bar were excluded, a linear trend was obtained as seen in
Figure 4, resulting in an effective order of 0.3. When decreasing
the partial pressure below 2 bar, the effective reaction order
increased to values around 1. This value supports the
occurrence of a mass transport controlled system as mass
transport is proportional to the driving force. The most
significant influence of hydrogen could be observed in the
hydrogenation reaction with a reaction order of 0.8. The
isomerization reactions and the formation of 2-methylbutanal
were almost unaffected by the H2-concentration in the feed,
which resulted in reaction orders of 0.1 and 0.0, respectively.
The hydroformylation leading to n-pentanal was described with
a positive reaction order of 0.3.

Observing the CO-variations, the hydrogenation of but-1-
ene and both isomerization reactions were negatively influ-
enced by higher CO concentrations. In contrast, the hydro-
formylation forming either n-pentanal or 2-methylbutanal
showed a positive order in CO, reaching 0.8 and 0.9,
respectively. This positive influence contradicts formerly re-

ported results for SILP systems, dealing with the hydroformyla-
tion of but-1-ene using Rh-bzp-complexes as catalysts
([C2C1im][NTf2] based).[28,33] For a Rh-bpp-complex Jörke et al.
reported a positive effect of CO in the hydroformylation of
decene while the isomerization reaction decreases, when
increasing the overall syngas pressure.[29] Using oleonitrile as
substrate in the Rh-bpp catalyzed hydroformylation, also Le
Goanvic et al. report a positive effect of CO when syngas
composition is changed from H2:CO of 1 :1 to 1 :4 at 10 bar.[34] A
comparison experiment using a SILP-Rh-bpp catalyst
([C2C1im][NTf2] as ionic liquid) showed a similar positive trend
for the hydroformylation reactions (0.7 for n-pentanal, 0.5 for 2-
methylbutanal) while a negative effective reaction order was
observed for all side reactions (see Supporting Information).
These negative effective reaction orders of the side reactions
possibly stem from pre-equilibrium steps resulting in a shift
from active hydrido-carbonyl complex to inactive Rh-species at
higher CO partial pressures.[35–37] Table 2 summarizes the
observed effective reaction orders.

Similar values for effective reaction orders and activation
energies have been measured on a larger scale using a SiC-
monolith based SLP catalyst (~100 g support) (see ESI
Table S3).[15] The system showed a similar behavior at low
hydrogen partial pressures and an almost identical drop of the
effective activation energy above 105 °C. The similarity of 1 g
and 100 g approach indicates, that the reported findings stem
from the intrinsic properties of the catalyst rather than the
scaling size.

Figure 3. Rh-bpp-SLP catalyzed hydroformylation of but-1-ene. Differential
analysis of reaction rate as a function of but-1-ene partial pressure. Individual
reaction rates reff,i were calculated for the formation of n-pentanal (◆), 2-
methylbutanal (^), cis-2-butene (!), trans-2-butene (~) and butane (*).
Temperature=100 °C, pressure range: 0.5 to 3.0 bara for but-1-ene. Reaction
conditions: mcatalyst=1.0 g, wRh=0.05 wt%, Rh:bpp=1 :4 (molar), bpp:seba-
cate=1 :4 (molar), p=10 bara, T=100 °C, _nH2=4.6 mmolmin� 1,
_nCO=4.1 mmolmin� 1.

Table 2. Obtained effective reaction orders of but-1-ene, CO, and H2 in
each reaction.

Compound index nbut-1-ene/– nCO/– nH2/–

n-pentanal n 1.1 0.8 0.3[a]

2-methylbutanal iso 1.1 0.9 � 0.1
cis-2-butene cis 1.2 � 0.2 0.0
trans-2-butene trans 1.2 � 0.2 0.0
butane hy 1.1 � 0.3 0.9

[a] only partial pressures higher than 2 bar considered.

Figure 4. Rh-bpp-SLP catalyzed hydroformylation of but-1-ene. Differential
analysis of reaction rate as a function of H2 (top) and CO (bottom) partial
pressure. Individual reaction rates reff,i were calculated for the formation of n-
pentanal (◆), 2-methylbutanal (^), cis-2-butene (!), trans-2-butene (~) and
butane (*). Temperature=100 °C, pressure ranges: 0.5 to 5 bara for H2, and
0.5 to 5 bara for CO. Reaction conditions: mcatalyst=1.0 g, wRh=0.05 wt%, Rh:
bpp=1 :4 (molar), bpp:sebacate=1 :4 (molar), p=10 bara, T=100 °C, _nbut-1-
ene=1.6 mmolmin� 1.

ChemCatChem
Research Article
doi.org/10.1002/cctc.202200058

ChemCatChem 2022, 14, e202200058 (4 of 9) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 02.06.2022

2212 / 249690 [S. 148/153] 1



Model Development

Numerous kinetic models have been tested in literature for
long and short-chain olefin hydroformylation,[29,35,38–41] while less
models are published for SILP-catalyzed hydroformylation of
short-chain olefins.[20,28] Here, we compare a power-law ap-
proach (model 1) using the experimentally obtained effective
reaction orders and one microkinetic model (model 2).

The microkinetic model was developed using the method-
ology from Christiansen.[42,43] Starting from a reaction cycle, this
formalism provides a mathematical description of every reac-
tion step in one equation. Assumptions can be used to simplify
the obtained equation. Here, the following reaction cycle was
used.

Starting from I, the active state II is formed by CO-
elimination, while possible side formations are either the
formation of a Rh-dimer (Ia) or the formation of a tetracarbonyl
complex (Ib) by CO-addition with or without H2-elimination.
Complex II can coordinate an olefin to result in complex III. To
achieve the desired product n-pentanal, olefin-addition in α-
position followed by CO-insertion and oxidative addition of H2

is required. Finally, reductive elimination of the linear aldehyde
takes place to yield complex II again. As no inhibition of the
hydroformylation reaction caused by CO was determined
experimentally, a possible formation of a dicarbonyl species
from species Vhy was not taken into account to minimize the
complexity of the model. The same steps are required to form
the branched C5-aldehyde except the olefin addition takes place
in β-position (not shown). This addition is also required to
achieve one of the two 2-butene isomers going from III to IViso.
Following β-olefin coordination and elimination, either trans-2-
butene or cis-2-butene are obtained as products. The hydro-
genation can either take place from the olefin addition in α- or
β-position. As a simplification, only the hydrogenation of but-1-
ene after α-addition is assumed. In addition to the stated
irreversible reaction steps, state II was assumed to be the most
abundant catalyst species (MACS). This assumption is supported
by Jörke et al. who showed for a similar Rh-bpp-complex that
the olefin coordination is the RDS.[29,43,45,46]

In contrary to model 1, the microkinetic model cannot
account for the inhibiting effect of increasing CO partial
pressures leading to inactive Rh-species (I, Ia, Ib). To overcome
this, an upstream equilibrium equation of I and II is used to
determine the active Rh-complexes depending on the reaction
conditions (Equation 1 [Eq. (1)]).[40]

ncat;I

ncat;II pCO
¼

mcat;I

mcat;II pCO
¼ K

eq;cat
(1)

By doing so, the total amount of catalyst in the system is
divided into an active species and an inactive species (Equa-
tion 2 [Eq. (2)]).

mcat;total¼mcat;Iþmcat;II (2)

Therefore, to take the changing amount of active species
into account, an additional factor according to Equation 3
[Eq. (3)] is introduced in model 2.

mcat;II¼
mcat;total

1þKeq;cat pCO
(3)

The resulting rate equations for all models and all reactions
are summarized in Equations 6–11 [Eqs. (4–9)]. The missing
characteristic parameters were fitted using a data set of 38
different pressure settings and tested with 10 additional
pressure settings. All measurements were carried out at 100 °C,
therefore no temperature dependency is given in the models.
The substrate pressures ranges were from 0.5 to 3.0 bara for
but-1-ene, 2.0 to 5 bara for H2, and 0.5 to 5 bara for CO to
exclude possible mass transport influence as seen at low
hydrogen pressure.

Hydroformylation:

r1;i¼k1;i p
a;i
but� 1� ene p

b;i
CO pc;i

H2 :

i ¼ n-pentanal und 2-methylbutanal
(4)

r2;i¼
1

1þK2;eq;cat pCO

k2;i pbut� 1� ene pCO pH2

1þK2a;i pH2þK2b;i pH2 pCO
:

i ¼ n-pentanalðnÞ und 2-methylbutanalðisoÞ
(5)

Isomerization:

r1;i¼k1;i pa;i
but� 1� ene�

pi

Keq;i

� �

pb;i
CO pc;i

H2 :

i ¼ cis-2-butene und trans-2-butene
(6)

r2;i¼
1

1þK2;eq;cat pCO
k2;i pbut� 1� ene�

pi

Keq;i

� �

:

i ¼ cis-2-butene und trans-2-butene
(7)

Hydrogenation:

r1;i¼k1;i p
a;i
but� 1� ene p

b;i
CO pc;i

H2 : i ¼ butane (8)

r2;i¼
1

1þK2;eq;cat pCO

ki pbut� 1� ene pH2

1þK2;i pH2
: i ¼ butane (9)

Using the experimental data set, the rate constants k1,i for
the power-law approach were fitted. The resulting parity plot is
shown in Figure 5. All data was within �20% error for the
tested pressure range. Overall, the hydroformylation to n-
pentanal showed the highest variation. Also, the validation set
shows a good agreement of model and experimental data as
shown in Figure 6.

Similarly, the unknown reaction parameters were fitted for
the microkinetic model using the training set (see Figure 7).
Noteworthy, a lowered amount of parameters was used to
describe the reaction rates compared to the power-law
approach. Nevertheless, the microkinetic model which assumes
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complex II to be the most abundant catalyst species allows
good agreement of model and simulation (see Figure 8).

Table 3 summarizes the fitted reaction rate parameters
including the standard deviations.

Conclusion

In the present work, a reaction parameter variation using a
recently published supported liquid phase (SLP)-type catalyst

for the gas-phase hydroformylation of but-1-ene was carried
out. At first, the stability of the Rh-bpp-complex was shown,
and a temperature variation was done. Using the Arrhenius
approach the activation energy for the individual reactions
hydroformylation to n-pentanal, hydroformylation to 2-meth-
ylbutanal, isomerization to cis-2-butene, isomerization to trans-
2-butene, and hydrogenation to butane were determined. For
temperatures of 105 °C and below, they show good agreement
with the literature. For temperatures of 110 °C and above, a shift
in activation energy was measured being most significant for n-
pentanal (51.6 kJmol� 1 at <105 °C, 2.2 kJmol� 1 at >110 °C).
Next, a pressure variation of the substrates was carried out
showing a strongly positive effective reaction order of CO in the
hydroformylation reactions (0.8 for n-pentanal, 0.9 for 2-meth-
ylbutanal) while a negative effective reaction order for the other
reactions was measured. This is contrary to former findings with
comparable SILP hydroformylation catalysts.[28,33] Literature us-
ing Rh-bpp in liquid phase also showed a positive influence of
CO partial pressure.[29,34] The obtained effective reaction orders
were used in a rate model using the power-law approach. A
training set of pressure settings at 100 °C was used to fit the
unknown rate constants, and the model was tested using
additional pressure settings. A good agreement of measure-
ments and model was obtained within a �20% range. Similar
results were obtained using a microkinetic model based on
Christiansen’s methodology when assuming the complex II
(Scheme 3) to be the most abundant catalyst species (MACS).
With the kinetics data documented here, it will be possible in
the future to fine-tune designs for reactors containing SLP
systems to immobilize catalysts for hydroformylation. Based on
this, it will be possible to design corresponding large-scale
processes. This could make it possible to provide significantly
more sustainable processes for hydroformylation in the future,
in which greenhouse gas emissions are significantly reduced.
Savings of 50% compared to standard liquid-phase processes
seem possible.[47]

Figure 5. Parity plot (left) and relative errors (right) for training set of
model 1. Individual reaction rates reff,i were calculated for the formation of n-
pentanal (◆), 2-methylbutanal (^), cis-2-butene (!), trans-2-butene (~) and
butane (*). Temperature=100 °C, pressure ranges: 0.5 to 3.0 bara for but-1-
ene, 2 to 5 bara for H2, and 0.5 to 5 bara for CO.

Figure 6. Parity plot (left) and relative errors (right) for validation set of
model 1. Individual reaction rates reff,i were calculated for the formation of n-
pentanal (◆), 2-methylbutanal (^), cis-2-butene (!), trans-2-butene (~) and
butane (*). Temperature=100 °C, pressure ranges: 0.5 to 3.0 bara for but-1-
ene, 2 to 5 bara for H2, and 0.5 to 5 bara for CO.

Table 3. Fitted reaction rate parameters using ACM for model 1 (index 1,
power-law approach) and model 2 (index 2, microkinetic approach with
complex II as MACS).

Parameter Unit Value Standard deviation

k1, n mol h� 1 kgRh
� 1 bar� 2.2 1304520 21727

k1, iso mol h� 1 kgRh
� 1 bar� 1.9 15444 207

k1, cis mol h� 1 kgRh
� 1 bar� 1 2606310 25429

k1, trans mol h� 1 kgRh
� 1 bar� 1 1888800 21087

k1, hy mol h� 1 kgRh
� 1 bar� 1.7 174416 1655

K2, eq, cat bar� 1 0.1315 0.0054
k2, n mol h� 1 kgRh

� 1 bar� 3 1490000 387323
k2, iso mol h� 1 kgRh

� 1 bar� 3 365141 114773
k2, cis mol h� 1 kgRh

� 1 bar� 1 3250000 60273
k2, trans mol h� 1 kgRh

� 1 bar� 1 2360000 47729
k2, hy mol h� 1 kgRh

� 1 bar� 2 167483 17837
K2a, n bar� 1 0.3491 0.1543
K2b, n bar� 2 0.0074 0.0174
K2a, iso bar� 1 19.61 6.852
K2b, iso bar� 2 0.0000 0.2164
K2, hy bar� 1 0.0000 0.0251
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Experimental Section
The SiC-support was already used in former catalytic studies in a
monolithic form.[15] Due to the large particle size and hence the
high Rh-loading, this geometry is rather unsuitable for detailed
kinetic studies. Therefore, the monolith was crushed, to prepare an
SLP powder catalyst via wet impregnation. The resulting powder
was sieved to achieve a particle size fraction of 200–500 μm to
ensure the absence of pore diffusion influence.[27] The crushed
monolith pieces were calcinated for 6 h at 600 °C in air and stored
in a glovebox afterward. (More detailed information about the
support and its preparation can be found in the ESI.).

The preparation of the SLP catalyst took place under inert
conditions. In a glovebox, the Rh-precursor Rh(acac)(CO)2 (Sigma-
Aldrich) was added to achieve a weight loading of Rh of 0.05%
according to Equation 10 [Eq. (10)].

wRh ¼
mRh

msupport
(10)

Next, the ligand 6,6’-[(3,3’-Di-tert-butyl-5,5’-dimethoxy-1,1’-biphen-
yl-2,2’-diyl)bis(oxy)]bis(dibenzo[d,f][1,3,2]dioxaphosphepin) (biphe-
phos=bpp, Evonik Operations GmbH) and the additive bis(2,2,6,6-
tetramethyl-4-piperidyl) sebacate were added in a molar ratio to Rh
of 1 :4 and 1 :16 in a Schlenk flask. Using these ratios, a theoretical
pore filling degree of 20 vol% was achieved according to
Equation 11 [Eq. (11)]. The liquid density at 100 °C of the operando
formed sebacate-liquid phase was measured to be approximately
1 g ml� 1.

aIL ¼
VIL

Vpore
(11)

Finally, the support was added. Using the Schlenk-technique, 30 ml
oxygen-free and water-free dichloromethane (Sigma-Aldrich) was
added to dissolve the catalyst complex and the additive. The
solution was mixed to ensure a proper dissolution of all the
components. Complex formation was monitored by means of high
pressure solution NMR.[48] Afterward, the dichloromethane (DCM)
was removed using an inertized rotary evaporator at 50 rpm and

Figure 7. Parity plot (left) and relative errors (right) for training set of model 2. Individual reaction rates reff,i were calculated for the formation of n-pentanal (◆),
2-methylbutanal (^), cis-2-butene (!), trans-2-butene (~) and butane (*). Temperature=100 °C, pressure ranges: 0.5 to 3.0 bara for but-1-ene, 2 to 5 bara
for H2, and 0.5 to 5 bara for CO.

Figure 8. Parity plot (left) and relative errors (right) for validation set of model 2. Individual reaction rates reff,i were calculated for the formation of n-pentanal
(◆), 2-methylbutanal (^), cis-2-butene (!), trans-2-butene (~) and butane (*). Temperature=100 °C, pressure ranges: 0.5 to 3.0 bara for but-1-ene, 2 to
5 bara for H2, and 0.5 to 5 bara for CO.

ChemCatChem
Research Article
doi.org/10.1002/cctc.202200058

ChemCatChem 2022, 14, e202200058 (7 of 9) © 2022 The Authors. ChemCatChem published by Wiley-VCH GmbH

Wiley VCH Donnerstag, 02.06.2022

2212 / 249690 [S. 151/153] 1



800 mbar for 1 h. The heating bath was set to 42 °C. After
evaporation of the liquid and obtaining a free-flowing powder, the
vacuum was set to 5 mbar for additional 30 minutes to remove all
solvent from the porous system. The catalyst was then stored in the
glovebox until usage. For the comparison experiment using a SILP-
catalyst the IL [C2C1Im][NTf2] was added to the Schlenk-flask
instead of the additive. This IL was used because it is able to readily
dissolve the Rh-bpp complex. Due to its hydrophobic nature, it also
prevents hydrolysis of the bpp-ligand. Hence, it is the benchmark IL
for gas-phase hydroformylation with Rh-bpp SILP-catalysts.
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