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Preface
The dissertation summarizes work from my PhD project which was performed
at the Technical University of Denmark (DTU) from September 2016 to
September 2019. The dissertation was completed as part of the Horizon2020SPIRE project ROMEO (Reactor Optimization by Membrane Enhanced
Operation) funded by the European Commission (grant agreement number
680395). The collaborative project involved nine industrial and academic
partners from five European countries. The work in this thesis was performed primarily at the Centre for Catalysis and Sustainable Chemistry,
Department of Chemistry (DTU) in close collaboration with the University of Erlangen–Nuremberg (FAU, Germany), RWTH Aachen University
(RWTH, Germany), the Spanish National Research Council (CSIC, Spain),
Evonik Industries AG (Germany), LiqTech International A/S (Denmark),
and The Linde Group (Germany). The dissertation also includes the results
of a one month research stay at the Rovira i Virgili University (URV) in
Tarragona, Spain. The PhD project was supervised by Prof. Anders Riisager and co-supervised by Prof. Rasmus Fehrmann and Dr. Eduardo J.
García-Suárez.
The thesis is divided into 4 main chapters with 21 sections. The first 2 chapters
provide the background and motivation for the project. Chapter 3 presents
the membrane reactors for 1-butene hydroformylation catalyzed by SILP
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technology including a brief motivation. In this chapter, the components of the
membrane reactor are presented, which are further characterized, improved
and finally catalytically performance tested. The work in these sections is
largely based on three articles published, or submitted for publication, which
are reproduced in the end of the sections. The experimental details are
mainly included in the articles and hence, section 3.3 primarily describes the
motivation of the applied instrumentation.
Chapter 4 presents the membrane reactors applied on the water-gas shift
reaction and catalyzed by SILP technology. The components of the reactor
module are introduced first, followed by a characterization of the module
with a subsequent catalytic performance test. The final chapter gives an
overall conclusion on the project and results including both of the studies’
reactions.
Unless otherwise stated, the work presented was performed by me and is
largely based on the authored articles, which are reproduced in the end of
the chapters/sections for the convenience of the reader.

Jakob Maximilian Marinkovic
Lyngby, September 30, 2019
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Abstract
To reduce the energy consumption and CO2 emissions in the chemical industry,
process intensification is an essential concept. In this study, a monolithic
membrane reactor has been developed combining heterogenized homogeneous
catalysts with in-situ product removal, based on a project funded by the
European Commission with 6 million Euros (ROMEO). Two prominent and
industrially relevant large-scale reactions have been employed as case studies:
water-gas shift and hydroformylation of 1-butene.
The catalyst system of the former was based on ruthenium complexes dissolved
in the ionic liquid 1-butyl-2,3-dimethylimidazolium chloride ([C4 C1 C1 Im]Cl)
immobilized on γ-alumina-rich monoliths. A facilitated transport membrane
was applied to selectively remove CO2 from the reactor zone to enhance
the reaction rate of the equilibrium-driven reaction and to facilitate downstream processing. The catalyst system has been successfully immobilized on
monoliths and sustained activity for more than 300 h time on stream without
membrane functionality. A feasibility performance test of the membrane
reactor presented similar activity but has not shown any gas enrichment
in the retentate/permeate streams yet, which was attributed to a possible
pinhole in the membrane.
The latter reaction, the hydroformylation of 1-butene, has been performed
with Rh-biphephos complexes dissolved in the ionic liquid 1-ethyl-3-methyl
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imidazolium bis(trifluoromethylsulfonyl)imide ([C2 C1 Im][NTf2 ]) and immobilized on a silicon carbide monolith showing high activity and regioselectivity towards the liner aldehyde, n-pentanal. However, the consecutive
reaction lead to the formation of heavies, high-boiling aldol condensation
products, which accumulated in the ionic liquid and pore structure hampering
the activity. By applying an alternative liquid phase, comprised of melted
bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate, the formation and accumulation was efficiently suppressed over 1500 h time on stream while keeping the
high catalyst regioselectivity and increasing the turnover frequency up to
−1 −1
570 mol1−butene molRh
h . The performance test conducted with addition of

a polydimethylsiloxane (PDMS) membrane presented an increase in aldehydeto-alkene ratio by a gas-enrichment factor of 2.2 in the permeate stream
compared to the retentate stream.
In conclusion, the monolithic membrane reactor has been developed and
applied successfully, demonstrating its strong potential. The structured,
monolithic reactor enables a scalable and versatile platform for process
intensification for both case reactions, as well as other important industrial
gas-phase processes.
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Resumé
Procesintensivering er et essentielt koncept i kemikalieindustrien til reduktion af energi forbrug og CO2 udledning. I dette projekt er en monolitisk
membranreaktor blevet udviklet, som kombinerer heterogeniserede homogene
katalysatorer med in-situ produkt separation. Projektet er udført inden for
rammen af ROMEO, som er et projekt finansieret med 6 millioner euro af
den Europæiske Kommission. To vigtige industrielle reaktioner er blevet
anvendt som testreaktioner i projektet, hvilke er hhv. water-gas shift og
hydroformylering af 1-buten.
Det katalytiske system for water-gas shift reaktionen var baseret på ruthenium
komplekser opløst i den ioniske væske 1-butyl-2,3-dimethylimidazoliumchlorid
([C4 C1 C1 Im]Cl), som var immobiliseret på aluminiumoxid-baserede monolitter. En membran der selektivt faciliterede transport af CO2 blev anvendt til
at fjerne denne komponent fra reaktoren for at øge reaktionshastigheden af
den ligevægtsdrevet reaktion, og for at lette senere produktomdannelse. Det
katalytiske system blev succesfuldt immobiliseret på monolitterne, og udviste
uden membranfunktion vedvarende aktivitet i over 300 timers kontinuert drift.
En indledende test af membranreaktoren udviste sammenlignelig katalytisk
aktivitet, men der blev ikke opnået berigelse af gaskomponenterne imellem
retentat/permeat gasstrømmene, hvilket formentlig skyldes at der var hul i
membranen.
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Hydroformylering af 1-buten blev udført kontinuert med Rh-biphephos komplekser opløst i den ioniske væske 1-butyl-3-methylimidazoliumbis(trifluoromethylsulfonyl)imid ([C2 C1 Im][NTf2 ]), som var mobiliseret på siliciumkarbid
monolitter. Det katalytiske system udviste høj aktivitet og regioselektivitet
mod dannelse af det foretrukne lineære aldehydprodukt n-pentanal, men
følgereaktioner gav akkumulering af højtkogende aldol kondensationsprodukter i den ioniske væske og porestrukturen i monolitterne, hvilket resulterede i lavere aktivitet. Udskiftning af den ioniske væske med bis(2,2,6,6tetramethyl-4-piperidyl) sebacate undertrykte betragteligt dannelsen af biprodukterne i løbet af 1500 timers test, mens den høje regioselektivitet og ak−1 −1
tivitet (op til 570 mol1−butene molRh
h ) var bevaret. Introduktion af en

polydimethylsiloxan (PDMS) membran forøgede aldehyd/alken forholdet i
permeat/retentat gasstrømmen med en berigelsesfaktor på 2.2.
I projektet er der udviklet en membranreaktor baseret på monolitter, som har
demonstreret stort potentiale. Skalerbarhed og bred anvendelighed af den
modulære monolitreaktor giver således mulighed for procesintensivering for
begge testreaktioner, samt for andre vigtige industrielle gasfaseprocesser.
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Chapter 1
Introduction

1.1 Catalysis - A Brief Introduction

1.1 Catalysis - A Brief Introduction
Approximately 85 − 90 % of the products of chemical industry are made in
catalytic processes, making catalysis indispensable nowadays. Typical fields
of applications are e.g., the production of fuels, bulk and fine chemicals,
and the prevention of pollution by exhaust gases [1]. An early definition of
catalysis by Ostwald from 1895 still applies: “a catalyst accelerates a chemical
reaction without affecting the position of the equilibrium” [2]. By this, the
catalyst enables an energetically favorable transformation of the reactants
compared to the non-catalytic transformation and hence, favors mild reaction
conditions in terms of pressure and temperature [1, 3].
This principle is the same for all forms of catalysis, which are typically
classified as: heterogeneous catalysis, homogeneous catalysis and biocatalysis
(see Figure 1.1) [2]. Nonetheless, the catalytically active center differs in all
three forms, being either part of a solid or dissolved compound, or an enzyme,
respectively [3].

Figure 1.1

Classification of catalysts (redrawn and modified from [2]).
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Some of the advantages of heterogeneous catalysis are solid materials, simple reactor design enabling fixed-bed operation and straightforward catalyst/product separation enabling reuse. However, there may be drawbacks
such as, low selectivity and low mechanistic understanding. Advantages of
homogeneous catalysis are usually high activity, high selectivity, deep mechanistic understanding with the main drawback being difficult catalyst/product
separation, thus complicating reuse of catalyst leading to typical batch operation [3, 4].
Supported liquid-phase (SLP) systems have received much attention as they
bridge the gap between homogeneous and heterogeneous catalysis, by heterogenizing homogeneous catalysts combining the advantages of both [5]. Here,
the catalyst complex is typically dissolved in a liquid phase and the solution
is dispersed in a porous support. Hence, Figure 1.1 also depicts heterogenized homogeneous catalysts, which are usually applied as SLP catalysts.
Depending on the liquid phase, two established subcategories are reported as
supported aqueous phase (SAP) and supported ionic liquid phase (SILP) [6]
of which the latter is part of the focus in this thesis and explained in more
detail in the following.

1.2 Supported Ionic Liquid Phase Technology
Ionic liquids (ILs) are by definition salts with melting points below 100 ◦C
and have been the subject of intensive study in academia and industry in
the last decades [7–13]. They represent a special class of liquids enabling
a broad variety of applications, such as novel solvents, catalytic gas-phase
applications [14], electrolytes for electrochemical purposes [15] and reactions
with complex selectivity requirements [16]. Two of the main advantageous of
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ILs are their extremely low vapor pressure [17] and thermal stability of most
ILs up to 200 ◦C [7, 8, 18, 19]. Nevertheless, the industrial application of
some liquid-liquid biphasic catalysis systems was hampered by the relatively
high price of ILs and their high viscosity resulting in slow diffusion which
may cause mass transport limitations [20, 21].
To address this drawback, the technology of SILP has been developed [18, 22–
26]. Similar to SLP systems, simple incipient-wetness techniques can be
applied to immobilize the IL typically on highly porous oxide-supports, such
as zeolites, silica and alumina, creating a high gas-liquid interfacial area [7].
The IL is dispersed in the porous support as a thin film of typically less than
10 nm [3], herewith overcoming the diffusion problems. Due to the negligible
vapor pressure of ILs, SILP systems are an attractive alternative to traditional
SLP/SAP systems especially in flow application where the SLP/SAP systems
typically do not maintain the liquid in the material.
The SILP technology has been established successfully in various catalytic
applications, such as carbonylation, hydrogenation, hydroformylation and
water-gas shift [18, 27–37]. In the field of catalysis, the SILP concept is
microscopically a homogeneous, but macroscopically a heterogeneous catalyst,
that can be operated by simple fixed-bed reactor technology. However, SILP
technology is including, but not limited to catalysis. Other applications
are e.g., gas separation and purification (flue gas cleaning and pollutant
abatement), pharmaceutically active SILP or protic ILs in polymer membranes
for electrolytes of non-humidified fuel cells [18].
The potential of the SILP technology was stated various times, e.g., in 2009
when a novel SILP catalyst for an ultra-low-temperature WGS was introduced
with unprecedented activity under extremely mild reaction conditions [38,
39]. In 2011, an outstanding performance of a Rhodium-phosphite catalyst
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system for highly selective hydroformylation of an industrial C4 feedstock was
obtained, without loss of selectivity and a high catalyst turnover frequency
(TOF) of 3600 h−1 over 800 h [20].
Further information on the history and state of the art of SILP technology
is reported in the published article Fifteen Years of Supported Ionic Liquid
Phase-Catalyzed Hydroformylation: Material and Process Developments in
Section 1.5 with focus on HyFo.

1.3 Selected Case Studies
The case studies employed in this work for the development of the SILP
membrane reaction systems are two widely used chemical reactions, the
hydroformylation (HyFo) and the water-gas shift (WGS), which will be
introduced in the following.

1.3.1 Hydroformylation
The hydroformylation of alkenes was originally discovered by Otto Roelen
in 1938 [40]. Nowadays, HyFo is one of the most important industrial
applications of homogeneous catalysis [41]. In 2017, over 9 million tons of
so-called oxo-products were produced per year [42]. In HyFo, alkenes are
converted to the respective aldehydes in the presence of syngas (CO and
H2 gas mixture) and a transition metal (see Figure 1.2). The exothermic
reaction can further react to larger hydrocarbons (heavies), which are typically
undesired side products with high boiling points.
HyFo is an industrially relevant reaction with aldehyde being a key building
block as intermediate for a large variety of products. Figure 1.3 presents an
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CO / H2
[Rh]

CHO

Aldehydes (desired)

Figure 1.2

CHO

CHO +
OH
Heavies (undesired)

Hydroformylation reaction network with desired product n-pentanal
and consecutive, undesired formation of heavies (3-Hydroxy-2propylheptanal exemplary shown).

overview of typical products derived from aldehydes, which are usually bulk
chemicals, such as alcohols, carboxylic acids and amines [41].
To date, only rhodium (Rh) and cobalt are used in industrial practice,
whereas Rh shows much higher activity with the drawback of being much
more expensive [41]. The latter, cobalt, is applied industrially in the BASFoxo process, which is carried out in liquid phase at 30 MPa and a temperature
range of 150 − 170 ◦C [43]. Many variations employing cobalt are applied
industrially in a temperature range of 120 − 190 ◦C and syngas pressures
between 4 − 30 MPa by companies such as Exxon, Shell and Sasol. However,
the major drawback is the tedious and catalyst-loss-affected separation of

Figure 1.3

Chemical products based on aldehydes [41].
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catalyst and product mixture after the reaction [4] as well as fouling on
reactor surfaces caused by deposition products of Co clusters and metallic
cobalt [41]. In general, these processes are mainly applied on branched and
long-chain olefins [41].

The Ruhrchemie/Rhône–Poulenc process employs Rh and diminishes the
catalyst loss by using Rh with a water-soluble sulfonated phosphine ligand
(TPPTS) instead, applied in a liquid biphasic reactor [44]. As a result, the Rh
losses are reduced to a range of ppbs which is essential as the annual financial
loss of 1 ppm (1 mg of Rh/kg of product) has been estimated to be several
million euros for a 400 kt plant [45]. On the downside, the process is only
applicable to C3/C4 compounds, as C2 forms an azeotrope with water and
C5 and higher olefins react slowly due to low water-solubilities [3, 44, 46].

Rh-SILP catalysts have demonstrated simple product separation from the
catalyst phase in fixed-bed gas-phase hydroformylation avoiding expensive
downstream catalyst recovery and being applicable to C2 - C6 olefins [7]. In
2011, 1-butene hydroformylation by SILP has been investigated revealing
high selectivities towards the desired product, n-pentanal, over 900 h timeon-stream (TOS) without loss of activity [20]. However, these SILP catalysts
showed a decrease in activity under industrially relevant conditions which
was attributed to the accumulation of heavies in the pore structure [47].

A goal of this study is to suppress the consecutive reaction of the aldehyde by
instant, selective removal of the aldehyde from the reactor zone circumventing
the accumulation of heavies in the pores of the SILP catalyst. Besides
representing a consecutive reaction, HyFo was also chosen as it is a wellknown and well-studied reaction with high industrial importance.
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1.3.2 Water-Gas Shift
The WGS is the moderately exothermic reaction of CO with water (H2 O)
forming carbon dioxide (CO2 ) and hydrogen (H2 ) [48, 49]. State-of-the-art
WGS on industrial scale is typically heterogeneously catalyzed and performed
at two consecutive temperature steps, high temperature at 450 ◦C and low
temperature at 200 ◦C with the catalysts being Fe2 O3 /Cr2 O3 (30 bar) and
CuO/ZnO/Al2 O3 , respectively [50, 51]. By this, the CO level is reduced to
0.1 − 0.3 wt.-% [52, 53] which is for some applications not sufficient as CO
is a catalyst poison for, e.g. iron-based catalysts for ammonia synthesis or
proton-exchange membrane fuel cells [54–56].

Figure 1.4

Moderately exothermic water-gas shift reaction.

An attractive alternative approach by SILP technology has been introduced
in 2009, operating at temperatures below 180 ◦C and thus, enabling a further
reduction of the CO content [38, 39]. Ruthenium (Ru) based homogeneous
catalysts heterogenized on porous support materials have shown turnover fre−1 −1
quencies (TOFs) around 20 molCO2 molcat
h and stable operation over 100 h

TOS without the detection of by-products [39, 53]. This was achieved with the
precursor [Ru(CO)3 Cl2 ]2 dissolved in the IL 1-butyl-2,3-dimethylimidazolium
chloride ([C4 C1 C1 Im]Cl) and supported on γ-alumina or bohemite under very
mild reaction conditions of 120 ◦C and 1 bar.
As the low temperature range goes along with slow reaction rates, a goal
of this study is to shift the equilibrium towards more product formation,
by selective removal of one of the products from the reactor zone. This is
being tackled by the integration of a membrane into the reactor, which is
introduced in the following. Besides that, the WGS was chosen as case study
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because it is a well-studied reaction of industrial importance representing an
equilibrium-driven reaction.

1.4 Membrane Reactors
Process intensification is a technological concept coined in the late 1970s
comprising any chemical-engineering development leading to a substantially
smaller, cleaner, safer, and more efficient technology [57–62]. Structured
reactors are amongst the first group of process-intensification concepts, as
they avoid spatial randomness [58]. Monolithic supports provide a versatile
basis for catalytic process intensification, presenting several advantages over
conventional packed beds. The channeled structure of monoliths overcomes
drawbacks, such as high pressure drops, fouling or void volume and the
modular design of monoliths allows simple up-scaling technologies [63]. Hence,
monolithic supports represent a good opportunity to up-scale SILP catalysts,
which have mainly been operated in packed beds of grains so far.
Furthermore, monoliths allow the application of membrane materials, enabling
gas-separation for further process intensification [64]. By selective removal of
one or more of the (by-) products, the reaction can be enhanced in the case
of equilibrium-driven reactions (e.g. WGS) or consecutive reactions can be
suppressed as in the case of HyFo. In this study, the combination of both, the
SILP technology with in-situ product removal by membrane, is investigated
combining their advantages.
The approach is to merge two standard-unit operations, the reaction and
product separation, into a single unit which is schematically presented in
Figure 1.5. An integrated membrane enables continuous gas separation, while
maintaining the catalytic abilities of the SILP catalysts. By integration of
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Figure 1.5

Schematic drawing of the membrane-reactor combining homogeneous
catalysis with in-situ product separation.

downstream processing into the reactor unit, the industrial process can be
simplified and hence, construction, maintenance and operating costs could be
significantly reduced. Furthermore, the intensification of the process has the
potential to drastically decrease the total energy consumption making the
reactions more eco-friendly. The novel technology, combining homogeneous
catalysis with in-situ product removal, will be demonstrated in this work
applied on the aforementioned case studies, WGS and HyFo.
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1.5 Publication I
In this section, the published article Fifteen Years of Supported Ionic Liquid
Phase-Catalyzed Hydroformylation: Material and Process Developments is
presented. The review summarizes the history of SILP technology of the past
fifteen years focusing on HyFo, which forms the basis for this study.
Reprinted (adapted) with permission from [36]. Copyright (2019) American
Chemical Society.
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ABSTRACT: This review describes the development of supported ionic
liquid phase (SILP) materials as novel hydroformylation catalysts. Ligandmodiﬁed rhodium catalysts can be immobilized in a thin ﬁlm of ionic liquid,
which itself is dispersed on a porous material. The solid SILP catalysts have
been improved with respect to activity, selectivity, and stability. In addition,
their applicability in continuous gas-phase processes opens new opportunities
for improved chemical production routes.

■

INTRODUCTION

Scheme 1. Reaction Network for Propylene
Hydroformylation Yielding Linear (n) and Branched (iso)
Aldehydesa

Thin ﬁlm coating materials have been developed for 50 years
with a major application in catalysis. By dissolving a
homogeneous catalyst in a low-vapor-pressure liquid and by
dispersing the catalyst system on a porous support with high
surface area, one circumvents some of the intrinsic problems
associated with homogeneous catalysis.1 With the separation of
the catalyst from the substrates and products after the reaction is
facilitated, the gas−liquid interface is high, and the liquid-phase
diﬀusion path length of the substrates is small. By entraining the
solvent completely within the solid, the contact area between
possibly corrosive solvents and the reactor wall is negligible. This
allows the usage of cheap reactor materials even though
corrosive solvents are being used. Most of the liquids that
have been applied as solvents in supported liquid catalysis can be
classiﬁed in three major groups: high-boiling molecular solvents
(supported liquid phase, SLP), water (supported aqueous phase,
SAP), and ionic liquids (supported ionic liquid phase, SILP).1 In
2006, Zhao et al. reviewed SLP, SAP, and SILP systems,
indicating that approximately 70% of the literature deals with
hydroformylation (Scheme 1), followed by hydrogenations and
coupling reactions.2
Dedicated transition metal complexes dissolved in supported
organic ﬁlms (SLP) were studied in the 1980s by the groups of
Hjortkjaer and Schoulten in great detail, mainly for the
application in gas-phase hydroformylation reactions.3−7 SAP
materials have been applied as suspended catalysts by the groups
of Davis and Hanson in the 1990s.8 Ionic liquids (ILs) were
© 2018 American Chemical Society

a

Side reactions like hydrogenation and consecutive aldol condensation are shown as well.

independently introduced as novel coating materials by Mehnert
et al. and Riisager et al. in 2003.9,10 Due to the extremely low
vapor pressure of ionic liquids under the conditions of
commercial gas-phase reactions, these SILP materials (Figure
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liquid material, it is possible to deﬁne all relevant liquid
properties for the speciﬁc needs of the SILP materials. SILP
hydroformylation catalysts consist of at least four components:
the support, the ionic liquid, and the transition metal complex
with its speciﬁc ligands. In a broader sense, the oleﬁnic substrates
that must dissolve in the liquid ﬁlm and the aldehyde products
and byproducts that form within this ﬁlm can be considered as
SILP components as well. A straightforward way to entrap the
ionic liquid ﬁlm inside the narrow pores is to make use of
capillary forces. Simple incipient wetness techniques can be
applied to bring the ionic liquid into the pore system. The helper
solvent, which lowers the intrinsically high viscosity for better
penetration, can then be removed either by evaporation or by
freeze-drying processes.21
From an engineering point of view, SILP materials oﬀer many
advantages compared to classical gas−liquid or liquid−liquid
systems, especially as follows:
• high speciﬁc ﬂuid−ﬂuid and ﬂuid−surface contact area
provided by the porous support
• thin ﬁlm of ionic liquid that minimizes mass transport
problems at the IL side of the ﬂuid−ﬂuid phase boundary
• adjustable solvent properties of the IL, e.g., solubility of
formed products
• thermal stability of most ionic liquids up to 200 °C with
minimum vapor pressures
• application of ﬁxed-bed or ﬂuidized-bed reactor technology
• eﬃcient immobilization of transition metal complexes
without the need for sophisticated ligand modiﬁcation (as
the only requirement to prevent ligand leaching is a low
vapor pressure of the ligand in the IL solvent)

1) represent a fundamentally new approach to realize long-term
stable, surface-coated catalytic materials and absorbents.11 In

Figure 1. Schematic representation of supported ionic liquid phase
(SILP) concept for the immobilization of a homogeneous hydroformylation catalyst (here: HRh(CO)2(PPh3)2) and the application in
ﬁxed-bed reactors.

fact, the drastically reduced vapor pressure of the immobilizing
solvent is the key diﬀerence between SILP materials and SLP/
SAP materials.1 In close analogy to the SLP and SAP concept,
the SILP technology involves surface modiﬁcation of a porous
solid by dispersing a thin ﬁlm of ionic liquid. In this review, the
development of SILP catalysis in hydroformylation is
summarized.
Ionic liquids are salts consisting typically of organic cations
and inorganic or organic anions. The narrow deﬁnition of “ionic
liquids” relates to salt systems with a melting point below 100
°C.12−14 Such low melting points are realized by applying salts
composed of monocharged ions with low charge densities.
Typically, the charges are well distributed in large, often
unsymmetrical ions to prevent dense ion packing (see Figure 2
for selected examples).15−20

■

SILP-CATALYZED HYDROFORMYLATION IN
LIQUID PHASE
The ﬁrst example of slurry-phase SILP hydroformylation was
reported in 2002 by Mehnert et al. describing the conversion of
1-hexene as a batch reaction.9 The silica support surface was
modiﬁed by covalently anchored imidazolium fragments.
Loading of the functionalized silica with Rh(acac)(CO)2, a
ligand, and additional ionic liquid 1-butyl-3-methylimidazolium
tetraﬂuoroborate ([C4C1IM][BF4]) or 1-butyl-3-methylimidazolium hexaﬂuorophosphate ([C4C1IM][PF6]) resulted in a
free-ﬂowing powder at an ionic liquid loading of 25 wt %. As
presented in Table 1, the Rh-SILP catalysts performed at an
almost three times higher activity than comparable biphasic
systems did. The increase was mainly attributed to a higher
metal concentration and a larger reaction interface.
Due to the increased polarity of the organic phase at high
conversions, signiﬁcant leaching of both rhodium and ionic
liquid occurred. SILP catalysts have been developed based on a
meso-structured silica MCM-41 support for immobilization of
the Rh-tppts (tppts = tri(m-sulfonyl)triphenyl phosphine
trisodium salt) catalyst in [C4C1IM][BF4], [C4C1IM][PF6] or
1,1,3,3-tetramethylguanidinium lactate (TMGL).22 These catalysts showed both high activity and stability in 1-hexene
hydroformylation for several runs, indicating that Rh and the
ionic liquid ﬁlm are retained on the MCM 41 support. Another
example for eﬃcient immobilization of the catalyst and ionic
liquid ﬁlm was provided by entrapment of the rhodium catalyst
complex within a silica sol−gel matrix.23 Here, the precursor
[Rh(cod)Cl]2 (cod = cyclooctadiene), ligand tppms (tppms =
tri(m-sulfonyl)triphenyl phosphine monosodium salt), prehy-

Figure 2. Selection of ionic liquids based on the imidazolium cation
motif RMIM used in SILP-catalyzed hydroformylation (top) and exact
structure of the ionic liquid [C2C1IM][NTf2] (bottom) shown
exemplarily.

Due to their salty nature, one of the main characteristics of
ionic liquids is their extremely low vapor pressure. This property
enables the high stability of IL coatings on surfaces in contact
with a continuous gas phase. Another important reason for the
success of SILP materials is the chemical and physicochemical
variability of ionic liquids. With respect to material and surface
design, ionic liquids are characterized by an often preorganized,
homogeneous liquid structure with distinctive physicochemical
properties, which are exclusively governed by the combination
of ions forming the IL material. Hence, by an appropriate choice
of the ions (and eventually additives) contained in the ionic
2410
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Table 1. Hydroformylation Reaction of 1-Hexene Using SILP, Biphasic, and Homogeneous Catalysis
Systema

Ligandb

Solventc

Time (min)

Yield (%)

n/iso

TOFd (h−1)

SILP
SILP
SILP
SILP
Biphasic
Biphasic
Biphasic
Hom.

tpptim
tppts
tpptim
none
tpptim
tpptim
tppts
tpp

[C4C1IM][BF4]
[C4C1IM][BF4]
[C4C1IM][PF6]
[C4C1IM][PF6]
[C4C1IM][BF4]
[C4C1IM][PF6]
H2O
Toluene

300
240
270
180
230
180
360
120

33
40
46
85
58
70
11
95

2.4
2.4
2.4
0.4
2.2
2.5
23.0
2.6

3900
3360
3600
11,400
1380
1320
144
24,000

Reaction conditions: All runs were conducted at 100 °C with a L/Rh ratio of 10:1, SILP runs (wIL = 0.25 wt %) were evaluated in a 70 mL
autoclave at 103 bar, and biphasic and homogeneous catalyst systems were evaluated in a 300 mL autoclave at 41 bar. btpp = triphenylphosphine,
tppts = tri(m-sulfonyl)triphenyl phosphine trisodium salt, tpptim = tri(m-sulfonyl)triphenyl phosphine tris(1-butyl-3-methyl-imidazolium) salt.
c
[C4C1IM] = 1-butyl-3-methylimidazolium cation. dTOF deﬁned as molaldehyde molrhodium−1 h−1. Data from ref 9.
a

Figure 3. Ligand structures used for catalyst modiﬁcation of Rh-SILP systems.

drolyzed Si(OCH3)4, and modiﬁed ionic liquid 1-butyl-3-[3(trimethoxysilyl)propyl]imidazolium chloride were dissolved in
THF and stirred for 6 h. Subsequent aging at room temperature
for 12 h and ﬁnal removal of the solvent resulted in the sol−gelentrapped ionic liquid catalyst solution. These active silica
materials were catalytically tested in hydroformylation of a series
of vinylarenes and exhibited hereby high selectivities of up to
98% toward branched aldehydes. Recycling of the IL-based sol−
gel catalyst system was veriﬁed for four consecutive runs without
signiﬁcant deactivation. However, the same system in absence of
IL suﬀers from substantial deterioration within the ﬁrst few
hours.
A characteristic feature of SILP slurry systems is the high
sensitivity to even very small cross-solubilities of the IL and the
liquid organic phase. There is a rapid IL removal from the

support material accompanied by leaching of the metal−ligand
system, and hence, a subsequent catalyst deactivation is
inevitable.9 In slurry-phase hydroformylation, this phenomenon
is relevant in particular, as the aldehyde products with stronger
polaritycompared to the hydrocarbon substratespossess
considerably higher dissolution power for most ionic liquids.
Here, SILP systems are facing the same drawbacks as SLP and
SAP suspension systems.1

■

SILP-CATALYZED HYDROFORMYLATION IN GAS
PHASE
The drawbacks of IL cross-solubility in polar organic liquids can
be overcome by applying the SILP materials in gas-phase
contact.1 In the ﬁrst reported example of gas-phase SILP
hydroformylation, Riisager et al. used propylene as a starting
2411
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and co-workers were able to identify species B, which interacts
with the silanol groups via the sulfonate groups of sxp. This
species is formed at moderate silanol group density and would
still allow formation of active and stable Rh-sxp complexes,
which were identiﬁed by in situ FT-IR. In addition, the ionic
liquid also interacts with the silanol groups in order to ensure
even distribution on the surface. In light of Bell’s results, it is
clear why silylation of the silica surface resulted in a rather poor
catalyst. As shown in Scheme 3, the silylation would almost
completely remove the surface silanol groups; thus, little or no
attachment of ionic liquid can occur.
Various support materials were investigated for gas-phase
hydroformylation of propylene using Rh-sxp dissolved in thin
ﬁlms of [C4C1IM][n-C8H17OSO3].26 The results indicate that
both pore volume and pore diameter are probably more
important parameters than high surface area in order to obtain
active and stable SILP catalysts. The highest turnover frequency
(TOF) of 19.9 molpropylene molRh−1 h−1 was obtained for SILP
catalysts based on silica supports. Rapid deactivation was
observed for this catalyst in the ﬁrst 20 h of reaction. The
interaction between the excess ligand and the surface silanol
groups (Scheme 2) lowered the eﬀective excess ligand amount
required for stabilizing the Rh complex. SILP catalysts based on
alumina, titania, and zirconia exhibited lower activity, possibly
due to lower pore volume and diameter. This would lead to
ﬂooding of the pore system with even small amounts of ionic
liquids, resulting in mass transport limitations. In 2012, Ha et al.
published the ﬁrst successful studies on gas-phase hydroformylation of ethylene.27 This was achieved by a Rh-tppts
catalyst complex dissolved in [C4C1IM][n-C8H17OSO3] and
immobilized on precalcined (500 °C, 15 h) silica gel. With a
rhodium loading of 0.2 wt % and a ligand-to-rhodium ratio of 10,
TOFs above 800 molethylene molRh−1 h−1 were observed. In the
course of parametrical studies, the IL loading and diﬀerent
reaction temperatures were examined and further analyzed by
means of BET, FT-IR, and SEM-EDX. Highest activity was
found for an IL loading of 30 vol %. Samples of αIL > 20 vol %
were found to deactivate at reaction temperatures of 150 °C.
The authors traced the deactivation back to a redistribution of
the IL containing the active Rh-tppts species, which was
determined by postreaction surface analysis. Thereby, transport
pores get blocked, and the eﬃciency of the SILP catalyst
declines, indicating that a proper distribution of the ionic liquid
as thin ﬁlm is mandatory for eﬃcient catalysis. In 2016, Weiß et
al. introduced gas-phase SILP hydroformylation of ethylene and
propylene on surface-functionalized activated carbon as support
material.28 However, pristine activated carbon exhibited a low
TOF of 3.5 molpropylene molRh−1 h−1, and amine functionalization
of the support material increased the TOF to 105 molpropylene

material and applied Rh-sxp (Figure 3) in [C4C1IM][PF6] and
halogen-free 1-butyl-3-methylimidazolium ocytlsufate
[C4C1IM][n-C8H17OSO3], respectively, both impregnated on
porous silica gel (BET surface area approximately 300 m2 g−1,
dpore = 10 nm, Vpore = 1 mL g−1).24
The ligand-to-rhodium ratio and the pore ﬁlling degree of the
ionic liquid (IL loading, deﬁned as volume of IL to total pore
volume of support material) was identiﬁed to strongly inﬂuence
the catalytic performance of SILP materials (Figure 4). High L/

Figure 4. Continuous propylene hydroformylation activity (closed
symbols) and selectivity (open symbols) of SILP Rh-sxp/[C4C1IM][nC8H17OSO3] catalysts (sxp/Rh = 10) over time (sxp = sulfoxantphos).
Dried support (αIL = 5 vol %, ■,□), partially dehydroxylated support
(αIL = 10 vol %, ▲,△), and silylated support (αIL = 5 vol %, ●,○).
Redrawn from ref 24.

Rh ratios of 10 and even higher were considered necessary to
achieve a high regioselectivity (96%) toward the linear butanal.
The reason for this was the interaction of the basic sxp ligand
with free silanol groups on the surface in an acid−base type
reaction as already observed by Spek for tpp.5 In addition, the
group of Bell investigated the interaction between sxp and silica
by means of 31P MAS NMR and in situ FT-IR.25 Their ﬁndings
support the interactions already reported but also hinted for an
interaction between the ionic liquid and the support material to
be required for obtaining eﬃcient SILP catalysts. Based on their
observations, they proposed the formation of three diﬀerent sxpsupport species as shown in Scheme 2.
Formation of species A and C would occur at high surface
silanol density and lower the eﬀective ligand excess and decrease
the regioselectivity, which was indeed observed by the groups of
Riisager and Haumann as well as Bell’s group. In addition, Bell

Scheme 2. Postulated Interactions between the Sulfoxantphos Ligand sxp and Silanol Surface Groups
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Scheme 3. Surface Treatment of Silica: (a) Thermal Dehydroxylation and (b) Silylation

molRh−1 h−1. Besides good stability over 16 h time on stream
(TOS), the latter also showed high n/iso ratios. This is an
outstanding performance in comparison to traditional SILP
catalysts on oxidic support materials such as silica (TOF of 15
molpropylene molRh−1 h−1) or alumina. The hydroformylation
experiments were carried out with a xantphos xp-modiﬁed RhSILP (xp:Rh = 5:1) catalyst system, a metal loading of 0.2 wt %,
and an αIL value of 10 vol % 1-ethyl-3-methylimidazolium
bis((triﬂuoromethyl)sulfonyl)amide [C2C1IM][NTf2]. Applied
analysis techniques included BET, TGA, point of zero charge
(PZC) detection (via titration), and XPS. The best performance
was achieved with an amine-modiﬁed activated carbon support
thermally pretreated at 800 °C. A clear correlation between the
point of zero charge and the nitrogen content on the catalytic
activity of the SILP catalyst systems was observed as depicted for
ethylene hydroformylation in Figure 5.

CO)(sxp)(CO)}2] into the catalytically active monomers
[HRh(sxp)(CO)2] (ee and ea conﬁguration).24 This transformation conﬁrms the homogeneous nature of the rhodium
catalyst since it matches data of Rh-sxp and analogous Rhxanthene-based systems in organic and ionic liquid solvents.31 In
2012, Bell et al. also studied the kinetics of propylene
hydroformylation with Rh-SX-SILP catalyst systems.32 Special
attention was paid to the inﬂuence of diﬀerent reaction
temperatures and partial pressures of the reactants and their
eﬀect on the regioselectivity and reaction orders. For the studies,
0.2 wt % of Rh on silica support was used with a ligand-torhodium ratio of 10 and IL loading of αIL = 10 vol %.
At 140 °C, they found partial pressure dependencies of almost
ﬁrst and zero order for H2 and CO, respectively. In contrast to
that, a change in reaction orders has been observed for lower
temperatures (90 °C). The group of Bell interpreted this as a
change in the RDS from oxidative addition of H2 to insertion of
propylene into the Rh-H bond. Corresponding partial pressure
dependencies were slightly positive for H2 and −0.4 for CO,
whereas the partial pressure of C3H6 is roughly unaltered by a
change in temperature. The negative reaction order in CO could
also be observed experimentally. Furthermore, a temperature
change inﬂuenced the regioselectivity profoundly. The n/iso
ratio decreased with increasing temperature, which Bell et al.
ascribed to the change in the RDS. These results are somewhat
surprising since electron-rich ligands like xp or sxp are known to
show a rate-determining step early in the catalytic cycle.34 One
reason for this deviation could be the rather low reaction
pressure of only 2 bar used in Bell’s studies, leading to
dimerization of the active rhodium species. Higher hydrogen
partial pressures would shift the equilibrium back to more active
species.
Similar results for partial reaction orders were determined by
Haumann et al. for the continuous gas-phase hydroformylation
of 1-butene using the above-mentioned Rh-sxp-SILP catalysts.1,35a,b Eﬀective Arrhenius activation energies of 63.3 kJ mol−1
for propylene and 64.1 kJ mol−1 for 1-butene were calculated.
These data match homogeneous hydroformylation in organic or
biphasic media.1,34b In 2016, Walter et al. reported a detailed
kinetic study on 1-butene gas-phase hydroformylation.36 The
Rh-bzp SILP catalyst system (see Figure 3 for benzopinacol
ligand bzp) was investigated experimentally and correlated with
combined kinetic and density functional theory (DFT)
modeling studies. The catalytic results were analyzed based on
the extended Wilkinson mechanism for bidentate ligands
proposed by Markert et al. in 2013 and Kiedorf et al. in 2014
for liquid-phase hydroformylation (Scheme 4).33 The hydroformylation cycle could be modeled quite accurately, whereas a
discrepancy in reaction rates for the hydrogenation and
isomerization cycle was found. Experimental studies indicated
a dependency of the hydrogen partial pressure in both side
reactions, which is not included in Markert’s and Kiedorf’s cycle.
Hence, a new catalytic cycle was postulated by the authors,
which suggests the H2 oxidative addition being the initial step.
The new mechanism was derived by kinetic modeling of the
reaction network with hyperbolic reaction rate equations. The

Figure 5. Correlation between nitrogen content and PZC of the
functionalized carbon supports and the activity of Rh-xp-SILPcatalyzed hydroformylation of ethylene after 15 h reaction time (xp =
xantphos). Reaction conditions: T = 120 °C, p = 8 bar, mSILP = 2.5 g,
mRh = 0.2 wt %, xp/Rh = 5, αIL = 10 vol % [C2C1IM][NTf2], pOlefin = 0.3
bar, pH2 = 5.0 bar, pCO = 2.7 bar, τ = 6.7 s.

It remains to be highlighted that the aldol formation was
suppressed or kept below the detection limit of the online GC
used, even though a slightly higher selectivity toward the
respective alcohol was observed compared to oxidic support
materials.

■

GAS-PHASE SILP HYDROFORMYLATION KINETICS
The ﬁrst kinetic investigation on SILP-catalyzed hydroformylation of propylene was carried out in 2005 using a
ﬁxed-bed tubular reactor.29 A ﬁrst order in substrate partial
pressure, slightly positive order in hydrogen, and negative order
in carbon monoxide was determined. These data match the
established Wilkinson mechanism for modiﬁed rhodiumcatalyzed hydroformylation (Scheme 4). The rate-determining
step (RDS) here is the oxidative addition of molecular hydrogen
to the acyl complex Rh(P-P)C(O)CH2CH2CH3.30 FT-IR
analysis of the SILP catalysts showed, on exposure to syngas,
rapid transformation of the inactive dimeric species [Rh{μ2413
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Scheme 4. Extended Catalytic Mechanism Based on the Wilkinson Hydroformylation Cycle Including Isomerization and
Hydrogenation as Side Reactionsa

a

Redrawn from ref 33.

active species Rh(P-P)(CO)2X was proposed, where X can be a
hydride, the anion of the IL, or a negatively charged surface
group of the support material. The suggestions were conﬁrmed
by DFT calculations on the steps initiating the cycle. With this
cycle, a much better agreement between modeled and measured
data was achieved as shown exemplarily for CO and H2 in Figure
6.
Comparing the activity of the Rh-sxp-SILP catalyst in
propylene and 1-butene hydroformylation revealed a 2.5-fold
increase in activity when 1-butene was used as feedstock instead
of propylene (TOF = 260 h−1 vs 103 h−1).35a The molar
solubility of the two alkenes in the applied ionic liquid reﬂects
this diﬀerence, with 1-butene being 2.4 times more soluble in
[C4C1IM][n-C8H17OSO3] than propylene. Since the reaction
rate depends on the substrate concentration in ﬁrst-order
fashion, the higher activity reﬂects this solubility diﬀerence. This
result indicates the importance of suﬃcient feedstock solubility
in the ionic liquid ﬁlm. Screening of the broad library of potential
ionic liquids with respect to optimized solubility will help to
further improve SILP systems in general.1,37

In 2011, a biphephos-modiﬁed Rh-bpp-SILP catalyst was
reported that converts a mixed C4 feedstock in continuous gasphase hydroformylation with high selectivity into n-pentanal.39
The feedstock used in this study represents the light (nonconverted) fraction of a common C4 dimerization plant and
consists of only 1.5% 1-butene, 28.5% cis/trans-2-butenes, and
70% inert n-butane (butane crude). Such feedstock is typically
not subjected to further chemical transformation due to its low
concentration of reactive alkenes. A combined isomerization/
hydroformylation reaction sequence as depicted in Scheme 5 is
necessary for a high yield of n-pentanal. Here, 10% conversion of
the reactive butenes was achieved at 140 °C with an n-pentanal
selectivity higher than 93%. The SILP catalyst was stable for
more than 100 h TOS without signiﬁcant loss of activity (Figure
7a). Under optimized conditions a space-time yield close to 100
kgn‑pentanal m−3 h−1 was obtained. This is an attractive value, given
the low concentration of reactive alkene in the feed.
Further investigations by Jakuttis et al. led to the development
of an extremely active and highly selective SILP system for the
conversion of a second technical C4 feedstock, coined Raﬃnate
1.40 This C4 mixture originates from the steam cracker after
removal of 1,3-butadiene and consists of iso-butene (43.1%), 1butene (25.6%), cis/trans-2-butene (16.1%), inert butanes
(14.9%), and 1,3-butadiene (0.3%). To reiterate, isomerization
must occur prior to hydroformylation in order to obtain the npentanal product. In addition, the hydroformylation of isobutene must be suppressed. This was achieved by using a Rh
catalyst modiﬁed with ligand bzp (Figure 3).41 iso-Butene was

■

PROCESS DEVELOPMENTS IN SILP-CATALYZED
HYDROFORMYLATION
Recently, Rh-SILP catalysts have been reported that promote
isomerization and hydroformylation in a single step.38 These
catalysts are capable of in situ isomerization of internal alkenes
prior to hydroformylation.1
2414
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Figure 6. Comparison of the measured reaction rates versus the modeled reaction rates obtained by both the established (left) and the alternative
(right) reaction cycle for Rh-bzp-SILP-catalyzed 1-butene hydroformylation. 1-Butene hydrogenation (top) and isomerization (bottom) are shown: 1butene (ﬁlled squares), CO (ﬁlled triangles), and H2 (open circles), ̵modeled according to best ﬁt rate expressions. bzp = benzopinacol-based
diphsophite ligand. Adapted from ref 36.

In 2015, Walter et al. reported the gas-phase dehydrogenation−hydroformylation cascade process, thereby enabling
conversion of butane into pentanals.43 Dehydrogenation of
the alkane was catalyzed by an industrial catalyst (Cr-oxide on
alumina), followed by a Rh-bpp-SILP catalyzed hydroformylation. The simpliﬁed ﬂow scheme of the two-step process is
visualized in Figure 8, and a conversion-overtime plot is depicted
in Figure 9.
Even though the catalyst deactivated slowly over 150 h TOS,
high selectivities toward butene could be obtained with the
following C4 composition: ca. 20% 1-butene, ca. 30% cis-2butene, and ca. 43% trans-2-butene. For the subsequent
rhodium-catalyzed SILP hydroformylation of the C4 mixture,
two ligands were investigated, bzp and bpp (Figure 3). The
former showed high n/iso selectivities of >99.5% with a STY of
140−250 kgn‑pentanal mSILP−3 h−1 and good stability. Due to its
isomerization activity, the Rh-bpp-SILP catalyst converted
additional butene resulting in a full process sequence of
dehydrogenation/isomerization/hydroformylation. The Rhbpp-SILP system exhibited good stability and STYs of 10−
250 kgn‑pentanal mSILP−3 h−1, depending on the reaction
conditions.
With the successful application of gas-phase SILP catalysis in
combination with a heterogeneous dehydrogenation, the
authors showed the versatility of the SILP concept. With this
combined technology, many possibilities of alkane functionalization sequences were opened up, and it permits the usage of
low-cost feedstocks. It must be noted that hydroformylation

Scheme 5. Reaction Network for the Hydroformylation of
Mixed C4 Feeds, Including Reactive 1-Butene, cis-2-Butene,
trans-2-Butene, and iso-Butenea

a

Inert butanes are not shown for sake of brevity.

not converted, with the concentration of the 3-methyl butan-1-al
being always below the detection limit. Hydroformylation of the
2-butenes occurred only after isomerization, yielding up to
99.5% n-pentanal (Figure 7b). At 120 °C and a total pressure of
25 bar, an average TOF of 3600 h−1 and a space-time yield of 850
kgn‑pentanal m−3 h−1 were obtained. A value in this range is
considered to be acceptable for industrial processes. All water
content in the feed gas had to be carefully removed in order to
avoid ligand hydrolysis. Post-run NMR analyses of the SILP
catalyst revealed the presence of some degradation species after
several hundred hours TOS. However, this minor ligand
deterioration obviously did not hamper the long-term stability
as long as water was eﬀectively excluded from the reactor. Using
a more robust ligand based on a polycyclic anthracenetriol motif,
the group of Franke at Evonik was able to maintain activity in 1butene hydroformylation over 2200 h TOS.42
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Figure 7. (a) Hydroformylation of highly diluted Raﬃnate 3 feed showing conversion (□) and n-pentanal selectivity (●). T = 140 °C, ptotal = 20 bar, 6 g
Rh-bpp-SILP, wRh = 0.4 wt %, αIL = 10 vol %, τ = 80 s, CO:H2 = 1, molar ﬂow (CO) = molar ﬂow (H2) = 2.2 mmol min−1, molar ﬂow (butane crude) = 1
mmol min−1. (b) Hydroformylation of an industrial C4 mixture (Raﬃnate 1, <16 ppm of H2O) in the presence of Rh-bzp-SILP catalyst showing
conversion (■) and n-pentanal selectivity (□). T = 100 °C, ptotal = 10 bar, praffinate 1 = 2 bar, pH2 = pCO = 4 bar. Total volume ﬂow = 29.2 mL min−1,
residence time = 15 s, mSILP = 3 g, wRh = 0.2 wt %, L/Rh = 10, stabilizer/L = 4, [C2C1IM][NTf2], ionic liquid loading = 10 vol %. bpp = biphephos, bzp =
benzopinacol-based diphsophite.

Figure 8. Simpliﬁed ﬂow scheme of the combined gas-phase dehydrogenation−hydroformylation process for butanal conversion into pentanals.

gel. At 100 °C and 100 bar total pressure, continuous-ﬂow
hydroformylation of 1-octene was carried out with high catalytic
rates (TOF of up to 800 mol1‑octene molRh−1 h−1). In contrast to
gas-phase experiments with propylene or 1-butene, where too
high ionic liquid loadings have shown to induce mass transfer
limitations, the 1-octene hydroformylation was independent of
the thickness of the applied ionic liquid ﬁlm. The authors
explained this result by the absence of any diﬀusion limitation in
the SILP/scCO2 system since dissolved CO2 will reduce the
viscosity of the ionic liquid. Although scCO2 is very soluble in
[C8C1IM][NTf2], the ionic liquid and the ionic catalyst were
both essentially insoluble in scCO2, leaving them immobilized
on the supporting material during continuous contact with the
mobile supercritical CO2 phase. This reduced rhodium and ionic
liquid leaching to a minimum (<0.5 ppm), as measured by ICPMS and NMR analysis. The SILP/scCO2 system was stable over
40 h TOS. This is an impressive stability result since the formed
C9 products have higher boiling points than the aldol
condensation products obtained as side products in C3 or C4
hydroformylation. In a follow-up study, Hintermair et al.
investigated the inﬂuences of diﬀerent SILP and reaction

results were achieved without intermediate puriﬁcation of the
oleﬁns.

■

SILP HYDROFORMYLATION WITH SCCO2 AS
MOBILE PHASE
One limitation of gas-phase hydroformylation is the pore
blocking caused by accumulation of formed heavy byproducts,
mainly aldol condensation products. Thus, SILP gas-phase
hydroformylation is limited to C2− C6 alkenes.29 For the
hydroformylation of even higher alkenes, Hintermair et al.
applied SILP materials together with supercritical carbon
dioxide (scCO2) as the mobile phase.44
Continuous 1-octene hydroformylation was carried out in a
ﬁxed-bed reactor system under IL/scCO2 biphasic conditions.
Reaction products were collected downstream after simple
expansion of the scCO2 phase (Figure 10). The SILP catalyst
was prepared from the tri(m-sulfonyl)triphenyl phosphine
mono-1-propyl-3-methylimidazolium salt tppmim ligand and
[Rh(CO)2(acac)] (acac = acetylacetonate). It was dissolved in
1-octyl-3-methylimidazolium bis((triﬂuoromethyl)sulfonyl)amide [C8C1IM][NTf2] and immobilized on microporous silica
2416
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h was observed, this value increased to 570 molnonanal molRh−1
h−1 at 100 bar. Higher system pressure resulted in a decline in
activity. The authors attributed this behavior to diﬀerent local
concentrations of all substrates (oleﬁn and syngas) as a function
of the system pressure. Again, Rh leaching could be suppressed
to levels below 1 ppm under all conditions. These investigations
convincingly showed that a combined SILP/scCO2 system
allows fast substrate diﬀusion and high solubility of the
substrates and gases in the supported ionic liquid phase. At
the same time, scCO2 is extracting heavy products from the
supported ionic liquid ﬁlm. This allows for high activity and
stability, a signiﬁcant advantage compared to the classical SILP
approach with a continuous gas contact.

■

CONCLUSION

The examples in this review have summarized the state-of-theart in hydroformylation catalyst immobilization via ionic liquid
thin ﬁlm technologies (supported ionic liquid phase, SILP),
covering the period between 2003 and 2018. The SILP
technology oﬀers great potential for immobilizing the
homogeneous Rh catalyst complexes together with the
dedicated (and usually expensive) ligands. However, the early
examples of SILP slurry hydroformylation have shown that the
polar aldehydes that are being formed in hydroformylation will
remove the thin ﬁlm of ionic liquid from the support. This
clearly limits the application of simple SILP systems consisting
of physiosorbed ionic liquid (and dissolved catalyst) for liquidphase hydroformylation processes. One option would be to
anchor ionic liquid fragments onto the support by means of
covalent bonds.9 This procedure would make the catalyst
synthesis more elaborate and costlier and does not guarantee
complete ﬁxation of the ionic liquid and catalyst. A second
option would be to limit the degree of conversion and use
nonpolar solvents as the mobile phase. However, this would
require large and energy intensive separation and recycling
processes. If higher alkenes (>C6) must be converted, the
combination of SILP with scCO2 as the mobile phase is an
attractive option. From a production cost perspective, such a
process must be competitive against classical biphasic,
thermomorphic, or microemulsion processes, of which miniplant operation has been reported recently.46,47 For oleﬁns in the
C2−C6 range, SILP catalysis is especially suited for continuous
gas-phase applications since the extremely low vapor pressure of
the ionic liquid prevents leaching. Results reported so far clearly
indicate that the dissolved catalyst is extremely active and keeps
its high selectivity known from classical molecular solvents. With
space time yields between 100 and 800 kgproduct m3reactor h−1 and
TOS exceeding 2000 h, the SILP catalysis is certainly attractive
for industrial applications. The latest development for process
optimization in gas-phase hydroformylation catalysis aims at
combining the SILP reaction concept with membrane
separation.48,49 The design principle is the creation of a
catalytically active membrane as schematically depicted in
Figure 11.
A porous monolithic support structure will be coated by a thin
ﬁlm of ionic liquid, containing the active catalyst plus ligand. On
the outside of the cylindrical monolith, a coating layer will be
placed that has the potential to separate the formed aldehydes
from the hydroformylation feed components. In such “two-inone-reactors”, the lifetime of the catalysts could be enhanced via
removal of the formed products because unwanted aldol
condensation will be minimized.

Figure 9. Conversion and selectivity plotted as a function of reaction
time for a diluted dehydrogenated C4 stream in the presence of Rh-bzpSILP catalyst. ptotal = 1 MPa, T = 373.15 K, total volume ﬂow = 64.9−
129.9 mLN min−1, pC4‑stream = 0.333−0.666 MPa, pH2 = pCO = 0.333−
0.666 MPa, mSILP = 3 g, wRh = 0.2 wt %, bzp/rhodium = 10, αIL = 10 vol
%, [C2C1IM][NTf2].

Figure 10. Cumulative turnover number for the Rh-SILP-catalyzed
hydroformylation of 1-octene in scCO2. 100 °C, 100 bar, 14 wt % IL;
Rh 0.146 mmol; P: Rh = 10, silica = 7.5 mL; substrate ﬂow 0.42 mL
min−1, CO/H2:substrate = 10, total ﬂow = 854 mL min−1. Redrawn
from ref 44.

parameters on the overall reaction outcome.45 Statistical
experimental design was used in order to carry out the initial
screening of several reaction parameters. The ionic liquid mass
loading had no signiﬁcant inﬂuence on the overall activity,
expressed as TOF, indicative of absence of mass transport
limitations in the scCO2/SILP system. Higher substrate ﬂow
resulted in higher TOF values, while higher volume ﬂows lower
the activity of the system due to increased residence time. The
syngas to substrate ratio showed a pronounced inﬂuence on the
activity, while the selectivity was not aﬀected with a high level of
>98% n-nonanal formation throughout all experiments. The
lower activity at higher syngas partial pressures was attributed to
the negative inﬂuence of CO on the overall kinetics according to
the Wilkinson mechanism. The most dominant eﬀect on the
SILP catalyst activity was found to be the total system pressure.
While at 50 bar a TOF of approximately 350 molnonanal molRh−1
2417
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Figure 11. Schematic representation of (a) classical sequential homogeneously catalyzed hydroformylation followed by separation steps and (b) the
combined reaction−separation using a membrane reactor with supported ionic liquid ﬁlms according to the ROMEO approach.
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Schomäcker, R.; Wozny, G.; Repke, J.-U. Hydroformylation in
Microemulsions: Proof of Concept in a Miniplant. Ind. Eng. Chem.
Res. 2016, 55, 8616.
(48) Horizon2020-SPIRE project ROMEO. http://www.romeoh2020.eu/ (accessed August 2018).
(49) Haßelberg, J.; Franke, R.; Stenger, F.; Haumann, M.; Weiß, A.
ROMEO − A Major Step Toward More Sustainable Processes.
Presented at the Jahrestreﬀen Reaktionstechnik, Würzburg, May 2017.
https://processnet.org/reakt2017.html (accessed October 2018).

2420

24

DOI: 10.1021/acs.iecr.8b04010
Ind. Eng. Chem. Res. 2019, 58, 2409−2420

Chapter 2
Aim and Outline of the Study

2.1 The ROMEO Project

2.1 The ROMEO Project
This work was carried out within an EU-project called ROMEO, an acronym
which stands for Reactor Optimisation by Membrane Enhanced Operation
[65]. The project was funded by the European commission in the frame of
H2020-SPIRE. With a budget of around 6 million Euros, nine partners from
industry and academia from five European countries teamed up for four years
to develop the novel membrane-reactor module.
Two approaches for catalyst immobilization were initially pursued to integrate two standard-unit operations into a single-reactor module, which are
schematically depicted in Figure 2.1. In approach A, the catalytic liquid-phase
was immobilized directly on the monolithic support, whereas approach B
combined conventional SILP catalysts with monolith-supported membranes.
For this, SILP catalysts were prepared on oxide supports of grains and incorporated into the bore channels of the monolith. The membrane for gas-phase
separation was applied on the surface of the monolith in both approaches,
which resulted in two reactor outlets, permeate and retentate. The reactor
module was applied in both case reactions, the WGS and HyFo.
The large consortium was structured into eight work packages (WPs) to
intensify the research. Figure 2.2 pictures an overview of all WPs including
their main tasks.
Evonik Industries AG coordinated the project and were the leader of WP1
(coordination) and WP8 (dissemination and business-plan development).
WPs 2-4 focused on the academic development of the membrane reactor. The
membrane materials were mainly developed by RWTH Aachen University
(WP2) and the catalyst immobilization was carried out by the Technical
University of Denmark (WP3). The findings of both, WP2 and WP3, were
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Figure 2.1

Two approaches to immobilize the homogeneous catalyst (blue) in the
monolithic support material (grey).

further tested in feasibility and catalytic performance tests at the University of
Erlangen–Nuremberg (WP4) and the research was accompanied by theoretical
investigations (WP5), also carried out by RWTH Aachen University. Due
to the international locations, the project involved a lot of logistics and
planning-ahead strategies.
To operate the developed membrane reactor in an industrial environment,
LiqTech International A/S up-scaled the reactor module (WP6) which was
then further tested at the industrial partner’s sites (WP7). Evonik Industries
AG focused hereby on the HyFo whereas The Linde Group and Bioenergy
2020+ GmbH focused on the WGS. The Spanish National Research Council
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Figure 2.2

Overview of the work packages within the ROMEO project.

(CSIC) from Madrid and LiqTech International A/S supplied and modified
monolithic support materials.

2.2 This PhD Work within the ROMEO Project
The overall objective of this dissertation was to immobilize and characterize
monolithic SILP catalysts with potential of industrialization, which was
employed for both case studies, WGS and HyFo. Approach B served primarily
as a feasibility test of the novel reactor module, as the industrial application
would suffer from known drawbacks with respect to catalyst handling and
heat transfer limitation within the catalyst bed (see above). Hence, this study
targeted approach A, the immobilization of the catalyst phase directly on
the monolithic support conducted with and without addition of membrane
materials.
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The initial goal was to synthesize high-performance catalyst systems for each
case reaction which in a consecutive step were immobilized in combined
catalyst-membrane systems. The developed catalyst-membrane systems were
then performance tested and optimized regarding their catalytic performance
and separation.
For a deeper understanding and optimization of the system, multidisciplinary
characterization was performed investigating the reactor module. The characterization was structured in two fields, aiming on the one hand on the
monolithic support material, which was primarily characterized by scanning
electron microscopy (SEM), liquid adsorption, mercury intrusion porosimetry
(MIP) and X-ray micro-tomography (micro-CT). On the other hand, the
homogeneous catalytic system was investigated by nuclear magnetic resonance
(NMR) spectroscopy and improved with the supporting findings of catalytic
performance tests. Magnetic resonance imaging (MRI) was employed to image
and localize the liquid distribution of the catalytic phase in the monoliths to
improve the impregnation procedure.
Furthermore, an additional goal was to execute in-house catalytic performance
tests. Hence, this dissertation includes the erection and commissioning of a
continuous gas-phase hydroformylation set-up with on-line gas chromatography (GC) analysis with an implemented, automatic emergency shutdown
system (ESD) for long-term reactions.
As the reactor module comprises various fields of research, this study required
close collaboration amongst the project partners. The work carried out by
others is therefore marked with footnotes in the following.

30

Chapter 3
Membrane Reactors for Butene
Hydroformylation by SILP Technology

3.1 Introduction

3.1 Introduction
The reaction scheme of hydroformylation of 1-butene is depicted in Figure 1.2
in Section 1.3.1. Under the presence of syngas (CO and H2 gas mixture)
and a transition metal catalyst, such as rhodium (Rh, from greek 'rhodon'
meaning 'rose'), 1-butene is converted to the respective aldehydes with the
possible products being the branched 2-methylbutanal and linear 1-pentanal.
In this study as well as industrially, the linear form of pentanal, n-pentanal,
is the desired product due to its importance on the market [41, 66].
The exothermic reaction can further react to larger aldehyde products (side
products), typically by undergoing a consecutive aldol condensation reaction.
The side products are also called aldols or heavies due to their high boiling
points of typically above 180 ◦C [45]. To avoid the consecutive reaction step,
it is of major importance to quickly separate the desired pentanal from the
catalyst phase.
As mentioned briefly above, previous studies of gas-phase hydroformylation
with SILP catalysts demonstrated the simple product separation from the
catalyst phase and the potential of avoiding expensive downstream catalyst
recovery [7] compared to industrial biphasic systems. 1-butene hydroformylation with Rh-diphosphite complexes in 1-ethyl-3-methylimidazolium bis
(trifluoromethylsulfonyl)imide ([C2 C1 Im][NTf2 ]) on silica grains has been investigated revealing high selectivities of 99.4 % towards the desired product
n-pentanal over 900 h time-on-stream (TOS) without loss of activity [20],
as introduced previously. Phosphite ligands were preferred over the more
common phosphine ligands as the Rh-phosphite complexes are generally
more active [46]. Nonetheless, these SILP catalysts showed a decrease in
activity over 2500 h TOS under industrially relevant conditions which was
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attributed to the accumulation of heavies in the pore structure [47] and not
to catalyst deactivation (e.g. deactivation by ligand dissociation), as the
n/iso ratio remained constant. The accumulation of aldols and the inevitable
subsequent loss of activity hampered the industrial implementation of these
SILP catalysts for HyFo.
In this study, two major strategies are being pursued to overcome the aforementioned drawback. Firstly, a membrane as gas-separation layer is introduced with the goal to separate n-pentanal fast from the product stream,
which might have the potential to reduce the aldol formation. The membrane is integrated into the reactor module to avoid multiple process steps
and to allow in-situ product separation. The previously shown Figure 1.5
schematically depicts the idea of the membrane reactor module, combining homogeneous catalysis with product separation. By continuous product-removal
of n-pentanal, the permeate stream results in an n-pentanal-enriched stream
while the retentate should desirably contain low amounts of such. The instant
product separation further has the potential to ease downstream purification
and significantly reduce the energy consumption and hence, CO2 emissions.
Secondly, the homogeneous Rh-diphosphite catalyst system is varied by the
use of an alternative liquid phase compared to [C2 C1 Im][NTf2 ] which is
commonly used in SILP HyFo. With a lower solubility towards the product
in the new liquid phase, the concentration of n-pentanal in the liquid phase
is reduced making the formation of aldol less pronounced and the aldol
condensation could be reduced or avoided.
To integrate the membrane, a monolith was found to be suitable as support
material for both, the catalyst system and the membrane. So far, SILP
has mainly been applied on grains of micro- to millimeter scale, which goes
hand in hand with a challenging upscaling due to several reasons, such as a
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high-pressure drop over the catalyst bed or a low heat transfer within the
bed [59, 67]. Porous monoliths made of silicon carbide (SiC) can overcome
such drawbacks due to their structured design, high thermal conductivity and
good wettability of polar liquids while being mechanically highly resistant
[68]. By the implementation of a monolith on centimeter-scale, a major step
towards upscaling of the SILP system is taken. Furthermore, the modular
design of the membrane reactor makes further upscaling simple and easily
applicable.
Figure 3.1 shows a detailed overview of all components of the catalyst system
as it was applied during this study. On the left, the reactor module is
schematically depicted with the inlet and outlet (permeate, retentate) streams
and on-line gas chromatography (GC) for analysis. In the middle, the SiC
monolith tuned with wash-coat and SiC skin is schematically represented and
the location of the membrane is indicated as well. A zoom of the supported
catalyst system with all components and location on the monolith is shown on
the right. The components and composition of the complex reactor module
are explained in more detail in the following section.

3.2 Selection of the Components of the Catalytic
System
The catalytic system of the monolithic membrane reactors comprises several
components. A homogeneous catalyst system based on Rh-biphephos (bpp)
complexes, a membrane as gas-separation layer, and besides that, the monolith
as support material. The latter is a key component, as the monolith supports
both, the catalyst and the membrane. In the following, the details of all three
components are described.
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Figure 3.1

Schematic drawing of the continuous gas-phase Rh-catalyzed hydroformylation supported by SiC
monoliths with detailed drawings of the pore structure, the membrane and the catalyst system.
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3.2.1 Monolithic Support Material
To combine two standard unit operations, the reaction and the separation, in
one reactor module, a suitable support material is essential. While supporting
and immobilizing the catalyst system for long-term reactions, the support
also needs to be chemically inert and mechanically robust. Besides that, a
smooth surface is essential for the coating of dense membrane materials. A
cylindrical and porous monolith made of silicon carbide (SiC) was selected as
suitable support material when modified accordingly.
The commercial SiC monoliths applied in this study were manufactured
by LiqTech International A/S and a photograph with a digital cut for better visualization of the interior is shown in Figure 3.2. The multi-channel
monoliths comprised three components, which were tailor-made to meet the
requirements of this study. For variations of the monoliths and details on
the manufacturing procedure, see the article submitted for publication in
Section 3.6.1.4 on page 76.
The monolith mainly applied in this study, consisted of a core structure
made of sintered α-SiC particles with a particle size of 17.3 µm. A skin of
sub-micrometer sized α-SiC particles was applied on the outside to obtain a
smooth surface of the monolith. The monolith was subsequently wash-coated
with a silica suspension of 7 nm particles to optimize the porosity and to
modify the surface chemistry for the case reaction. The three components are
schematically visualized in Figure 3.1. The dimensions of the multi-channel
monoliths were 200 mm in length, 25.4 mm in diameter and they contained 30
bore channels of 3 mm diameter each. As a result, the bore channels reduced
the pressure drop over the reactor bed and the thin walls within the monolith
reduced the length of diffusion pathways.
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Figure 3.2

SiC monolith with SiC skin and SiO2 wash-coat for hydroformylation.

3.2.2 Catalyst System

The selection of the components of the SLP/ SILP catalytic systems was based
on previous studies [7, 20, 69, 70]. The Rh-precursor [Rh(acac)(CO)2 ] (1), the
diphosphite-ligand biphephos (2, bpp, 6,6’-[(3,3’-di-tert-butyl-5,5’-dimethoxy1,1’-biphenyl-2,2’-diyl)bis(oxy)]bis(di-benzo[d,f][1,3,2]dioxaphosphepin)), the
IL 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (3, [C2 C1 Im]
[NTf2 ]) and the additive bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate (4, sebacate) were selected. The structural formulas of the compounds are depicted
in Figure 3.3 and further details are reported in the article submitted for
publication in Section 3.7.2 on page 153. Due the air-sensitive nature of the
catalyst system, especially the ligand, all synthesis and impregnation steps
were carried out under inert-gas atmosphere.
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Components of the catalytic systems for hydroformylation.

The catalytic systems applied are listed in Table 3.1. The initial catalytic
system (system 1) was derived from previous SILP studies on powdered
silica as support material [69], with the sebacate-to-Rh ratio of 4 based on
pre-studies [71]. Three major variations were applied comprising a decrease
of the sebacate-to-Rh ratio (system 2) and a decrease of the bpp-to-Rh ratio
(system 3). Furthermore, in catalytic system 4, [C2 C1 Im][NTf2 ] was left out
and sebacate was applied instead. Sebacate is a solid at RT which melts at
82 − 85 ◦C according to the supplier (Sigma-Aldrich) and can therefore, act
as a liquid phase at reaction temperature (100 ◦C). When applied on support
material, system 4 results in an SLP system, in contrast to systems 1-3 being
SILP systems.
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Table 3.1

Catalyst systems for hydroformylation.

Catalyst
System
1
2
3
4

[C2 C1 Im][NTf2 ]
-

Rh/IL
mol/mol

bpp/Rh
mol/mol

sebacate/Rh
mol/mol

yes
yes
yes
no

0.052
0.052
0.017
0.017

10
4
4
4

40
16
16
16

3.2.3 Membrane as Separation Layer
An active membrane made of polydimethylsiloxane (PDMS) was selected as
suitable separation layer.† It has been reported in literature, that PMDS
membranes show high sorption values and high permeability coefficients for
hydrocarbon vapors [72, 73]. Hence, PDMS was expected to provide selectivity
in the removal of the desired product, n-pentanal, from the reactants following
the solution-diffusion model [74]. PDMS was applied onto the cylindrical
monolith by dip-coating and the location of the membrane in the reactor
module is depicted schematically in Figure 3.1. Photographs of the monolith
with and without membrane are depicted in Figure 3.4 where the shiny
surface indicates the membrane coating. Further details on PDMS and the
membrane-coating of the monoliths and its improvements are reported in the
article submitted for publication in Section 3.7.2 on page 153.

†

The selection and coating of the membrane materials were done by Morten Logemann
(RWTH)
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Figure 3.4

SiC monolith a) without and b) with PDMS membrane.

3.3 Instruments of Characterization and Preparation
of the Catalytic System
This section summarizes and describes the motivation of the instrumentation
for characterization primarily employed during this study. The experimental
details are included in the articles submitted for publication if not stated
otherwise.

3.3.1 Sample Opening for Characterization
Due to the dimensions of the monolith, 20 cm in length and 2.54 cm in diameter, the samples were usually cut prior characterization. A precision cut-off
machine (Minitom by Struers) equipped with a diamond blade was used to cut
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Figure 3.5

Precision cut-off machine (Minitom by Struers) equipped with a diamond blade to cut the SiC monoliths.

the monolith into slices of 2 or 4 mm (see Figure 3.5). Afterwards, the sample
was washed three times in de-ionized water and dried in an oven at 100 ◦C
overnight after which constant weights were usually detected. Due to the
invasive nature of the inevitable cutting, a consecutive analysis of the catalyst
system of a previously impregnated monolith was not revealing. Hence, for
relevant experiments, such as mapping by scanning electron microscopy, the
monolith was first cut, dried and then impregnated.
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Figure 3.6

SiC samples embedded in epoxy resin with copper-conductive tape for
SEM analysis.

3.3.2 Scanning Electron Microscopy
Scanning electron microscopy (SEM) was employed primarily for morphological analysis, which helped developing a better understanding of the monolith
supports. The samples were cut as described above and usually attached to
the sample holder without further treatment. Further details on the SEM
are reported in the article submitted for publication in Section 3.6.1.4 on
page 76. For the analysis of SiC samples embedded in epoxy resin, the samples were first cut, embedded, and then ground on sandpaper. Subsequently,
copper-conductive tape was applied as shown in Figure 3.6.

3.3.3 Mercury Intrusion Porosimetry
Mercury intrusion porosimetry (MIP) was employed to investigate the total
pore volume and the pore size distribution of the monoliths. Hereby, the
IUPAC classification of mesopores, being in the range of 2 nm < dp < 50 nm,
and macropores of dp > 50 nm was followed [75]. The pore sizes (dp ) of
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the monoliths were found to range from meso- to macropores, with the vast
majority of pores being in the µm-range. For that reason, MIP was primarily
applied, which is discussed in the following.
Gas physisorption technique was found to be inapplicable to analyze the
porosity of the monolith samples, due to its limitations on macropores. Pores
< 200 nm can be analyzed by gas physisorption, calculated by the Kelvin
equation for a relative pressure of 0.99 applied for nitrogen adsorption. Even
though, difficulties are faced for pores > 50 nm as the pore condensation
occurs at pressures close to the saturation pressure [76, 77]. Some of the
monoliths were found to contain mesopores by MIP, but the total pore volume
of mesopores seemed to be insufficient to apply nitrogen physisorption on the
cut monolith samples.
A common analysis technique for porosimetry is MIP, as it allows the pore
size analysis from meso- to large macropores. Depending on the equipment,
MIP is applicable to pores from ca. 0.003 − 400 µm [76, 78].
The interaction in between a liquid and the surface of a solid determines
the contact angle (θ) of the three-phase system as depicted in Figure 3.7.
Mercury is with a contact angle of θ > 90° a non-wetting liquid to most solids
(Figure 3.7 b). As a result, mercury must be forced into the pores by pressure
as applied in MIP while recording the intruded volume of mercury [76].
MIP analysis is typically based on the Washburn equation (3.1), which
describes the relation of pressure to pore size assuming cylindrical pores.
dp = −4 γ p−1 cos(θ)

(3.1)

The contact angle of mercury is 141° and the surface tension γ is 484 mN m−1 ,
following the IUPAC recommendations. The equation describes an inversely
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Figure 3.7

a) Wetting and b) non-wetting liquids with respect to their contact
angles (θ). Redrawn and modified from [79].

proportional behavior of dp and p, the pressure applied. Thus, high pressures
correspond to small pores sizes and vice versa. The total pore volume is
derived from the total volume of intruded mercury [76].
MIP was the method of choice in this study to analyze the pore size distribution and total pore volume of the monoliths, as MIP covered the required
range of pores. The experimental details of the MIP are reported in the
article submitted for publication in Section 3.6.1.4 on page 76.

3.3.4 Liquid Adsorption
Figure 3.7 a) depicts a wettable fluid which is defined by a contact angle
of θ < 90°. This case applies for polar liquids, such as water or ethanol on
silicon carbide [80, 81]. In contrast to MIP, where pressure is necessary for
the intrusion of mercury into the pores, capillary forces are sufficient to load
the SiC monolith. By tracking the weight of the pristine and loaded monolith,
the total pore volume can be derived easily by the density of the liquid on
the monolith at RT. This was applied during the study for an ad-hoc analysis
of the monoliths and quick quality control.
Pristine monoliths without membrane were loaded and investigated with
de-ionized water and the details are reported in the article submitted for
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publication in Section 3.6.2.3 on page 125. As the membrane material, PDMS,
swells with water, the membrane-coated monoliths were loaded with ethanol
which led to consistent results (vide infra).

3.3.5 Preparation of Catalyst Stock Solution

For the preparation of the stock solution, the solvent played a key role. The
solvent needed to be compatible with the membrane material as they get in
contact during the impregnation procedure, while dissolving all components
of the air-sensitive catalyst system. Anhydrous dichloromethane (DCM) was
found to be suitable for the application allowing easy post-impregnation
removal, which has also been reported previously [18, 70, 82].
Typically, batches of 180 ml of stock solution were prepared and the amounts
for the catalyst systems 1-4 are listed in Table 3.2. The stock solutions were
analyzed via nuclear magnetic resonance (NMR) spectroscopy to ensure that
the sensitive catalyst was maintained. This, together with further details on
the preparation procedures, is reported in the article submitted for publication
in Section 3.7.2 on page 153.
Table 3.2

Catalyst
System
1
2
3
4
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Stock solution compositions of catalyst systems for hydroformylation.

[Rh(acac)(CO)2 ]
g

bpp
g

sebacate
g

[C2 C1 Im][NTf2 ]
ml

DCM
ml

0.929
0.929
0.308
0.308

28.32
11.33
3.76
3.76

69.22
27.69
9.20
9.20

18
18
18
-

162
162
162
180
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3.3.6 In-Situ High-Pressure NMR Spectroscopy
To investigate the formation of the active species of the catalyst system,
in-situ high-pressure NMR studies were performed under syngas atmosphere
with the components dissolved in CD2 Cl2 . The experimental details on the
studies are described in the following.
The in-situ high-pressure NMR studies were performed on a Varian Mercury
VX 400 MHz spectrometer and the 1 H and

31 P

NMR spectra recorded at

room temperature. A sapphire tube of 5 mm outer diameter was charged with
a solution of the catalyst components under argon atmosphere, whereafter
complex formation was followed.
The chemical shifts (δ) are reported in ppm with CD2 Cl2 as solvent and
coupling constants (J) are reported in Hertz. The compositions of the catalyst
systems for HP-NMR are listed in Table 3.3. The compounds of entries 1-3
were dissolved in 500 µL of CD2 Cl2 in the sapphire tube whereas for entry 4,
300 µL of CD2 Cl2 and 200 µL of [C2 C1 Im][NTf2 ] were used. For introduction
of the syngas, the sapphire tube was initially purged three times with CO
and pressurized to 10 bar with a CO/H2 of 1/1. Thereafter, the tube was
placed in a shaker to increase the contact surface between the syngas and
the liquid phase. For the temperature studies, the tube was shaken in an oil
bath at 100 ◦C (see Figure A.1 in the appendix).

3.3.7 Magnetic Resonance Imaging
To elucidate the distribution of the homogeneous catalyst system in the
monolith various analysis techniques were considered. As specified before, the
large monolith needed to be cut into smaller samples to apply surface-sensitive
techniques, such as SEM or transmission electron microscopy (TEM). As a
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Table 3.3

Entry
1
2
3
4

Compositions of the catalyst systems for in-situ high-pressure NMR
spectroscopy.

[Rh(acac)(CO)2 ]
mmol

bpp/Rh
mol/mol

sebacate/Rh
mol/mol

[C2 C1 Im][NTf2 ]
µL

0.013
0.013
0.013
0.013

4
1
4
4

16
-

200

consequence, the cutting might interfere with the catalyst system and could
distort the distribution of the liquid-phase.
Less invasive techniques based on X-ray absorption, such as X-ray microtomography (micro-CT), are sensible to heavy elements [83, 84] and cannot
provide sufficient contrast to image the liquid within the pores. Micro-CT
still requires cutting of the monolith, but can image the internal pores of the
SiC support at sufficient resolutions (see article submitted for publication in
Section 3.6.2.3 on page 125).
Magnetic resonance imaging (MRI) instead applies radio frequency radiation
and exploits the relaxation as a unique contrast parameter [85, 86]. MRI
is able to measure the amount of spins in a sample, which is also known as
the spin density. This can provide sufficient contrast to image the liquid
distribution inside pore structures [87]. While sacrificing on resolution, the
resonator of 3 cm inner diameter applied in this study was spacious enough
to measure the monolith without sample opening. As the impregnation
contained H-atoms, consisting mainly of IL and sebacate, a 1 H resonator
could be used to detect the liquid and its distribution at a sufficient resolution.
Single Point Imaging (SPI) was applied due to the short relaxation times of

48

3.4 Erection and Commissioning of a Gas-Phase Hydroformylation Reactor Set-Up

the liquid within the pores. All details on the MRI experiments are reported
in the article submitted for publication in Section 3.6.2.3 on page 125.

3.4 Erection and Commissioning of a Continuous
Gas-Phase Hydroformylation Reactor Set-Up
In this section, the erection and commissioning of a continuous gas-phase
hydroformylation reactor set-up is described. The purpose was to raise the
capacity of catalytic performance tests and to perform in-house testing.

3.4.1 Design and Erection of Reactor Set-Up
Figure 3.8 depicts the flow diagram of the reactor set-up for continuous gasphase hydroformylation. The set-up comprised three sections, the upstream,
reactor and downstream. The first section contained three gas feeds (N2 , H2 ,
CO) and a liquid feed (1-butene). The heart of the set-up were two reactors,
a fixed-bed reactor for packed catalyst beds and a membrane reactor with
permeate/retentate outlets. Both reactors could also be bypassed and the
downstream was analyzed by on-line GC analysis.
Nine heating loops were installed to evaporate and keep 1-butene in gasphase at a reaction temperature of 100 ◦C and 11 bar (abs). The pressure
was controlled automatically by a back pressure valve (BPV) regulator. The
system pressure and the temperatures inside the reactors were recorded
additionally.
As the reactor set-up was designed to run with flammable and toxic gases
overnight, an emergency shutdown system (ESD) was installed. It comprised
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three normally closed (NC) valves to shut off the flammable and toxic gases,
while releasing the system pressure controlled by venting through the normally
open (NO) valve in case of an ESD. The ESD was pneumatically driven so it
can actuate also in the case of power cuts.
The individual components and the erection of the mechanical set-up are
explained in the following.
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3.4.1.1 Mechanical Set-Up
Figure 3.9 a) displays a photograph of the reactor set-up prior installation of
heating cables and insulation. 1) indicates the mass flow controllers (MFCs)
for dosage of the gases. 2) shows the liquid feed of 1-butene, which was
facilitated with an HPLC pump and a consecutive CORI-FLOW™ (3) to
record the feed flow before evaporation of such in (4). The in-house designed
evaporator [88] consisted of an aluminum cylinder with an embedded capillary
wrapped in heating tape (see Figure C.1 in appendix). After merging the
feed streams, a cylindric container of larger diameter (4 cm) filled with glass
beads was installed (5) for two purposes, mixing of the feed streams and
dampening of the pressure shocks caused by the evaporated liquid feed.
6) shows the fixed-bed reactor with an additional thermocouple to record the
temperature inside the reactor and 7) indicates the membrane reactor with
the ceramic heater attached and 8) the BPV. The downstream was split into
two streams, a capillary leading to the on-line GC and the standard-tubing of
a quarter inch leading to the exhaust equipped with a high-accuracy needle
valve (9) to accurately control the flow in the GC-capillary.
Figure 3.9 b) depicts the reactor set-up with heating cables and insulation
installed in a fume hood. 10) shows the 1-butene feed with cooling (11)
applied to prevent evaporation of the feed before entering the HPLC pump
and 12) indicates the NC safety valves of the gas feeds. Tables C.1 and C.2
in the appendix show a list of components installed.
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Figure 3.9

Photographs of the reactor set-up for continuous gas-phase hydroformylation a) without and b) with heating cables and insulation
installed.
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3.4.1.2 Electrical Set-Up
The electrical power supply of the mechanical set-up and the interface to
the distributed control system (DCS) was built into a mobile 19-inch rack.
Figure 3.10 depicts a schematic wiring diagram of the electrical set-up. A
standard 230 V outlet (L1) was used as permanent power supply of the devices
in the rack. The heaters of the set-up were powered by high-voltage power
supply (L2-L4).
12 proportional–integral–derivative (PID) controllers were installed as indicator and controller for temperature and pressure (TIC, TI, PIC) as well as
interface to the DCS. Besides a manual ESD switch (ESDS), all PIDs served
as alarm units being able to trigger the ESD, which was facilitated with two
contactors (C1, C2). A NO push button (PB) ensured a manual reset of
the alarm prior restart and an emergency lamp indicated the ESD condition.
The ESD included all nine heaters (H1-H9), the HPLC pump and a 3/2-way
valve which pneumatically triggered the NC/NO safety valves.
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Figure 3.10

Wiring diagram of electrical set-up.
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Figure 3.11

Photographs of a) the front and b) the back of the electrical set-up
built into a 19-inch rack.

Figure 3.11 depicts the photographs of the front and back of the electrical setup. Five panels were installed with panel 1 being the control-panel, panels 2-4
containing the PID controllers and panel 5 the BPV controller. Each of the
panels 2-4 was equipped with a USB interface (1) for data input/output to
ensure individual use of each panel. Labelled screw terminals mounted on DIN
rails (2) were used for internal and external wiring and type-K thermocouple
sockets (3) were installed for eased thermocouple connection.
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A close-up photograph of panels 1 and 2 is depicted in Figure 3.12. 1)
indicates one of the solid state relays (SSRs) applied as connection from the
PIDs (2) to the heaters. 3) shows the contactors and 4) the main power
switch. Panel 1 was further equipped with switches to independently power
the PIDs, the MFCs and the BPV.
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Figure 3.12
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Close-up photograph of panels 1 and 2.
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3.4.1.3 Distributed Control System
The DCS was programmed in LabView and the user interface is depicted
in Figure 3.13. The DCS controlled all nine heating loops and the three
MFCs. Besides that, the DCS logged and displayed the data at a user-defined
interval of the mentioned components as well as the PI, the TIs and the
CORI-FLOW™.
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Figure 3.13

User interface of distributed control system programmed in LabView.
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3.4.1.4 On-Line GC Analysis

Figure 3.14

Flow chart of the on-line gas chromatograph.

The flow chart of the Agilent 7890A GC employed for on-line downstream
gas analysis is depicted in Figure 3.14. The permanent gases (N2 , H2 , CO)
were analyzed by a thermal conductivity detector (TCD) using two columns,
HayesepQ and mole sieve (MS-5A). The C-compounds were separated by
a DB-1 by J&W Scientific (50 m x 0.320 mm, 5.00 µm) and detected by a
flame ionization detector (FID). The adjusted GC method started at 50 ◦C
for 15 min and then ramped up to 120 ◦C at a rate of 20 ◦C min−1 .
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from bottom (0 cm) to top (20 cm) of the monolith.

3.4.2 Commissioning of Reactor Set-Up
For commissioning of the reactor set-up for continuous gas-phase hydroformylation, some preliminary investigations were carried out first. The leakage
rate of the reactor set-up was determined overnight with N2 and found to
be 40 mbar h−1 as indicated by I-1.21. Besides that, the temperature profile
within the monolith was recorded at ambient pressure by movement of the
thermocouple I-1.11 after constant readings. This is visualized in Figure 3.15
and the temperature difference of less than 4 ◦C from top to bottom of the
monolith inside the reactor was considered to be in an acceptable range.
For the initial catalytic performance tests and adjustment of the on-line
GC analysis, a standard SILP catalyst of Rh-bpp in [C2 C1 Im][NTf2 ] was
prepared according to literature [70]. The reaction was performed with 4.1 g
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of the prepared SILP catalyst in the fixed-bed reactor with a N2 gas flow of
50 NmL min−1 , and H2 , CO gas flows of 49 NmL min−1 each. The 1-butene
flow rate was 0.11 NmL min−1 at a system pressure of 11 bar (abs) and a
reactor temperature set point of 100 ◦C resulted in a temperature of 101 ◦C
inside the reactor (I-1.10) prior reaction.
At first, a gas mixture of N2 , H2 , CO and 1-butene flowing via the bypass
was analyzed by GC. The chromatogram detected by TCD (see Figure C.2
in appendix) showed sufficient separation of the signals of N2 , H2 and CO
after adjustment of GC parameters. The first peak has been identified to be
H2 , the second N2 and the third CO, by consecutive injection of the gases.
The chromatogram of the FID is depicted in Figure 3.16 a), which showed a
strong peak of 1-butene as expected.
After reaching steady-state conditions, the reactants were injected into the
reactor which led to a temperature increase of I-1.10 to 104 ◦C indicating
an on-going reaction. This assumption was supported by chromatograms
showing a decreased 1-butene peak (see Figure 3.16 b) compared to the
bypass measurements. An additional peak was detected at a retention time
of 27.6 min which was correlated to pentanal by manual injection of pentanal
(see Figure C.3 in appendix). These findings indicated that the reactor set-up
was commissioned successfully and that the reactants as well as the desired
product could be detected.
However, aldol condensation products were not detected and hence, a GC
set-up with two FIDs for the analysis of C-compounds as reported in literature
[70] is suggested allowing the detection of a broader spectra of C-compounds.
Unfortunately, supply issues of 1-butene led to a delay in delivery of seven
months and impeded further experiments. Space limitations in the fume hood
prevented the usage of 1-butene bottles by other suppliers.
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Hydroformylation of 1-butene by Rh-bpp catalyst dissolved in
[C2 C1 Im][NTf2 ] on SiO2 . Chromatograms of downstream analyzed
by on-line GC with FID detector via a) bypass and b) fixed-bed
reactor.
T = 100 ◦C, pfeed = 11 bar (abs), CO/H2 = 1/1, V̇N,feed =
50 NmL min−1 , V̇H2 ,feed = 49 NmL min−1 , V̇CO,feed = 49 NmL min−1 ,
V̇1−butene,feed = 0.11 NmL min−1 , mcatalyst = 4.1 g
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3.5 Immobilization and Optimization of the Catalytic
System
3.5.1 Immobilization of Catalyst System
The detailed preparation procedures for the immobilization of the catalyst
system are included in the article submitted for publication in Section 3.7.2
on page 153. In this section instead, the focus is set on the practicalities
during the impregnation procedure of monoliths with and without membrane
coating.
In general, the monoliths were wet-impregnated by submerging the monoliths
in stock solution for an accurate time period with a subsequent removal of
the excess liquid. The monoliths were dried by an argon flow for 24 h with a
consecutive vacuum for 24 h. Constant masses of the monoliths were typically
observed after following this drying procedure. As the catalyst system was
air-sensitive, all steps were carried out by Schlenk techniques.
This procedure varied for two types of monoliths, monoliths without and
monoliths with membrane coating. Figure 3.17 a) depicts a monolith without
membrane being impregnated. The stock solution was added via the septum
and removed via the stop cock on the bottom of the flask.
A goal for the membrane reactor was, that the catalyst is located only on the
retentate and not on the permeate side. Due to this, a full submersion during
which the stock solution gets in contact with the outside of the membrane was
tried to be avoided. To enable only inside impregnation, a tool was designed
where the bottom and top of the monolith were sealed. The bottom part plugs
the monolith and retains the liquid whereas the top part allows the injection
of liquid with a distributor to guide the liquid inside the monolith-channels.
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Figure 3.17

Impregnation of a monolith a) without and b) with membrane with
an active catalyst system for hydroformylation.

The tool is shown in Figure 3.18 and the technical drawings of all parts are
depicted in Appendix B.

The tool was improved over time as the initial design suffered from leakage (see
Figure B.1 in the appendix). As the outer diameter of the membrane-coated
monoliths varied, several versions of the tool were manufactured and adapted.
For fast removal of excess liquid, impregnations were also carried out without
the upper part of the tool. The impregnation and drying procedure were
similar, but with the differences that the stock solution had to be injected
inside of the monolith and that the removal of the liquid was done through
the upper stopcock by turning the flask upside down (see Figure 3.17 b).
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Figure 3.18

Version 2 of the custom-made tool for impregnation of membranecoated monoliths.

3.5.2 Optimization of Catalyst System

Catalyst system 1, which was derived from literature, required the use of
large amounts of chemicals in a small volume of solvent for impregnation
of the monoliths. For a typical batch of ca. 180 ml stock solution, 0.929 g
of [Rh(acac)(CO)2 ] , 28.32 g of bpp and 69.22 g of sebacate were necessary.
Due to insufficient solubility of this composition, the bpp-to-Rh ratio was
reduced from 4 to 1, while keeping the sebacate-to-bpp ratio the same (catalyst
system 2). This lowered the amounts of bpp to 11.33 g and sebacate to 27.69 g.
Even though literature suggests a ligand-to-Rh of 10 [25], the catalyst system
showed stable performance which will be presented in the following.
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The amount of Rh was lowered in system 3 to stress the catalyst system more
during catalytic performance tests and kinetic measurements. In catalyst
system 4, sebacate represents the liquid phase and the catalyst system is
analyzed and discussed in detail in the article submitted for publication in
Section 3.7.2 on page 153. It remains to mention that the amounts applied
were for research purposes. To maximize the productivity, it is in general
beneficial to apply the largest content of Rh possible.

3.5.3 Delivery Container for Impregnated Monolith
To ensure a safe delivery of the monoliths in between the project partners’
sites, a container for delivery was developed ensuring inert conditions to
preserve the air-sensitive catalyst systems. The container is depicted in
Figure 3.19 and the packaging of the monoliths was carried out under argon
atmosphere. An inlay, which keeps the monolith in place during delivery, was
made of teflon and its main purpose was to prevent the sensitive membrane
of being damaged. The container was sealed with an o-ring sealing together
with a multi-layer of Parafilm around the lid and experience indicated that
the container was gas-tight for weeks.

3.6 Characterization of the Catalytic System
The following section on characterization is divided into two subsections.
Firstly, a focus is set on the monolithic support which has mainly been applied
throughout the project life cycle. This is rounded up by the article submitted
for publication Monolithic SiC Supports With Tailored Hierarchical Porosity
for Supported Liquid-Phase Hydroformylation Catalysis in Section 3.6.1.4
which contains most of the variations applied on the monolithic support.
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Figure 3.19

Gas-tight delivery container for monoliths ensure inert conditions
and prevent damaging of the sensitive membrane.

Secondly, investigations on the catalytic liquid phase are presented and concluded with the article submitted for publication Elucidating the Ionic Liquid
Distribution in Monolithic SILP Hydroformylation Catalysts by Magnetic
Resonance Imaging in Section 3.6.2.3 combining both, the catalyst system
and the monolithic support.

3.6.1 Characterization of the Monolithic Support Material
3.6.1.1 Morphology by Scanning Electron Microscopy
The purpose of this section is to give a general overview of the morphology
of the monolith support structure analyzed by scanning electron microscopy
(SEM) as it facilitates the understanding of the structure. Further SEM
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Figure 3.20

SEM on cut SiC monoliths a) without further treatment and b) embedded in epoxy resin shown at different scales.

investigations (including line measurements) are part of the article submitted
for publication in Section 3.6.1.4 on page 76.

Figure 3.20 depicts SEM images of cut pieces of the monolith a) without
further treatment and b) embedded in epoxy resin. The lower part of a) shows
the core support with its coarse particles. The sintered SiC particles were
found to vary in size in between 4 − 30 µm, determined by line measurement.
The image furthermore revealed, that the pore structure in the core was
created by interparticular voids of the SiC particles.

The upper part of the image shows the skin, which was made of sub-micrometer
sized SiC particles. Its thickness was found to vary in between 45 − 60 µm.
An initial issue for the membrane-coating was the rough surface of the core,
which caused a penetration of the support by the membrane polymer, PDMS,
during the coating. The smooth surface of the skin hampered the penetration
and enabled the membrane-coating, which is detailed in the aforementioned
submitted article.
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The small SiO2 wash-coat particles of 7 nm were not detectable by SEM.
An SEM-EDS mapping of an impregnated monolith-slice was performed to
elucidate the catalyst-distribution on the monolith. The results were not
satisfying which was attributed to two main reasons. Firstly, the low amounts
of impregnation in relation to the large monolith led to weak signals. Secondly,
the large voids had a negative impact on the narrow focal depth of the SEM
which distorted the signal. This in combination led to the conclusion that
the SEM-EDS results were not informative.
Figure 3.20 b) depicts the SEM of an embedded SiC sample. The grey areas
represent the SiC particles and the black areas the interparticular voids. The
analysis of the plain surface also revealed that the particles and the voids
varied in size. In contrast to a), the SiC particles showed pockets inside of
the SiC particles. Further investigations by X-ray micro-tomography, which
are included in the article submitted for publication in Section 3.6.2.3 on
page 125, did not suggest the pockets and hence, it was concluded that the
pockets were created during the sample opening.

3.6.1.2 Pore Volume and Size by Mercury Intrusion Porosimetry
To obtain further porosity characteristics of the monolithic support material,
the pore volume and pore sizes were investigated. As the vast majority of the
monolith consisted of large macropores, BET analyses were not informative
as indicated previously. Hence, mercury intrusion porosimetry (MIP) was
carried out to investigate pores ranging from meso- to macropores in the
micrometer range.† As the support material is of central importance in this
study, extensive studies were carried out and are reported in the article
†

Sample preparation and selection took place at DTU whereas the MIP measurements were
performed by Raquel Portela (CSIC)
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submitted for publication in Section 3.6.1.4 on page 76. Here, an exemplary
analysis is shown to provide details on the monolith predominantly applied
during this study.
Figure 3.21 depicts the MIP analyses of variations of the monolith described in
Section 3.2.1 and schematically presented in Figure 3.1. a) shows the analysis
of the pristine core of the monolith made of 17.3 µm SiC particles. The pore
size analysis revealed a monomodal distribution around 7.5 µm and a total
pore volume of 0.18 ml g−1 . A similar core with a SiC skin of sub-micrometer
sized SiC particles was investigated and is shown in b). It shows a bimodal
distribution with an additional peak around 848 nm representing the pores
in the skin. As the pore volume with 0.21 ml g−1 is larger compared to a), it
was assumed that the penetration of the small SiC particles was negligible
and that the smaller pores were created additionally. The smaller pores were
essential for the membrane-coating as they smoothened the surface and hence,
avoided penetration of the PDMS.
Figure 3.21 c) depicts the monolith mainly used throughout the study and in
addition to the sample in b), the monolith was wash-coated with 7 nm SiO2
particles. The wash-coat created a broad range of pores in the micrometer
range. As both peaks of the previous bimodal distribution decreased it was
derived that the wash-coat penetrated the whole monolith, as indicated by
the supplier. This was supported by the pore volume being with 0.16 ml g−1
lower than the pore volume of the previous samples. As all samples needed
to be cut and washed prior investigation, a minor deviation is expected.
It has been reported that mesopores are advantageous for a stable immobilization of IL on porous oxide support materials due to capillary forces of the
liquid within the pores [89]. Hence, a focus of the investigations in the course
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Figure 3.21

†

Mercury intrusion porosimetry analyses of SiC monolithic supports.
a) Core support b) core support and skin c) core support, skin and
wash-coat (7 nm SiO2 ).† Pore size distribution and cumulative pore
volume are shown.

MIP performed by Raquel Portela (CSIC)

Data included in the article submitted for publication in in Section 3.6.1.4 on page 76
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of this study was set on the optimization of the monolithic support which
are detailed in the submitted article (vide infra).

3.6.1.3 Pore Volume by Liquid Adsorption

To reiterate, liquid adsorption was carried out for an ad-hoc analysis and
an easy quality control of the pore volume of the monoliths. Due to the
good wettability of polar solvents on SiC, the monoliths were submerged in
de-ionized water and ethanol. A comparison of the specific pore volumes of
both solvents on three different monoliths of the same kind is depicted in
Figure 3.22.

Specific pore volume / ml g−1

0.2
MIP

0.15

0.1

0.05

0
I

Figure 3.22
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III

Specific pore volume of the SiC monolith determined by liquid adsorption in water (
) and in ethanol (
). Three samples investigated
for reproducibility (I − III) and compared to MIP.
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Both solvents revealed similar pore volumes and hence, the comparison
seemed to be valid and reproducible. The pore volume determined by MIP
suggested that the liquid adsorption resulted in accurate values. This also
applied to membrane-coated monoliths comparing liquid adsorption and MIP,
0.17 ml g−1 and 0.16 ml g−1 , respectively, deviate in an acceptable range for
an ad-hoc analysis.
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3.6.1.4 Publication II
Mesopores are expected to be advantageous for a stable immobilization of IL
on porous oxide support materials [89], as mentioned previously. The monolith
presented did not exhibit mesopores, probably due to sintering effects of the
7 nm SiO2 particles attributed to the high calcination temperature above
1000 ◦C. In this study, the cylindrical SiC monolith† was investigated to
improve its performance in catalytic membrane reactors. To target this
far-reaching goal, this study composed various strategies.
Firstly, the SiC particle size of the starting material for extrusion of the
monolith-core was varied and investigated by MIP‡ . SiC particles of 17.3 µm
and 36.5 µm diameter resulted in macro-porous distributions centered at
7.5 µm and 14.9 µm, respectively. Secondly, metal oxide particles were infiltrated to tune the chemical properties of the inert SiC support material in
favor of the case reaction. Previous studies have shown the potential of SiO2
for hydroformylation and hence, SiO2 was primarily applied [36]. The particle
sizes and their calcination temperatures were varied with a focus on the
formation of mesopores. Infiltrated particles of 7 and 70 nm resulted in mesopores of 4 and 24 nm, respectively, when moderate calcination temperatures
were applied.
Coating of PDMS membrane§ directly onto the monolith-core was not successful due to intrusion of PDMS into the large pores. The aforementioned
SiC skin of sub-micrometer sized SiC particles was applied to smoothen
the surface of the cylindrical monolith. The skin did not only enable the
membrane-coating, but also allowed coating of thin single-coated PDMS
†

The SiC monolith, the wash-coating and the skin were manufactured by LiqTech International A/S
‡
MIP performed by Raquel Portela (CSIC)
§
Membrane coating and permeability-tests done by Morten Logemann (RWTH)
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membranes (in contrast to double-coating) resulting in increased fluxes while
keeping the selectivity.
By the diversity of modifications, a trimodal pore distribution was obtained
ranging from meso- to large macropores. The monolithic support was further
tested catalytically in the hydroformylation of 1-butene† which served as
a proof of concept in the article submitted for publication to ensure the
applicability of the monolith.

†

Catalytic performance test performed by Markus Schörner (FAU)
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Abstract

Extruded cylindrical SiC monolithic structures are tailor-made with chemical and textural
properties to improve their use in catalytic membrane reactors as support material for continuous
gas-phase hydroformylation of 1-butene using immobilized Rh-diphosphite catalysts. The

1

79

3 Membrane Reactors for Butene Hydroformylation by SILP Technology

strategies employed were; first, the selection of the particle size of the SiC starting material for
extrusion, and second, the application of different post-treatments to the extruded, calcined SiC
monoliths. As-prepared monoliths have a monomodal distribution of macropores centered at
7.5 µm and 14.9 µm depending on the used SiC particle sizes, and similar total pore volume of
0.2 ml g-1, as determined by mercury intrusion porosimetry. In the following step, a macroporous,
defect-free, and smooth outer SiC skin was applied on the external wall of the SiC monoliths using
a solution of sub-micrometer SiC particles. These monoliths could be coated successfully with a
molecularly selective PDMS membrane, which was desired for the application in a membrane
reactor process. Finally, wash-coating was used to infiltrate nanoparticles into the macropores of
the SiC structures, which reduced the size and volume of pores and modified the chemistry of the
support. Multiple wash-coats of metal oxide nanoparticles and calcination at moderate
temperatures filled the large pores, and a trimodal porous distribution was obtained. The size of
these pores could be tuned by selection of the SiC and silica particle sizes and the calcination
temperature. Mesopore diameters of 4 and 24 nm were obtained with 7 nm and 70 nm silica
particles infiltrated in the SiCfs, respectively. The size and volume of the small macropores
increased with higher calcination temperatures due to stronger contraction of the metal oxide
particles and was found to be between 10-1000 nm.
1

Introduction

Homogeneous catalysts offer several advantages compared to their heterogeneous counterparts,
especially concerning specific activity and overall selectivity. However, the tedious separation of
the liquid catalyst complexes from the – usually – liquid reaction mixture hampers the industrial
implementation of these promising catalysts.1 To overcome this setback, several strategies for the
immobilization or heterogenization of homogeneous catalysts have been employed.2,3 One very
intriguing technique, involves the dispersion of thin films of catalytically active liquid solutions
2
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over the large inner surface area of porous support materials.4–6 The resulting supported liquidphase (SLP) materials are macroscopically solids, while on the microscopic level, the
homogeneous catalyst is dissolved in the appropriate liquid environment.7 In doing so, the least
stress is applied to the catalyst, thereby maintaining its activity and – more important – selectivity.2
SLP systems have received much attention in recent years in the search for greener and more
intensified processes.3,8,9 However, so far SLP catalysis have predominantly been performed with
packed beds using impregnated grains of micro- to millimeter scales, which are challenging to
upscale due to several reasons, such as a low heat transfer within the catalyst bed or a high-pressure
drop over the bed (see Figure 1).10,11

Figure 1. From SLP in fixed-bed reactors to SLP in monolithic reactors.

Monolithic reactors (usually made from ceramics) are promising alternatives to conventional
packed bed reactors as they allow improved heat management and simple upscaling by their
modular design (Figure 1). Other advantages related to their channeled structure with thin walls
are that they have less fouling, low void volume, high geometric area per reactor volume as well
3
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as short diffusion paths.12 Furthermore, structured catalysts allow dissociation and, hence, separate
optimization of intrinsic kinetics, fluid dynamics, and transport phenomena.13 Besides, ceramic
monoliths can also be used as support for molecularly selective membranes, which can be used for
in-situ product separation and improved downstream processing. The final application of a porous
ceramic monolith defines the required composition, geometry, and porous structure. These
parameters can be tailor-made according to their use in catalytic reactors or separation units, but
under specific circumstances, a trade-off has to be considered. For coatings of molecularly selective
membranes, smooth monolith surfaces with small pore diameters are beneficial to achieve thin
homogeneous films. For the flow to pass through the wall, a high macroporosity is advantageous,
as it increases the permeability and reduces the pressure drop.
Multiple objectives must be considered when the monolith structure for SLP applications is
optimized. A high catalyst loading is essential for high conversion, and hence, a high pore volume
is desired to accommodate a high volume of supported liquid. A large specific surface area,
provided by micro- and mesopores, facilitates the dispersion of the catalyst solution. Both
parameters cannot be optimized without sacrificing one or another. Different ceramic materials can
be structured as porous monoliths. Among the ceramic materials, silicon carbide (SiC) shows high
values of hardness and elastic modulus, elevated phase change temperature, thermal conductivity,
and chemical inertness, making it highly promising as monolithic material.14 Especially the high
thermal conductivity of SiC alleviates problems with hot-spot formation, which are often present
in catalytic beds. Porous SiC materials can readily be shaped into complex geometries at relatively
low cost through an abundant number of techniques, e.g., slip casting15–17, freeze casting18–20,
injection

molding21,22,

tape

casting23,24,

hot

pressing25,

extrusion16,26,

and

additive

manufacturing.27,28 Among the shaping techniques, extrusion allows rapid, low-cost production of
large bodies. SiC extrudates can be used in various catalytic bed configurations, thereby tuning the
4
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fluid dynamic properties. The BET surface area typically observed for porous SiC materials is
below 130 m2 g-1, with the highest values obtained for β-SiC.29 This is in stark contrast to surface
areas found in silica and alumina catalytic supports usually applied for SLP catalysis,30 where 200400 m2 g-1 is common and affords an increased activity of the catalyst.31
Recently, we have shown for the first time that the use of SiC-based monoliths impregnated with
bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate (in short just sebacate) is a suitable system for the
efficient immobilization of Rh-diphosphite catalyst systems,32 being very active and selective in
the gas-phase hydroformylation of 1-butene over 80 h time on stream (see Scheme 1). The
formation of unwanted condensation byproducts was primarily circumvented by advantageous
solubility profiles of the reactants and products in the sebacate and adapted monolith texture. In
addition, the SiC monolith was coated with a thin and molecularly selective polydimethylsiloxane
(PDMS) membrane to enhance the separation of the formed aldehyde product from 1-butene. This
separation intensifies the process, because of enrichment of product in the permeate site, compared
to the retentate site, which helps with further downstream processing.
O
[Rh]
CO / H2

CHO +

CHO

OH

Scheme 1. Hydroformylation reaction network of 1-butene to linear (desired) and branched pentanal
with an undesired consecutive aldol condensation.

In this work, detailed insights are reported into the design of SiC monoliths with tailored chemical
and textural properties adapted to different functionalities, such as flow behavior, proper support
for SLP catalyst systems, and surface modification for membrane coating. This is achieved by
tuning the properties of commercial SiC extruded monoliths to obtain mechanically resistant,
thermally conductive support materials that combine the benefits of cellular structures (fluid
5

83

3 Membrane Reactors for Butene Hydroformylation by SILP Technology

dynamics, handling, scaling-up) with the traditional role of supports (dispersion, immobilization
and shaping of active phases) and/or interesting physical or chemical properties (separation,
reactivity promotion). The strategies comprise first, the selection of the particle size of the SiC
starting material, and following, the application of different after-treatment to the monolithic
support, such as infiltration by wash-coating with different slurries, or application of a smooth SiC
outer skin. By this, hierarchical porous structures with the desired pore size volumetric and spatial
distribution can be tailor-made according to selected single or multiple functionalities.
2

Experimental

2.1

Preparation of SiC monoliths

Commercial SiC monoliths were manufactured by LiqTech International A/S (Figure 2) with the
core structure, and skin of the supports produced following a patented procedure.33 In this
procedure, a plastic formulation of α-SiC powder with well-defined particle size distribution was
shaped into a multi-channel monolith, which was then dried and sintered at an appropriate
temperature. Different particle sizes of 17.3 µm (fine) and 36.5 µm (coarse) were used, to obtain
monoliths with a finer (SiCf) or coarser core (SiCc). A suspension of sub-micro sized α-SiC
particles was subsequently applied onto the surface of the monolith body, which was then dried
and sintered to form the SiC skin. For the SiC monoliths with a hierarchical pore size distribution,
an “s” was added to the name. The monoliths measured 200 mm in length, 25.4 mm in diameter,
and contained 30 channels of 3 mm diameter.

6
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Figure 2. a) Photograph of commercial SiC monoliths. b) Schematic drawing of the SiC monolithic
support with hierarchical porosity. The macropores of the SiC core and skin of the channeled
structure can be infiltrated with metal oxide nanoparticles (silica or alumina) that form mesopores.
The low-roughness skin can be coated with a non-porous molecularly selective membrane.

To generate mesoporosity and to modify the surface chemistry, the SiC monoliths were infiltrated
with metal oxide particles by submerging the SiC body into a colloidal suspension followed by
excess removal. The wash-coating process was repeated if desired until saturation was reached.
The infiltrated monoliths were then dried overnight and calcined at Ts+x (Ts = standard
temperature; x between -200 and +400 ºC) with a ramp of 100 °C h-1 and a minimum hold time of
1 h. Silica suspensions with particle sizes of 7 and 70 nm and a colloidal solution of pseudoboehmite (alumina precursor) with a particle size distribution between 60-90 nm were used. All
chemicals were 99.8 % pure or higher and used as supplied.

2.2

Impregnation of SiC monoliths with catalyst stock solution

All syntheses and impregnation steps were carried out by standard Schlenk techniques under an
argon atmosphere (99.999 %) using the chemicals as received. To prepare the catalyst stock
solution, 3.76 g (4.78 mmol) of ligand (6,6′-[(3,3′-Di-tert-butyl-5,5′-dimethoxy-1,1′-biphenyl-2,2′diyl)bis(oxy)]-bis(dibenzo[d,f][1,3,2]-dioxaphosphepin, bpp, >98 %, Evonik Oxeno GmbH) and
0.309 g (1.20 mmol) of Rh-precursor ([Rh(acac)(CO)2, >98 %, Sigma-Aldrich) were each
dissolved in 40 ml anhydrous CH2Cl2 (³99.8 %, Sigma-Aldrich). The solutions were stirred for
7
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15 min and then mixed. The resultant solution was stirred for 1 additional h. Afterwards, 9.20 g
(19.13 mmol) of bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate (sebacate, >98 %, Evonik Oxeno
GmbH) was dissolved in 60 ml CH2Cl2, stirred for 1 h and then added to the Rh-bpp solution
together with another 40 ml of anhydrous CH2Cl2 followed by stirring for a minimum of 2 h before
further usage. By this procedure, the bpp-to-Rh molar ratio was set to 4 and the sebacate-to-Rh
molar ratio to 16.
Before impregnation, the wash-coated SiC monoliths were washed in de-ionized water three times,
dried in an oven at 100 °C overnight, and then placed under vacuum for a minimum of 4 h.
Impregnation was carried out by dip-coating the monoliths for a minimum of 5-6 min in the catalyst
stock solution. The excess solution was drained, and the monoliths dried at room temperature with
an argon flow for 24 h and subsequently under vacuum until a constant weight was obtained
(typically 24 h). The amount of Rh metal in the monolith was determined by the weight increase
caused by impregnation, assuming a homogeneous stock solution and total evaporation of the
solvent.

2.3

Coating of SiC monoliths with a PDMS membrane

PDMS was synthesized by reaction of a pre-polymer RTV 615 A and crosslinker RTV 615 B
(Technisil) in HPLC-grade toluene (Sigma-Aldrich) as adapted from Dutczak et al.

34

Pre-

crosslinking of PDMS in toluene is advantageous because it allows tuning the solution viscosity,
which makes it possible to fabricate thin and molecularly selective PDMS membranes.35
The PDMS solution was prepared in a heat-controlled flask in which 20.45 g of RTV 615 A and
127.5 g of toluene were added and heated up to 65 °C under constant stirring of 200 rpm, where
after 2.05 g of RTV 615 B was then added to start the crosslinking reaction. After about 2 h, the
viscosity of the solution increased rapidly, and 150 g of toluene was added, and the stirring rate
8
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increased to 300 rpm. After reheating to 65 °C, 300 g of toluene was further added, and the stirring
rate increased further to 350 rpm. Once the solution started to wrap around the stirrer, the flask was
placed immediately in an ice bath to quench the reaction. At this point, the PDMS synthesis was
finished with a concentration of 3.75 wt.-% PDMS in toluene.

2.4

Characterization of the SiC monoliths

The textural properties were determined by mercury intrusion porosimetry (MIP) using data
between 3 nm and 300 µm obtained by a CE Instruments Pascal 140/240 mercury intrusion
porosimeter. The samples were dried overnight at 150 ºC before analysis. The pore diameters were
calculated by the Washburn equation, assuming a non-intersecting cylindrical pore model, using
the values recommended by IUPAC for the mercury contact angle (141º) and surface tension
(484 mN m-1). The change from low to high pressure acquired at 30 psi, which corresponds to
7.3 µm, and may thus create artifacts at 6-8 µm. For the classification of pores, the IUPAC
recommendation was followed for macro- (>50 nm), meso- (2-50 nm) and micropores (<2 nm).
High-resolution field emission scanning electron microscope (FE-SEM) images of the infiltrated
monoliths were obtained on a Nova NanoSEM column microscope with Schottky filament,
equipped with secondary and backscattered electron detectors. Semi-quantitative mapping was
performed by energy-dispersive X-ray spectroscopy (EDX) with an EDAX Genesis XM2i detector.
Monolith slices, which were cut with a precision cut-off machine (Minitom, Struers) equipped with
a diamond blade, were attached to the SEM sample holder without further treatment. SEM images
of the non-infiltrated monoliths were obtained on a Quanta 200 ESEM FEG operated at 15 kV. The
samples were cut as described above and attached to the SEM sample holder with a copper
conductive tape.

9
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X-ray fluorescence (XRF) measurements were performed on a Bruker M4 Tornado with a Rh-Xray-tube (measurement: 12 kV, 300 mA, spot size approximately 20 µm), Dual Si-Drift detectors
(measurement: 0-10 keV), a pixel spacing of approximately 0.1 mm at a measurement time of 0.5 s
pixel−1. The samples were carefully opened with a hammer and a sharpened chisel, as this was
found to be a suitable method that interfered little with the surface.
X-ray diffraction (XRD) measurements were applied to evaluate the effect of the calcination
temperature on the crystalline structure of the metal oxide nanoparticles. Furthermore, they were
performed on a colloidal suspension (previously dried and subsequently milled) and on the
infiltrated SiC monoliths with a PANalytical X’Pert Pro diffractometer using Ni-filtered Cu Kα
radiation (λ = 1.5406 nm).
A tabletop microscope (TM3030plus, Hitachi) was used to take high-resolution images of
monoliths for evaluating the quality of the membrane coating. For sample preparation, the
monoliths were placed in liquid nitrogen for 2 min, removed, and mechanical stress was applied to
break them.

2.5

Gas-phase hydroformylation with catalyst impregnated SiC monoliths

The catalytic experiments were carried out in a customized set-up for continuous, gas-phase
hydroformylation of alkenes (see ESI FAU1 for detailed flow scheme) at a temperature of 100 °C
and pressure of 11 barg. The feed contained 1-butene (99.5 %, flow rate 0.48 mmol min-1), carbon
monoxide (99.97 %, flow rate 1.50 mmol min-1), hydrogen (99.999 %, flow rate 1.54 mmol min-1)
and helium (99.997 %, flow rate 0.81 mmol min-1) with the gas-flows regulated by mass-flow
meters (Bronkhorst) and 1-butene dosed using a precision pump (Smartline pump 100, 10 ml pump
head, Knauer). The outlet gas stream composition was analyzed via on-line gas-chromatography

10
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(Bruker 450-GC, 2 FID, 1 TCD). The conversion of 1-butene (X) and the related turn-overfrequency (TOF, mol1-butene molRh-1 h-1) were calculated according to Equations (1) and (2).
𝐗 𝟏#𝐛𝐮𝐭𝐞𝐧𝐞 = 𝐧̇

𝐧̇ 𝟏+𝐛𝐮𝐭𝐞𝐧𝐞,𝐨𝐮𝐭

(1)

𝟏+𝐛𝐮𝐭𝐞𝐧𝐞,𝐢𝐧 #𝐧̇ 𝟏+𝐛𝐮𝐭𝐞𝐧𝐞,𝐨𝐮𝐭

𝐓𝐎𝐅𝟏#𝐛𝐮𝐭𝐞𝐧𝐞 =

𝐧̇ 𝟏+𝐛𝐮𝐭𝐞𝐧𝐞,𝐢𝐧 #𝐧̇ 𝟏+𝐛𝐮𝐭𝐞𝐧𝐞,𝐨𝐮𝐭

(2)

𝐧𝐑𝐡

The selectivities (S) for all reaction products (i.e. n-pentanal, iso-pentanal, cis-2-butene, trans-2butene, butane, n-pentanol, iso-pentanol, 3-hydroxy-2-propylheptanal and 2-propylhept-2-enal),
and the n/iso-aldehyde selectivity (Sn/iso) were calculated according to Equations (3) and (4),
respectively.
𝐒𝐢 = 𝐧̇

𝐧̇ 𝐢,𝐨𝐮𝐭
𝟏+𝐛𝐮𝐭𝐞𝐧𝐞,𝐢𝐧 #𝐧̇ 𝟏+𝐛𝐮𝐭𝐞𝐧𝐞,𝐨𝐮𝐭

𝐒𝐧/𝐢𝐬𝐨 = 𝐧̇

2.6

∗

𝛎𝟏+𝐛𝐮𝐭𝐞𝐧𝐞

(3)

𝛎𝐢

𝐧̇ 𝐧+𝐩𝐞𝐧𝐭𝐚𝐧𝐚𝐥,𝐨𝐮𝐭

(4)

𝐧+𝐩𝐞𝐧𝐭𝐚𝐧𝐚𝐥,𝐨𝐮𝐭 <𝐧̇ 𝐢𝐬𝐨+𝐩𝐞𝐧𝐭𝐚𝐧𝐚𝐥,𝐨𝐮𝐭

Membrane permeation experiments using SiC monoliths

Membrane permeation experiments were performed with pure N2 and CO2 test gases (³99.99 %,
Westfalen AG) by placing the membrane-coated SiC in an oven at a temperature ranging from 20
to 120 °C. Gas permeances (see ESI for details) were measured at constant pressure with a variable
volume set-up. Feed pressures were set to 3 and 7 bar, respectively, while the permeate pressure
was at atmospheric pressure. The permeate flux through the membrane was measured with a
manual bubble flow meter. Each measuring point was kept at a steady-state for at least 15 min.
3

Results and Discussion

For the successful application of the SiC monoliths, their textural properties were modified
according to the requirements of the gas-phase hydroformylation with an anticipated coating of a
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thin membrane layer. In the next step, the catalytic performance was evaluated, and finally, the
separation efficiency of the SiC monoliths was tested.

3.1

Design of SiC monoliths with hierarchical porosity

As-prepared SiC monoliths have a macroporous structure with monomodal size distribution and a
total pore volume of 0.2 ml g-1, as determined by MIP. Figure 3 compares the size of the
macropores obtained using either the fine (17.3 µm) or the coarse (36.5 µm) SiC particles as
starting material to produce the core of the monolithic support in SiCf and SiCc, respectively.

Figure 3. Results of mercury intrusion porosimetry (dV/DlogD) for the coarse SiC monolith (SiCf,
grey), and the fine SiC monolith without (SiCf, green) and with (SiCfs, blue) the SiC skin.

Samples based on the former starting material exhibited a pore distribution around 7.5 µm, while
the monoliths based on the latter exhibited pores around 14.9 µm. These pore distributions are in
good agreement with the rule of thumb that the diameter of the interstitial pores is about 40 % of
the diameter of the particles that generate the voids.36 Thus, the size of the macropores of the SiC
core was tailored by the adequate selection of the particle size of the starting material.
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When the selected SiC core was dip-coated into a suspension of SiC particles with a few microns
in size, the external surface roughness reduced without altering the composition of the support.
Figure 3 suggests that the addition of a thin SiC skin using powders of much smaller particle size
than the core did not significantly alter the core porosity, but generated smaller macropores of
848 nm on the external surface. Figure 4 shows SEM images of the core and the skin. Figure 4a)
shows the morphology of the SiC core with large macrovoids between SiC particles of a smooth
surface. A few micrometer-sized particles looking like residuals were also observed, which most
likely originated from the sample cutting, inhomogeneity of the initial SiC powder, or infiltrated
particles that reached the core during the formation of the SiC skin by impregnation. Figure 4b)
depicts the defect-free SiC skin, of which the thickness was determined to be around 45-60 µm. A
well-defined bimodal distribution of macropore sizes was found for the sample with the SiC skin,
combined with a smooth surface, while the total pore volume was kept substantially unchanged.

Figure 4: SEM images of SiCfs monolith with a focus on the SiC core (left) and the SiC skin
(right).

Subsequent immersions of the SiCfs monolith into colloidal suspensions of silica (two different
particle diameters, 7 or 70 nm) or hydrated alumina (diameter in the range of 60-90 nm) resulted
in a linear weight gain until full saturation of the pores (see Figure 5 for silica wash-coat).
Saturation occurred after three immersions in the alumina solution, four immersions in the small
13
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silica particle suspensions, and two immersions in the solution with larger silica particles. In the
latter case, the weight-gain further increased with three and four wash-coats, but the silica
accumulated on the external wall instead of infiltrating the monolith. Therefore, the maximum
weight gain using silica particles of 7 and 70 nm were 17 and 20 %, respectively. Meanwhile, the
maximum weight gain with alumina particles was only 14 %. The infiltration of the SiC monolith
with metal oxide nanoparticles was successful in tuning the physicochemical properties of the
stating material.
The following two sections present two design examples. In the first one, the objective was to
modify the chemistry of the SiC monoliths to fit the requirements of the SLP hydroformylation
catalytic reaction. In the second one, the aim was to modify the porous structure to reduce the pore
size and increase the pore area for improved catalyst impregnation.

Figure 5. Weight gained by incorporation of metal oxide nanoparticles into the SiCfs monolith as a
function of the number of immersions into colloidal solutions with alumina and two different silica
particle sizes. The wash-coating weight was defined by the mass of the uptake of dry wash-coat over
the initial mass of the specimen.
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The deposition of metal oxide nanoparticles was performed by a single immersion into the colloidal
solutions, followed by calcination at Ts+400 ºC (>1000 ºC), to slightly tune the chemical properties
without significantly altering the porosity of the monolithic structure. Figure 6 shows the pore size
distribution obtained with SiCfs infiltrated by this procedure with silica and alumina. The
macroporosity was substantially similar to one of the non-infiltrated monoliths, however, in the
case of the alumina wash-coat the macropores entrance appeared to be somewhat covered by the
oxide, as the size was reduced to 5.7 µm, although the volume remained roughly the same
(0.19 ml g-1 in the infiltrated vs. 0.21 ml g-1 in the non-infiltrated). Besides, smaller macropores
and micropores of around 15 nm, were created in low amounts.

Figure 6. Porous distribution of the SiCfs monoliths infiltrated once by wash-coat with either 7 nm
colloidal silica particles (1xSi7, black) or 60-90 nm colloidal alumina particles (1xAl, red) and
calcined subsequently at Ts+400 ºC.

The distribution of the wash-coated metal oxide inside the monolith was analyzed by XRF. Figure
7 shows an overview image of the SiCfs 1xAl2O3 specimen calcined at Ts+400 ºC and
longitudinally opened for analysis. The sample was scanned for aluminum as an indicator for the
infiltrated Al2O3 and silicon as an indicator for SiC. As expected, the Si scan showed an even
15
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distribution with some areas of lower intensity around sharp edges, while the scan for Al exhibited
a full distribution of the Al2O3 wash-coat over the specimen. The lower intensity was found on the
channel walls resulting from the focal depth as the channels have a diameter of 3 mm. The washcoat seemed evenly distributed throughout all sites of fracture, indicating that the wash-coat
penetrated the pore structure of SiC. Notably, the intensity of the Al signal in the outer wall (top
and bottom of the monolith in Figure 12) was somewhat higher than in the internal walls of the
monolith. This indicates that penetration of the aluminum colloidal solution during the washcoating procedure was hampered before all the pores were filled. Similar observations also applied
for the center and left parts of the specimen. Several parameters can be optimized, such as the size
of the particles, the viscosity of the solution, or the number of wash-coats to avoid alumina
accumulation on the external wall.

Figure 7. a) Overview image of a SiCfs monolith infiltrated with Al 2 O 3 and calcined at Ts+400 °C
opened longitudinally for XRF analysis (image size: 6000x2901 px). Silicon (b) and aluminum (c)
XRF mappings on the monolith (image size: 202x323 px, mag: 0x, HV: 12.0 kV, puls th.: 27.41
kcps.

When a larger amount of metal oxide nanoparticles was incorporated into the SiC macroporous
structure by multiple wash-coats, and the calcination was performed at moderate temperatures
(below 1000 ºC), the big pores were filled, and a new porous distribution obtained. The interstitial
16
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voids among the SiC macroparticles were filled with metal oxide particles, which led to the
formation of two kinds of smaller pores. Thus, the monoliths infiltrated by this procedure presented
a trimodal pore-size distribution, with some remaining big macropores, new smaller macropores,
and mesopores. The origin of the smaller macropores can be attributed to an accumulation of the
metal oxide onto some of the macropore walls, causing a reduction of the neck size. The size and
volume of these smaller pores increased with the calcination temperature due to the stronger
contraction suffered by the metal oxide particles treated at a higher temperature. The mesopores
were the voids between the silica nanoparticles expected to be stable at these calcination
temperatures. The accumulated pore volume and pore size distributions obtained at maximum silica
loadings are depicted in Figure 8, while Table SI1 summarizes the pore volume fraction for each
kind of pore. According to the rule of thumb of 40 %, as mentioned above, the size of the silica
nanoparticles estimated from the size of the mesopores agrees well with the specifications of the
colloidal solutions. The voids generated with the small (7 nm) and the larger (70 nm) nanoparticles
were around 5 and 24 nm in diameter, respectively. The presence of the thin SiC skin had no clear
effect on the porosity induced by the infiltration process; the MIP results were similar. At lower
metal oxide loadings, the volume of the new meso- and macropores was smaller (see the
comparison in Figure SI2), and the volume of the macropores between the SiC particles larger, as
the latter were only partially filled.
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Figure 8. Accumulated pore volume (top) and pore size distribution dV/dlogD (bottom) of the SiCfs
monolith infiltrated with silica and calcined at different temperatures. The curves of the noninfiltrated monolith are included as a reference (dashed line). Left: Two immersions in the colloidal
solution with 70 nm particles (2xSi70). Right: Four immersions in the 7 nm colloidal solution
(4xSi7).

Figure 9 compares the porosity of as-synthetized and 2x70Si infiltrated SiCfs and SiCcs monoliths.
MIP analysis of both samples before and after double infiltration with 70 nm silica (i.e., maximum
loading for SiCfs) are presented, exemplifying the effect that the initial pore size had on the pore
size distribution of wash-coated monoliths.
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Figure 9. Effect of the macropore size of the SiC core structure on the pore size distribution of the
infiltrated SiCs monoliths. SiC made of the finer (a) or the coarser (b) particles before (black lines)
and after (blue lines) infiltration twice with 70 nm silica particles (2xSi70) and calcination at Ts100 ºC.

The mesopores were similar in both wash-coated SiCfs and SiCcs samples, as they mainly
depended on the metal oxide particle packing. The size of the larger pores in the infiltrated SiCcs
was reduced by a factor of two, as can be seen from comparing the region of small macropores.
This observation agrees well with the assumption that the neck size reduced by the accumulation
of the metal oxide nanoparticles on the walls of the large macropores. Moreover, this shift
corroborated that the small macropores were not associated with cracks in the silica wash-coat
generated during drying or calcination. In addition, the interstitial voids of the SiCcs sample were
not filled completely, indicating that higher loading was required to fill these larger pores.
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Figure 10. The pore size distribution of SiCfs monolith infiltrated four times with colloidal alumina
(4xAl) and calcined at different temperatures. The distribution of the non-infiltrated monolith is
included as a reference (dashed line).

The pore size distribution obtained at maximum alumina loading (Figure 10) was rather unaffected
by the calcination temperature in the applied range. The alumina nanoparticles were expected to
be 25-30 nm in diameter when taking into account the diameter of the mesopores generated in the
calcined alumina-infiltrated monolith. This size was three times smaller than the 60-90 nm reported
for the aluminum hydroxide precursor in the specifications of the colloidal solution used for the
wash-coat. On the one hand, this effect could be explained by the transformation of the hydrated
precursor into the oxide during the calcination step, which may cause a reduction of the particle
size, and, consequently, of the void between them. On the other hand, the broad particle size
distribution of the alumina nanoparticles led to a closer packing that contributed to decreasing the
pore size compared to that obtained with particles of very similar sizes.37 In combination, this
confirms that the weight gain of the alumina-wash-coated samples was the lowest and that the size
of the generated smaller macropores was much larger compared to that of the monoliths infiltrated
with silica. It is also noteworthy that the pore volume of the monoliths infiltrated with alumina was
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similar to that of the non-infiltrated sample, suggesting that the saturation was not reached due to
complete pore filling, but by pore entrance blocking after the first wash-coats.

Figure 11. Textural properties created in the SiCfs monolith by infiltration. a) Size of the
interparticular voids created between the metal oxide nanoparticles at moderate calcination
temperatures. b) Specific surface area generated as a function of the calcination temperature.

The specific surface area determined by MIP of 0.1 m2 g-1 for the non-infiltrated monoliths (SiCfs)
was rather low. In contrast, the infiltrated samples calcined at moderate temperatures presented
significantly higher values, as the specific surface area essentially depends on the size and volume
of the micro- and mesopores. Figure 11b) depicts the specific surface area as a function of the
colloidal solution employed for the wash-coat and the calcination temperature. The highest surface
area was obtained for the sample infiltrated with alumina four times, due to their higher volume of
relatively smaller mesopores (see Figure 10b). Also, mesopore sizes between the nanoparticles
were somewhat independent of the calcination temperature. However, the changes observed in the
mesoporous region at the highest calcination temperature of Ts+400 ºC suggested some particle
sintering. In the case of the 70 nm silica wash-coat, the formation of larger agglomerates would
result in larger voids in-between particles; However, in the case of the 7 nm particles, these
interparticular voids were not present (see Figure 6) indicating complete disappearance of the
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particular structure. This can be explained by the mobility temperature of solid metal oxides (when
the particles start to move and rearrange) or the Tammann temperature (the minimum temperature
at which a solid would undergo a solid-solid interaction), which are around half of the bulk melting
point in K.38 At this temperature, i.e. ca. 900 ºC for Al2O3 and 700 ºC for SiO2,39,40 the diffusion of
ions and cavities are activated and, consequently, grain boundary integration and formation of
agglomerates becomes relevant. Thus, the sintering process occurs much below the melting point
of the nanoparticles. Moreover, the Tammann temperature decreases as the size of the particles
decreases. Consequently, the effect of sintering was more severe for the 7 nm silica wash-coat, and,
therefore, the mesoporosity disappeared in the samples infiltrated with these particles after
calcination at Ts+200 ºC or higher (see Figures 12a and 12c). In contrast, it remained in the samples
infiltrated with 70 nm silica particles (see Figures 12b and 12d). The same observation was also
valid at lower silica loadings (results not shown) and confirmed by microscopy. FE-SEM
micrographs of the silica-infiltrated samples calcined at Ts are shown in Figures 12a and 12c. The
images revealed spherical silica particles on the surface of the SiC core and the small macropores
detected by MIP. At Ts+200 ºC, the 7 nm particles could not be detected while the 70 nm particles
remained identifiable, although not as clearly as at lower temperatures.
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Figure 12. FE-SEM images of silica-infiltrated SiCfs. a) Two immersions in 70 nm silica, calcination
at Ts; b) Two immersions in 70 nm silica, calcination at Ts+200 °C; c) Four immersions in 7 nm
silica at Ts; d) Two immersions in 7 nm silica, calcination at Ts+200 °C.

Additional information about the effect of the calcination temperature on the infiltrated oxide
nanoparticles can be extracted from the analysis of their crystalline structure. The XRD patterns in
Figure 13a were acquired with the powders obtained by drying and calcining the colloidal solution
of 70 nm silica. The absence of sharp peaks indicates that the silica calcined at Ts-100 ºC was
mostly amorphous, whereas at Ts+400 ºC a sharp diffraction peak appeared at 2q = 22º,
corresponding to the cristobalite crystalline phase of silica (PDF card number 01-076-0939) with
a minor contribution of the tridymite phase (PDF card number 01-077-0126). The diffraction
patterns of the calcined SiCfs monolith infiltrated twice with the solution (2x70Si) contained,
besides characteristic SiC diffraction peaks (not shown), a characteristic diffraction peak indicating
the presence of the cristobalite phase (Figure 13b), and the size of the silica crystalline domains
was slightly more significant at higher loadings (compare 1x70Si-Ts+200 and 2x70Si-Ts+200).
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No significant differences were observed in the diffractograms when calcination was done at Ts or
Ts+200 ºC, but at Ts+400 ºC, silica crystallization was strongly promoted, resulting in more intense
cristobalite peaks along with the formation of the tridymite phase. Hence, the XRD results
confirmed that the destruction of the nanoparticular structure at high calcination temperatures was
accompanied by the growth of crystalline domains, which may be relevant for the catalytic activity
of the supported catalyst.

Figure 13. XRD patterns of a) the calcined colloidal solution of 70 nm silica, and b) the SiCfs
monolith infiltrated with this solution. T = tridymite, C = cristobalite.

3.2

Gas-phase hydroformylation using tailored catalytic SiC monolith

The hierarchically structured and wash-coated SiC monoliths are a suitable structured support
material for an active and selective liquid-phase catalyst system. Accordingly, a SiCfs monolith
infiltrated with silica (1x7Si-Ts+400) was impregnated with an active Rh-bpp-sebacate catalyst
system and tested in the hydroformylation of 1-butene. The conversion and TOF of 1-butene, as
well as reaction selectivities, are shown in Figure 14 with combined isomerization selectivity for
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cis-2-butene and trans-2-butene and aldol selectivity for 3-hydroxy-2-propylheptanal and 2propylhept-2-enal. The butane selectivity remained constant at 1%, and alcohols were not detected
at all. Therefore, these data are not included.

Figure 14. Catalytic testing in the hydroformylation reaction of 1-butene with 1x7Si-Ts+400 SiCfs
monolith impregnated Rh-bpp-sebacate catalyst system. Reaction conditions T = 100 °C, p f e e d =
11 barg, n ̇ H 2 , f e e d = 1.54 mmol min - 1 , n ̇ C O , f e e d = 1.50 mmol min - 1 , n ̇ H e , f e e d = 0.81 mol min - 1 , n ̇ 1 butene,feed

= 0.48 mol min - 1 , bpp/Rh mol ratio = 4, Rh-loading = 11.97 mg.

As seen in Figure 14 (top), almost full conversion of 1-butene was achieved (relates to an average
catalyst TOF of 245 h-1) with the steady-state conversion after approximately 40 h of reaction with
essentially no deactivation (< 1 %) during the examined 85 h time on stream. High selectivity of
86 % towards the desired n-pentanal product and >99 % n/iso-aldehyde selectivity was achieved
at steady-state, which are comparable to previous reports using bpp as the ligand.41 The high n/isoratio confirmed that the catalytically active Rh-bpp catalyst remained intact as ligand dissociation
would have lowered the n/iso ratio significantly as generally found for hydroformylation catalysts.8
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Despite the high amount of n-pentanal formed in the reactor, the selectivity for the consecutive
reaction to form undesired aldol products occurred only to a minor extent (average during steadystate selectivity 3.5 %). Also, a relatively low selectivity of 7.8 % for 1-butene isomerization was
present. Overall, the investigated support shows exciting results for an application in the continuous
gas-phase hydroformylation of 1-butene.

3.3

Polymeric membrane coating on the exterior surface of SiC monolith

One objective of this work was to coat a thin and molecularly selective polydimethylsiloxane
(PDMS) membrane on a SiC monolith to show the applicability of a gas separating membrane on
this ceramic support material. The macropores on the external surface of both SiCf and SiCc
monoliths were prone to pore intrusion, which prohibited a defect-free PDMS layer from being
formed. However, PDMS was successfully dip-coated onto the SiCfs monoliths, which have
smaller pores on the external surface. In a first approach, a three-layer coated PDMS membrane
with a thickness of around 100 µm was successfully formed onto the SiCfs monolith. The layer
number was consecutively decreased to a double-layer-coating or even a single-layer-coating, thus
reducing the membrane thickness. Figure 15 shows a double-coated and a single-coated PDMS
membrane on the SiCfs monolith, prepared with an insertion speed of 10 mm s-1, a holding time of
60 s, and a withdrawal speed of 10 mm s-1. The average thickness was 27 and 13 µm, respectively.
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Figure 15. PDMS membrane on SiCfs monolith with an insertion speed of 10 mm s - 1 , a holding time
of 60 s, and a withdrawal speed of 10 mm s - 1 . a) Double-coated PDMS membrane, b) Single-coated
PDMS membrane.

Figure 16 shows the results of the CO2 and N2 permeation experiments on the SiCfs monolith,
which confirmed the PDMS membrane thicknesses as observed by SEM and gave a CO2 to N2
selectivity >10 at room temperature, which is in line with the range of selectivity values reported
in the literature.41,42 The influence of the withdrawal speed from the PDMS solution was also
analyzed and indicated that a faster withdrawal speed led to a decrease in permeance, i.e., an
increase in layer thickness. This phenomenon following the Landau-Levich model, which stated
that above a minimal velocity, the influence of solution adhesion compared to gravity becomes
prominent, and thus more solution sticks to the surface with higher velocity.43

Figure 16. Permeance over withdrawal speed of a) double-coated PDMS membrane on SiCfs
monolith b) single-coated PDMS membrane on SiCfs monolith. Constant insertion speed of 10 mm s 1

, holding time of 60 s, and withdrawal speed of 10 mm s - 1 . The permeance measurements were

performed at 22 °C and with a feed pressure of 3 bar against 1 bar permeate pressure.

Mechanical stability and temperature resistance were also examined for SiCfs monoliths with
triple-and single-coated PDMS membranes, respectively (Figure 17). Both membranes were found
stable at temperatures of 120 °C and feed pressures up to 7 bar with a trans-membrane pressure
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difference of 6 bar. Furthermore, both membranes achieved expected selectivities for CO2/N2,
confirming that the membranes were defect-free. However, the single-coated membrane displayed
almost seven-fold higher permeances compared to the triple-coated membrane, which is in good
agreement with the difference in thickness and shows the benefit of the coating-layer reduction.
The CO2/N2 selectivity of the membranes declined with increasing temperature, which is due to
the evolution of the sorption and diffusion coefficients of the individual gas molecules in PDMS
with increasing temperatures. On the one hand, the CO2 sorption coefficient decreases for elevated
temperatures, whereas the sorption coefficient of N2 increases in polymeric rubbery membranes if
the temperature rises.44 On the other hand, the diffusion coefficients of both gases increase, which
combined led to an overall decrease of the CO2/N2 selectivity at high temperatures.

Figure 17. Permeance over temperature for a) triple-coated PDMS membrane on a SiCfs monolith,
b) single-coated PDMS membrane on a SiCfs monolith. Insertion speed of 10 mm s - 1 , holding time
of 60 s, withdrawal speed of 10 mm s - 1 . The transmembrane pressure was set to ∆p=2 bar with a feed
pressure of 3 bar and ∆p=6 bar with a feed pressure of 7 bar. In both settings, the permeate pressure
was at 1 bar.

The successful application of PDMS membrane-coated SiC monoliths as support for SLP Rh-bppsebacate catalysts in catalytic membrane reactors has recently been reported for the
hydroformylation of 1-butene.32 Comparing the composition of retentate and permeate flows; it
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was shown that the desired n-aldehyde could be accumulated over the substrate 1-butene by a factor
of 2.2. While this value is probably too low for industrial application, it shows the high potential
of the studied monolithic SiC SLP catalysts for process intensification, where the aldehyde product
is partially removed from the reactor to circumvent consecutive aldol byproduct formation.
4

Conclusions

In this work, the detailed development of suitable monolithic supports for SLP hydroformylation
catalysis in membrane reactors is described. The monolithic supports are multi-channeled SiC
monoliths with macro-voids of a specific diameter obtained by extrusion. Various post-treatments
applied to the extruded, calcined SiC monoliths allowed further tuning of properties according to
the design requirements of the final application of the supports.
SiC monoliths with hierarchical bimodal porous distributions were obtained, forming a perfect skin
on the external wall without altering the internal porosity of the structure. The smooth surface of
this skin was successfully coated with a defect-free, thin, and molecularly selective PDMS
membrane, which was permeable and stable up to temperatures of 120 °C and feed pressures of
7 bar, with a transmembrane pressure of 6 bar. The membrane-coated macroporous SiC monolith
may be utilized in gas- or liquid-separation applications, as e.g., in a membrane reactor processes
like the described 1-butene hydroformylation reaction.
Immersion of the SiC monoliths into colloidal solutions of silica or alumina particles followed by
calcination provided alternative SiC structures with homogeneous infiltrated metal oxide support
on the exposed surface without significantly altering the porosity. The textural properties of these
structures were further modified by applying multiple wash-coats and calcination at moderate
temperatures, to avoid sintering effects. Both silica or alumina wash-coating procedures resulted
in trimodal porous distributions with largely unfilled macropores, smaller macropores created by
the accumulation of the oxide on some of the macropore walls, and mesopores formed by the voids
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between the nanoparticles. The size of the new meso- and macropores were tunable by selection of
the SiC and oxide particles, resulting in mesopore diameters of 5 and 24 nm when infiltrating 7 and
70 nm silica particles, respectively, in the SiC structure with pores of 7.5 µm, whereas the
mesopores of the alumina infiltrated monolith were 10 nm in size. The size and volume of the small
macropores generated by the deposition of silica nanoparticles increased with the calcination
temperature. Meanwhile, higher silica loadings reduced the volume of the big macropores between
the SiC particles as they were increasingly filled, while the volume of the new meso- and
macropores increased concurrently.
The silica-infiltrated SiC monolith was utilized to efficiently immobilize a liquid-phase catalyst
system containing dissolved Rh-bpp complexes (i.e., monolithic SLP system). The catalytic
performance of the resultant monolith impregnated with the liquid film containing the catalyst
system was demonstrated in long-term operation for continuous gas-phase 1-butene
hydroformylation, maintaining >98 % conversion over 85 h time on stream with high selectivity
toward the desired linear aldehyde.
Overall, this study shows the feasibility of using SiC monoliths for the design of catalytic
membrane reactors. The creation of mesopores provides surface area for better catalyst dispersion
and small pore sizes that allow better immobilization of liquids by capillary forces. Potential future
applications using monolithic SLP systems are anticipated, e.g., exothermic and endothermic
equilibrium reactions with in-situ removal of one of the products to shift the equilibrium.
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Supporting information
6.1

Gas transport through molecularly selective polymeric membranes

Gas transport through dense polymer films is based on the solution-diffusion mechanism. The
solution-diffusion mechanism consists of three steps, which are the sorption of molecules into the
membrane surface at the high-pressure side, molecule diffusion through the membrane, and
molecule desorption from the membrane surface at the low-pressure side. These three steps govern
the time it takes for a molecule to move from the high-pressure feed side to the low pressure
permeate side is expressed in the material-specific permeability P44,45:
𝑃 =𝑆∗𝐷

(S1)

Here, S is the sorption coefficient, and D is the diffusion coefficient. The unit of permeability is
Barrer [1 Barrer = 1·10-10 cm³(STP) cm cm-2 s-1 cmHg-1]. When P is determined experimentally, it
is often calculated by Equation (S2).
𝑃=

@̇ (BCD)∗FGHG

(S2)

IGHG ∗(∆K)

𝑉̇ (STP) is the flux through the membrane at standard conditions, Amem is the active membrane area,
δmem is the membrane thickness, and Δp is the pressure difference from feed to permeate side. If
the membrane thickness is unknown or difficult to determine, the membrane-specific permeance
Q can be measured instead of the permeability46.
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𝑄=F

D

(S3)

GHG

The unit of permeance is expressed in GPU [1 GPU = 1·10-6 cm³(STP) cm-2 s-1 cmHg-1]. With the
single-gas permeance data of two components, an ideal selectivity for component i and j is
calculated according to Equation (S4).
D

S

𝛼O,P = D Q = SQ
R

(S4)

R

Table S1. Pore volume of SiCfs and modification obtained by incorporation of silica nanoparticles
into the macroporous structure.
Particle size
(nm)

Wash-coat
(#)

Calcination
temperature
(ºC)

Total pore
volume
(ml g-1)

<50 nm

-

-

-

0.21

7

4

Ts-200
Ts
Ts+200
Ts-200

70

2

>2 µm

0

50 nm-2
µm
3

0.07

11

50

39

0.07

7

72

22

0.09

0

69

31

0.09

44

27

29

Ts-100

0.08

48

36

16

Ts

0.10

36

25

39

Ts+200

0.10

27

32

41

32
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Figure SI1. Effect of the number of wash-coats on the pore size distribution of SiCfs monoliths
infiltrated with colloidal silica nanoparticles of 70 nm. Calcination temperature: Ts-200 ºC.

-200

Ts

+200

+400

-200

Temperature (ºC)

Ts

+200

+400

Temperature (ºC)

Figure SI2. Porosity created in the SiCfs monolith by infiltration with the different colloidal metal
oxide solutions as a function of the calcination temperature. Left: Size of the pores created by the
oxide interparticular voids. Right: Size of the small macropores created by neck size reduction.
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Figure SI3. EDX mapping of 4xAl-Ts SiC monolith core (left) and skin (right).
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3.6.2 Characterization of the Catalytic Phase

3.6.2.1 Post Solvent-Removal Observations

To understand the physical behavior of the liquid-phase catalyst system,
the solvent DCM was removed from catalyst system 3 by applying vacuum.
Figure 3.23 a) depicts the system at RT in a Schlenk tube. It could easily be
observed by the naked eye that the texture is rather a gel/solid than a liquid
phase. Compared to literature, to reiterate, system 3 contained significantly
lower amounts of Rh, bpp and sebacate. Increasing the temperature in an
oil bath to 80 ◦C (b) melted the gel/solid which was in good agreement with
the melting point of sebacate of 82 − 85 ◦C. This elucidated, that previously
tested catalyst systems containing sebacate had probably liquefied under
reaction conditions.
A phase separation was observed while cooling down without stirring, which
raised the question if the sebacate was acting as a stabilizer, or maybe
forming its own liquid phase next to the IL. Supported by COSMO-RS

Figure 3.23
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Catalyst system 3 after solvent removal at a) RT and b) 80 ◦C.
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solubility studies† , which showed disadvantageous solubilities of some ILs
possessing higher solubility for the desired aldehyde product than for the
reactants, catalyst system 4 was derived. Further details including a catalytic
performance test of system 4 are reported in Section 3.7 and in the submitted
article in Section 3.6.1.4 on page 76.

3.6.2.2 In-Situ High-Pressure NMR Spectroscopy
High-pressure NMR spectroscopy (HP-NMR) was performed to obtain an
insight on the active species of the Rh-diphosphite catalyst under CO/H2
atmosphere. During the studies, a focus was set on the analysis of relevant
catalyst systems under close-to-reality conditions which were applied in the
catalytic performance tests (10 bar, CO/H2 1/1, 100 ◦C).
Under syngas pressure, the monohydride-rhodium species are assumed to have
a trigonal bipyramidal structure [90]. Hereby, two isomeric structures can
occur with the diphosphite ligand coordinated either in equatorial-equatorial
(eq-eq) or equatorial-axial (eq-ax) coordination mode as depicted in Figure 3.24. The eq-eq coordination mode favors the linear aldehyde due to
steric hindrances and hence, increases the selectivity towards the desired
product (n-pentanal) [46]. The coordination can be determined by NMR [90]
and the results will be discussed in the following.
Figure 3.25 shows the 1 H NMR spectra of Rh/bpp 1/4 dissolved in CD2 Cl2
recorded over time while shaking and heating the sample for 90 h. Whereas
spectra 1-3 show multiple peaks, it can be seen that all peaks below −11.20 ppm
are decreasing over time resulting in one sharp peak around −11.15 ppm after
ca. 90 h. The 31 P spectrum revealed a coupling constant of 1 JRh,P = 236.5 Hz
†

Performed by Evonik Industries AG
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Figure 3.24

Equatorial-equatorial (eq-eq)
[HRh(P–P)(CO)2 ] species [91]

and

equatorial-axial

(eq-ax)

.

Figure 3.25
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1

H NMR spectra of Rh/bpp 1/4 in CD2 Cl2 under 10 bar CO/H2 1/1
atmosphere after shaking the sample for 1) 4 h at RT 2) 4 h at RT
and 2 h at 100 ◦C 3) 4 h at RT and 16 h at 100 ◦C 4) 4 h at RT and
88 h at 100 ◦C.
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which is in agreement with the reported values in literature for the same
kind of Rh complexes [90]. Via 2D NMR (1 H-31 P HMBC), it was possible to
correlate the phosphorus signal detected via

31 P

NMR (δ = 172 − 174 ppm)

with the hydride signals observed by 1 H NMR (δ = −11.15 ppm) visible in
Figure 3.25 on the left. The coupling constant of phosphorus to hydrogen
(2 JP,H ) was found to be below 10 Hz referring to peaks 1 and 2 or 1 and 3
in Spectrum 4. According to literature, the eq-eq coordination mode shows
small coupling constants of phosphorus to hydrogen (4 Hz whereas the eq-ax
coordination mode shows large values of ca. 180 − 200 Hz [90]. Hence, it was
concluded that the ligand is preferentially coordinated in an eq-eq coordination mode. This is underlined by the catalytic performance tests, where
high n/iso ratios could be observed, also indicating the eq-eq coordination
mode.
Figure 3.26 depicts the 1 H NMR spectra of Rh/bpp 1/1 dissolved in CD2 Cl2
after 4 (1) and 76 h (2). After 4 hours, the characteristic hydride-peak could
already be seen even though its signal was not yet sharp, probably due to
dynamics of the system with respect to complex formation. As there were
no other major peaks, it was assumed that the excess ligand of Rh/bpp 1/4
might slightly hamper and delay the formation of the desired complex due
to competitive ligand coordination. After 76 h, a peak similar to Figure 3.25
was observed. Due to the equimolar ratio, no excess ligand could be found in
the

31 P

NMR spectra presented in Figure A.2 in the appendix.

As the catalyst systems used in the study contain sebacate and [C2 C1 Im]
[NTf2 ], their influence was investigated via HP-NMR for a deeper understanding. The spectrum of the previous Rh/bpp 1/4 catalyst system was compared
to the systems with additional sebacate (2) and additional [C2 C1 Im][NTf2 ] (3)
which is depicted in Figure 3.27. Both systems show various hydride species,
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Figure 3.26

1

H NMR spectra of Rh/bpp 1/1 in CD2 Cl2 under 10 bar CO/H2 1/1
atmosphere after shaking the sample for 1) 4 h at 100 ◦C and 2) 76 h
at 100 ◦C.

whereas (2) exhibits after 16 h three peaks at similar shifts compared to the
previous system after 16 h. As the peak of the desired hydride is not as sharp
after the same time period, it was assumed that the sebacate prolongs the
formation of the desired species, probably due to competitive coordination
of basic amine groups of the sebacate. The same applied for Spectrum 1,
which was recorded after 80 h. It seemed like the formation was prolonged
even more when [C2 C1 Im][NTf2 ] was added and the explanation for that is
not apparent yet. The same applies for the additional peak shown above
−11.05 ppm which was not observed in other catalyst systems.
As performance tests of similar catalyst systems reported in literature [92]
showed long activation periods (< 30 h), it was corroborated that the slow
formation of the desired species could correlate to the activation periods.
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Figure 3.27

1

H NMR spectra of Rh/bpp 1/4 in CD2 Cl2 under 10 bar CO/H2 1/1
atmosphere 3) shaken for 4 h at RT and 16 h at 100 ◦C, 2) mixed
with sebacate (Entry 3 in Table 3.3) and shaken for 4 h at RT and
16 h at 100 ◦C, 1) mixed with IL (Entry 4 in Table 3.3) and shaken
for 80 h at 100 ◦C.

After the activation periods, high n/iso ratios were observed and hence, it was
assumed that the broad range of peaks observed in this study with additional
sebacate and [C2 C1 Im][NTf2 ] might convert into one sharp signal of the
desired species after some time as observed in Figure 3.25. The increased
time of the activation periods in the HP-NMR studies compared to previous
performance tests are most likely due to the lower contact surface in between
liquid- and gas-phase in the small NMR tube.
These initial HP-NMR studies on the Rh-bpp catalyst systems under syngas
atmosphere require further investigation to draw clear conclusions. Experiments with higher time resolutions over longer time periods, especially for
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the catalyst systems exhibiting multiple peaks, are suggested, maybe also by
investigation of other nuclei.
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3.6.2.3 Publication III
The catalyst-distribution on porous monolith supports is crucial for the performance of the catalytic system as it determines the active catalytic volume [93].
This study presents the applicability of magnetic resonance imaging (MRI)†
as a non-invasive technique to analyze the whole 20 x 2.54 cm monolith at a
sufficient resolution without sample opening. Cross-sections of impregnated
monoliths are imaged to reveal the liquid distribution of the catalyst system
on the SiC monolith in combination with different impregnation procedures.
Homogeneous impregnations of the full cross-sections were elucidated demonstrating a full penetration of the catalyst system into the monolith. The
impregnations from one side to the other of the monolith were found to
be consistent with slight variations at the inlet of the gas used for drying.
IL-only impregnations revealed an inhomogeneous rim formation, which was
attributed to the drying procedure of the wet-impregnated monoliths. Capillary forces can cause the impregnation to move from wetter to dryer regions
as it has been reported previously [94]. Interestingly, the impregnation of
IL containing sebacate prevented the rim formation and showed more homogeneous impregnations. Industrially relevant experiments were carried out
such as long-term storage and temperature exposure which were found to
have a low influence on the liquid distribution. Horizontally impregnated
monoliths revealed that the spatial arrangement of the monolith during the
wet-impregnation and drying has a low-to-no influence.
The studies were supported by X-ray microtomography (mirco-CT) data
revealing the core pore structure and skin in a less invasive manner compared
to the SEM. Furthermore, a catalytic performance test of catalyst system 2,
comprising Rh-bpp active species, sebacate and IL, on a SiC monolith was
†

MRI measurements performed by Stefan Benders (RWTH)
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carried out. After 20 h time-on-stream a steady-state conversion of 1-butene
close to 80 % was detected by on-line GC analysis. The system exhibited
a high selectivity of 98 % towards n-pentanal indicating an active Rh-bpp
complex while keeping the aldol-condensation products low around 2 − 3 %.
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Abstract
Monolithic silicon carbide (SiC) supported ionic liquid phase (SILP) Rh-catalysts have very
recently been introduced for gas-phase hydroformylation as an important step toward
industrial upscaling. This study investigates the monolithic catalyst system in
combination with different impregnation procedures with non-invasive magnetic
resonance imaging (MRI). These findings were supported with X-ray microtomography
(micro-CT) data of the monolithic pore structure and a catalytic performance test of the
catalyst system for the 1-butene gas-phase hydroformylation. MRI confirmed a
homogeneous impregnation of the liquid phase throughout the full cross-section of the
cylindrical monoliths. Consistent impregnations from one side to the other were
achieved with a stabilizer that helps to prevent inhomogeneous rim formation. External
influences relevant for industrial application, such as long-term storage and
temperature exposure, did not affect the homogeneous liquid-phase distribution of the
catalyst. The work elucidates important parameters to improve liquid-phase catalyst
impregnation to obtain efficient monolithic catalysts for industrial exploitation in gasphase hydroformylation as well as other important industrial processes.
Key words: Magnetic resonance imaging, silicon carbide monolith, liquid-phase
distribution, hydroformylation, supported ionic liquid phase
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Introduction
Supported ionic liquid phase (SILP) materials have received much attention in recent
years with special interest in the heterogenization of homogeneous catalyst systems [1–
3]. SILP materials are typically prepared by impregnation of a porous, high-surface oxide
support (Al2O3, SiO2, etc.) with an ionic liquid (IL) and a dissolved active catalyst system
[4, 5]. By such impregnation, a thin film layer of the IL catalyst system is distributed in
the porous support with a large surface area and short mass transport pathways. Thus,
the catalyst system acts as a homogeneous catalyst on the micro-scale, while the SILP
material on the macro-scale performs as a heterogeneous catalyst allowing its use in
simple continuous-flow reactions with fixed-bed reactors [2].
Hydroformylation represents a reaction of major industrial importance to produce
aldehydes and derived chemicals used in commodities such as plasticizers, fragrances
and detergents [6]. Continuous fixed-bed, gas-phase hydroformylation with Rh SILP
catalysts based on micrometer-sized silica supports has been demonstrated successfully
on the small scale with C2-C4 alkenes using both, phosphine- and phosphite-modified
catalysts with imidazolium-based IL (e.g. [C2C1Im][NTf2]) [3]. With diphosphite-modified
catalysts, stable operation over 900 h time-on-stream with a high selectivity towards the
targeted product (n-pentanal) has been reported with 1-butene as reactant [7], but such
powdered catalysts are challenging to implement in up-scaled reactors due to concerns
comprising large pressure drop over the catalyst bed and low heat transfer within the
bed [8, 9]. Structured reactors, such as monoliths (see Figure 1 left), made by a porous,
inert support material like silicon carbide (SiC) with excellent heat conductivity,
mechanical strength and chemical inertness [10] can overcome these drawbacks and
their modular design further eases up-scaling [11]. Currently manufacturing processes
of SiC monoliths are being developed, so that the pore structures can be adjusted and
hence the gas/liquid flow and the pressure drop be tailored to the application [12–15].

Figure 1. Left: Schematic drawing and photograph of the cylindrical porous monolith consisting of a SiC core, SiC skin
and silica wash-coat with the locations indicated where the cross-sections were imaged. Right: Detailed schematic
drawing of the pore structure before and after liquid impregnation.
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A novel SILP catalyst system based on a cylindrical SiC monolithic support structure
has recently been introduced and demonstrated for 1-butene hydroformylation with
the IL-catalyst phase immobilized by wet-impregnation [16]. In such systems, the
impregnation and drying procedures have a strong influence on the final composition
and distribution of the catalyst on the monolith [17]. The weight uptake can control the
overall degree of impregnation, but the distribution of the catalyst system on the
monolith is challenging to reveal. For surface-sensitive analytic techniques, such as
scanning electron microscopy (SEM) or transmission electron microscopy (TEM), the
monoliths need to be cut into small samples, a process which might impact also the
catalyst system. To this end, less invasive techniques are therefore preferred. X-ray
absorption techniques, such as Computed Tomography (CT), are sensitive to heavy
elements and therefore lack in contrast between IL in the pores and the solid SiC matrix.
For high resolution, X-ray micro-tomography (micro-CT) is favorable but also requires
invasive cutting of the monolith. An alternative, non-invasive technique with lower
resolution focusing on the liquid catalyst system is magnetic resonance imaging (MRI)
being one of the modes of nuclear resonance (NMR). MRI applies radiofrequency
radiation and, therefore, provides access to optically opaque materials while unique
contrast parameters, such as NMR relaxation can be exploited to increase the
information content. Accordingly, MRI has been used for the examination of a wide
range of both soft and hard materials, such as polymers, food, plants and wood [18–22]
as well as in a range of chemical engineering applications [23], including the
characterizing of flow in different geometries [24–30] and reactive systems [31–33].
NMR relaxation being the primary contrast parameter differs considerably for liquids in
bulk and pores [34], and many studies have been conducted investigating the
distribution and evaporation of liquids in rocks and soil by MRI [35–37]. Similarly, MRI
has been used to localize gas and liquid flowing through a monolith [38, 39].
In this study, the distribution of an IL-catalyst system inside the pore structure of
cylindrical SiC monoliths is examined noninvasively by MRI and micro-CT. For the MRI
measurements, the high susceptibility difference between the porous matrix and the
fluid gave rise to short relaxation times. In consequence, acquisition times need to be
short and as unaffected by relaxation as possible. Thus, Single-Point Imaging (SPI) was
chosen as method, which employs a purely phase-encoded pulse sequence with short
dephasing times from spatial encoding [40]. In the course of the work, various wetimpregnation procedures of the monoliths with Rh-diphosphite/IL catalyst system were
evaluated, and the resulting monoliths were characterized. In addition, the performance
of the active catalyst system was tested in a continuous, gas-phase 1-butene
hydroformylation to demonstrate its potential.
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Experimental
General

Cylindrical SiC monoliths with dimensions of 200 mm ´ Ø 25.4 mm with 30 channels of
Ø 3 mm (LiqTech International A/S) were used as supports (Figure 1 left). The company
manufactured the monoliths by sintering α-SiC powder (particle diameter 17.3 µm),
applying a SiC skin of sub-micro sized α-SiC particles by a patented method [41] followed
by wash-coating with 7 nm silica particles infiltrated into the inner monolith structure.
Before use, the monoliths were washed by submerging them three times in de-ionized
water followed by drying at 100 °C for 18 h with subsequent vacuum drying for a
minimum of 4 h.
All steps for catalyst impregnation and catalysis were performed by Schlenk
techniques under argon atmosphere (99.999%), and all chemicals were used as
received. The catalyst system comprised the precursor Rh(acac)(CO)2 (Sigma-Aldrich,
98%), diphosphite ligand biphephos (Evonik Oxeno GmbH, 98%), stabilizer (bis(2,2,6,6tetramethyl-4-piperidyl)sebacate, (Sigma-Aldrich) and IL 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide ([C2C1Im][NTf2], Sigma-Aldrich, ≥98%), and the
catalytic performance test was performed with 1-butene (99.5%), carbon monoxide
(99.7%), hydrogen (99.999%), and helium (99.996%) purchased from the Linde Group.
The magnetic resonance images were measured on monoliths containing only the IL and
the stabilizer.
Preparation of catalyst stock solutions

A batch of 180 ml catalyst stock solution was prepared by dissolving 11.3 g of biphephos
(14.4 mmol) in 40 ml anhydrous dichloromethane (DCM, Sigma-Aldrich, ≥99.8%) and
[Rh(acac)(CO)2] (3.6 mmol) separately in 40 ml of anhydrous DCM under stirring for
15 min. Stirring was then continued for another 1 h after mixing the two solutions. In
parallel, 27.7 g stabilizer bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate (57.6 mmol) was
dissolved in 60 ml anhydrous DCM and 18 ml of IL [C2C1Im][NTf2] separately dissolved in
20 ml anhydrous DCM. After stirring for another 1 h both solutions were combined with
the Rh-biphephos solution with an additional 2 ml of anhydrous DCM.
To obtain different IL contents, the amounts of IL and DCM were adjusted
accordingly, and all catalyst system compositions are listed in Table S1, ESI. As
mentioned above, the simplified impregnations contained only IL and stabilizer.
Impregnation of monoliths with catalyst stock solutions

The monoliths were wet-impregnated by catalyst stock solutions by submerging the
monoliths for 5-6 min before removal of excess solution in vertical orientation, unless
indicated otherwise. The impregnated monoliths were then dried in a downwards argon
flow for 24 h followed by drying under vacuum for another 24 h, both at room
temperature (see photograph of the drying set-up in Figure S1 of the ESI). The weight
increase obtained during impregnation was measured and the amount of rhodium
determined by mass fraction of the catalytic system, assuming full evaporation of the
solvent.
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Characterization of the monoliths

The pore volumes of the monoliths were determined by liquid adsorption [42], where
the monoliths were submerged in de-ionized water until bubbles no longer formed.
After careful removal of excess water, the water-loaded monoliths were weighed and
the amount of water (mH2O) determined as the difference between the dry and the
water-loaded monoliths. This allowed calculating the pore volume according to
Equation (1) with a density of water of 998.21 kg m-3 at 20 °C [42]. The average (x ̄)
values determined in this work are arithmetic means, and the relative standard
deviation (RSD) was calculated according to Equation (S1) in the ESI.

pore volume =
<latexit sha1_base64="xTOjuSx/cOFIysU3Qjw/Jty1kOY="></latexit>

mH 2 O
mmonolith · ⇢H2 O

(1)

X-ray photoelectron spectra (XPS) were measured with a Thermo Scientific K-Alpha
system using a monochromized beam (Al K-Alpha: 1,486.6 eV) at a take-off angle of 90°
and a spot size of 400 μm. The XPS data was acquired by multiple point-measurements
and the data processed with the software Avantage. For analysis, the monoliths were
cut transversally into 4 mm thick slices with a precision cutting machine (Minitom by
Struers), and attached to the sample holder without further treatment.
X-ray micro-tomography (micro-CT) images were obtained with a ZEISS Xradia 410
versa X-ray microscope system equipped with a detector system allowing a combination
of geometric and optical magnification at a voltage of 40 kV and a power of 10 W. Due
to the dimensional limitation of the system, the monolith was cut with a precision
cutting machine (Minitom by Struers) equipped with a diamond blade. The monolith
was first analyzed with the large field-of-view objective for an overview (11.3 µm
efficient pixel size, 1,601 projection images, total acquisition time ca. 3 h) before an area
of interest was selected for a high-resolution image (objective 10´, 1.54 µm efficient
pixel size, 3,201 projection images, total acquisition time ca. 52 h). Each set of 2D images
was reconstructed using the XRMreconstructor software attached to the X-ray
microscopy system. The reconstruction software uses an FDK algorithm, and the
resulting 3D volume for the high-resolution scan is a cylinder with a diameter of
approximately 1.5 mm.
1
H magnetic resonance images were measured with a SPI sequence in ParaVision 5.1
on a Bruker Avance III 300 MHz System equipped with a MIC2.5 gradient system (max.
gradient strength 1.5 T/m) and a 30 mm quadrature coil using the following parameters:
Dephasing time 75 µs, spectral width 1 MHz, field-of-view (FOV) 30 × 30 mm2, matrix
size 256 × 256, resolution 117.2 × 117.2 µm2, pulse duration 9 us, repetition time
500 ms, number of scans 96, and experiment time: 17.5 h. No slices were selected,
therefore the images corresponded to an axial projection of the monolith. The
monoliths were stabilized in the resonator with paper, and all images were recorded at
room temperature with the monoliths positioned at the same location as best as
possible for comparison of images. The matching of the radiofrequency circuit did not
result in the lowest possible reflection due to the high loading of the coil, which resulted
in the variable capacitors reaching their limits and thus possibly leading to deviations in
signal intensity between different images. All displayed images have the same absolute
value scale and are shown without the lowest 10 % of their maximum values to improve
image picture quality by cutting off the noise. All pixels of the images were integrated
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to determine the total spin-density including a small artefact in the center originating
from a DC offset, which could readily not be eliminated.
Catalytic testing of the monoliths

The continuous gas-phase hydroformylation experiments were conducted at 110 °C and
a pressure of 10 bar using an in-house designed reactor module. The gas flows were
controlled by mass flow controllers (MFC) from Bronkhorst, and 1-butene was conveyed
with an HPLC pump (Smartline 100) by Knauer. The fluids were dosed in a volume ratio
of H2 : CO : 1-butene = 2 : 2: 1. The impregnated SiC monolith had a total mass of 103.6 g
and contained 31.5 mg of rhodium. The monolith was introduced into a glovebox to
ensure inert conditions while assembling the monolith into the reactor module. The
sealed reactor was installed in the reactor set-up using a helium counter flow.
Afterwards, the reaction temperature and pressure were set, and the reaction gas flows
adjusted accordingly. The downstream gas flow was monitored by an on-line gas
chromatograph GC 450 by Bruker equipped with two flame ionization detectors and a
thermal conductivity detector.
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Results and Discussion
Impregnation of monoliths

The SiC monoliths were wet-impregnated with catalyst stock solutions containing
different amounts of ligand, stabilizer and IL, respectively (see Table S1, ESI). The pore
volume of the pristine monoliths was determined by liquid absorption and resulted in
an average of 0.17 ml g-1 with a relative standard deviation (RSD) of 1.62 % (n = 4, see
Table S2, ESI). The low RSD indicated a high accuracy of the method as well as a
consistent support material.
The pristine monolith used for the catalytic performance test (vide infra) gained a
weight increase of 5.7 % after drying (from 98.0 g to 103.6 g) corresponding to a rhodium
loading of 31.5 mg (0.03 wt.-%) and ligand loading of 960.6 mg (0.98 wt.-%),
respectively. As the combined mass fraction of the IL and the stabilizer was larger than
80 wt.-%, the rhodium precursor and the ligand were therefore left out in most of the
following characterization experiments.
Characterization by micro-CT

Micro-CT images were recorded on a pristine SiC monolith to visualize the pore structure
(Figure 2). The overview image (Figure 2a) shows the SiC core (large particles), the SiC
skin (small particles) and a fraction of one of the circular bore channels on the left part
of the image. An enlarged image of the area of the SiC skin and core (Figure 2b) revealed
the pores of the core created by interparticle voids to be in the micrometer range, while
the skin with a thickness around 50 µm (determined via pixel analysis) had pores in the
sub-micrometer range. A clear separation between the regions indicated no intrusion of
fine skin particles into the core. However, the high-resolution micro-CT image revealed
a few defects in the skin with minor cracks and small circular holes.

Figure 2. Micro-CT images of a pristine SiC monolith. a) Overview with the core and skin. b) Enlarged image with the
focus on the SiC skin. High-resolution image: 1.54 µm efficient pixel size, 51.5 h total acquisition time.
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Characterization by MRI

MRI was applied as a non-invasive method to investigate the distribution of the ILcatalyst system in the monolithic SiC support. Other than background noise the pristine
SiC monolith (Figure 3a) produced no significant signal thus verifying that the method
was suitable for imaging fluids in the monolith (integrals of all MRI images are given in
Figure S2, ESI). Moreover, it was confirmed that possible water accumulation on the
surface of the SiC support was of no importance.
An MRI image of a SiC monolith with impregnated IL and stabilizer is depicted in
Figure 3c. The comparison with a photograph showing the top of the monolith
(Figure 3b) demonstrates that the impregnation follows the pattern of the support
structure. It is, therefore, reasonable to assume that the impregnation solution
penetrated the entire porous support structure of the monolith, and that the MRI
analysis shows solely the impregnated species on the solid support structure, not the
structure itself. Notably, as the thickness of the SiC skin (ca. 50 µm) is less than half of
the edge length of a voxel (117.2 µm) of the MRI, it is reasoned to have negligible
influence. As the melting point of the stabilizer is above room temperature (82-85 °C) at
which the MRI images were recorded, an additional measurement was carried out with
a stabilizer-only impregnated monolith. Here also mainly noise was detected (see Figure
S3 in ESI), confirming that the signal detected from the stabilizer originated from the
stabilizer dissolved in the IL and not from its solid form.

Figure 3. a) MRI of a pristine monolith. b) Optical image of a monolith (top view). c) MRI of an impregnated monolith
(IL, stabilizer).

MRI images recorded of monoliths impregnated with stock solutions of different
compositions of IL and stabilizer are shown in Figure 4. When the monoliths were
impregnated with only IL (Figure 4a: 2.74 wt.-% IL; Figure 4c: 5.80 wt.-% IL), non-uniform
distributions of the IL seemed to form with regions of relatively low concentrations in
the center and higher concentrations following the outline of the cylindrical monoliths.
In comparison, co-impregnations with stabilizer (Figure 4b: 2.17 wt.-% IL and 2.20 wt.% stabilizer; Figure 4d: 3.73 wt.-% IL and 3.77 wt.-% stabilizer) clearly produced more
even distributions of the components. The drying procedure of wet-impregnated
monoliths can influence the distribution of the liquid phase, since the fluid may move
from wetter to drier regions due to capillary forces [17]. Therefore, the argon flow used
for drying may preferentially have dried the monolith from the outside causing the IL to
move outwards from the inside (see Figure S1 in ESI for argon flow direction). In the
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presence of stabilizer, this IL movement seemed hampered, which could possibly be
related to the higher viscosity of the liquid phase in the presence of the stabilizer.

Figure 4. MRI analyses of SiC monoliths with a) 2.74 wt.-% IL, b) 2.17 wt.-% IL and 2.20 wt.-% stabilizer, c) 5.80 wt.-%
IL, d) 3.73 wt.-% IL and 3.77 wt.-% stabilizer.

The integrated spin density of signal from an image represents the total number of
protons detected on the cross-section of the monolith. It is proportional to the overall
concentration of protons in the slice, which is directly related to the protons of the
immobilized compounds, represented by the weight gain by impregnation. Comparing
the monoliths imaged in Figures 4a and 4c, the ratio of their integrated spin densities
were 1.9, which was close to their expected IL weight-ratio of 2.1. The same ratios for
the monoliths with higher IL content and stabilizer (Figures 4b and 4d) were both 1.7,
indicating that most of the stabilizer was dissolved in the IL in these systems. Notably,
the systems with stabilizer displayed also a more even distribution longitudinally over
the full monolith compared to the systems containing only IL (see Figure S4, ESI).

Figure 5. Slice-selective magnetic resonance images of an impregnated SiC monolith with 5.80 wt.-% IL from top (a)
to bottom (d) recorded at equal slice distances.

Figure 5 depicts magnetic resonance images of representative cross-sections from
top to bottom at equal distances of a single monolith impregnated with 5.80 wt.-% IL.
Except for the top part (Figure 5a), all images showed similar patterns and yielded
comparable spin density integrals (see Figure S2, ESI) throughout the monolith
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indicating an equal longitudinal distribution of the impregnation. The difference in
distribution of the IL found in the top cross-section of the monolith may be a result of
the drying procedure as the argon flow entered this part of the monolith first.
The influence of gravity over time on the mobility of the liquid phase in the monoliths
was investigated by acquiring cross-sectional images of horizontally stored monoliths
containing 2.74 wt.-% IL (Figures 6a and b) and 2.17 wt.-% IL with 2.20 wt.-% stabilizer
(Figures 6c and d). The first monolith was stored at RT for three weeks and the second
one at 100 °C for two weeks. These two samples were analyzed by MRI before and after
storage (Figure 6). For the IL-only impregnated monolith, the patterns of the images
before and after storage (Figures 6a and 6b) looked very alike, confirming a little
influence by gravity for long-term storage at RT. On the other hand, the concentration
apparently increased in the upper left part of the image of the second monolith
containing the liquid IL-stabilizer phase after storage at 100 °C for two weeks compared
to the monolith before storage (Figures 6c and 6d). A slightly different positioning of the
monolith in the MRI resonator before and after storage could account for this difference
due to varying signal differences derived from the spin density integrals (see Figure S2,
ESI). The influence of gravity was therefore also low despite the viscosity of the IL
changing considerably with increasing temperature [7] and melting of the stabilizer.

Figure 6. MRI analyses of SiC monolith stored horizontally. 2.74 wt.-% IL before a) and after b) horizontal storage for
three weeks at RT. 2.17 wt.-% IL, 2.20 wt.-% stabilizer before c) and after d) horizontal storage for two weeks at
100 °C.

The liquid phase mobility in the monoliths with 3.16 wt.-% IL and 3.20 wt.-% stabilizer
(Figure 7a) as well as 3.23 wt.-% IL and 3.28 wt.-% stabilizer (Figure 7b) were examined
by impregnating the monoliths horizontally by complete or partial (ca. 50 % coverage)
submersion in stock solution followed by drying. Notably, the positions of the monoliths
were kept during the impregnation and the MRI analysis, ensuring that the bottom of
the images were facing towards the center of gravity. During both horizontal
impregnation procedures, the monoliths were found to readily soak up the stock
11
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solution due to good wettability of polar solvents (like DCM) on SiC [43] resulting in 6.4
and 6.5 wt.-% uptake, respectively. In line with this, images of both monoliths revealed
complete impregnation of the cross-sections independent of gravity with only minor
accumulation of species in the lower right part (Figure 7a) and the upper rim (Figure 7b),
respectively. This firmly demonstrated that the orientation of the monolith during
impregnation was not a key factor for obtaining an even liquid distribution with the ILstabilizer system.

Figure 7. MRI analyses of SiC monoliths with a) 3.16 wt.-% IL and 3.20 wt.-% stabilizer and b) 3.23 wt.-% IL and 3.28 wt.% stabilizer impregnated horizontally by a) full submersion or b) partial submersion into stock solution.

Characterization by XPS

Monoliths impregnated with 2.57 wt.-% IL and 2.61 wt.-% stabilizer revealed an even
distribution of impregnated species throughout the full cross-section, but some
accumulation occurred as shown by MRI (Figure 8a). To examine if the pore structure of
the silica wash-coat accumulated the impregnated species by improved immobilization
of the liquid phase, the monolith was laterally opened, and a slice (Figure 8b) scanned
by five point-measurements for oxygen, as a representative element of the wash-coat,
by XPS at the positions shown in Figure 8c (see Figure S5, ESI for survey spectra). Oxygen
was found at all five points with a signal above the arithmetic mean of two
measurements. The recorded MRI was expected to cover the two points of the XPS
measurement, which could indicate that the higher concentration of impregnated
species followed an inhomogeneous distribution of the wash-coat. The atomic-% of
sulfur, nitrogen and fluorine were less than 5 % in all measurements and the influence
of the liquid phase is therefore considered negligible. It is important to mention, that
the roughness of the core support material can be disadvantageous for XPS and
uncertainties of the measurements were therefore present.
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Figure 8. a) MRI analysis. b) Photograph of SiC slice. c) XPS analysis for oxygen (wash-coat: silica) of SiC monolith with
2.57 wt.-% IL and 2.61 wt.-% stabilizer loading using locations as indicated in b).
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The performance of the monolithic SILP catalyst system impregnated with Rh-biphephos
and stabilizer was tested in a continuous gas-phase hydroformylation of 1-butene. The
1-butene conversion, aldehyde and aldol yields as well as the n-pentanal selectivity
(desired product) over 20 h time-on-stream are depicted in Figure 9. A steady-state of
1-butene conversion close to 80 % was obtained after an activation period of about 5 h.
Importantly, the system showed high selectivity of 98 % to n-pentanal product indicating
formation of an active Rh-biphephos complex, while the detected aldol-condensation
side products remained low around 2-3 %. Noteworthy, the monolith was impregnated
with a biphephos-to-Rh molar ratio of only 4:1, while the ratio reported in SILP catalysis
literature is usually 10:1 [3]. The lower ratio reduces the costs of the catalyst system as
less amounts of the expensive ligand are needed, which will be important for the
possible implementation in larger scale.
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Figure 9. Hydroformylation of 1-butene with SiC SILP monolith. Conversion of 1-butene (¢), yield of aldehydes (¯),
yield of aldols (s), n-pentanal selectivity (£). Reaction conditions: T = 110 °C, ptotal = 10 bar (H2:CO:1-butene = 2:2:1),
Rh loading = 0.03 wt.-% (31.5 mg), biphephos loading = 0.98 wt.-%, [C2C1Im][NTf2] loading = 2.20 wt.-%, stabilizer
loading = 2.40 wt.-% (biphephos:Rh = 4:1, stabilizer:Rh = 4:1).

13

139

3 Membrane Reactors for Butene Hydroformylation by SILP Technology

Conclusions
A homogeneous SILP Rh-catalyst system for gas-phase hydroformylation has been
immobilized by wet-impregnation on porous SiC monoliths. The liquid-phase
distribution was successfully measured by non-invasive MRI providing a close-to-reality
picture of the catalyst system. The IL-phase alone formed an inhomogeneous rim on the
monolith, which was attributed to the gas-flow drying-procedure during impregnation.
However, addition of the stabilizer enhanced an even distribution over the full crosssection of the monolith and prevented movement of the liquid. Surprisingly, an excellent
liquid-phase distribution was also obtained when the monolith was impregnated
horizontally and submerging it only partially into the stock solution, thus enabling
impregnation by lower amounts of stock solution with the benefit of cost reduction in
catalyst preparation. This is in contrast to previous studies, where continuous rotation
of the monolith during drying was recommended to prevent movement of the liquid by
gravity. Temperature studies and storage experiments with the immobilized IL-stabilizer
system further revealed no negative impact on the liquid-phase distribution making the
monolithic catalyst system industrially applicable.
Notably, the resolution of MRI is on a µm-scale (voxel with edges of 117.2 µm in
length). For future studies, non-invasive techniques that allow analysis of specimens on
the cm-or-larger scale with high resolution on the nm-scale will be valuable.
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Compositions of monolith impregnations
Table S1: IL and sebacate contents of monolith impregnations.

Figure
3c, 4b, 6c, 6d
4a, 6a, 6b
4c, 5a-d
4d
7a
7b
8

IL loading
wt.-%
2.17
2.74
5.80
3.73
3.16
3.23
2.57

Sebacate loading
wt.-%
2.20
3.77
3.20
3.28
2.61

Pore volume determination by liquid absorption
Table S2: Pore volume determination by liquid absorption with water on pristine SiC monoliths.

Entry
1
2
3
4

m (monolith)
g
106.06
105.27
105.86
106.38

m (monolith+H2O)
g
124.06
123.47
123.57
124.14

Drying procedure after monolith wet-impregnation

Figure S1: Photograph of a monolith during drying procedure.
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Pore volume
ml g-1
0.170
0.173
0.168
0.167
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Density spin integrals of the MRI images

Figure S2: Integrals of signals of MRI images.

MRI of a sebacate-only impregnated monolith

Figure S3: Magnetic resonance imaging analyses of a sebacate-only impregnated monolith.

Slice-selective MRI of an impregnated SiC monolith at equal slice distances

Figure S4: Magnetic resonance imaging analyses of a SiC monolith with 3.73 wt.-% IL and 3.77 wt.-% stabilizer from
top (a) to bottom (c).
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Relative standard deviation

(S1)

XPS survey spectra

Figure S5: X-ray photoelectron spectroscopy (XPS) survey spectra.
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3.7 Performance Test of the Selected Catalytic
Systems
In the previous sections, the selection of components, the preparation of the
SILP/SLP catalysts on monoliths and their characterization were described.
The next important step was to validate and analyze the performance of the
catalysts. Therefore, the catalyst systems were performance tested in the
hydroformylation of 1-butene. The performance regarding the activity, the
TOF, the conversion, the n/iso ratio and the selectivities of various products
was investigated. Catalyst systems 2 - 4 were tested and compared with and
without PDMS membrane, which is reported in the article submitted for
publication in Section 3.7.2 on page 153, which also includes the experimental
details of the catalytic tests and the calculations of the performance parameters. Catalyst system 4, the SLP catalyst, was further tested in a long-term
experiment of around 1500 h, which is discussed in the following.

3.7.1 SLP Catalytic System Without Membrane
Figure 3.28 presents the performance test of a SiC monolith impregnated with
catalyst system 4 (Rh-bpp in sebacate) and conducted without membrane.
The monolith contained a Rh loading of 12.0 mg with a bpp-to-Rh ratio of
4 and the test was performed at a reactor temperature of 100 ◦C and a feed
pressure (pfeed ) of 11 bar (abs).
The SLP catalyst was notably active and showed an unexpectedly high
conversion of 1-butene of almost full conversion, corresponding to a TOF
−1 −1
around 240 mol1−butene molRh
h . The steady-state performance over more

than 300 h TOS (Figure 3.28 a) also showed a surprisingly low amount of
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Figure 3.28

†

Hydroformylation of 1-butene by Rh-bpp catalyst dissolved in sebacate impregnated on a SiC monolith without PDMS membrane
coating. Conversion of 1-butene and resulting TOF are shown at
the top and selectivities towards n-pentanal, isomerization products,
aldol products and n/iso ratio are shown at the bottom. a) and f)
standard operation, b) and e) catalyst kept under inert-gas atmosphere, d) operated at increased flow rate of 1-butene.†
Reaction conditions: T = 100 ◦C, pfeed = 11 bar (abs), V̇He,feed
= 2.2 mmol min−1 , V̇H2 ,feed = 4.6 mmol min−1 , V̇CO,feed =
4.1 mmol min−1 , V̇1−butene,feed = 0.5 mmol min−1 (a, c, f),
V̇1−butene,feed = 1.6 mmol min−1 (d), catalyst kept under inert-gas
atmosphere (b, e) bpp-to-Rh ratio = 4, Rh loading = 12.0 mg.

Catalytic performance test performed by Markus Schörner (FAU) [95]
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aldols (e.g. 3-hydroxy-2-propylheptanal and 2-propylhept-2-enal) of less than
2 %, indicating a low accumulation or suppression of aldols inside the pores of
the monolith as confirmed by the post-reaction weight of the monolith. The
isomerization activity of around 15 % was lower compared to conventional
SILP systems, enhancing the selectivity towards n-pentanal to almost 80 %.
The high n/iso ratio is typical for such systems [7] and indicated an active
Rh-bpp species due to the eq-eq coordination mode of bpp favoring the linear
aldehyde as mentioned above.
To mimic an industrial-like plant shutdown with consecutive start-up behavior,
the catalyst was flushed with and kept under inert gas during b), before
restarting the reaction under previous conditions shown in c). In comparison
to a), the catalyst responded with no severe impact, besides a slightly lower
activity, a slightly lower selectivity towards n-pentanal and simultaneously
an even lower formation of aldols. This might be attributed to the formation
of inactive Rh-dimers, which is often reversible [46].
To investigate the potential of the catalyst system, the 1-butene feed flow was
increased threefold from 0.5 mmol min−1 to 1.6 mmol min−1 during d). The
conversion decreased to ca. 75 % which corresponded to a strong increase in
−1 −1
TOF (570 mol1−butene molRh
h ), while keeping the selectivities substantially

unaltered. This stated the strong potential of catalyst system 4.
Due to supply issues of 1-butene, the monolithic catalyst was kept under
inert-gas atmosphere during Figure 3.28 e) before restarting the reaction
in f) with the previous low 1-butene feed flow of 0.5 mmol min−1 . After an
induction phase of around 50 h, the catalyst showed almost unaltered behavior
compared to a). The conversion decreased to 85 %, but constantly increased
to 90 % till the end of the run, proving that the catalyst in a) was not stressed
and could possibly be stressed even more than in f), resulting maybe in even
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higher TOFs. The increase in conversion might be attributed to the reversed
formation of active, monomeric Rh-catalysts from inactive Rh-dimers [46].
As mentioned above, the bpp-to-Rh ratio was reduced to 4 in catalyst system 4
instead of 10 as previously applied in literature for SILP systems [36]. The
decrease did not affect the activity nor selectivity of the catalyst system.
By reduction of the expensive ligand, the preparation costs of the catalyst
system were significantly lowered, which is an important finding for possible
industrial implementation.
Overall it can be concluded from the hydroformylation performance test
of 1-butene with catalyst system 4, that the catalyst system of Rh-bpp
dissolved in sebacate was highly active and showed stable performance with
in total 1500 h TOS and ca. 500 h under reaction. Even mimicked plant
shutdowns did not severely hamper the performance of the catalyst system
and the catalyst showed excellent start-up behavior to an extent affecting the
catalyst activity. Besides that, the catalyst system suppressed the formation
of aldols sufficiently to avoid the accumulation of such within the pores, which
demonstrated the potential for industrial application.
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3.7.2 Publication IV
In the submitted article shown previously in Section 3.6.2.3, catalyst system 2
without membrane functionality was under investigation. In this section
instead, the focus is set on the performance of the selected catalytic systems 3
and 4 in combination with and without a PDMS membrane. The two catalyst
systems were introduced in Section 3.2.2. To reiterate, Rh-bpp as active
species is present in all systems, whereas catalyst system 3 additionally comprises sebacate in an IL liquid-phase (SILP) and catalyst system 4 comprises
the active species in sebacate making its own liquid phase (SLP).
Both systems showed stable operation over 12 h TOS with high n/iso selectivities.† Catalyst system 3 performed at a conversion of around 60 % towards
−1 −1
1-butene corresponding to a TOF of 450 mol1−butene molRh
h . However, a

slight decrease in activity could be observed which was attributed to the previously reported formation and accumulation of aldol condensation products
in the pore structure [92, 96].
Catalyst system 4 instead showed a higher conversion of 76 % corresponding to
−1 −1
a TOF of 570 mol1−butene molRh
h while suppressing the aldol condensation

sufficiently for industrial implementation. COSMO-RS studies‡ supported
the observation revealing the advantageous environment of sebacate as liquid
phase for the reactants and products.
Finally, the monolithic membrane-reactor, which consisted of a PDMS-coated
SiC monolith,§ was successfully performance tested. The monolith was
impregnated with catalyst system 4 and presented no reduction in conversion
compared to the counterpart without membrane (ca. 80 %). However, it was
†

Performance test was carried out by Markus Schörner (FAU)
COSMO-RS studies were performed by Evonik Industries AG
§
Membrane-coating was carried out by Morten Logemann (RWTH)
‡
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observed that the n/iso selectivity and the selectivity towards n-pentanal
decreased slightly. The membrane exhibited a stable operation over the full
TOS at a transmembrane pressure of 3 bar and an enrichment factor of 2.2
demonstrated an increased concentration of the desired product n-pentanal in
the permeate flow. By this, the functionality and applicability of a membranereactor in combination with a homogeneous catalyst was demonstrated for
the first time.
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Abstract
Process intensification is a cornerstone to achieve a significant reduction in energy consumption
and CO2 emissions in the chemical industry. In this context, a monolithic membrane reactor
combining homogeneous catalytic gas-phase hydroformylation of 1-butylene with in-situ product
removal is here presented. The homogeneous supported ionic liquid-phase (SILP) catalyst consists
of

Rh-biphephos

complexes

dissolved

in

1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide [C2C1Im][NTf2] and immobilized on a mesoporous silicon
1
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carbide monolith. The resulting monolith catalyst is active and selective towards linear aldehyde
formation, but the accumulation of aldehyde products and high boilers in the ionic liquid leads to
slow catalyst deactivation. This accumulation is suppressed when bis(2,2,6,6-tetramethyl-4piperidyl)sebacate is used as alternative solvent, where only marginal aldehyde accumulation and
aldol formation occur. A polydimethylsiloxane (PDMS) membrane coating of the monolith
increases the aldehyde-alkene ratio by an enrichment factor of 2.2 in the permeate gas compared
to the retentate gas from the reactor simplifying further downstream processing. The monolithic
membrane reactor loaded with SILP or SLP catalysts presents a scalable, versatile platform to
achieve process intensification for diverse hydroformylation reactions as well as related gas-phase
reactions.

Introduction
The use of well-defined transition metal complexes as homogeneous catalysts offers several
advantages concerning sustainable chemical process design.1 Especially, the usually high product
selectivity, which can be tailored employing appropriate ligand design, makes homogeneous
catalysts in many cases superior compared to their heterogeneous counterparts.2 However, the
major limitation is often the tedious separation of catalyst and product mixture after the reaction,
which hamper large scale application. Numerous techniques for catalyst immobilization have been
investigated using both solid- and liquid-phase strategies, but only a few have reached industrial
implementation, e.g. the SHOP or RCH/RP processes.3 The concept of supported ionic liquid-phase
(SILP) catalysis with homogeneous catalysts dissolved in ionic liquids bridge the gap between
homogeneous and heterogeneous catalysis.4 In SILP catalysts, the ionic liquid-phase is dispersed
on the large inner surface of porous support materials, thereby creating macroscopically
heterogeneous solids while their microscopic function still resembles a homogeneous catalyst.5
2
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Ideally, the extremely low vapor pressure of ionic liquids allows continuous gas-phase processing
of such SILP catalysts, thereby truly simplifying downstream separation steps.6 This is significantly
beneficial compared to other supported liquid-phase (SLP) systems, which usually suffer from high
solvent volatility under reaction conditions.

Figure 1. Hydroformylation of 1-butylene (top) and building blocks of Rh-SILP/Rh-SLP catalysts
applied

in

this

work

(bottom):

6,6′-[(3,3′-di-tert-butyl-5,5′-dimethoxy-1,1′-biphenyl-2,2′-

diyl)bis(oxy)]bis(dibenzo[d,f][1,3,2]dioxaphosphepin)

biphephos

(bpp)

modified Rh

catalyst

complex 1, ionic liquid 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 2 and
stabilizer bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate 3.

For the industrially relevant hydroformylation of butylene, SILP catalysts made of Rh-diphosphite,
[C2C1Im][NTf2] and silica support have been successfully reported to continuous operate with high
regioselectivity (99.4 % desired product n-pentanal) up to 900 h time-on-stream without
deactivation.7 However, under industrially relevant conditions these SILP catalysts showed some
loss of activity over 2500 h time-on-stream.8 The loss of activity originated from the accumulation
of high boiling side products (from aldol condensation) inside the pores of the support.9 While
3
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reactivation of the catalysts proved possible by pressure- or temperature-swing operation, the
additional process step impeded the feasibility for continuous processing.10 As an attractive
alternative, a reactor approach based on a combination of the SILP technology with in-situ product
removal by a dense polymeric membrane would be able to circumvent the reactivation. While such
membrane reactors are known for heterogeneous catalysts, the implementation for homogeneous
catalysis is – to the best of our knowledge – still unknown11.
In order to combine the two unit-operations of SILP catalyzed reaction and membrane gas
separation in one reactor module, the support material has to fulfill specific requirements; it should
comprise significant amounts of mesopores to confine the ionic liquid film inside the porous
structure through capillary forces; its chemical nature should be inert to all components of the SILP
catalyst as well as the reaction substrates and products; its mechanical properties must allow
processing and handling inside suitable membrane reactor housings; the outer surface must be
smooth to apply a thin and defect-free membrane layer. In this work, commercially available
monolithic structures made of silicon carbide (SiC), modified with appropriate silica washcoatings,
were applied to achieve smooth outer surface and high inner porosity. For the selective removal of
aldehydes from the reactants, polydimethylsiloxane (PDMS) was selected as suitable membrane
material. Flat sheet PDMS membranes show high permeability coefficients and high sorption
values for condensable gases12–14, which leads to excellent selectivity from heavy hydrocarbons
compared to permanent gases15–17. In this work, PDMS membranes were for the first time formed
on the cylindrical SiC monoliths via a dip-coating process.
The overall workflow and consecutive modification of the SiC monoliths to result in catalytically
active membrane monoliths is shown in Figure 2, indicating the most important tasks within the
EU project ROMEO. Also, development of new solvent systems for improved catalyst and
membrane reactor performance is reported.
4
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Figure 2. Schematic drawing of the workflow to achieve continuous gas-phase Rh-catalyzed
hydroformylation using SiC monolith structures. Detailed pore structure, membrane and catalyst
location are shown as well.

Results and Discussion
The SiC monolith (200 mm length, 25.4 mm outer diameter, 30 channels, 3 mm inner diameter)
was composed of a core support structure with an outer support layer having a porous surface as
shown in the cross-section picture in Figure 3a. According to the manufacturer, the pore sizes
ranged from 0.4 µm up to more than 1 µm in diameter. Such large pores can result in pore intrusion
of the membrane polymer during dip-coating, thereby building up an unwanted resistance layer as
the pore intrusion effect increases in prominence with increasing pore size18. Furthermore, with
large pores and rough support surfaces, it is challenging to form a dense membrane layer, which is
required for gas separation19,20.
Despite the challenging surface structure of the SiC monolith, the dip-coating approach with the
PDMS polymer solution proved successful when the PDMS was pre-crosslinked during polymer
synthesis. Pre-crosslinking increased the viscosity of the solution and extended the PDMS polymer

5
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chains, which reduced pore intrusion21,22. Thus, a dense PDMS membrane layer about 10 µm in
thickness formed an active separation layer on the outside of the SiC monolith, as shown in
Figure 3b. This membrane thickness compare well to the achieved PDMS membrane layers
thicknesses obtained by Dutczak et al. when coating hollow fibers with outside surface pores of
around 800 nm in pore size22.

Figure 3. a) Left side: Cross-section tabletop image of a SiC monolith with a core support and an
outer support layer. Right side: Enlarged FE-SEM image of the outer support layer. b) Cross-section
tabletop image of a SiC monolith, coated with PDMS membrane.

The membrane coated monolith was integrated into a test rig to evaluate the thermal and
mechanical stability as well as gas permeance of the PDMS membrane (without impregnated liquid

6
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catalyst solution) at various temperatures and pressures using CO2 and N2 as feed gases. The
pressure difference between feed and permeate side of the membrane, i.e. transmembrane pressure
(TMP) was calculated as the difference between the set feed pressure and the permeate pressure,
which was kept at ambient conditions. The gas flux through the membrane was calculated as the
flux of gas component through the membrane, divided by the membrane area and the partial
pressure difference between feed and permeate side. Permeance is presented in the gas permeation
unit (GPU), which is typical for membrane gas separation processes (see ESI for more details)14.

Figure 4. a) Measured N 2 and CO 2 pure gas permeances in PDMS on monolith at two different feed
pressures of 3 and 10 bar with permeate pressures of 1 bar (Δp of 2 and 9 bar, respectively) and
temperatures between 20 and 180 °C. b) Ideal selectivity of CO 2 over N 2 in PDMS on monolith at
different feed pressures of 3 and 10 bar with permeate pressures of 1 bar and temperatures between
20 and 180 °C.

The CO2 permeances at 20 °C were found to be 302 GPU for 2 bar TMP and 339 GPU for 9 bar
TMP for a representative PDMS coated monolith as shown in Figure 4a. Compared to the N2
permeances of 26 and 29 GPU for 2 bar and 9 bar TMP, respectively, this resulted in a CO2/N2
selectivity of around 11.6. Literature values for PDMS CO2/N2 selectivity at room temperature
range from 9 to 1123–25, demonstrating that the formed PDMS membrane was indeed a dense and

7
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active membrane layer. The slight CO2 permeance increase with higher TMP was expected since
plasticization occurs in PDMS membranes when contacted with non-ideal gases16,26,27. Notably,
the results also indicated that the PDMS membrane was mechanically stable for pressures up to 10
bar feed pressure and that the membrane remained thermally stable up to 180 °C. As can be seen
in Figure 4b, a gradual decrease in CO2/N2 selectivity was measured at higher temperatures, which
is in agreement with previously reported work on PDMS by Merkel et al.25 On the one hand, N2,
as a permanent gas, exhibited a permeance increase with temperature while CO2, as a non-ideal
gas, on the other hand had slightly decreasing permeance with temperature. A rise in temperature
increase diffusivity coefficients of N2 and CO2, which enhances the diffusion of both molecules
through the membrane13. However, the sorption coefficient of N2 increases with higher
temperatures, whereas the sorption coefficient of CO2 decreases with elevating temperatures13.
This contrary sorption behavior of N2 and CO2 leads to an increase of N2 permeance, compared to
a slight CO2 permeance decrease for increasing temperatures. At temperatures above 130 °C, the
CO2 permeance had a turning point, since the increase in molecule diffusion above this temperature
was more significant than the decline in CO2 sorption.
SiC monoliths (with/without active PDMS membrane coating) were impregnated via dip-coating
procedures with liquid catalyst solutions of Rh-bpp (see ESI and references28,29 for details). Their
catalytic performance was evaluated in a continuous gas-phase hydroformylation set-up (see
Figures S10-13 in the ESI for details). As shown in Figure 5a, when using the monolith without
PDMS membrane coating, the Rh-bpp SILP catalyst achieved high conversion of 1-butylene
around 59 %, corresponding to a turnover frequency (TOF) of 450 mol1-butylene molRh-1 h-1. Similar
selectivities toward n-pentanal and side products (isomerization and hydrogenation) were obtained
compared to the analogous SILP catalyst based on powdered silica support.30,31 However, the
catalyst activity declined during time on stream under these conditions due to high aldehyde
8
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accumulation inside the mesopores of the monolith.9,32 As a result, the consecutive formation of
aldols increased to 6 %, which was too high for industrial processing.

Figure 5. Hydroformylation of 1-butylene using Rh-bpp catalyst dissolved in a) [C 2 C 1 Im][NTf 2 ] 2
and b) sebacate 3 impregnated on SiC monolith without PDMS membrane coating applied.
Conversion of 1-butylene (¢) and resulting TOF (p) are shown in the top graphs, while selectivities
toward n-pentanal (¯), isomerization products (r), aldol products () and n/iso ratio (£) are
shown in the bottom graphs. Reaction conditions: T = 100 °C, p f e e d = 11 bar(abs), ṅ H e , f e e d =
2.2 mmol min - 1 , ṅ H 2 , f e e d = 4.6 mmol min - 1 , ṅ C O , f e e d = 4.1 mmol min - 1 , ṅ 1 - b u t yl e n e , f e e d = 1.6 mmol min - 1 ,
bpp-to-Rh ratio = 4, Rh-loading a) = 13.0 mg, Rh-loading b) = 12.0 mg.

In order to diminish the aldehyde accumulation, alternative solvents with lower aldehyde solubility
than the [C2C1Im][NTf2] ionic liquid had to be found. Such solvents would have a lower tendency
to accumulate the product, being prone to consecutive aldol condensation and thus the formation
of even higher boiling liquids inside the support structure.32 To offer such alternatives, an a priori
screening of potential solvents were initiated based on the semi-empirical conductor-like screening
9
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model for real solvents (COSMO-RS) method (see ESI for more details).33 The results from the
COSMO-RS calculations shown in Table 1 predict that many ionic liquids possess higher solubility
for the desired aldehyde product in the ionic liquid phase than for the substrates (1-butylene, CO
and H2), which is surprising considering the polarities of the compounds. Due to unwanted
consecutive reactions of the product these ionic liquids were not favorable to use, whereas the
sebacate stabilizer seemed to provide a preferable solvent environment for the catalytic system.
Interestingly, not only did the sebacate alone dissolve lower amounts of aldehyde but also its
thermal stability in the operation range was comparable to the ionic liquid. Thus, sebacate was used
to replace the ionic liquid to immobilize the catalytic system on the monolithic support.

Table 1. Comparison of calculated solubility of various hydroformylation compounds in the ionic
liquid and the stabilizer sebacate. Calculations based on COSMO-RS.

Solvent

H2

CO

1-

trans-2-

cis-2-

n-

2-

butylene

butylene

butylene

pentanal

methylbutanal

Sebacate

0.32 0.40

0.68

0.69

0.68

0.70

0.69

[N4444][NTf2]

0.52 0.62

1.18

1.23

1.18

0.91

0.90

[C4C1pip][NTf2] 0.87 0.97

3.36

3.72

3.37

1.41

1.40

[C3C1Im][NTf2]

1.16 1.36

6.50

7.34

6.46

1.89

1.87

[C2C1Im][NTf2]

1.32 1.61

8.99

10.26

8.91

2.49

2.45

[C3py][NTf2]

1.37 1.76

10.35

11.86

10.25

2.84

2.78

N 4 4 4 4 = tetrabutyl ammonium, C 4 C 1 pip = 1-butyl-1-methylpiperidinium, C 3 C 1 Im = 1-propyl-3methylimidazolium, C 2 C 1 Im = 1-ethyl-3-methylimidazolium, C 3 py = 3-propylpyridinium, NTf 2 =
bis(trifluoromethylsulfonyl)imide. 2-Methylbutanal has been calculated exemplarily for aldol
condensation products.
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In accordance with the COMSO-RS predictions, the SLP sebacate catalyst without ionic liquid
where the sebacate forms a liquid phase under reaction conditions (melting range 82 – 85 °C)
produced indeed significantly lower amounts of aldols (i.e. 3-hydroxy-2-propylheptanal and 2propylhept-2-enal) with less than 1 % compared to 6 % for the analogous SILP catalyst when used
for the 1-butylene hydroformylation. Furthermore, the isomerization activity is also less for the
SLP compared to the SILP catalyst thus improving the overall selectivity of the system toward npentanal from 63 to 77 %, an exceptionally high value for this type of reaction. Highly interestingly,
the SLP sebacate catalyst is also significantly more catalytic active (about 25 %) compared to the
SILP system under identical reaction conditions (Figure 5b), yielding steady-state conversion of 1butylene of 76 % corresponding to a TOF around 570 mol1-butylene molRh-1 h-1.

Figure 6. Hydroformylation of 1-butylene using Rh-bpp catalyst dissolved in sebacate 3 impregnated
on SiC monoliths with PDMS membrane coating applied. a) Conversion of 1-butylene (¢) is shown

11
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in the top left graph, while selectivities toward n-pentanal (¯), isomerization products (r), aldol
products () and n/iso ratio (£) are shown in the bottom left graph. b) Molar flows of 1-butylene
() and n-pentanal () in permeate (top) and retentate (bottom) are shown on the right. Reaction
conditions: T = 100 °C, p f e e d = 11 bar(abs), TMP = 3 bar, ṅ H e , f e e d = 2.2 mmol min - 1 , ṅ H 2 , f e e d = 4.6
mmol min - 1 , ṅ C O , f e e d = 4.1 mmol min - 1 , ṅ 1 - b ut yl e n e , f e e d = 1.6 mmol min - 1 , liquid phase sebacate, bppto-Rh ratio = 4, Rh-loading = 14.1 mg.

Finally, the monolithic SLP catalyst system with the PDMS coating was tested for 1-butylene
hydroformylation to show a potential effect of the membrane and the result are shown in Figure 6.
A slightly higher 1-butylene conversion of 83 % was achieved in the experiment with the PDMS
membrane compared to the experiment without the membrane (76 % conversion). This difference
can be explained with a minor change in the effective Rh-loading in the two monolithic systems
(14.1 mg Rh for experiment with the membrane, 12.0 mg Rh for the experiment without
membrane). The formation of aldol products was also here below 1 % confirming the positive
effect of the changed solvent phase, while the n-pentanal selectivity was slightly lower (70 %
compared to 77 %) and the isomerization selectivity slightly higher (25 % compared to 20 %)
compared to the SLP monolith without a membrane coating. The reason for the minor differences
in the latter selectivities is not apparent yet, but all values remain highly attractive for industrial
implementation.34,35
Besides the catalytic activity, the membrane separation was characterized by the enrichment factor
representing the increase in the n-pentanal over 1-butylene ratio in the permeate stream compared
to the same ratio in the retentate stream according to Equation (1) (data taken from the retentate
and permeate flows in Figure 6b).
1̇ 1234156167,9:5

Enrichment factor =

01̇

>

;2<:5=7414,9:5 34?@4654

1̇ 1234156167,9:5

01̇

(1)

>

;2<:5=7414,9:5 ?45415654
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In the retentate flow, a ratio of n-pentanal to 1-butylene of 2.7 was measured while a ratio of 5.9
was achieved in the permeate flow as summarized in Table 2. The comparison of these ratios results
in an enrichment factor of 2.2 by the used PDMS membrane at 100 °C. This proofs, for the first
time, the functionality of the membrane-reactor concept for homogeneous catalysis.

Table 2. Permeate and retentate stream of 1-butylene and n-pentanal with resulting enrichment factor
using the monolith Rh-bpp SLP system with PDMS membrane.

molar flow

molar flow

molar ratio

1-buyltene

n-pentanal

n-pentanal/1-butylene

mmol min-1

mmol min-1

-

Retentate

0.23

0.61

2.66

Permeate

0.05

0.29

5.87

enrichment factor
-

2.21

Reaction conditions: T = 100 °C, p f e e d = 11 bar(abs), TMP = 3 bar, ṅ H e , f e e d = 2.2 mmol min - 1 , ṅ H 2 , f e e d
= 4.6 mmol min - 1 , ṅ C O , f e e d = 4.1 mmol min - 1 , ṅ 1 - b u t yl e n e, f e e d = 1.6 mmol min - 1 , liquid phase sebacate,
bpp-to-Rh ratio = 4, Rh-loading = 14.1 mg, TMP = 3 bar. All values shown were taken from steady
state conditions over 30 h time on stream.

Conclusion
In this work, homogeneous Rh-biphephos complexes have successfully been immobilized in SiC
monolithic structures via thin films of supported liquids and applied for continuous gas-phase 1butylene hydroformylation. When using the ionic liquid 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide [C2C1Im][NTf2], the accumulation of products (aldehydes) and
consecutive side products (aldols) was significant to an extent hampering industrial implementation
which requires long-term stable operation. However, the use of bis(2,2,6,6-tetramethyl-413
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piperidyl)sebacate, a stabilizer compound for the catalyst, without ionic liquid addition resulted in
a stable and selective monolithic SLP catalyst system with conversion of 80 % for at least 12 h
time on stream with no sign of deactivation. The aldol formation was below 1 % during this period,
a value sufficiently low for industrial application. The performance of the SLP catalyst system
could be further improved by applying a 10 µm PDMS membrane coating on the outside of the
monolith providing stable conversions of 1-butylene of 80 % over at least 40 h without
deactivation, and an enrichment of 2.2 of the desired n-pentanal product compared to the 1-butylene
substrate in the permeate flow. While this value needs to be further improved, it shows the high
potential of the SLP based membrane reactor technology for industrial hydroformylation processes
in the future.

Methods
The commercial SiC monoliths (LiqTech International A/S) were manufactured by sintering α-SiC
powder (particle diameter 17.3 µm) resulting in fully recrystallized monoliths. An outer support
layer consisting of sub-micrometer sized α-SiC particles was applied by Liqtech International A/S
following their patented procedure36. A washcoat of 7 nm silica particles was infiltrated into the
inner monolith structure, resulting in a suitable support material as depicted in Figure 2. The final
dimensions of the monolith was 200 mm in length and 25.4 mm in outer diameter.
PDMS synthesis was based on the reaction of a pre-polymer RTV 615 A and crosslinker RTV 615
B (Technisil) in HPLC-grade toluene (Sigma-Aldrich). The PDMS solution was synthesized,
according to Dutczak et al., with slight modifications as described in the ESI22. The PDMS
membrane was formed on the SiC monolith via a dip-coating process with the bore channels of the
monolith sealed to avoid PDMS intrusion into the inner channels. The sealed monolith was fixed
to a clamp of a dip-coating device, which was electronically controlled to ensure constant insertion
14

168

3.7 Performance Test of the Selected Catalytic Systems

and retracting speeds as well as constant holding times within the polymer solution. The monolith
was double-coated in PDMS with an insertion speed of 10 mm s-1, a holding time of 60 s in the
solution and a retracting speed of 10 mm s-1. Afterward, the coated monolith was dried in a fume
hood at ambient conditions for 24 h. Following the dip-coating of the monolith, the PDMS layer
was thermally crosslinked in an oven at 120 °C for 60 min with a heat-up and a cool-down time of
3 h, respectively.
For the permeation experiments, N2 and CO2 gasses with a purity of at least 99.99 vol.-%. were
used. These gases have been studied extensively in the literature for PDMS permeation15,23–25,37–39.
The gases were measured in a constant pressure, variable volume set-up, to determine the
membrane permeance. Feed pressures were set to 3 and 10 bar respectively, while permeate
pressure was kept constant at atmospheric pressure. Each measurement condition was run for at
least 15 min, and a sweep stream was not applied. A manual bubble flow meter was used to
determine the permeate flux through the membrane. The membrane module was placed in an oven
to enable permeation experiments at temperatures ranging from 20 up to 180 °C.
All catalyst syntheses and impregnation steps were carried out by Schlenk techniques under an
argon atmosphere (99.999 vol.-%). The stock solution for impregnation of the monolithic support
was prepared by mixing the ligand, the precursor, the ionic liquid and the stabilizer in anhydrous
DCM. For the preparation of the stabilizer-only catalyst system, the addition of ionic liquid was
discarded. Further details on both catalyst systems are listed in Table S1 in the ESI. The monoliths
without PDMS membrane were impregnated via dip-coating procedure by submerging the
monoliths for a minimum of 5-6 min in the homogeneous catalyst stock solution before removal
of the liquid (see Figure S5 in the ESI for details). The monoliths with PDMS membrane were
impregnated via a modified dip-coating procedure using a custom-made PTFE tool sealing one end
of the monoliths while allowing injecting catalyst stock solution into the bore channels of the
15
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monolith from the opposite end (see Figure S6 in the ESI for details). For catalyst impregnation,
60 ml of catalyst stock solution was injected inside the monolith and the solution drained after 5-6
min. For both impregnation procedures, the monoliths were after catalyst impregnation dried at
room temperature under argon flow for 24 h followed by drying in vacuum for usually 24 h until
obtaining constant weights of the monoliths. The amount of Rh content in the monoliths was
determined by the weight increase resulting from the impregnation, assuming the catalyst stock
solutions to be homogeneous and total removal of the solvents (see Table S1 in the ESI for details).
The catalytic testing of the monolithic catalysts (with and without membrane coating) was carried
out at 100 °C and 11 bar feed pressure using the membrane reactor set-up described in detail in the
ESI. The feed stream contained 2.20 mmol min-1 of He (purity 99.97 vol.-%), 4.58 mmol min-1 of
H2 (purity 99.999 vol.-%), 4.13 mmol min-1 of CO (purity 99.97 vol.-%) and 1.59 mmol min-1 of
1-butylene (purity 99.5 vol.-%). All gases were purchased from Linde Gas. The reactor was
assembled inside a glovebox to prevent possible air contamination. An inert gas stream of He was
applied to the feed inlet when installing the module in the set-up to keep the monolith inert. When
carrying out membrane experiments, 2.93 mmol min-1 of N2 (purity 99.999 vol.-%) was applied as
a sweep stream. The transmembrane pressure (TMP) was set to 3 bar for all experiments. The
retentate and permeate stream were analyzed alternatingly using an on-line gas chromatograph
(Bruker 450-GC) equipped with two FID detectors (CP-Wax 52CB, 25 m length, 0.53 mm inner
diameter, 2 µm coating for C5-C10 separation; CP-Porabond Q, 25 m length, 0.53 mm inner
diameter for C4 separation) and one TCD detector (Shincarbon column for permanent gases).
Calculations of conversion, selectivity and activity (TOF) can be found in the ESI.
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Workflow
The EU project ROMEO (Reactor Optimization by Membrane Enhanced Operation) developed the
monolithic membrane reactor along a process chain with individual tasks assigned for each partner.
The workflow is shown in Figure S1 and the sub-chapters are following this workflow.
LiqTech
SiC monolith

Material
Feedback

RWTH
membrane

Material
Feedback

DTU
catalyst

Material
Feedback

FAU
reaction

Figure S1. Workflow of the EU ROMEO project targeting hydroformylation reaction.

Preparation of polydimethylsiloxane (PDMS) coating solution
Dutczak et al. have reported that pre-crosslinking PDMS with multiple solvent dilution steps at a
set temperature of 60 °C, aided reaching a final polymeric content of 3.75 wt.% and a viscosity of
100 mPa, which was ideal for membrane formation by dip-coating1. In other reports, precrosslinked PDMS solutions have been prepared at higher temperatures of 80 °C, which increased
the reaction kinetics2,3. However, precise temperature and viscosity control are required, when
increasing the temperature above 65 °C. The PDMS solution used within this study was
synthesized, according to Dutczak et al., but altered slightly as described in the following.
The PDMS solution was prepared in a four-necked flask placed in a heating mantle for temperature
control. In a first step, 20.45 g of the vinyl terminated PDMS pre-polymer RTV 615 A was weighed
into the flask and consecutively mixed with 127.5 g of toluene. The solution was then heated to
65 °C under constant stirring (200 rpm), where after 2.05 g of the Pt-catalyzed crosslinker
RTV 615 B was added directly to the solution. After 60 to 120 min, the viscosity of the solution
increased rapidly and the solution started to wrap around the stirrer. At this point, another 150 g of
toluene was added and the stirring rate increased to 300 rpm, while the solution was concurrent re2
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heated to 65 °C. After reaching the desired temperature of 65 °C, another 300 g toluene was added
and the stirring rate increased to 350 rpm until the solution started to wrap around the stirrer once
more (about 30 min). At this point, the flask was placed in an ice bath to quench the reaction
immediately.

Coating of SiC monoliths with PDMS membrane
The SiC monoliths (LiqTech International A/S, Ballerup, Denmark) were after delivery washed by
multiple submersions in fresh deionized water. Subsequently, they were oven dried at 100 °C
overnight and placed under vacuum for more than 4 h prior to PDMS coating.
The PDMS membrane was formed on the outer surface of the SiC monolith via a dip-coating
process, where the bore channels of the monolith were sealed to avoid PDMS intrusion into the
inner channels (Figure S1).

Figure S1. Photograph of the dip-coating process of a SiC monolith.

The monolith was double-coated in PDMS solution with an insertion speed of 10 mm s-1, a holding
time of 60 s in the solution and a retracting speed of 10 mm s-1. Afterwards, the coated monolith

3
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was dried in a fume hood at ambient conditions for 24 h. Following the dip-coating of the monolith,
the PDMS layer was thermally crosslinked. Thermal crosslinking of PDMS has been commonly
performed in literature and is a process of interconnecting polymer chains to enhance the physical
and chemical stability of the polymer by making the matrix more rigid and stiff4,5. However,
crosslinking can also deteriorate the membrane permeability6. Thermal crosslinking was performed
in an oven at 120 °C for 60 min with a heat-up and a cool-down time of 3 h, respectively. Figure
S2 shows representative examples of a native SiC monolith and a PDMS coated monolith. The
PDMS coating is visible in Figure S2b as a shiny and transparent layer.

Figure S2. Photographs of a) native SiC monolith and b) SiC monolith with PDMS coating.

Gas permeation tests
Gas transport through dense polymer films is based on the solution-diffusion mechanism. The
solution-diffusion mechanism consists of three steps, which are the sorption of molecules into the
membrane surface at the high-pressure side; molecule diffusion through the membrane; and
molecule desorption from the membrane surface at the low-pressure side7. These three steps govern
the time it takes for a molecule to move from the high-pressure feed side to the low-pressure
permeate side and is expressed in the material-specific permeability P by Equation (S1), where S
is the sorption coefficient, and D is the diffusion coefficient7,8. The unit of permeability is Barrer
(1 Barrer = 1·10-10 cm³(STP) cm cm-2 s-1 cmHg-1).

4
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𝑃 =𝑆∗𝐷

(S1)

When P is determined experimentally, it is often calculated by Equation (S2), where 𝑉̇ (STP) is the
flux through the membrane at standard conditions, Amem is the active membrane area, δmem is the
membrane thickness, and Δp is the pressure difference from feed to permeate side.
𝑃=

(̇ (*+,)∗./0/
1/0/ ∗(∆3)

(S2)

If the membrane thickness is unknown, or difficult to determine, the membrane-specific permeance
Q can be measured instead of the permeability by Equation (S3).9 The unit of permeance is
expressed in GPU (1 GPU = 1·10-6 cm³(STP) cm-2 s-1 cmHg-1)10.
𝑄=

,

(S3)

./0/

With the single-gas permeance data of two components, an ideal selectivity for component i and j
is calculated with Equation (S4).
𝛼6,8 =

,9
,:

=

;9
;:

(S4)

All permeation experiments were conducted in the setup shown in Figure S3.

Figure S3. a) Photograph of the membrane module installed in the gas permeation setup. b) Flow
scheme of the gas permeation setup.
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Catalyst impregnation into SiC monoliths
All syntheses and impregnation steps were carried out by Schlenk techniques under argon
atmosphere (99.999 vol.%), and all chemicals were used as received. Two different stock solutions
were prepared for the catalyst impregnation; One containing Rh precursor, ligand, stabilizer and
ionic liquid (catalyst system 1), and one containing all components except the ionic liquid (catalyst
system 2).
Catalyst system 1 was prepared by dissolving ligand 6,6′-[(3,3′-di-tert-butyl-5,5′-dimethoxy-1,1′biphenyl-2,2′-diyl)bis(oxy)]bis(di-benzo[d,f][1,3,2]dioxaphosphepin) (biphephos or bpp, Evonik
Oxeno GmbH; 3.76 g, 0.00478 mol) and Rh precursor [Rh(acac)(CO)2] (Sigma-Aldrich, 98 %;
0.309 g, 0.00120 mol) separately in 40 ml anhydrous CH2Cl2 (Sigma-Aldrich, ≥99.8 %) during
stirring for 15 min, where after the solutions were mixed under consecutive stirring for 60 min.
Similarly, stabilizer bis(2,2,6,6-tetramethyl-4-piperidyl)sebacate (sebacate, Evonik Oxeno GmbH;
9.20 g,

0.01913

mol)

and

ionic

liquid

1-ethyl-3-methylimidazolium

bis(trifluoromethylsulfonyl)imide ([C2C1Im][NTf2], Sigma-Aldrich, ≥ 98.0 %; 18 ml) were
dissolved in 60 and 20 ml anhydrous CH2Cl2, respectively, during stirring before added to the
ligand/Rh precursor solution with an additional 2 ml of anhydrous CH2Cl2. The resulting catalyst
solution contained a molar bpp-to-Rh ratio of 4 and a molar sebacate-to-Rh ratio of 16, and was
stirred for at least 2 h before used for monolith impregnation. Catalyst system 2 was prepared by a
similar method as catalyst system 1 without added ionic liquid and by final addition of 40 ml of
anhydrous CH2Cl2 instead of 2 ml as used for catalyst system 1.
The stock solutions were analyzed via nuclear magnetic resonance (NMR) spectroscopy. Figure S4
depicts the 31P NMR spectra (CD2Cl2, 25 °C, 400 MHz, Bruker Ascend 400 MHz spectrometer,
reference to H3PO4) of the bpp ligand (top) and the stock solutions of catalyst system 1 with IL
6
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(middle) and catalyst system 2 without IL (bottom). Strong signals from uncoordinated bpp ligand
(d 145.5 ppm) dominated the spectra of both stock solutions, whereas only minor signals from
coordinated ligand (d 150-160 ppm) and bpp oxide (d 5-10 ppm) were present (species assigned in
accordance with literature11). The relative amounts of the oxidized ligand remained essentially
unchanged in the stock solutions compared to the parent ligand. Importantly, this left excess ligand
available under the hydroformylation reaction conditions for formation of the catalytically active
species, which were expected to be identical since the n/iso-selectivities obtained during catalysis
for the catalyst systems were similar.

Figure S4.

31

P NMR of the stock solutions of catalyst system 1, 2 and the bpp ligand as reference.
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Figure S5. Photograph (a) and schematic flow scheme (b) of the dip-coating procedure used for
catalyst impregnation into the monoliths.

Figure S6: Technical drawing of custom-made PTFE tool for catalyst impregnation of membranecoated monoliths. The tool seals the PDMS membrane-coated monolith on top and bottom, enabling
impregnation of the monolith with a catalytically active system. The top part allows liquid injection
and removal.

8
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Table S1: Composition of the prepared Rh-bpp monolith catalysts.
Catalyst

bpp/Rh

sebacate/Rh

∆w

[Rh(acac)(CO)2]

Rh

bpp

sebacate

[C2C1Im]NTf2

Rh loading*

system

(mol/mol)

(mol/mol)

(g)

(mg)

(mg)

(g)

(g)

(g)

(wt.%)

SLP without

4

16

1.29

30

12

0.366

0.894

-

0.011

4

16

1.52

35

14

0.432

1.056

-

0.013

4

16

4.31

33

13

0.399

0.977

2.901

0.012

PDMS
SLP with
PDMS
SILP

*Mass fraction of rhodium over neat monolith.

Electron microscopy
High-resolution images of monoliths were taken using a tabletop microscope (TM3030plus,
Hitachi) and two scanning electron microscopes (S-3000 and S-4800, Hitachi). A high vacuum
sputter coater (EM ACE600, Leica) was used, to sputter the scanning microscope samples with an
approximately 3 nm thick gold layer. For sample preparation, all samples were placed in liquid
nitrogen for 2 min. Mechanical stress was applied to break the samples immediately after removing
them from the liquid nitrogen bath.

Membrane reactor design
The housing system of the membrane reactor was custom-built in stainless steel (1.4571) and
consisted of a pipe sealed via a flange system to both sides with a fixed flange welded to the pipe
and the counterpart attached with 6 screws. To connect the reactor to the peripheral structures of a
test rig, tube connectors were used on top of both loose flanges ensuring fast assembling and
disassembling of the whole reactor within the rig. Inside the housing, the membrane module was
stabilized via a removable disc located on top of a phase inside the tube. To the side of the tube
additional bores with smaller tubes were installed opposite to each other, forming the back-flushing
gas system by which the permeated product can be removed from the system. Figure S7 depicts an
explosion diagram of the reactor system.
9
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Figure S7. Explosion diagram of the high-pressure membrane housing including the membrane
module (left). Three stage sealing system indicated by blue, green and orange arrows of the
membrane housing (right).

The sealing of the membrane reactor was realized in three different stages using O-sealing rings of
FFKM to be compatible with aldehydes. The first sealing stage (depicted by the orange arrow)
ensured sealing of the permeate section against the inlet/outlet of the membrane module. The blue
arrow indicates the location of the second sealing stage, which was realized by an O-ring around
the removable disk. This O-ring ensured sealing of the permeate section against the reactor wall
itself. The final and third sealing stage (green arrow) was implemented by an O-ring surrounding
the outer loose flange keeping all the reactants inside the reactor housing. The sealing system was
tested under elevated pressure and revealed to be pressure resistant up to 20 bars (referring to the
sealing system).
In order to heat the reactor system evenly, an aluminum shuttering was constructed to compensate
the difference in diameter between the flanges and the pipe itself. With an even diameter of the
construction, a ceramic heating jacket could be used providing efficient heat supply to the system
and easy handling. To minimize the heat loss of the system, an insulating jacket was applied around

10
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the whole system allowing to keep a temperature difference over the length of the reactor to less
than 5 °C with a temperature offset as low as 2 °C. All described parts of the heating system are
depicted in Figure S8.

Figure S8. Ceramic heating jacket with notches for back-flushing gas system (left), heating jacket
closed via clip-locks for fast assembly and disassembly (middle), insulating jacket to minimize heat
loss (right).

Continuous gas-phase hydroformylation
The catalytic testing of the monoliths (with and without PDMS membrane layer) for
hydroformylation of 1-butylene was carried out at 100 °C and 11 bar feed pressure using the reactor
setup shown in Figures S9 and S10. The reactor was assembled inside a glovebox to prevent
possible air contamination. To keep the monolith inert, an inert gas stream of helium was applied
to the feed inlet when installing the reactor module in the set-up.

11
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Figure S9. Photograph of the continuous gas-phase hydroformylation reactor setup.

A detailed flowsheet of the reactor setup is shown in Figure S10. All gases were purchased from
Linde Gas and individually regulated by mass flow controllers (Bronkhorst AG), while 1-butylene
was dosed using an HPLC Smartline pump 100 (Knauer) equipped with a 10 ml pump head. The
feed stream contained 2.20 mmol min-1 of helium (purity 99.97 vol.-%), 4.58 mmol min-1 of
hydrogen (purity 99.999 vol.-%), 4.13 mmol min-1 of carbon monoxide (purity 99.97 vol.-%) and
1.59 mmol min-1 of 1-butylene (purity 99.5 vol.-%).

12
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Figure S10. Flow scheme of the continuous gas-phase hydroformylation reactor setup.

When carrying out experiments with membrane-coated monoliths, a flow of 2.93 mmol min-1 of
nitrogen (purity 99.999 vol.-%) was applied as a sweep stream with a TMP of 3 bar. The retentate
and permeate stream were analyzed alternatingly using an on-line gas chromatograph (Bruker 450GC) equipped with two FID detectors (CP-Wax 52CB, 25 m length, 0.53 mm inner diameter, 2 µm
coating for C5-C10 separation; CP-Porabond Q, 25 m length, 0.53 mm inner diameter for C4
separation) and one TCD detector (Shincarbon column for permanent gases).
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Kinetic evaluation of catalytic experiments
The turnover frequency (TOF) of 1-butylene was used to express the activity of the system and
calculated according to equation (S5).
TOF =

?̇ @ABCDEFGHG,IH J?̇ @ABCDEFGHG,KCD

(S5)

?LMDMFEND

The chemoselectivity of the reaction was calculated taking into account that several by-products
including iso-pentanal, cis-2-butylene, trans-2-butylene, butane, n-pentanol, iso-pentanol as well
as the aldol products 3-hydroxy-2-propylheptanal and 2-propylhept-2-enal were formed besides
the desired aldehyde product n-pentanal. To compare the different monolithic systems (with and
without ionic liquid, with and without PDMS membrane layer), the resulting permeate and retentate
streams of the experiment with membrane were added up. By doing so, the activity and
chemoselectivity could be calculated similarly to systems without membrane. The reaction
selectivities for all products were calculated using Equation S6.
SPQRSTUV = ?̇

?̇ WXKYCLD,KCD
@ABCDEFGHG,IH J?̇ @ABCDEFGHG,KCD

∗

Z@ABCDEFGHG
ZWXKYCLD

(S6)

In addition to the product selectivity of the pure component, the n/iso-selectivity is generally used
as a characterization value for the catalyst performance. It represents the percentage of formed
desired n-product compared to all formed aldehydes, as described by Equation S7.
S?/\]R =

?̇ HAWGHDMHMF,KCD
?̇ HAWGHDMHMF,KCD ^?̇ INKAWGHDMHMF,KCD

(S7)

To evaluate the membrane functionality, it is common to calculate the membrane selectivity [12]
but due to the simultaneous consumption, formation and permeation of the respective components
the average partial pressures are unknown. Hence, a membrane selectivity cannot be determined
but instead an enrichment factor is defined according to Equation S4. This factor represents the
14
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enrichment of the n-pentanal over 1-butylene ratio in the permeate stream compared to the same
ratio in the retentate stream.
Ḣ HAWGHDMHMF,KCD

Enrichment factor =

lḢ

m

@ABCDEFGHG,KCD WGXnGMDG

Ḣ HAWGHDMHMF,KCD

lḢ

(S8)

m

@ABCDEFGHG,KCD XGDGHDMDG
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Chapter 4
Membrane Reactors for Water-Gas
Shift by SILP Technology

4.1 Introduction

4.1 Introduction
The world’s increasing energy demand is facilitating the production of hydrogen (H2 ) from various resources, such as fossil fuels or renewable feedstocks [97]. The water-gas shift (WGS) reaction is an essential intermediate
step in industrial H2 -production by enrichment of such and reduction of
carbon monoxide (CO), which is depicted in Figure 1.4 in Section 1.3.2. The
WGS is a reversible and moderately exothermic reaction of CO with water
(H2 O) forming carbon dioxide (CO2 ) and H2 [48, 49].
The heterogeneously catalyzed WGS carried out industrially at high and
low temperatures reduces the CO content to 0.1 − 0.3 wt.-% as mentioned
above. To reduce the CO level further, catalysts are required that operate
at temperatures below 180 ◦C [51], which is also referred to as ultra-low
temperature WGS [39]. At ultra-low temperatures, CO reduction and H2
enrichment is favored as high equilibrium conversions are obtained (see
Figure 4.1) due to the exothermic and reversible nature of the reaction
[52, 53].
However, low temperatures also lower the reaction rate which is disadvantageous for the efficiency of the reaction catalyzed by SILP and hence, hampers
industrial application. The membrane reactor investigated in this study has
the potential to overcome the drawback. By the application of the SILP concept operating at ultra-low temperatures, the CO level could be significantly
reduced as shown in previous studies. In combination with a selective removal
of the (by-) product from the reaction zone by a membrane, the equilibrium
is shifted towards the product side decreasing the reversed WGS.
Similarly to the previous case study, the HyFo, a cylindrical monolith of the
same dimensions (2.54 cm x 20 cm) was applied for the WGS. By this, a first
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Figure 4.1

Equilibrium conversion at a feed ratio of CO/H2 O of 1/1 and equilibrium constant of the water–gas shift reaction [53].

and major step towards up-scaling of the ultra-low temperature WGS by
SILP technology was taken in comparison to previous studies having been
carried out on grains on a micro-to-millimeter scale.

4.2 Selection of the Components of the Catalytic
System

The catalytic system for WGS comprises three major components: the monolithic support material, the homogeneous catalyst system and the membrane
as separation layer. The following chapter summarizes the details and the
background for the selection of the applied components.
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4.2.1 Monolithic Support Material

Equivalent to the hydroformylation case study, the monolithic support material was also a key component for the WGS. The design and dimensions of
the monolith were kept similar in both case studies for the applicability of
the membrane-monolith to one reactor design. To reiterate, the cylindrical
multi-channel monolith was 20 cm in length, ca. 2.54 cm in diameter and
they contained 30 channels of 3 mm diameter each.

4.2.1.1 SiC Monolith

The previously introduced SiC monolith manufactured by LiqTech with
sintered α-SiC particles (17.3 µm) and a skin of sub-micrometer sized α-SiC
particles was also applied for the WGS. To optimize the porosity and to
adapt the surface chemistry to the case study, a variation of the wash-coat
was applied. Instead of 7 nm silica particles, the monolith was wash-coated
with an aluminum oxide boehmite colloidal solution with a particle size
distribution of 60 − 90 nm. The wash-coat was chosen based on previous
studies reporting that a basic support material, such as aluminum, enhances
the homogeneously catalyzed WGS as e.g. in WGS SILP catalysts [39, 51].
To reiterate, it has further been reported that mesopores are advantageous for
the immobilization of IL on porous oxide support materials [89] and according
to the article submitted for publication in Section 3.6.1.4 on page 76, particle
sizes of 60 − 90 nm create pores in the desired pore range.
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4.2.1.2 γ-Alumina-Rich Monolith
As an alternative approach, γ-alumina-rich monoliths were developed and
manufactured with the same dimensions as the SiC monoliths.† Pure γalumina monoliths can be obtained by extrusion of boehmite as alumina
precursor and water as peptizing agent with subsequent calcination at 550 ◦C
[98]. The addition of natural clays improved the mechanical robustness and
helped the monoliths to withstand the reaction conditions in the membrane
reactor. Figure 4.2 shows exemplary a monolith made of 70 % boehmite
with addition of 10 % bentonite and 20 % sepiolite calcined at 550 ◦C. Due
to the preparation procedure, the outer diameter of the monolith was with
25.6 mm slightly larger than expected. The variation could be compensated
by adaptation of the impregnation-tool and adaptation of the sealing disks of
the membrane reactor.

Figure 4.2

†

Extruded γ-alumina-rich monolith composed of 70 % boehmite with
10 % bentonite and 20 % sepiolite calcined at 550 ◦C.

Alumina-rich monoliths were manufactured by Raquel Portela (CSIC)
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4.2.2 Catalyst System
The catalyst system for WGS was selected based on previous studies [39, 53].
The precursor RuCl3 hydrate was found to cause an induction phase of around
20 h during a catalytic performance test, which was attributed to the in-situ
formation of the active species, a Ru–carbonyl complex in the presence of CO
[39, 99]. Hence, the catalyst precursor, [Ru(CO)3 Cl2 ]2 , was selected as the
studies have shown a circumvention of the induction period. As liquid phase,
the IL [C4 C1 C1 Im]Cl was chosen as it had previously shown better longterm stability compared to [C4 C1 C1 Im][OTf] [39]. Dichloromethane (DCM)
was chosen as solvent as DCM was determined to dissolve the components
sufficiently and was easy to remove after impregnation. Furthermore, compatibility studies† have optically shown no impact of DCM on the membrane
material and thus, DCM was expected to be compatible with the membrane
during impregnation.

4.2.3 Membrane as Separation Layer
On a first approach, the goal was to selectively remove H2 from the gas-phase
to obtain valuable high-purity H2 -gas.‡ The desired H2 product purity and
reaction parameters were identified to be 3.5 (99.95 %) for H2 at reaction
temperatures in between 110 and 180 ◦C. The most suitable membrane
material at moderate temperatures was identified to be a sputtered palladiumsilver alloy published by Athayde et al. in 1994 [100]. The sputtering is
easier applicable on flat sheets and turned out not to be feasible on the
cylindrical monolith. An alternative are pure palladium membranes which
†

Performed by Morten Logemann (RWTH)
The selection and coating of the membrane materials were done by Morten Logemann
(RWTH)

‡
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Figure 4.3

Water-gas shift reaction enhanced by a CO2 -selective facilitated transport membrane (blue).

operate at high temperatures [101]. As the required temperatures are above
the reaction temperature of the ultra-low-temperature WGS, this approach
was not further pursued either.

The second approach was to selectively remove CO2 as it is schematically
represented in Figure 4.3 to obtain high-purity CO2 . Currently, research
groups are working on CO2 facilitated transport membranes (FTM) to selectively remove CO2 from N2 in, e.g. flue gas cleaning [102, 103]. The
membranes show high selectivities because of a carrier-facilitated transport of
CO2 through the membrane matrix. In this study, a polymeric FTM based
on polyvinylamine was applied that enables the CO2 to adsorb and desorb
at amine groups which serve as carriers [104]. By this concept, FTMs are
basically independent from diffusion coefficients and can therefore retain H2 in
the retentate stream. The FTMs were successfully coated on the alumina-rich
monoliths, which is depicted in Figure 4.4. The shiny surface of the monolith
in b) indicates the membrane surface.
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Figure 4.4

γ-alumina-rich monoliths a) without and b) with a CO2 -selective
facilitated transport membrane.

4.3 Instruments of Characterization and Preparation
of the Catalytic System
In this section, the instruments of characterization and the preparation of
the WGS catalytic system are summarized.

4.3.1 Mercury Intrusion Porosimetry
For the analysis of the total pore volume and the pore size distribution, MIP
was performed. MIP was determined to be applicable on both, the SiC and
the γ-alumina-rich monolith and was therefore the primary pore-analysis
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technique. Even though pores in the BET range were detected, which means
that gas physisorption techniques could have been applied for the BET range
of pore diameters, MIP was preferred for reasons of comparability. The
experimental details of the MIP are included in the article submitted for
publication in Section 3.6.1.4 on page 76.

4.3.2 Preparation of Catalyst Stock Solution
The stock solution of the catalyst system was prepared by dissolving 19.55 g
of the ionic liquid 1-Butyl-2,3-dimethylimidazolium chloride ([C4 C1 C1 Im]Cl,
Sigma-Aldrich, >97.0 %, 0.104 mol) in 100 ml of dichloromethane (DCM,
Sigma-Aldrich, HPLC, >99.8 %) with consecutive stirring of 15 min. Afterwards, 5.98 g of Ru precursor [Ru(CO)3 Cl2 ]2 (Sigma-Aldrich, 0.012 mol) were
added with additional 10 ml of DCM with further stirring of 5 min before
addition of another 52 ml of DCM. The resulting catalyst solution was stirred
for 2 h prior monolith-impregnation and contained an IL-to-Ru molar ratio
of 4.4. Even though large amounts of metal were dissolved, a homogeneous
stock solution was obtained as shown in Figure D.1 in the appendix.

4.4 Characterization and Immobilization of the
Catalytic System
In this section, the results of the pore volume and pore size investigations are
presented, followed by the immobilization of the catalyst system. Furthermore,
immobilization studies are described focusing on the stability of the liquid
phase on the monolithic support.
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4.4.1 Pore Volume and Size of SiC Monolith
The MIP analysis of the SiC monolith wash-coated with Al2 O3 is depicted
in Figure 4.5. A trimodal distribution of the pore size was revealed with
the vast majority of the pores being centered around 5.7 µm. The small
macropores, representing the skin of the monolith, were found to be distributed
around 500 nm and besides that, mesopores of 10 − 30 nm were revealed. The
mesopores were attributed to the interparticular voids of the wash-coat with
particle sizes of 60 − 90 nm as reported in the article submitted for publication
in Section 3.6.1.4 on page 76. The total pore volume was with 0.16 ml g−1
in an expected range. To reiterate, the mesopores were advantages for the

Figure 4.5

†

Mercury intrusion porosimetry analysis of SiC monolith wash-coated
with Al2 O3 .† Pore size distribution and cumulative pore volume are
shown.

MIP performed by Raquel Portela (CSIC)
Data included in article submitted for publication in Section 3.6.1.4 on page 76
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immobilization of the liquid phase but the amount compared to the total
pore volume was low.

4.4.2 Pore Volume and Size of γ-Alumina-Rich Monolith
The MIP analysis of the γ-alumina-rich monolith is shown in Figure 4.6. In
contrast to the SiC monolith, it showed a monomodal pore size distribution
sharply centered at 9 nm with a two-fold increase of total pore volume of
0.4 ml g−1 . The larger pore volume in combination with the required amount
of mesopores was an indicator for the γ-alumina-rich monolith being a suitable
monolith for the WGS case reaction.

Figure 4.6

†

Mercury intrusion porosimetry analysis of a γ-alumina-rich monolith
calcined at 550 ◦C.† Pore size distribution and cumulative pore volume
are shown and the scale is increased by a factor of two compared to
Figure 4.5.

MIP performed by Raquel Portela (CSIC)
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4.4.3 Immobilization of the Catalytic System

All catalyst impregnation steps were carried out by Schlenk techniques under
argon atmosphere (99.999 vol.-%). The monoliths without membrane were
impregnated via wet-impregnation by submersion of the monoliths in the
homogeneous catalyst stock solution for 5 − 6 min before removal of the
liquid.
The monoliths with facilitated transport membrane were impregnated via a
modified wet-impregnation similarly to the impregnation of the monoliths
for HyFo. The custom-made PTFE tool was slightly adapted in diameter
for the γ-alumina-rich monolith (2.56 cm) to seal one end of the monolith
while allowing injection of the catalyst stock solution into the bore channels
of the monolith from the opposite end. 48 ml of catalyst stock solution was
injected inside the monolith and the solution was drained after 5-6 min. For
both impregnation procedures, the monoliths were dried at room temperature
under argon flow for 24 h with a subsequent drying under vacuum for 24 h
until usually constant weights of the monoliths were obtained.
The Ru content in the monoliths was determined indirectly by weight gain
resulting from the impregnation, assuming a homogeneous catalyst stock
solution and total removal of the solvent. The weight gains and resulting Ru
loadings of the prepared monoliths for WGS reaction are listed in Table 4.1.
The according weights of the pristine and impregnated monoliths are in the
appendix in Table D.1.
Comparing Entry 1 and 2 of Table 4.1 revealed a larger weight gain for the
γ-alumina-rich monolith which was attributed to the larger total pore volume
compared to the SiC monolith. Furthermore, the larger amount of mesopores

207

4 Membrane Reactors for Water-Gas Shift by SILP Technology
Table 4.1

Weight gain and Ru loading of the prepared catalysts for water-gas
shift.

Entry
1
2
3

Monolith
-

Membrane
-

Weight gain
g

Ru loading
g

SiC
γ-alumina-rich
γ-alumina-rich

no
no
yes

3.24
4.62
3.40

0.30
0.43
0.31

of γ-alumina-rich monolith was assumed to immobilize the IL more effectively
due to higher capillary forces.
However, a comparison of Entry 2 and 3 of Table 4.1, both being γ-aluminarich monolith, showed that the membrane-coated monolith immobilized
less of the catalyst system under similar circumstances (see photographs in
Figure 4.7). This indicated less availability of free pores in the monolith
which might be a result of the membrane coating. Probably some of the
membrane polymer penetrated the pore structure blocking pores, which are
then not available for catalyst impregnation.
A trivial improvement would be to avoid the penetration of the pores while
membrane coating which would allow larger amounts of the catalyst system
to be immobilized, resulting in a more efficient use of the monolithic support
structure. For transport of the prepared catalyst systems, the same delivery
container was applied as introduced previously in Section 3.5.3.

4.4.4 Immobilization Studies
For the WGS case study, a similar strategy as for the HyFo was initially
envisioned. After initial catalytic tests of the catalyst system on Al2 O3 grains,
the first catalytic performance test on a monolith was performed with an
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Figure 4.7

Photograph of an impregnated γ-alumina-rich monolith without membrane.

Figure 4.8

Photographs of monolith-reactor parts that came into contact with
the chloride-containing IL ([C4 C1 C1 Im]Cl) after leaching from the SiC
monolith. a) Sealing disk and b) flange show severe corrosion with pit
corrosion indicated by black spots.†

impregnated SiC monolith without membrane. The run was interrupted due
to an unsteady conversion and the interior of the reactor was discovered as
depicted in Figure 4.8. Severe corrosion was found on the downstream section
of the reactor, which was attributed to leaching of the chloride-containing
IL [105]. It was concluded, that the large pores of the SiC monolith could
not immobilize the IL sufficiently at reaction conditions of 130 ◦C and high
water partial pressures. Therefore, the focus was shifted to the γ-alumina-rich
†

Photographs taken by Patrick Wolf (FAU) [106]
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Figure 4.9

Immobilization study of γ-alumina-rich monolith impregnated by
[C2 C1 Im][EtSO4 ] by exposure to water vapor at 100 ◦C.

monolith as support material. To avoid severe damage to the reactor housing,
immobilization studies were carried out prior to another performance test.
γ-alumina-rich monoliths were impregnated with an IL expected to be less
corrosive, 1-ethyl-3-methylimidazolium ethylsulfate ([C2 C1 Im][EtSO4 ]). The
impregnated monoliths were exposed to water vapor for 72 h in an oven
at 100 ◦C as shown in Figure 4.9. The stability of the impregnation was
monitored gravimetrically, which is listed with the details of the stock solution
in the appendix in Table E.1. After exposure, the wet monolith was dried
as usual, by an argon flow for 24 h with a subsequent vacuum for 24 h, to
remove the water. As no leaching was detected via this simple analysis, a
γ-alumina-rich monolith impregnated by [C2 C1 Im][EtSO4 ] was tested further
in the monolith reactor. The monolith was exposed to reaction conditions at
elevated temperatures, inert-gas flows and high water partial pressures.† As
†

Performed by Patrick Wolf (FAU) [106]
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the study confirmed the successful immobilization of the IL, the first feasibility
performance test was performed, which is presented in the following.

4.5 Performance Test of the Selected SILP Systems
In the previous sections, the preparation of the catalyst system and their
pre-experiments were described. The next step was to validate and analyze
the immobilization and catalytic performance of the catalysts, which were
based on γ-alumina-rich monoliths impregnated with the Ru-[C4 C1 C1 Im]Cl
catalyst system. For an initial test, the membrane was discarded and the
monolith was catalytically performance tested for the WGS case reaction.†
The conversion and volume percentages of selected downstream gases at
130 ◦C and an absolute pressure of 1 bar are visualized in Figure 4.10. The
IR-Analyzer applied for downstream analysis was sensitive to water vapor
which was therefore condensed prior IR-analysis. Further experimental details
on the performance test and its evaluation are reported in literature [37].
The first feasibility test showed that the γ-alumina-rich monolith prevented
leaching of the IL and could therefore serve as basis for future catalysts. This
showed, that the improved support with smaller pores provided sufficient
capillary forces to immobilize the IL.

†

Catalytic performance test performed by Patrick Wolf (FAU) [106]
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The catalyst system was active over at least 300 h time-on-stream (TOS).
The products, H2 and CO, were detected as expected in quantities according
to their stoichiometric ratios. The start-up procedure of the reaction caused
an unsteady flow of gases within the initial 10 h with a following, semistable conversion around 20 %, which was calculated referring to CO. Over
the remaining 300 h TOS the conversion decreased to 10 %, with a stable
operation for over 50 h in the end of the run. The partial pressure variation
of water showed, besides a short increase in conversion, no severe impact on
the stability and activity of the catalyst system. Further irregular data points
were caused by variations of process parameters for kinetic studies (results
not shown).
The TOF for WGS was calculated as average over 2 h TOS according to
−1 −1
the unit molCO molRu
h . At 50 h TOS, the TOF was determined to be
−1 −1
−1 −1
2.1 molCO molRu
h and at 275 h the TOF was 1.2 molCO molRu
h . These

numbers were significantly lower compared to TOFs reported in literature of
around 20 h−1 [39, 53] and are in general extremely low.
The low conversion and TOFs might be attributed to slow pore diffusion
of gases in the small pores of the monolith. By this, the reactants were
probably more likely to flow through the 3 mm bore channels of the monolith
without penetrating the pore structure deeply, resulting in an inefficient
use of the large amount of immobilized Ru. The high total volume flow of
187 ml min−1 probably supported this effect. A possible solution might be a
monolith support material with a bimodal pore size distribution: mesopores to
effectively immobilize the catalyst system with marcopores closely connected
for an efficient gas transport to and from the catalyst phase.
The reason for the constant decrease in activity is not apparent yet. A
possible explanation could be an instability of the catalyst complex over
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Figure 4.10

†

Activity–time profile of a SILP WGS catalyst on a γ-alumina-rich
monolith without membrane including a partial pressure variation.†
Reaction conditions: T = 130 ◦C, p = 1 bar (abs), V̇total =
187 ml min−1 , V̇N2 : V̇H2 O : V̇CO = 7 : 2 : 1, IL = [C4 C1 C1 Im]Cl,
Ru loading = 0.43 g.

Catalytic performance test performed by Patrick Wolf (FAU) [106]
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the reaction time. Even though, insufficient stability of the catalyst system
on the support material was excluded as investigations of the downstream
condensate by ICP-MS and ion chromatography† revealed neither Ru nor Cl
contents indicating a sufficient immobilization of the catalyst system.
In another performance test, the membrane-coated monolith was investigated.
Therefore, a γ-alumina-rich monolith was coated with a CO2 -selective facilitated transport membrane and impregnated with the Ru-catalyst system
and catalytically tested. As this study was carried out very recently no
quantitative data is available yet. Even though, preliminary results showed
that the activity was similar to the previously tested monolith without membrane. This indicated, that the membrane did not hamper the activity of
the catalyst system. However, the retentate and permeate streams showed
similar compositions of the downstream gases which indicated a faulty membrane behavior. The reason for that was attributed to a possible pinhole in
the membrane, as no transmembrane pressure could be established. As the
pinhole was not observed during the impregnation of the catalyst system, the
pinhole was most likely caused during delivery or installation of the monolith
in the reactor module. A repetition of the experiment is advised for further
investigation.
Due to the shift-of-target of the membrane, the WGS case reaction was
facing time constraints throughout the project life cycle. Because of the late
completion of the monolithic reactor, no optimization of reaction parameters
or further characterization was possible.

†

Both performed by Patrick Wolf (FAU) [106]
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4.6 Summary and Outlook
In this part, a homogeneous Ru-catalyst dissolved in [C4 C1 C1 Im]Cl as liquid
phase has been successfully immobilized on γ-alumina-rich monoliths and
applied for WGS. When immobilizing the catalyst system on SiC monoliths
containing large macropores, leakage with severe corrosion was discovered
during catalysis. Hence, the successful immobilization was attributed to the
mesoporous nature of the γ-alumina-rich monoliths enhancing the immobilization by increased capillary forces.
Previous findings of SILP catalysts operating at ultra-low temperatures and
hereby reducing the CO level below 0.1 − 0.3 wt.-% could not be achieved
with the monolith reactor. Nevertheless, the first up-scaling of the SILP
technology for WGS was successfully achieved as a proof of concept. The
catalytic monoliths were active over at least 300 h TOS with a conversion
ranging from 10 − 20 %.
The TOFs determined for the monolith reactor without membrane of around
−1 −1
1 − 2 molCO molRu
h were significantly lower compared to literature. This

indicated an insufficient use of the immobilized transition metal Ru on the
monolith. An improvement of the monolithic pores with a bimodal pore
size distribution might overcome this drawback, by connecting mesopores to
macropores for an enhanced gas transport within the pore structure.
The membrane-coated monolith showed comparable activity which suggested
that the membrane did not affect the catalyst system negatively. Even though,
the compositions of the retentate and permeate downstreams have not shown
a membrane separation which was attributed to a possible pinhole in the
facilitated transport membrane preventing the removal and enrichment of
CO2 in the permeate stream. Once the practical issues are overcome, the
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selective removal of CO2 from the reactor zone will most likely enhance the
equilibrium-driven reaction and hence, increase the TOF.
Due to the delay within the WGS, optimization of reaction parameters or further characterization was not possible within the PhD study period. Besides
the improvement of the monolith support, a repetition of the membranecoated monolith is suggested to investigate the reactor module with an efficient
in-situ gas separation via facilitated transport membranes. Micro-CT investigations are suggested for further characterization of the monolith support in
combination with MRI to image the IL distribution in the monolith.
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5.1 Conclusions and Future Work
In this dissertation, homogeneous catalyst systems have successfully been
immobilized by wet-impregnation on monolithic supports via thin films of
supported liquid and applied on the industrially relevant large-scale reactions,
water-gas shift and hydroformylation of 1-butene. This has been achieved with
and without integrated in-situ product removal by membrane functionality.
When employing the ionic liquid [C2 C1 Im][NTf2 ] for hydroformylation with
dissolved Rh-biphephos complexes, the accumulation of consecutive side products (aldols) within the ionic liquid film and pore structure decreased the
activity hampering industrial implementation of such systems. By application
of an alternative liquid-phase, bis(2,2,6,6-tetramethyl-4-piperidyl) sebacate,
immobilized on porous silicon carbide monoliths, the formation and probably
also accumulation of aldols was suppressed. The novel SLP system presented
a high selectivity towards the product, n-pentanal, at high activities of up
−1 −1
to 570 mol1−butene molRh
h over 1500 h time on stream without significant

deactivation demonstrating its potential for industrialization even without
membrane functionality. The performance of the monolith reactor was further
improved by application of a polydimethylsiloxane (PDMS) membrane showing stable conversion of 1-butene of 80 % over at least 40 h time on stream.
Hereby, a gas-enrichment factor of 2.2 of n-pentanal compared to 1-butene
was gained in the permeate flow.
The accompanying characterization and development of the multi-channel
silicon carbide monolith revealed its versatility. The extruded monoliths
showed sharply defined macro-pores which were further tailored according to
the needs by post-extrusion treatments. By application of a silicon carbide
skin on the monolith, the surface was smoothened enabling the coating of
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membrane materials which presented stable operation of transmembrane
pressures up to 6 bar at 120 ◦C. The wash-coating of the monolith with solid
metal oxides, e.g., Al2 O3 and SiO2 , created a trimodal pore size distribution
containing mesopores and allowed tuning of the surface chemistry making the
monolith applicable to the case studies. This versatile silicon carbide monolith
was tailor-made for industrial exploitation in gas-phase hydroformylation and
will probably also serve as a basis for other important industrial processes in
the future.
The non-invasive magnetic resonance imaging (MRI) studies elucidated the
liquid-phase distribution of the ionic liquid catalyst system on the silicon
carbide monolith. The addition of a stabilizer enhanced the even distribution of the liquid phase over the full cross section of the monolith. While
investigating impacts of industrial relevance, such as temperature studies and
storage experiments, no disadvantageous impact on the even distribution of
the liquid-phase was found. This made MRI an important analysis technique
during this study and showed the applicability for further studies on monoliths
on a cm-scale. Further work could investigate the SLP system at elevated
temperatures or apply in-situ imaging of a reaction similar to other studies
[107].
The Ru-based catalyst immobilized in the ionic liquid [C4 C1 C1 Im]Cl on
γ-alumina-rich monoliths sustained activity for more than 300 h time on
stream for water-gas shift without loss of catalyst. Initial immobilization
drawbacks of the catalyst system on silicon carbide monoliths were overcome
by variation of the monolithic support providing larger amounts of mesopores.
An initial feasibility test of the membrane reactor with a facilitated transport
membrane had no negative impact on the catalytic performance. However,
a possible pinhole in the membrane hindered the selective removal of CO2
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during the reaction. Due to the shift-of-target regarding the membrane
material, the water-gas shift was under time constraint which in conclusion
did not permit further optimization of the membrane reactor. For future
studies, a repetition of the membrane reactor run is suggested as well as
a bimodal pore size distribution of the monolith. By close connection of
mesopores and macropores, the gas transport within the monolithic pore
structure could be enhanced leading to an increase in activity.
In this study, the high potential of homogeneous catalyst systems heterogenized on monoliths with integrated membrane technology has been demonstrated. Catalyst systems were synthesized for each case reaction and successfully immobilized in catalyst-membrane systems. Performance tests for
both case reactions were carried out, of which the reactor module for hydroformylation could be optimized regarding its catalytic performance.
While the hydroformylation of 1-butene with catalytic monoliths is ready to
be industrially up-scaled, the SILP-catalyzed water-gas shift on monoliths
might not be ready to satisfy the world’s energy demand yet. But now is the
time to push the art from forward even further.
This will be tackled in the follow-up project called MACBETH, which stands
for Membranes And Catalysts Beyond Economic and Technological Hurdles.
The project has recently been granted and is budgeted with almost 21 million
Euros by the European Commission to bring the catalytic membrane reactor
to the next development level, aiming for TRL 7 in a project life cycle of
4.5 years including 25 European partners from academia and industry.
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Appendices

A In-Situ High-Pressure NMR
Spectroscopy
Figures A.1, A.2 and A.3 display supporting information for the in-situ
high-pressure NMR spectroscopy.

Figure A.1

Sapphire tube for high-pressure NMR spectroscopy b) after preparation and a) shaking in an oil bath at 100 ◦C.
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Figure A.2
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31

P HP-NMR of 1) Rh/bpp 1/1 in CD2 Cl2 under 10 bar CO/H2 1/1
atmosphere after shaking the sample for 76 h at 100 ◦C and 2) bpp in
CD2 Cl2 as reference.
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Figure A.3

1

H-31 P HMBC spectra of Rh/bpp 1/4 in CD2 Cl2 under 10 bar CO/H2
1/1 atmosphere after shaking the sample for 4 h at RT.
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B Custom-Made Tool for the
Impregnation of Membrane-Coated
Monoliths
Figures B.2, B.3, B.4 and B.5 depict different versions of the custom-made
tool for impregnation which were constructed at the workshop at DTU
Chemistry.

Figure B.1

‡

Version 1 of the custom-made tool for impregnation of membranecoated monoliths.‡

Drawings on right-hand side provided by the workshop of DTU Chemistry
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C Reactor Set-Up for Continuous
Gas-Phase Hydroformylation
Tables C.1 and C.2 list the major components of the reactor set-up for
continuous gas-phase hydroformylation.
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Figure C.1
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In-house designed evaporator for 1-butene feed.
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Figure C.2

Chromatogram of permanent gases N2 , H2 and CO via bypass at
100 ◦C detected by TCD.

Figure C.3

Chromatogram of pentanal manually injected and detected by FID.
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Table C.1
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Component list of reactor set-up for continuous gas-phase hydroformylation part 1.

Name

Supplier

Type

I-1.01
I-1.02
I-1.03
I-1.04
I-1.05
I-1.06
I-1.07
I-1.08
I-1.09
I-1.31
R 1.01
R 1.02
R 1.03
R 1.04
V 1.01
V 1.02
V 1.03
V 1.04
V 1.05
V 1.06
V 1.07
V 1.08
V 1.09
V 1.10
V 1.11
V 1.12
V 1.13
V 1.14
V 1.15
V 1.16
V 1.17
V 1.18

Horst
Horst
Horst
Horst
Horst
IHNE&TESCH
Horst
Horst
Horst
CORI-FLOW™
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
EquiliBar
Swagelok
Swagelok

Heating cable
HS heating cable
HMF tube furnace
HS heating cable
Heating jacket
Ceramic heater
HS heating cable
Heating cartridge
HS heating cable
M13-AGD-11-0-S
SS-4C-1
SS-4C-1
SS-4C-1
SS-2C-1
SS-42GS4
SS-42GS4
SS-42GS4
SS-42GS4
SS-42GS4
SS-42GXS4
SS-3NBS4
SS-3NBS4
SS-3NBS4
SS-3NBS4
SS-3NBS4
SS-3NBS4
SS-3NBS4
SS-3NBS4
SS-3NBS4
EB1ZF1 Equilibar Zero Flow
SS-31RS4
SS-42GS2

Table C.2

Component list of reactor set-up for continuous gas-phase hydroformylation part 2.

Name

Supplier

Type

V 1.21
V 1.22
V 1.23
SV-NC-1
SV-NC-2
SV-NC-3
SV-NO-4
MFC (N2)
MFC (CO)
MFC (H2)
Pneumatic vavle
Solid state relay
Contactor
PID controller

Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
Swagelok
mks
mks
mks
RIEGLER
RS Components
RS Components
CAL

R3A
R3A
R3A
SS-HBS4-C
SS-HBS4-C
SS-HBS4-C
SS-HBVS4-O
GE50A013103S5V020
GE50A009103S5V020
GE50A007101S5V020
3/2-way valve, electropneum., NC
5362729
7434914
CAL3300
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D Water-Gas Shift Catalyst
Impregnation
Figure D.1 depicts a photograph of the catalyst stock solution for water-gas
shift containing [C4 C1 C1 Im]Cl, [Ru(CO)3 Cl2 ]2 and dichloromethane. Table D.1 lists the weight of pristine and impregnated monoliths prepared for
water-gas shift.

Figure D.1

Catalyst stock solution for water-gas shift containing [C4 C1 C1 Im]Cl,
[Ru(CO)3 Cl2 ]2 and dichloromethane.
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Table D.1

Entry
1
2
3
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Weight of pristine and impregnated monoliths prepared for water-gas
shift reaction.

Monolith
-

Membrane
-

mmonolith
g

SiC
γ-alumina-rich
γ-alumina-rich

no
no
yes

103.86
78.95
78.98

mimpregnated
g

monolith

107.10
83.57
82.38

E Water-Gas Shift Immobilization
Studies
To investigate the immobilization of [C2 C1 Im][EtSO4 ] on a γ-alumina-rich
monolith, the monolith was impregnated with a stock solution containing
18 ml of [C2 C1 Im][EtSO4 ] and 162 ml of dichloromethane (Sigma-Aldrich,
HPLC, >99.8 %). Table E.1 lists the weights of the impregnated γ-aluminarich monolith during the immobilization studies. The monoliths were prepared
as described in Section 4.4.3 with the only difference, that the Ru precursor
was discarded.

Table E.1

Gravimetric control of the γ-alumina-rich monolith impregnated by
[C2 C1 Im][EtSO4 ] before and after exposure to water vapor at 100 ◦C

m (pristine)
g
76.81

m (impregnated)
g

m (after exposure)
g

81.35

81.39
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