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The hydroformylation of renewable oleochemicals in aqueous liquid-liquid multiphase systems was operated
continuously using a jet-loop reactor concept, demonstrated in two case studies. The main challenge on this path
was to find an optimal compromise between activity and catalyst retention. In Case 1, methyl oleate was con-
verted in an isopropanol/water system with stationary yields of up to 35 % in more than 55 hours of continuous
operation at low catalyst loss of only 0.1 %/h and very high selectivity. In Case 2, a reaction system consisting of
butanol/water was used to convert methyl 10-undecenoate. Fine-tuning of the substrate loading and separation

temperature was required. Under optimised reaction conditions, steady-state yields of >80 % were achieved in a
campaign of >55 hours of continuous operation. As little as 16.7 mg of rhodium was leached per kilogram of
product formed at excellent selectivities to the linear product. This is the first time a miniplant concept has been
presented that enables the hydroformylation of these two renewables in continuous operation.

1. Introduction

Homogeneous catalysis is one of the most valuable methods to ach-
ieve highly active and selective chemical conversions, which the 12
principles of green chemistry emphasise especially. [1] Recycling costly
transition metal catalysts is essential to make the processes used for
these reactions economically competitive. An elegant way to achieve
this is using liquid-liquid multiphase systems, for which industrially
operated processes already exist, e.g., propene hydroformylation or
butadiene telomerisation. [2] In the case of hydroformylation, the
catalyst is dissolved in an aqueous phase using water-soluble, sulfonated
ligands. The substrate passes through as a gas, partially dissolving in the
catalyst phase and allowing the reaction to occur. It is particularly
convenient that the resulting products form a second pure phase and can
be efficiently removed from the reaction system. [3]

With the increasing pressure to put our value-creation systems on a
more sustainable path, the demand to replace petrochemical raw ma-
terials with renewable ones, such as fatty acid derivatives, is growing.
Since these also exhibit the structural motif of the double bond known
from petrochemical raw materials, there is the potential to employ the
same chemical methods and catalysts. [4] However, the changing raw
materials pose challenges for the process design in which the chemical
conversions are embedded, as material properties such as polarity,
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molecular size, and boiling points change significantly. In general, this
has extensive implications for every process stage. However, this chal-
lenge is particularly pronounced in reaction systems that use aqueous
liquid-liquid multiphase techniques to recycle homogeneous catalysts.
While post-reaction separation into two phases is straightforward due to
the non-polar nature of the long-chain substances, the reaction is limited
by the low solubility of the substrates in the catalyst phase, resulting in
low reaction rates.

To overcome these hurdles, several intensification strategies in
aqueous multiphase systems have been developed and recently
reviewed by the Vorholt group, highlighting the importance of this
topic. [5] A particularly promising approach for long-chain substrates
such as methyl oleate (MO) or methyl 10-undecenoate (M;,U) is altering
the solubility by adding co-solvents. MO is a renewable raw material
that occurs in various plants (rapeseed, sunflowers, safflower, soy) and
features an unsaturated double bond. Hydroformylation combines this
with synthesis gas to yield aldehydes, which are valuable intermediate
products and can be hydrogenated to alcohols, e.g., to form crosslinkers
in polymer applications or lubricants (Fig. 1). As it is already available in
large quantities from biodiesel production, it is also an interesting sub-
strate from a market strategic viewpoint. Although hydroformylations
with methyl oleate have been established in various reaction systems,
[6-10] only a few attempts have been made to achieve efficient catalyst
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recycling. [8,11] In the most promising attempt, a biphasic reaction
system using water and isopropanol as catalyst solvent was established,
reaching a stable yield of >50 % in 10 consecutive recycling runs. [11]
Similar observations were made in the hydroformylation of M;oU, a
renewable raw material obtained from the pyrolysis of castor oil. Due to
its terminal double bond, it stands out from many renewable fatty acid
derivatives. It is already used industrially in the production of poly-
amide 11, marketed as Rilsan by the French company Arkema. The
hydroformylation reaction now opens routes to polyamide 12 or other
polymers based on this renewable raw material, and has already been
investigated in a few studies. In a biphasic reaction system using water
and 1-butanol as solvents, high TOFs of >5000 h~! were achieved;
however, leaching of 5 mol % catalysts to the organic phase was
observed. [12] In previous work, a continuous process was also estab-
lished in a continuously operated stirred tank reactor (CSTR), but only at
the cost of a high catalyst loss, which did not allow long-term stable
operation. [13]

Another intensification strategy that is promising in liquid-liquid
multiphase systems is to increase the surface area by means of exten-
sive mixing. To overcome the limitations of a typical stirred tank reactor
(STR) in terms of mixing, new reactor concepts are needed; one widely
used concept is the jet-loop reactor (JLR). [14] Here, a liquid circulation
stream is pumped from the reactor via an external loop to a nozzle at the
top of the reactor, re-entering the reaction phase and providing
high-energy input without internal moving parts. Although several de-
signs exist, the venturi ejector is the most common nozzle type. [14,15]
In this design, a liquid is pumped through a tapered nozzle at high ve-
locity. Due to the resulting pressure drop, gas can be sucked in through a
pipe located in the centre, resulting in significant shear rates and lig-
uid/liquid/gas (1/1/g) interfaces (Fig. 3, left). In recent years, this
concept has received attention from various fields, from hydrodynamic
modelling to fermentation processes.[16-21]

In the aqueous biphasic hydroformylation of 1-octene, high activity
and space-time yield were reached in a JLR. [22-25] Even when con-
verting the more challenging, renewable substrates MO and M;oU in the
described co-solvent mediated reaction systems, high TOFs were ach-
ieved. [11,13] While only low substrate loadings could be efficiently
converted in the STR during the hydroformylation of MO in the iso-
propanol/water system, we showed in later work that the substrate
loading can be significantly increased when using the JLR. [26] As
leaching remained low, these results are promising for a further
scale-up. In these studies, we also showed that when M;oU is converted
in the butanol/water system, higher reaction rates could be achieved
with the same butanol content. This gives reason to presume that the
butanol content can be significantly reduced by using the JLR without
loss of reaction performance, which in turn should significantly lower
the previously high leaching. [26] However, an appropriate compromise
between reaction performance and catalyst loss must first be found for
further investigation.

Despite the promising results in batch experiments, the continuous
operation of these biphasic reaction systems in a JLR must first be
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established to provide a basis for evaluation for a realistic technical
application (Fig. 3). Here, particular attention must be paid to an effi-
cient compromise between high productivity and effective catalyst
retention in order to provide the framework for a long-term stable
process. Various challenges, such as control, foaming, and emulsion
formation, to which a reactor concept such as JLR is significantly more
sensitive than conventional reactor types, make a continuous operation
particularly challenging. Possibly, this is the reason why continuous
operation of catalyst phase recycling in liquid-liquid systems for con-
verting renewables in JLR has not been reported hitherto. Herein, we
aim to fill this gap by performing two case studies in a continuous
miniplant employing a JLR.

The first case study focuses on the hydroformylation of MO in our
reaction system consisting of a 1:1 mixture of water and isopropanol as
polar solvent, which has proven to be a promising approach in a JLR.
The second case deals with the hydroformylation of M;oU in our
butanol/water reaction system, aiming to ensure effective catalyst
retention. Hereby, we would like to demonstrate how combining well-
chosen solvent systems and advanced reactor concepts allows the
hydroformylation of long-chain renewable raw materials to be effi-
ciently carried out in continuous operation.

2. Materials and methods
2.1. Procedure for batch experiments in a stirred tank reactor

All batch experiments were performed in a 300 mL overhead stirred
autoclave with a pitched blade stirrer at 1000 rpm and continuous
gassing during the reaction. All substrates were purified over aluminium
oxide and then degassed with argon dispersed by a frit in an ultrasonic
bath for at least one hour. All liquid chemicals used for the reactions
were degassed with argon dispersed through a frit in an ultrasonic bath
for at least one hour. The catalyst and ligand are weighed and dissolved
in the degassed water using an ultrasonic bath at 40°C for 30 minutes.
The reactor is sealed and inertised by repeated evacuations and the
application of 5 bar argon. Once the catalyst has been successfully dis-
solved, the second solvent (isopropanol or butanol) is added, retaining
10 mL. This solution is sucked into the reactor via vacuo, and the sub-
strate, together with the retained solvent, is transferred with a syringe in
a countercurrent argon flow into a reservoir above the reactor. The
system is then pressurised with synthesis gas, and the reactor is heated to
120°C. After the 30-minute preformation time, the reactor is brought to
reaction pressure and temperature, and the reaction is initiated by
opening the valve between the reactor and the substrate reservoir. At the
end of the reaction time, continuous gassing is stopped, and the reactor
is cooled in an ice bath to at least 20°C before the stirrer is stopped and
degassed. The reactor is then flushed several times with argon. After
opening the reactor and separating the phases in a separating funnel, the
appropriate analyses were performed. Finally, the reactor was cleaned
with isopropanol.
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Fig. 1. Conceptual visualisation of the biphasic rhodium-catalyzed hydroformylation of MO and M;oU and potential applications of the corresponding products as

polymer precursors or lubricants.
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2.2. Procedure for continuous experiments in miniplant

The commissioned miniplant consists of a 1000 mL jet loop reactor
with a venturi ejector (Fig. 2). The reaction mixture is fed into a decanter
through a riser tube via a gear pump (Fig. 3). The mixture is separated
into the lighter product phase and the heavier aqueous phase. While the
latter can flow freely back into the reactor via a riser pipe, the product
phase can leave the system via a flash. As the filling level in the reactor
influences the volume-specific energy input and thus the available 1/1/g-
interface on the one hand and directly influences the residence time on
the other, it must be precisely set and controlled. To ensure a constant
level in the reactor, the pump feeding the substrate can be operated on
feedback of a level measurement placed in an external circulation pipe.
Furthermore, both liquid phases must always be withdrawn in the same
ratio to prevent one phase’s accumulation. For this purpose, all
incoming and outgoing streams and their compositions must be
controlled, as the components are always distributed over both liquid
phases, and any mass loss via the product phase must be replaced.

For the startup, the aqueous phase, consisting of Rh precursor, li-
gands and ultrapure water, is prepared in the absence of oxygen, as in
the batch experiments described above. The miniplant is checked for
leaks before the experiment and then inerted by repeated vacuum draws
and 5 bar nitrogen pressure application. The prepared catalyst phase is
transferred to the reactor via a capillary tube and vacuum. Preforming is
carried out at an Hy/CO pressure of 20 bar and a temperature of 120 °C
for 1 hour with the circulation pump running to ensure that gas is
introduced into the liquid phase. The catalyst phase is then transferred
to the decanter until the level rises to the point where the catalyst phase
is returned to the reactor. The reaction pressure and temperature are
established, the reactor circulation pump is stopped, and the required
amount of substrate is added as quickly as possible via a substrate pump.
The substrate pump is turned off, and all liquid-carrying valves are
closed. A batch experiment is started for 2 hours by restarting the jet
loop reactor circulation pump and setting continuous gassing. Contin-
uous operation of the system is then established by opening the valves
and starting the gear and substrate pumps. Regular monitoring of the
level sensor and visual inspection through the sight glass at the top of the
reactor ensure that the level in the reactor is kept constant. Product
phase samples and samples for ICP-OES analysis were taken at regular
intervals during the operation of the miniplant.

3. Results and discussion

Hydroformylation converts internal or terminal olefins and syngas
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into linear and branched aldehydes (Fig. 4). The by-product spectrum
varies depending on the catalysts and ligands used, but the most relevant
side reactions are the hydrogenation of the double bond to saturated
species and its isomerisation along the alkyl chain. The internal double
bonds formed in this way can, in turn, also be hydroformylated, just as
the aldehydes formed can be hydrogenated to alcohols.

In the following case studies, continuous conversion of the renew-
ables MO and MU with catalyst recycling in a liquid-liquid system in a
JLR will now be investigated for the first time to evaluate their long-term
stability.

3.1. Case 1: Hydroformylation of Methyl Oleate

Technical grade methyl oleate from high oleic sunflower oil was
used, in which saturated species (methyl stearate and palmitate) and
methyl linoleates are the major impurities (composition in SI). Its con-
version under hydroformylation conditions mainly leads to branched
formyl methyl stearates (FMS), as the substrate holds an internal double
bond (Fig. 5). Observed side reactions are the hydrogenation of the C=C
double bond to methyl stearate (MS) and its isomerisation to isomers of
methyl oleate (iMO). The retention of the rhodium catalyst, which is
applied in the form of Rh(acac)(CO)s,, in the aqueous phase is ensured by
employing the known monodentate ligand trisodium triphenylphos-
phine-3,3’,3"’-trisulfonate (tppts), which exhibits high water solubility.

As small quantities of isopropanol and water are constantly lost via
the product flow due to cross-solubility, a make-up feed is installed to
prevent a change in the composition or the fill level (solvent stream in
Fig. 3). Based on our batch studies, the residence time for continuous
operation is set to 6 hours (Fig. 6). In the first 12 hours (marked in grey),
the product phase needs to be accumulated in the decanter; thus, no
product can be analysed.

A stationary aldehyde yield of up to 35 % at a selectivity of >90 %
was achieved after 30 h of continuous operation, corresponding to ca.
five residence times. Interestingly, isomerisation only plays a minor role,
and aldehydes other than those at the 9- or 10-position are only formed
to less than 0.3 %. Hydrogenation is the most prominent side reaction;
however, it is to a very limited extent, with yields for MS of approxi-
mately 2 %. The technical grade MO used contained small traces of
methyl linoleate, which underwent isomerisation; however, the constant
amount of different C18:2 isomers indicates that hydroformylation of
this species hardly occurs. Although the flow of the reaction mixture to
the decanter fluctuated at around 40 h due to a brief malfunction of the
mass flow monitor, no adverse effect on process performance was
observed. The operating point is maintained for a further four residence

circulation stream

Fig. 2. Concept of a jet loop reactor with venturi ejector (left) and general scheme of biphasic rhodium-catalyzed hydroformylation of a terminal alkene using water-

soluble phosphine ligands (right).
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Fig. 3. Relation of this work to the former work of Hermann et al. in biphasic hydroformylation. [26] Conceptual flowsheet of the continuously operated jet-loop

reactor miniplant in this work.
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Fig. 5. Hydroformylation of Methyl Oleate.

times, demonstrating that the catalyst can be reliably retained in the
aqueous phase. The catalyst loss of 0.1 % of the initial applied amount
per hour via the product phase does not play a significant role during the
time on stream in this experiment, which is remarkable as no catalyst
makeup flow was required. Although productivity and rhodium reten-
tion should still be improved for an economic process, this one-step
separation strategy represents a promising basis and gives hope for a
realistic technical application. This case study has thus demonstrated
that the renewable raw material MO can be effectively incorporated into

the chemical value chain by hydroformylation under technically rele-
vant, continuous operating conditions by using a JLR.

3.2. Case 2: Hydroformylation of Methyl 10-Undecenoate

The hydroformylation reaction of M;oU forms linear or branched
aldehydes (l-aldehyde, b-aldehyde) as the substrate exhibits a terminal
double bond (Fig. 7). The bidentate, sulfonated ligand 4,5-bis(diphenyl-
phosphino)-9,9-dimethyl-2,7-disulfoxanthene = disodium commonly
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Fig. 6. Yield (Y) during the continuous hydroformylation of MO in a JLR. Conversion (X) equals the sum of all yields (Y). The product stream consisting of substrate,

the product spectrum as well as traces of isopropanol and water was analysed by GC-FID using dodecane as an internal standard to calculate yield. Conditions: T =
140 °C, p = 50 bar, 7 = 6 h, nco/Mu2 = 1, CRuacaccoyz = 0.89 mmol L™, nyps/Mrnacacycoz = 10, ¢ = 0.06, Mipop/Mu20 = 1, Vreactor = 900 ML, Veirculation =

5.48 Lmin "}, Tg = 25 °C; Preforming: T = 140 °C, p = 50 bar, t > 2 h, nco/nyy = 1.
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Fig. 7. Hydroformylation of Methyl 10-undecenoate.

known as sulfoxantphos (sxp) enhances the formation of the more
desired l-aldehyde. Furthermore, the formation of inward isomerised
double bonds (i.M;oU) and the hydrogenation of the substrate to form
saturated methyl ester (sat. MjoU) are observed.

In addition to the challenges discussed in the first case study when
using a JLR, this specific reaction system leaves the reactor as an
emulsion. While this does not pose a challenge in batch reactions, it
presents significant difficulties in continuous operation. This phenom-
enon is influenced by various factors, of which interfacial tension, sep-
aration temperature and polarity play a pivotal role. Since the butanol
concentration also significantly influences the leaching of the catalyst, it
was the focus of the initial investigations (further information in SI).
Higher concentrations of BuOH show a positive correlation with
improved separation performance. In addition, higher BuOH concen-
trations positively affect the reaction, indicating a potential improve-
ment in the overall efficiency of the process. However, the observed
increase in leaching of the catalyst into the product phase calls for a
compromise between these opposing effects. The separation tempera-
ture was examined as a further parameter on emulsion formation, as this
does not directly influence the reaction. With rising separation tem-
perature, the emulsion phase is separated into three phases: 1. an
organic, light phase containing mainly solvent, substrate and products.
2. the aqueous heavy phase, containing mainly water, catalyst and

ligand, and 3. an emulsion phase between these two, containing all
substances in the reaction system. If the separation temperature is
increased further, the emulsion phase forms to a lesser extent and sep-
arates into distinct organic and aqueous phases. While the influence of
the BuOH content on the leaching is linear, the influence of the sepa-
ration temperature is exponential and more vital with increasing BuOH
content, which can also be seen in the corresponding phase diagrams we
published earlier. [12] To find operating conditions for the continuous
operation of this reaction system, a thorough understanding of the
interplay of the various factors influencing emulsion formation is
necessary to find a practical compromise between reaction performance
and catalyst retention. Based on the preliminary investigations, various
promising operating points were identified and examined in a contin-
uous experiment in the miniplant (Fig. 8).

After 16 hours, the first stationary operating point is reached with a
high yield of >88 % and high selectivities of >90 %. However, this is at
the expense of an expected high catalyst leaching of up to 0.25 %/h,
constituting an operation point which can’t be sustained due to the high
catalyst loss.

The amount of catalyst lost per product produced, a parameter for
which reliable values are already known from other recycling systems, is
a basis for comparing with other operation conditions. [27,28] Under
these starting conditions, 99.2 mg of catalyst are lost per kilogram of
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Fig. 8. Reaction performance of the continuous hydroformylation of M;oU. Conversions equals the sum of all yields. The product stream consisting of substrate, the
product spectrum, butanol as well as traces of water was analysed with GC-FID and dibutyl ether as an internal standard to calculate yield. Conditions: T = 140 °C, p
=20 bar; =4 h’ Nco/Np2 =1, CRh(acac)(CO)2 = 0.69 mmol Lil; nsxp/nRh(acac)(CO)z =7, Q= 0.33, Vreactor = 900 mL, Vcircutation = 5.48 L minil; Preforming: T=140°C,

p =20bar, t > 1h, nco/nys = 1.

product. As the following operation condition, the BuOH content in the
organic phase was reduced to 40 wt.- %; since the phase ratio is kept
constant, this also corresponds to an increased substrate input, while the
separation temperature is kept at 80 °C. As a result, the stationary yield
decreases slightly to 80 % while the selectivity remains unchanged at a
high level. It is particularly relevant here that the leaching of the catalyst
drops to 0.1 %/h and remains stationary. Despite the slight decline in
yield, only 16.7 mg of rhodium is lost to the organic phase per kilogram
of product. A further reduction of the BuOH content to 25 % leads to
emulsion formation in the decanter, which is why no phase separation is
possible (Fig. 9). Although a decline in the yields over time is not
immediately apparent, long-term operation under these conditions is
not advisable as there is a considerable loss of the aqueous catalyst phase
via the product stream between 37 and 42 hours.

The separation temperature was increased to 100 °C to ensure reli-
able phase separation, which led to increased catalyst loss. Although the

Fig. 9. Phase separation in decanter <37 h (a) and from 37 h to 42 h (b).

yields still appear stable at first, the sharp increase in catalyst losses
shows that long-term operation cannot be guaranteed under these con-
ditions, which is further emphasised by the renewed increase in rhodium
loss to 76.9 mg/kg during this period.

Another pragmatic approach to prevent emulsion formation without
promoting catalyst loss is to change the polarity of the aqueous phase, e.
g. by adding a salt such as sodium sulphate, and at the same time to
dispense with an organic solvent, an approach already known from
continuous hydroformylations in surfactant systems. [29] Adding 1 %
w/w sodium sulphate completely eliminated butanol in batch experi-
ments in the JLR without emulsion formation at the end of the reaction.
In subsequent continuous experiments, however, a continuous decrease
in yield was observed, which could only be prevented by adding fresh
catalyst solution. The reasons for the observed catalyst poisoning are
still under investigation. (further information in SI).

4. Conclusions

This work presented the continuous Rh-catalyzed hydroformylation
of renewable raw materials using a liquid-liquid system to efficiently
separate and recycle the homogeneous catalyst. The well-known de-
mand for an intensification strategy is met using a jet loop reactor,
which ensures a high degree of mixing to avoid possible limitations.
After the precise planning and construction of the required miniplant,
the reaction system from the literature consisting of water and iso-
propanol was first used to convert the renewable raw material methyl
oleate. With the commercially available ligand TPPTS, steady-state
yields of up to 35 % were achieved, while side reactions such as iso-
merisation and hydrogenation only play a subordinate role. To extend
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the range of applications of the continuously operated jet-loop reactor,
the material system consisting of water and butanol for converting
methyl undecenoate, also known from preliminary work, was tested in
continuous operation using sulfoxantphos as a ligand. The new chal-
lenge of emulsion formation, which makes it difficult to separate the
product and catalyst phases, was solved by systematically investigating
the butanol concentration and separation temperature. This enabled
stable yields of >80 % with a low catalyst loss of <0.1 %/h. This cor-
responds to a loss of only 16.7 mg catalyst per kilogram of product,
which promises a possible starting point for further research into po-
tential applications.
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