Open Access Article. Published on 03 March 2026. Downloaded on 5/1/2026 3:01:57 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

¥ ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

‘ ’.) Check for updates

Cite this: Green Chem., 2026, 28,
5857

Received 16th December 2025,
Accepted 3rd March 2026

DOI: 10.1039/d59c06802a

rsc.li/greenchem

Green foundation

Next-generation multiphase systems for
homogeneous catalyst recycling: overcoming the
reactivity vs. separation dilemma

Tim B. Riemer, "2/ ¥ Anna Kampwerth,
Marc Hausler, Dieter Vogt

+ Tim Sinnhoffer, Moritz Prange,
and Thomas Seidensticker 2/ *

A new generation of thermomorphic multiphase systems combines the crucial advantages of classic homo-
geneous catalyst recycling methods: the reaction occurs under monophasic conditions in green solvents
without mass transport limitations. Meanwhile, as in aqueous biphasic systems, the products form a separate
and ideally solvent-free phase after reaction, enabling efficient separation from both the homogeneous cata-
lyst and the solvents. This principle is demonstrated in three next-generation multiphase systems using the
green solvents water, methanol, ethylene glycol, and y-valerolactone, applying the rhodium-catalyzed
hydroaminomethylation of 1-decene as a model reaction. Using a structured approach, phase-behavior
experiments supported by LLE predictions via PC-SAFT enabled efficient identification of suitable solvent
compositions. Validating their reaction performance in single- and recycling-batch experiments, all systems
were then upscaled to continuous miniplant operation, where 268 hours of cumulative runtime revealed
stability and high separation efficiency. An ethylene glycol/methanol solvent system stood out by combining
high yields (79%) and selectivities (83%), very low catalyst loss into the product phase at just 0.8 mg rhodium
per kg of product, and a directly attainable product — an amine purity of 72%, reducing subsequent purifi-
cation efforts. These findings highlight the strong potential of thermomorphic systems to advance sustain-
able catalytic processes and streamline product purification in industrial applications.

1. For the successful design of green chemical processes, several criteria — high reactivity, use of green solvents, catalyst recycling, and product separation —
should be considered. We developed a novel type of switchable solvent system that combines all four criteria into one single concept. While in this study,
these systems were designed for the sustainable production of aliphatic amines, this work also serves as a case study for the development of any other homo-

geneously catalyzed reaction.

2. We demonstrated these next-generation multiphase systems in the rhodium-catalyzed hydroaminomethylation of 1-decene. Three of these newly developed
solvent systems were upscaled to miniplant operation, providing reliable information on excellent performance in terms of reaction, catalyst recycling, and

product purification. Compared to the product phase of the state-of-the art multiphase systems with the nonpolar extracting agent n-dodecane, the solvent

content was reduced by 83% in this work, without additional purification steps. This significantly reduces product purification efforts since product amine
purities of at least 72.3% can be obtained after just one decantation step.

3. This study focuses on proving the general principle of these new systems. Future work should apply and optimize these systems for actual applications in

the chemical industry.

Introduction

are achieved. Selecting the reaction medium (i.e., the solvent
system) is a critical part of developing homogeneously cata-

Homogeneous catalysis is a powerful tool for developing sus-
tainable processes, as highly selective conversions to the
desired products under typically very mild reaction conditions
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lyzed processes.' Besides the chemical reaction, a number of
aspects must be carefully balanced. Therefore, we suggest the
following four criteria for the successful design of a chemical
process:

* reactivity;

« green solvents;

« catalyst stability and separation; and

+ product separation.
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First, the reactivity must be given, which often largely
depends on the solvent."”” Furthermore, green solvents should
be preferred, and hazardous and environmentally harmful sol-
vents should be discarded as soon as possible (criterion 2).
While these two criteria are usually considered in academic
research, criteria 3 and 4 are often neglected or at least
underrepresented.

Due to the expensive nature of homogeneous catalysts,
their separation from the reaction mixture and their recycling
and reuse are often essential for an economical process (cri-
terion 3). Furthermore, the separation and purification of the
products should already be considered at an early stage of
process development (criterion 4), since downstream oper-
ations are often energy- and, hence, cost-intensive.

While products with low boiling points can still be separ-
ated from the catalyst and solvent by distillation, other con-
cepts must be considered for higher-boiling-point products, as
most homogeneous transition metal catalysts do not exhibit
extensive temperature stability.

Frequently used concepts for long-chain products are
aqueous biphasic systems such as microemulsion systems
(MESs)*® or aqueous systems with cyclodextrins®’ as mass
transport intensification agents. In these systems, substrates
and products reside in a nonpolar organic phase, while the
catalyst is immobilized in the aqueous phase.

Although such immobilization in different, immiscible phases
allows simple separation after the reaction (criteria 3 and 4),
mass transport limitations cause losses in reactivity (criterion 1).

Furthermore, a more demanding ligand design is usually
required, and compatibility of the reaction system with water
must be ensured, which leads to restrictions in the available
systems.®

One efficient solution to this problem is the utilization of
switchable liquid/liquid systems. Here, the reaction is per-
formed under monophasic reaction conditions, leading to
high reaction rates without mass-transport limitations. After
the reaction, the phase behavior is switched to biphasic con-
ditions, enabling easy phase separation via decantation. If the
temperature is used as a phase switch, the systems are referred
to as Thermomorphic Multiphase Systems (TMSs).’

TMSs utilize the temperature-dependent miscibility gap of
a mixture involving three liquid components. During the reac-
tion, the mixture is outside the miscibility gap in the mono-
phasic area. Decreasing the temperature after the reaction
widens the miscibility gap, separating the solution into a polar
catalyst phase and a nonpolar product phase (Fig. 1).

The efficiency of this principle has already been demon-
strated in various reaction and solvent systems.'®**> One par-
ticularly efficient TMS consists of the two solvents methanol
and n-dodecane. Due to its high robustness, it has already
been used in a continuous multipurpose plant to produce a
wide range of alkyl amines.>®

In this classic TMS, a nonpolar solvent, n-dodecane, is used
alongside the polar solvent to adjust the miscibility gap. After
the reaction, the nonpolar solvent acts as an extracting agent,
separating the products from the polar catalyst phase.
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Fig.1 The basic principle of thermomorphic multiphase systems
(TMSs) in homogeneous catalysis.

However, this also results in the product phase being highly
diluted, consisting of up to 70% n-dodecane, which leads to
energy-intensive downstream processing via distillation.
Processes with solvent-free product phases and significantly
lower purification costs have the potential to significantly
increase the sustainability of processes. For the first time, we
present a new generation of thermomorphic multiphase
solvent systems that meet all the criteria mentioned.

Here, as in previous TMSs, a temperature-dependent miscibil-
ity gap is adjusted using green solvents (criterion 2) to enable
monophasic conditions with high reactivities during the reac-
tion (criterion 1) and simple separation of the catalyst phase via
subsequent cooling of the reaction mixture (criterion 3).

The crucial difference, however, is the elimination of the
nonpolar extraction agent, since the thermomorphic miscibil-
ity gap is only adjusted with two polar solvents (a polar solvent
and a medium polar solvent). The absence of a nonpolar
extracting agent leads to an ideally solvent-free product phase
(criterion 4), which allows considerable savings in product
purification costs (Fig. 2, right side).

Consequently, as in the aqueous biphasic systems, both the
catalyst and the products can be effectively separated after the
reaction. In contrast to these, however, our system can achieve
higher reactivities while simultaneously allowing for the use of
solvents other than water. Even in comparison with the ex situ
extraction procedure, which is often performed in industry,
our system has the advantage that no separation of a nonpolar
extracting agent is required after the simple decantation step.

The first step in developing these systems is to select suitable
solvent candidates and to check the phase behavior of the
selected solvents with the product, especially under separation
conditions. Then, the chosen solvent systems are evaluated with
regard to reaction activity and selectivity in smaller batch
reactors.

The rhodium-catalyzed hydroaminomethylation (HAM) of
1-decene with diethylamine (DEA) to the aliphatic amine N,N-

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 Comparison of classic TMSs consisting of one polar solvent and
one nonpolar extracting solvent (e.g., methanol and n-dodecane)® and
the newly developed TMSs of this work, omitting the nonpolar extract-
ing agent.

diethylundecylamine (Fig. 3) is chosen as the model reaction
for this work. On the one hand, amines are a valuable sub-
stance class in the chemical industry and used in the pro-
duction of various products, including surfactants, polymers,
and pharmaceuticals.>**> On the other hand, this reaction
system has already been used in previous investigations of con-
ventional methanol/n-dodecane TMS. Hence, having a suitable
benchmark enables a reliable evaluation of the developed
solvent systems at the end of this study.

After investigating the reaction performance, recycling runs
are performed in small batch reactors to obtain initial esti-
mates of the catalyst retention in its polar catalyst phase, as
well as the general accumulation of components.

If a system remains promising after this step, it is upscaled
into continuous miniplant operation. In this way, reliable
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information on the accumulation of components, catalyst
leaching, and, in general, long-term stability is obtained.
Moreover, the removal of coproducts and side products can be
further investigated. The coproduct water was removed in this
study via an organic solvent nanofiltration membrane since
this method proved very efficient in previous works.>"*?

Results and discussion

Since the second step in our procedure of developing a switch-
able solvent system is evaluating its reaction performance, the
reaction  network is  discussed below  (Fig. 3).
Hydroaminomethylation is an orthogonal tandem reaction for
the atom economical production of valuable aliphatic amines,
which consists of hydroformylation and reductive amination.
First, an aldehyde is formed from an alkene and syngas. This
aldehyde reacts further via reductive amination, which
includes condensation with a primary or secondary amine to
an enamine/imine, following its hydrogenation to the corres-
ponding amine. In HAM, the hydrogenation of 1-decene and
the hydrogenation of aldehydes to the respective alcohols are
typical side reactions. However, the alcohol formation is sup-
pressed by the presence of carbon monoxide in the gas
phase.*?*"*® Furthermore, isomerization of 1-decene can take
place. Starting from the isomers, branched aldehydes, enam-
ines, and tertiary amines can be formed following the reaction
pathway, while aldol condensates may form in a consecutive
reaction. Here, the aldehyde condensates with enamine under
the cleavage of diethylamine. Since the formation of aldol con-
densates can be reduced via rapid hydrogenation of the
enamine, a highly active catalyst system should be preferred.
Therefore, a catalyst system consisting of rhodium and the
ligand sulfoxantphos is used in this study, which has already
demonstrated high activities and selectivities in previous
works. Furthermore, the ligand’s sulfonate groups enable the
active catalyst’s immobilization in the polar catalyst phase.

The selectivity towards the product amines can be further
increased by keeping the concentrations of the intermediates,

catalyst system

Rh(l)(acac)(COD)
Ligand: SulfoXantphos
PPh,  PPh,

SO;3Na

&

L
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Fig. 3 Reaction network for the Rh-catalyzed hydroaminomethylation (HAM) of 1-decene and diethylamine.
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Fig. 4 Flowsheet of the continuous miniplant for the hydroaminomethylation of 1-decene and diethylamine.

namely the aldehyde and enamine, consistently low through
the use of a Continuous Stirred Tank Reactor (CSTR).

The flowsheet of the continuous miniplant process, which
has also already been used in previous TMS studies, is shown
in Fig. 4. This miniplant setup mainly consists of the CSTR
(B1), a decanter (B2), and a membrane unit (M1). A more
detailed description of the setup can be found in the SI.

The first step is to select the potential solvents for the temp-
erature-switchable systems. The main criteria are polarity, sus-
tainability, and, if known, their suitability for performing the
hydroaminomethylation in terms of reactivity. For the latter, the
reaction activity in enamine hydrogenation was also considered.
We selected water, methanol, ethylene glycol and y-valerolactone.
When it comes to sustainability, water is the solvent of choice.””
Furthermore, water has already proved to be a suitable solvent
for hydroaminomethylation.*”***° In addition, from a process
engineering point of view, a solvent system with water offers
several advantages: first of all, water is formed during the reac-
tion and, therefore, is already present in the system. Hence,
using it as a reaction solvent reduces the number of different
substances in the process, which must be considered during sub-
sequent downstream processing. Furthermore, the coproduct
water is separated via an OSN membrane to enable a constant
water concentration. Since the effectiveness of the water separ-
ation increases with the water feed concentration, a sufficient
membrane separation can already be achieved with a consider-
ably smaller membrane area if the process involves a consistently
high water concentration. Moreover, Perturbed-Chain Statistical
Associating Fluid Theory (PC-SAFT) predictions of enamine
thermodynamic activities by Huxoll et al showed that small
amounts of water positively influence the activity in reductive
amination and hydroaminomethylation.*

Alcohols, such as methanol, and polyhydric alcohols, such
as ethylene glycol, are also considered green solvents and are
categorized as “recommended” in the CHEM21 solvent selec-
tion guide.””

5860 | Green Chem., 2026, 28, 5857-5868

Additionally, various alcohols have already been proved to
be suitable solvents for hydroaminomethylation and reductive
amination.”*?'* Methanol, in particular, has already been
successfully used with n-dodecane as a TMS for both reac-
tions.”> Methanol ought to be an excellent solvent for
hydroaminomethylation, as in the reductive amination it was
shown that methanol coordinates to the aldehyde and acceler-
ates the condensation step to the enamine, which exhibits
high activity in methanol, thereby favoring hydrogenation to
the tertiary amine at the same time."

In addition to methanol, high thermodynamic activities of
the enamine were also predicted in DMF (N,N-dimethyl-
formamide) and NMP (N-methyl-2-pyrrolidone).> However,
these cannot be considered green and sustainable solvents and
are even reprotoxic. Therefore, as y-valerolactone is considered
a green substitute for DMF and NMP, it is used as a sustainable
solvent for the solvent systems developed in this work.>>3®

Next, the solubility and phase behavior of the selected sol-
vents with the product N,N-diethylundecylamine were deter-
mined experimentally and computationally via PC-SAFT pre-
dictions. Liquid-liquid equilibrium (LLE) experiments with
the product amine as a second component most accurately
represent the phase behavior in the actual process since the
product is the component with the highest concentration in
the CSTR, besides the solvents. Furthermore, it must be guar-
anteed that effective separation of the product and the polar
catalyst phase occurs after the reaction at a high product
concentration.

Considering the LLE of y-valerolactone and the product
amine (see Fig. 5), it is apparent that the desired phase behav-
ior of monophasic conditions at a reaction temperature of
125 °C and biphasic conditions at 10 °C can be achieved with
only the binary system. Hence, y-valerolactone can be used
without a second solvent.

For the other solvents, the desired phase behavior must be
adjusted by combination with a second solvent. The combi-

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Liquid-liquid equilibrium (LLE) of y-valerolactone and the
product amine with the selected operation point of the reactor and the
decanter. T. Averbeck from our working group calculated the data from
Perturbed-Chain Statistical Associating Fluid Theory (PC-SAFT) predic-
tions using the novel 3D-DMF-H method published in 2024.3”

nation of water/methanol (for the LLE, see Fig. 6) and ethylene
glycol/methanol (the LLE is provided in the SI) proved promis-
ing for a switchable solvent system.

As shown in Fig. 6, the investigated solvent system, consist-
ing of methanol, water, and the amine product, exhibits a
sufficiently temperature-dependent miscibility gap according
to PC-SAFT predictions. The predicted data for 20 °C almost
perfectly match the measured values at 10 °C. The selected
operating point is in the biphasic region at 20 °C and in the
monophasic region at higher temperatures.

Thus, three next-generation TMSs for the HAM of 1-decene
with DEA were identified. In the first system, thermomorphic
behavior is achieved with only a single polar solvent,
y-valerolactone. The second system achieves the desired phase
behavior by combining water and methanol as an additional

0 Experimental studies
100 - -= - decomposition points 10°C 1 bar

m  starting compositions 10°C 1 bar
A monophasic 10°C 1 bar
Predictions with PC-SAFT
20°C 1 bar
125°C 36 bar
Operation point %

25

& %
& 50 2.
& 50 %
s 2

>

25
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0 25 50 75 100
amine product [%]

Fig. 6 Ternary diagram of water, methanol and the product amine. The
green star marks the selected operation point for the reaction. The
PC-SAFT predictions were calculated by F. Huxoll from the Laboratory
for Thermodynamics at TU Dortmund University with the already pub-
lished PC-SAFT binary interaction parameters.*°

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

medium-polarity solvent. The third system uses the polar
solvent ethylene glycol in combination with methanol as a
phase mediator to adjust the thermomorphic miscibility gap
(LLE in the SI).

Next, it is necessary to examine whether sufficient reaction
activities can be achieved in the hydroaminomethylation. The
results are shown in Fig. 7. The previously published solvent
system, which consists of methanol and dodecane, is also
included here for comparison.

Satisfactory product yields were achieved with all three
solvent systems. The r-amine yield of the switchable ethylene
glycol/methanol solvent system slightly exceeded that of the
previous solvent system by 2%. This is particularly interesting
as this solvent system is not monophasic under the selected
reaction conditions. However, despite the two-phase con-
ditions, excellent reaction yields were achieved.

In addition, the leaching of rhodium was halved, and 7
times less ligand was lost in the case of the ethylene glycol/
methanol system. The y-valerolactone solvent system also out-
performed the previous solvent system in terms of leaching.
However, significantly more aldol condensates were formed
with the water/methanol and the y-valerolactone solvent
systems since, in the presence of water, the equilibrium of the
amination reaction is shifted to the aldehydes, which can then
be irreversibly converted via aldol condensation.>®

As intended, all systems show significantly improved
product phase purities compared to the previous system, as
presented in Fig. 8. In particular, with y-valerolactone, an
almost solvent-free product phase consisting of 95 wt% of the
amine product was achieved. In comparison, the product
phase in the previously published system of methanol and
dodecane consists of only 29.5 wt% amine product. The
remaining 70 wt% are the two solvents, mostly n-dodecane,
which have to be removed in energy-intensive downstream
processes.

100 Ba 1.00
80 0.80
g
_ 6o 060 5
£ £
» 40 0.40 g
~ ]
20 0.20
0 0.00
methanol / y-valerolactone water / methanol EG / methanol
dodecane
solvent system
ml-amine maldol condensates l-enamine
mdecane miso-decene mb-amine
S_Ib ARh-Leaching P-Leaching

Fig. 7 Hydroaminomethylation of 1-decene with diethylamine in all
solvent systems. Conditions: npea/Ni-gecene = 1. 0.1 mol% Rh(acac)(cod),
nig/ncae = 3.5, T = 125 °C, p = 36 bar, py,/pco = 2, Miora = 100 g,
Tseparation = 10 °C. Yields were determined using GC-WLD. Methanol/
dodecane: Ni_gecene = 71.3 mmol (10 wt%), Mmethanot/Mdodecane = 1;
y-valerolactone: Ni_gecene = 81.4 mmol (11.2 wt%); water/methanol:
N1-decene = 88 mMmol (12.5 wt%), Mmethano/Mwater = 5.15; EG/methanol:
N1_decene = 81.1 mmol (12 wt%), Mmnethano/Meg = 0.96.
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Fig. 8 Product phase composition after the hydroaminomethylation of
1-decene with diethylamine in the next-generation solvent systems.

At least five batch recycling experiments were performed
with all three systems. In the y-valerolactone system (Fig. 9a),
high product amine yields of about 75% were achieved in the
initial reaction run. However, immediately after the initial run,
a severe drop in selectivity could be observed, and exceedingly
high yields of the aldol condensates of up to 60% were
observed in the fifth recycling run. Further investigations
showed that this behavior is caused by the accumulation of
the coproduct water in the recycle phase (see the SI).

The water/methanol system (Fig. 9b) showed the highest
stability over the five recycling runs. Here, the catalyst activity,
expressed by the turnover frequency (TOF) at 20% conversion,
was maintained throughout all recycling runs with yields of
the tertiary product amine of up to 74%. The catalyst retention
was also stable, ranging from 0.4% to 0.75% loss of Rh, during
the batch recycling experiments. Again, ethylene glycol showed
the highest reaction yields in the recycling runs with up to
84% of product amine and product selectivities of up to 85%
during recycling (Fig. 9¢), even under biphasic conditions.
However, with this system, a significant drop in the reaction
activity was observed over the recycling runs, which may be
caused by oxygen contamination in the system in between the
batch recycling runs. The rhodium leaching, which increased
from 0.22% to over 4% from run three onwards, may also be
caused by oxygen contamination.

All three solvent systems showed promising retention of the
rhodium catalyst in the batch recycling runs. However, since
precise and reliable values for the catalyst leaching and the
accumulation of components can only be obtained on a larger
continuous scale, the final evaluation of the solvent systems
can only be done after upscaling them to the continuous TMS
miniplant.

As expected from the recycling experiments of the
y-valerolactone system, the yields and selectivities of the ter-
tiary amine rapidly decrease in continuous miniplant oper-
ation (see Fig. 10) due to the negative effect of water, which
accumulates to 3.7 wt% in the catalyst phase. Furthermore, in
the catalyst phase, the accumulation of up to 14 wt% of an
unknown component was detected, which was later identified
as N,N-diethyl-4-hydroxypentanamide and is formed in a ring-

5862 | Green Chem., 2026, 28, 5857-5868
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Fig. 9 Recycling experiments of the hydroaminomethylation of
1-decene with diethylamine in switchable solvent systems: (a)
y-valerolactone; (b) water/methanol; and (c) ethylene glycol/methanol.
Conditions: Npga/N1-gecene = 1, 0.1 mol% Rh(acac)(cod), niig/Ncae = 3.5, T
=125 °C, p = 36 bar, py,/pPco = 2, Tseparation = 10 °C. Yields were deter-
mined via the product phase composition after separation using
GC-TCD. The turnover frequency (TOF) [h™!] was calculated for a con-
version of 20%. (a) y-Valerolactone: nj_gecene = 81.4 mmol (11.2 wt%),
reaction times: 0: t = 220 min; 1: t = 246 min; 2: t = 150 min; 3: t =
151 min; 4: t = 169 min; 5: t = 147 min. (b) Water/methanol: ny_gecene =
88 mmol (12.5 wt%), Mmethanot/Mwater = 5.15, reaction times: 0: t =
158 min; 1: t = 101 min; 2: t = 99 min; 3: t = 115 min; 4: t = 113 min; 5: t
= 128 min. (c) EG/methanol: Ni_gecene = 81.1 mmol (12 wt%), Mmethanol/
Mmegg = 0.96, prun 0 = 25 bar, reaction times: 0: t = 84 min; 1: t = 126 min;
2:t =126 min; 3: t = 152 min; 4: t = 144 min; 5: t = 158 min; 6: t =
174 min.

opening reaction of diethylamine with the solvent
y-valerolactone. Chalid et al. described a similar reaction of
y-valerolactone with other secondary amines as early as 2012.%°

The inability to observe this undesired side-reaction in the
previous small-scale recycling experiments underlines the
importance of performing continuous miniplant experiments
with longer operation times. In these recycling experiments,
no significant amount of side product had yet been formed.
However, due to its highly polar nature, a drastic accumulation
in the catalyst phase was observed in the miniplant operation.

Given that this system does not exhibit stable reaction per-

This journal is © The Royal Society of Chemistry 2026
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Fig. 10 Continuous miniplant operation of the y-valerolactone solvent
system in the hydroaminomethylation of 1-decene and diethylamine.
Conditions: Treactor = 125-140 °C, p = 36-46 bar, pu,/pco = 2, Treactor =
3 h, N = 800 rpm, Niig/Ncat = 3.5, Ceat, reactor = 0.69 mmol L™, ny_gecene/
Ncar = 1250, Npea/Ni-gecene = 1 Wi-decene = 12.5 Wt%, My_gecene = 13.4 g
hY, Mau/Mi-gecene = 6.46. Membrane: Nanopro S$-3012. Yields were
determined via the product phase composition in the decanter using
GC-FID (more details are given in ref. 21). Dashed gray area: start-up
procedure.

formance and y-valerolactone turns out not to be inert, it is
unsuitable for the investigated hydroaminomethylation.

The resulting reaction yields of the continuous miniplant
experiment of the water/methanol solvent system are shown in
Fig. 11. Aldol condensate formation significantly decreased
when the operation mode was changed from batch to CSTR,
since lower concentrations of both the aldehyde and the
enamine are present during the reaction in the CSTR. As a
result, the aldol condensate selectivity could be reduced from up
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Tg=135°C
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time [h]
[ -amine [l aldol condensate [ I-enamine [l alkane [l iso-alkenes ] l-aldehyde ¢ S,

Fig. 11 Reaction yields for the continuous miniplant operation of the
switchable water/methanol solvent system for the hydroaminomethyl-
ation of 1-decene with diethylamine. Conditions: Tiesctor = 125-135 °C,
p = 36 bar, pu,/Pco = 2, Treactor = 2—4 h, N = 800 rpm, nyjg/ncat = 3.5,
Ccat, reactor = 0.73 mmol Lilr nl—decene/ncat = 960, nDEA/nl—decene =
1.25-1.75, M;_gecene = 8.1-16.3 g h™, Wi decene = 12.5 W%, Mmethanol/
Myater = 5.15, Mmethanol+water/Mi-decene = 6.46. Membrane: Nanopro
S-3012. Yields were determined via the product phase composition in
the decanter using GC-FID (more details are given in ref. 21). Dashed
gray area: start-up procedure.

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

to 21% to 2.8% by transferring the reaction to a continuous
operation mode. Furthermore, the diethylamine feed was
increased to potentially push the condensation equilibrium
towards the enamine. However, an increase in the DEA/1-decene
ratio from 1.25 to 1.75 showed no further change in selectivity.
Over the whole miniplant operation, product amine yields of up
to 73.2% with a selectivity of 76.4% were achieved.

Besides the high reaction performance, the foreseen
increase in water separation through the OSN membrane was
also observed. In this way, it was possible to consistently
remove more water from the process than was being produced
during the reaction (detailed results are presented in the SI).

The third solvent system investigated in the continuous
miniplant is the ethylene glycol/methanol TMS. The continu-
ous experiment was conducted in both the liquid biphasic
(MeOH/EG = 0.96) and the liquid monophasic (MeOH/EG =
1.8) reaction regimes (the phase diagram is provided in the SI)
to evaluate the stability of this solvent system. The reaction
yields of this miniplant experiment are shown in Fig. 13.

The ethylene glycol/methanol solvent system shows out-
standing performance in both the reaction yields and the
stability of the system for over 98 hours of miniplant operation.
Product amine yields of up to 79% with selectivities of 83.4%
were achieved.

Furthermore, changing the solvent ratio to switch from the
biphasic (0-45 h) to the monophasic phase regime (60-75 h) in
the reactor showed no remarkable effect on the reaction perform-
ance and underlines the robustness of this system. In addition to
achieving excellent reaction performance in the methanol/ethyl-
ene glycol TMS, water was successfully separated from the
process via an OSN membrane, limiting water accumulation in
the recycle stream to only 6 wt%. More information about the
influence of the solvent ratio on reaction performance, as well as
about the membrane separation, can be found in the SI.

Besides the reactivity of the developed systems, their product
purity is an important criterion for their evaluation. The solvent
systems’ product phase should contain only a tiny fraction of sol-
vents and preferably a large proportion of the tertiary product
amine in order to reduce downstream processing costs. The
product phase purities over the miniplant operation of the water/
methanol and ethylene glycol/methanol systems are shown in
Fig. 12. With up to 61.1 wt% product amine and only 19.5 wt%
solvent, the water/methanol system achieved a significantly
increased purity of the product phase. When comparing these
two solvent systems, the ethylene glycol/methanol system
achieved even higher purities with up to 72.3 wt% product
amine and a minimum solvent content of only 12.3 wt%. Here,
reducing the MeOH/EG ratio was beneficial for reducing the
solvent content, since an increased ethylene glycol content
results in less methanol dissolving in the product phase.

In addition to the high reactivity and product purity of
these systems, a high retention of the expensive rhodium cata-
lyst is also crucial for the economic feasibility of these solvent
systems (see Table 1).

The first measure is the hourly percentage loss of their
initial mass. Furthermore, the loss of rhodium and the ligand
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Fig. 12 Product phase purities of the miniplant operation of the solvent systems of water/methanol (A) and ethylene glycol/methanol (B).
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Fig. 13 Reaction yields for the continuous miniplant operation of the
switchable ethylene glycol/methanol solvent system for the
hydroaminomethylation of 1-decene with diethylamine. Conditions:
Treactor = 125-135 °C, p = 36 bar, py,/pco = 2, Treactor = 2—4 h, N = 800
rem, nLig/nCat = 3.5, Ccat, reactor = 0.76 mmol L_lr N1_gecene/Ncat = 960,
Npea/Ni-decene = 1. Mi-decene = 8.4-16.9 g h™, Wi decene = 11.5 wt%,
Mmethanol/Mec = 0.74=1.87, Mpethanol+EG/Mi-decene = 7.15. Membrane:
Nanopro S-3012. Yields were determined via the product phase compo-
sition in the decanter using GC-FID (more details are given in ref. 21).
Dashed gray area: start-up procedure.

per mass of the produced product amine is stated. Both
solvent systems are characterized by their low catalyst loss, and
in total, 4.4 wt% of the initial rhodium was lost via the
product phase for the water/MeOH system and only 0.9 wt%
with EG/MeOH. Measuring only 0.7 mg of rhodium loss per kg
of the produced product amine, the EG/MeOH system particu-
larly stands out for its low leaching.

Besides the lowest catalyst leaching per kilogram of product
amine (Table 2), the ethylene glycol TMS also obtained the
highest space-time yield (STY). Most notably, however, the ethyl-
ene glycol TMS stands out for its drastically increased product
phase purity. Compared to the product phase of the convention-
al TMS with the nonpolar extracting agent n-dodecane, the

5864 | Green Chem., 2026, 28, 5857-5868

Table 1 Rhodium (Rh) and sulfoxantphos (SX) losses in the miniplant
experiments of the two next-generation TMS water/methanol and ethyl-
ene glycol/methanol via their product phase of the TMS and their
permeate flow of the OSN membrane. The losses of Rh and SX were

measured via inductively coupled plasma-optical emission
spectrometry
Loss per product [mg
Loss per hour” [% h™"] kg™
Species Water/MeOH  EG/MeOH  Water/MeOH  EG/MeOH
Rh TMS 0.053 0.010 3.5 0.7
OSN  0.018 0.012 1.3 0.8
0.071 0.022 4.8 1.5
SX TMS 0.016 0.003 29.1 5.4
OSN  0.018 0.011 34.6 19.9
> 0.035 0.014 63.7 25.3

% Percentage losses refer to the initial mass of Rh and SX in the
miniplant.

solvent content was reduced by 83% in this work, without
additional purification steps. This significantly reduces product
purification efforts since product amine purities of at least
72.3% can already be obtained after just one decantation step.

Due to the increased product purity, the heat required to
heat and evaporate the solvents in the product phase per kilo-
gram of product amine (Qson/Mproa) is reduced by 91.4% com-
pared to the conventional MeOH/dodecane TMS.

Hence, developing this new class of solvent systems allows
substantial improvements in all critical areas, such as catalyst
retention, reaction performance, the space-time yield, and, in
particular, product purification.

Materials and methods
Batch autoclave experiments

The batch experiments were performed in a 300 mL stirred
tank reactor. A gas reservoir (V = 1 L) was used to provide a

This journal is © The Royal Society of Chemistry 2026
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Table 2 Comparison of the next-generation solvent systems water/MeOH, EG/MeOH, and the conventional TMS MeOH/n-dodecane

Wsolvent “ Wy -amine “ Qsolv/m rod b Rh loss per prOduth Yprod (Sprod) 2 hy 125 Ocy STY 2 hy 125 °C
TMS [wt%) [wt%] [kJ kg™ [mg kg™ steady state [%)] [kg (m* h)™]
Water and MeOH 19.5 611 466 35 64.9 (72.4) 48.4
EG and MeOH 12.3 72.3 257 0.7 68.4 (83.0) 54.9
MeOH> and dodecane 74.3 19.8 3010 1.1 69.4 (80.0) 41.1

“In the product phase. ” Heat duty required for heating and evaporating the solvents per kg of product amine. The heat duty was estimated by cal-
culating the heating and evaporation energy for each solvent separately and then summing their contributions according to their mass fractions

(more details are given in the SI). ¢ Loss via the product phase of the TMS.

continuous hydrogen : carbon monoxide (2:1 ratio) pressure
of 36 bar in the reactor. The gas reservoir was pressurized
to 75 bar with a mixture of hydrogen and carbon monoxide
and a pressure controller was used to reduce the pressure
to the reactor. The pressure drop in the gas storage tank
caused by the reaction was measured with a digital pressure
sensor. To fill 1-decene into the reaction mixture, the reactor
was equipped with a dropping funnel
equilibration.

General procedure of hydroaminomethylation in the batch
setup. The total mass used for all experiments was 100 g. The
catalysts Rh(acac)(COD) and aulfoxantphos, the solvents, and
diethylamine were filled into the reactor. The autoclave was
then closed and rinsed multiple times with argon. Afterwards,
it was pressurized with 10 bar hydrogen/carbon monoxide and
heated up to a reaction temperature of 125 °C. Then, the
pressure was increased to 36 bar and about 15 minutes were
needed to saturate the reaction mixture with the gas. To start
the reaction, 1-decene was fed into the reactor via a dropping
funnel. The pressure-time curves were recorded using a gas
reservoir equipped with a pressure sensor. After the reaction,
the reactor was cooled in an ice bath and carefully depressur-
ized. The reaction mixture was poured into a separating funnel
and cooled to 10 °C for 15 minutes. Afterwards, the two
phases were separated, and a sample was taken from both
phases for GC-TCD analysis.

with pressure

Batch recycling experiments

For the recycling experiments, the reactor was cooled in an ice
bath after the reaction and carefully depressurized to less than
5 bar. A separation funnel with a glass flask for the catalyst
phase was inertized with argon. The reaction solution from the
reactor was transferred to the separating funnel using a slight
overpressure and argon counter-flow and then separated at
10 °C for 10 minutes. Afterwards, the catalyst phase was
released into the inertized glass flask and, from there, trans-
ferred to the reactor with a slight argon overpressure. After
adding the appropriate amount of the amine substrate and
solvent into the reactor and 1-decene into the dropping
funnel, the next recycling run was started. A sample was taken
from the product phase for GC-TCD and FID analysis as well
as for ICP-OES to determine the concentration of rhodium and
the ligand.

This journal is © The Royal Society of Chemistry 2026

Continuous miniplant experiments

The continuous miniplant experiments were carried out in a
1000 mL continuous stirred tank reactor (CSTR) with a blade
stirrer and a baffle. The substrate 1-decene was purified from
peroxides using an Al,O; column. Furthermore, 1-decene, di-
ethylamine, and the solvents (water/methanol or ethylene
glycol/methanol) were degassed with argon in an ultrasonic
bath for 30 minutes. The precursor Rh(acac)cod and the
ligand sulfoxantphos were dissolved in the degassed polar
solvent mixture in an ultrasonic bath for 1 hour. The entire
plant was flushed with nitrogen several times, and the mem-
brane module was connected in nitrogen counter-flow to the
miniplant. Afterwards, the system was flushed with nitrogen
again, and the degassed polar catalyst solution was drawn into
the reactor under vacuum. The catalyst solution was then pre-
formed in the reactor at 125 °C and 36 bar synthesis gas
(H,: CO =2:1) for one hour.

Meanwhile, the two degassed substrates, 1-decene and di-
ethylamine, were transferred into the dropping funnel under
vacuum. Once this was finished, part of the catalyst solution
was transferred to the other miniplant sections, the decanter
and the buffer tank of the membrane loop, and the decanter
was set to its operating temperature of 10 °C. After disconnect-
ing the reactor from the rest of the system, the substrates in
the dropping funnel were transferred into the reactor. At the
end of the two-hour batch reaction, the reactor and membrane
module were connected to the remaining miniplant by
opening the respective valves. The recycling, membrane, and
substrate pumps were started, and the continuous dosing of
carbon monoxide and hydrogen to their desired ratio and
pressure was set via two MFCs to start continuous operation.
GC samples of the product phase in the decanter were taken
automatically every hour and analyzed via online GC. In
addition, samples from the product, recycling stream, and
membrane permeate stream were analyzed offline every few
hours to determine their composition via GC-FID/TCD and
ICP-OES. When the ICP samples had rhodium or phosphorus
concentrations below the detection limit of 1 wppm, they were
concentrated by evaporation and re-measured to obtain their
precise concentration. The constant gas composition during
the operation was maintained via two Mass Flow Controllers
(MFCs).

Additionally, the gas composition in the reactor was verified
via GC-TCD over the miniplant experiment. The mass of the re-
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cycling phase was determined by measuring the mass of the
buffer tank of the membrane loop. The mass of the catalyst
phase and its solvent ratio can be adjusted by pumping the
polar solvents via a pump into the membrane buffer tank.

Conclusions

In this work, a novel type of thermomorphic multiphase
system (TMS) was developed to overcome the reactivity versus
separation dilemma in homogeneous catalysis. These systems
differ from other “conventional” TMSs because the adjustment
of the temperature-dependent miscibility gap is only realized
via polar solvents. Hence, the use of nonpolar extracting
agents is omitted. As a result, these extraction agent-free TMSs
are able to combine the key advantages of other established
catalyst recycling methods. Similar to conventional TMSs or
the classic combination of reaction and subsequent extraction,
the reaction can occur under monophasic conditions. In other
words, high reaction activities can be achieved without liquid-
liquid mass transport limitations. Simultaneously, as with the
aqueous biphasic systems, the products form a separate and
(ideally) solvent-free product phase after the reaction and can,
thus, be easily separated from the homogeneous catalyst and
the solvents via a simple decantation step.

The working principle of these TMSs was demonstrated in a
systematic investigation involving phase behavior experiments,
batch autoclave reactions, and continuous miniplant runs, as
well as PC-SAFT calculations for the determination of liquid-
liquid equilibria. During this process, three different thermo-
morphic solvent systems - y-valerolactone, water and metha-
nol, and ethylene glycol and methanol - were successfully
identified. Since high reactivity and catalyst retention were
achieved in the batch autoclave experiments with all three
TMSs, all systems were subsequently investigated in continu-
ous miniplant operation. The conducted study of the
y-valerolactone system underlines the importance of miniplant
experiments in the development of novel chemical processes.
Not only could the adverse effects of water accumulation on
the reaction performance in this system be verified, but also
the accumulation of a side product from the reaction of the
y-valerolactone solvent with the secondary amine not pre-
viously observed could be detected. While the y-valerolactone
system was thus excluded for hydroaminomethylation, the
other two solvent systems showed excellent performance in
continuous miniplant operation. The water/methanol solvent
system was characterized by its effective separation of the
coproduct water via an OSN membrane, as well as high
product amine yields of 73.2% with a low catalyst loss of only
3.5 mg of rhodium per kg of the product amine produced. Yet
the ethylene glycol/methanol TMS performed particularly well.
In its continuous miniplant operation, product amine yields of
up to 79% with selectivities of 83.4% were achieved. Excellent
values were also obtained in terms of catalyst retention, and
only 0.7 mg kg™" of rhodium per product amine was lost via
the product phase. Most notably, high product amine purities

5866 | Green Chem., 2026, 28, 5857-5868
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of 72.3% were achieved by adjusting the solvent ratio, reducing
the heat duty for solvent heating and evaporation per kilogram
of product amine by 91.4% compared to the conventional non-
polar extracting agent TMS.

The outstanding performance in catalyst retention, reaction
performance, and product purification underlines the high
potential of this new TMS class to combine the four criteria -
reactivity, use of green solvents, catalyst separation, and
product separation - into one single concept.
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