Chapter 11
Continuously Operated Hydroformylation

J. Dreimann, Arno Behr and Andreas J. Vorholt

11.1 Introduction

As described in Chap. 3, hydroformylation is one of the most important applica-
tions for homogeneous catalysis. Industrial proven processes like the Ruhrchemie/
Rhoéne-Poulenc-Process (RCh-RP) are based on a fossil feedstock mainly producing
the linear n-butanal. The use of an aqueous/organic two-phase system leads on the
one hand to high selectivities of C,-aldehydes and on the other hand to a highly
efficient recovery of the precious rhodium catalyst complex. This process is not
applicable for higher olefins (>Cs) due to their low solubility in the aqueous catalyst
phase [1].

In order to develop processes for homogeneously catalysed reactions using
renewable feedstocks, not only just reaction parameters and catalyst complexes
have to be optimised but also innovative catalyst recycling concepts are imminent
for economic operation. The hydroformylation of 1-dodecene in a continuously
operated miniplant is the first step towards novel industrial processes using
renewables. Terminal hydroformylation of olefins with internal C=C double bonds
as well as hydroformylation of higher functionalised substrates with a terminal C=C
double bond are tackled to combine both approaches in the isomerising hydro-
formylation of higher functionalised substrates. Figure 11.1 shows the pathway of
reactions to reach, e.g. the continuous hydroformylation of methyl oleate.

Several approaches have been made to combine the hydroformylation of long
chain olefins with a highly efficient catalyst recycling. Therefore investigations on
the phase behaviour using surfactants, supercritical liquids or ionic liquids have
been conducted [2]. Another possibility of catalyst retention is using a novel sep-
aration concept like organic solvent nanofiltration [3].

The process concept in the following is based on the thermodynamic behaviour
of the mixture of one polar and one apolar solvent. The used solvents have a highly
temperature-dependent miscibility gap, so that one single liquid phase is present at
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Fig. 11.1 Steps of the process development

higher reaction temperature and two phases, one containing the substrate and
products and one containing the catalyst complex, are present at lower temperature.

11.2 Batch Investigations: Catalyst Screening
and Catalyst Recycling

The first step in the process development described here is the selection of an
appropriate catalyst complex consisting of the catalyst precursor and the ligand.
First, the model hydroformylation of 1-dodecene has been carried out in batch
experiments (Table 11.1).

From several rhodium precursors (Acetylacetonato)dicarbonylrhodium(I) (Rh
(acac)(CO),) was chosen as reference and was used for further optimisation. High
yields of the linear product n-tridecanal 2 and high n/iso-ratios are favourable. The
use of the unmodified rhodium precatalyst Rh(acac)(CO), and reference conditions
leads to a conversion X of 1-dodecene 1 of 55%, whereas the yield Y of n-
tridecanal is at 11% and a n/iso-ratio of 40/60 is reached. Besides the hydro-
formylation to branched aldehydes 3, isomerisation to internal olefins 4 and
hydrogenation to dodecane 5 are side reactions, as presented in Fig. 11.2.

In order to optimise the reaction towards higher n-tridecanal yields and
n/iso-ratios, a wide ligand screening is carried out [4-6]. Figure 11.3 shows the

Tabl.e.ll.l Reference 71 dodeconc 0.0068 mol/1.14 g
conditions
NRh(acac)(CO)2 6.8 - 10~°mol
"1_dodecene-NIRh 1000:1
Violuene 8.5 mL
F 650 rpm
p(CO:Hy) 20 bar (1:1)
T 100 °C
t 2h
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Fig. 11.2 Reaction scheme consisting of hydroformylation, isomerisation, and hydrogenation
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Fig. 11.3 Ligand screening. Conditions: (0.0068 mol 1-dodecene (1.14 g), 6.8-107¢ mol
Rh(acac)(CO), (1.7 mg), ni_dodecene:rh = 1000:1, ngpingigana = 1:20, 8.5 ml toluene, 650 rpm,
20 bar CO:H; (1:1), 100 °C, 2 h)

most promising ligands for the hydroformylation of 1-dodecene, where triph-
enylphosphine (TPP) and triphenylphosphite represent monodentate ligands and
Xantphos, Nixantphos, and Biphephos represent bidentate chelating ligands.
Although the monodentate ligands lead to higher amounts of aldehydes (about
90%), the bidentate ligands seem to be more suitable for the aspired process fea-
turing higher n/iso-ratios (about 99:1) combined with higher yields of the desired
linear aldehyde n-tridecanal (about 80%).

In order to design a novel continuous process for the hydroformylation of
1-dodecene, it is not sufficient to focus on the final yield and the n/iso-ratio but also
on the reaction rate. In respect to a holistic process development also the catalyst
recovery has to be taken into account.

One approach of recycling the homogeneous catalyst complex is the use of a
thermomorphic solvent system (TMS), where two phases are used to separate the
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product from the catalyst. In contrast to the RCh-RP-process, the phase behaviour
of the reaction mixture can be switched by temperature changes. So that both the
polar phase rich in catalyst and the apolar phase rich in substrate and product form a
homogenous solution at reaction temperature. Furthermore, two phases can be
recreated with lowering the temperature to separate the catalyst from the product
again. Using this kind of solvent system, low catalyst leaching and a high con-
centration of the product in the apolar solvent can be achieved [7]. In the recent
process development, the TMS-system containing the apolar solvent n-decane and
the polar solvent DMF results in desired phase behaviour, good catalyst separation
from the product, and high reaction rates. The optimal composition was found in
50 wt% n-decane and 50 wt% DMF [8].

Using this solvent system, the five ligands described before were compared in
further reactions. In these investigations, the reaction is additionally observed
during the whole time span by taking samples at certain points of time. Figure 11.4
shows the yield of the main product n-tridecanal over the time of 5 h.

Comparing the n-tridecanal yield for all the used ligands after five hours,
Nixantphos shows the highest yield of n-tridecanal and therefore best results as
found in the experiments before (compare Fig. 11.3). In respect to an industrial
process also the time to reach the final yield has to be considered, leading directly to
the residence time in the continuously operated reactor. Therefore, the steep slope
of the reaction using the Biphephos ligand leads to the final n-tridecanal yield after
1 h, almost reaching the yield using Nixantphos. On the whole, Biphephos shows
the best performance in the reaction comparing the n-tridecanal yield, the n/iso-ratio
and the reaction rate.

Based on the selection of the catalyst complex and the used solvents, further
reaction parameters such as reaction temperature, pressure, and synthesis gas
composition have to be optimised. The best reaction performance was reached with
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Fig. 11.4 Yield versus time plot considering most promising ligands. Conditions: (0.045 mol
I-dodecene (7.56 g), 4.5-107 mol Rh(acac)(CO), (11.6 mg), 7 godeceneirn = 1000:1, ngp:
Niigana = 1:5, 21.75 ml DMF (20.66 g), 28.25 ml n-decane (20.62 g), 800 rpm, 30 bar CO:H,
(1:1), 100 °C
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Fig. 11.5 Catalystrecycling in the TMS-system. Conditions: runl: 0.026 mol 1-dodecene (4.37 g),
2.6 - 10~ mol Rh(acac)(CO), (6.7 mg), 1} _godecenc:irn = 1000:1, 7RhMBiphephos = 1:20, 13.04 ml
DMF (12.39 g), 16.96 ml n-decane (12.39 g), 800 rpm, 20 bar CO:H, (1:1), T = 100 °C, 1 h,
Tg = —10 °C | run2-5: 0.026 mol 1-dodecene (4.37 g), 7.8 - 1073 mol Biphephos (61.4 mg),
1.30 ml DMF (1.24 g), 16.96 ml n-decane (12.39 g), 800 rpm, 20 bar CO:H, (1:1), T = 100 °C,
1 h, Tg = =10 °C | run6-30: 0.026 mol 1-dodecene (4.37 g), 7.8 - 107> mol Biphephos (61.4 mg),
DMF replenishment to 12.39 g, 16.96 ml n-decane (12.39 g), 800 rpm, 20 bar CO:H, (1:1),
Tr =100 °C, 1 h, Ty = —10 °C, runl4-18: 1.25 h, run19: 1.6 h, run 20-25: 2 h, run 26: 2.25 h,
run 27-30: 2 h

a synthesis gas pressure of 20 bar and a composition of 50 mol% H, and 50 mol%
CO, a reaction temperature of 90-100 °C, and a stirrer speed of 800 rpm. Using
these parameters, the reaction was carried out in a Parr-autoclave in a 40 g batch.
After phase separation at —10 °C in a separation funnel, the catalyst phase was fed
back to the reactor and used in another reaction run. In Fig. 11.5, the procedure of
reaction, catalyst separation, and recycling was repeated 30 times (Fig. 11.5). In
this reaction sequence, the high n/iso-ratio of 99:1 was reached in each run,
although just a very low amount of Biphephos was replenished [4, 6].

The investigations shown in Figs. 11.4 and 11.5 lead to a determination of the
residence time in a continuous reactor and prove the possibility to recycle the active
catalyst complex. Although the recycling concept is proven in batch mode, these
experiments are not sufficient for a scale up to build an industrial process. Therefore
reaction rates, phase separation, and catalyst stability have to be investigated
consecutively in a continuously operated miniplant [9].

11.3 Miniplant Process

Figure 11.6 shows the simplified flow sheet of the miniplant for further investi-
gations on the hydroformylation of 1-dodecene in continuously operated mode.
Therefore the two main apparatus and the inlet-, outlet-, and recycle streams are
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Fig. 11.6 Process flow sheet of the miniplant (CSTR and settler)

presented. The hydroformylation takes place in a 1000 ml Biichi-autoklave which is
modified to operate as continuously stirred tank reactor (CSTR). After the reaction
is carried out, the homogeneous mixture is transferred into the settler subsequently,
where the two phases are separated from each other, on the one hand the apolar
phase rich in product and on the other hand the polar phase rich in catalyst. The
substrate 1-dodecene is fed by a piston pump combined with the apolar solvent n-
decane into the CSTR. The catalyst solved in the polar solvent DMF is continu-
ously circulated from the settler back to the reactor with a gear pump. The product
n-tridecanal and the n-decane are removed out of the active process through an
overflow pipe [10].

As shown in Fig. 11.4, the maximum yield of n-tridecanal is reached after 40—
45 min. in batch experiments using the Biphephos ligand. This knowledge was
transferred to the design of the CSTR so that a residence time of 41 min. was
chosen. Therefore, the liquid feed stream was set to 60 ml (27.6 wt% 1-dodecene
and 72.4 wt% n-decane) and a recycle stream of 380 ml/h to realise the calculated
residence time was established. Conductivity measurements showed a real resi-
dence time of 39 min. [10].

For the phase separation, a settler with two concentric segments, which are
separated trough a lead pipe from each other, is used. The liquid hold-up is adjusted
with two overflow pipes, the lower one in the inner segment for the polar catalyst
phase and the upper pipe in the outer segment for the apolar product phase. The
separation principle of the used settler is shown in detail in Fig. 11.7 [10].

The polar catalyst phase is recirculated to the reactor with a volume flow of
380 ml/h as described before and the apolar product phase is removed from the
process.

Both, the catalyst phase and the product phase are filled into the reactor to start
the miniplant process. Therefore the total liquid hold-up of the miniplant and the
desired composition of the liquids are used. The reactor is operated for 4 h in batch
mode and then switched to continuous mode, where the reaction mixture leaves the
reactor through an overflow pipe and enters the settler, to be separated into two
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Fig. 11.8 First miniplant investigations. Conditions: p = 20 bar CO:H, (1:1), Tz =90 °C,
TS =5 °C, 750 pm, mpwmg = 274.65 g,  MRh(acac)(CO)2 = 0.0755 g, mBiphephos = 1.1500 g,
/nlfdode,cene =12.23 g/h, rh,,,decane =32.07 g/h, *from 40 h: mBiphephos =31 mg/h

liquid phases. This step is defined as switching point from batch to continuous
operation (and defined as 0 h in following diagrams). In Fig. 11.8, the yields at
certain times are presented for the whole continuous operation [11].

During the first 20 h in continuous mode, the yield of the desired product TDC
increases constantly and finally reaches about 70%. During this period of time, the
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same n/iso-ratio, compared to the batch investigations, is detected. After that, the
overall yield in aldehydes still increases for another 20 h to reach the maximum of
87%. Meanwhile, the selectivity decreases and reaches a n/iso-ratio of 65:35. In
order to recreate the desired n/iso-ratio small amounts of the Biphephos ligand is
added to the process after 40 h constantly.

Several optimisations of the miniplant operation lead to steady-state miniplant
runs which were carried out more than 200 h with high n/iso-ratio of 99:1 as
predicted. Figure 11.9 shows the yields of the desired n-tridecanal, methyldode-
canal, and the internal olefins. Since the start-up procedure is switched from batch
mode at the beginning to continuous substrate supply, the start-up behaviour shown
in Fig. 11.8 can be avoided. During the whole optimised miniplant run (Fig. 11.9),
the Biphephos ligand has to be replenished in small amounts, to compensate ligand
degradation and guarantee the high n/iso-ratio (99:1). Also, losses of the catalyst
metal and the polar solvent have to be added continuously. These replenishments
are served in a separate feed stream, shown in Fig. 11.6 as make-up stream [12].

Besides the optimisation of the process in terms of selectivity, start-up behaviour
and long-term performance, the recovery of all solvents forming the TMS-system is
of major interest. Therefore, the process presented in Fig. 11.6 can be extended by a
thermal separation unit (e.g. distillation column) to separate the n-decane and
unconverted olefins. The final process flow diagram is shown in Fig. 11.10. Here,
the unpolar product phase leaving the phase separator is expanded at ambient
pressure and buffered in a liquid hold-up. Subsequently the product mixture is fed
to the distillation column, which is operated at an absolute pressure of 10 mbar. The
recovered n-decane and olefins are buffered in a liquid hold-up again and fed back
to the reactor [13].
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Fig. 11.9 Yields in the continuous miniplant process. Conditions: p = 20 bar CO:H, (1:1),
TR =90 c>C, TS =5 OC, 750 pm, MpME = 274.65 g, MRh(acac)(CO)2 = 0.0378 g,
MBiphephos = 0.5750 g, Mi_dodecene = 12.23 g/h, 1ty decane = 32.07 g/h, pmE = 4.25 g/hs
mRh(acac)(CO)2= 0.25 mg/h, mBiphephos = 31mg/h
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Fig. 11.10 Process flow diagram of the extended miniplant process for continuous
hydroformylation
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Fig. 11.11 Yields in the continuous miniplant process. Conditions: pg s = 20 bar CO:H, (1:1),
Tz =90 °C, Ts =15 °C, 750 rpm, mpmg = 274.65 g, MRhacacycoy = 0.0378 g,
MBiphephos = 0.5750 g, 11 —dodecene = 24.5 g/h, rpmr = 3 ghh, mRh(acac)(CO)Z = 0.25 mg/h,
MBiphephos = 31 mg/h, ered,c(,lumn = 120 mL/h, peotumn = 10 mbar, reflux ratio = 1

Figure 11.11 shows the yields of the continuous miniplant process presented in
Fig. 11.10. During the start-up of the process, the obtained yields in the reactor are
comparable to the previously presented operation. During this period, 1-dodecene
and n-decane were fed to the reactor, so that the conditions only differ in the flow
rate  (1-dodecene + n-decane: Fig. 11.9 60 mL/h; Fig. 11.11 120 mL/h).
Subsequently (10-20 h), the distillate stream of the distillation column was recy-
cled to the reactor and feed streams were adjusted so that the ratio of olefins
(1-dodecene + internal-olefins) and n-decane remained constant, still having a flow
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rate of 120 mL/h. After this start-up phase, the reaction behaviour was evaluated in
the presented way (Fig. 11.11).

Due to the isomerisation and highly selective linear hydroformylation, the recycle
of the internal olefins leads to a significant reduction of the isomerisation of the
substrate 1-dodcene, from initially 15-3%. Over the course of investigation
(20-150 h), the yield of the linear tridecanal decreases from 64 to 51%, while a
I/b-ratio of 95/5 is preserved during the total operation. These results show the
presence of the active catalyst species within the reactor, since the I/b-ratio does not
change over time. Furthermore, the recycle of the internal olefins leads to the decrease
of linear hydroformylation, since the combination of isomerisation and linear
hydroformylation is slower than linear hydroformylation of the terminal olefin.

11.3.1 Hydroformylation of Renewables
in a Continuous Process

The knowledge about the hydroformylation process of 1-dodecene in a miniplant
using a thermomorphic solvent system served as background to develop a con-
tinuous process for the hydroformylation of renewables as shown in Fig. 11.1.
Again highly selective linear hydroformylation is desired, while isomerisation of
the double bond, hydroformylation to branched aldehydes and hydrogenation are
side reactions (Fig. 11.12) [14].

Research by Ternel et al. on the hydroformylation of 10-undecennitril has shown
that the known TMS-systems are not applicable for functionalising middle-polar
substrates that already contain a polar functional group due to the high solubility of

o
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Fig. 11.12 Reaction scheme of the hydroformylation of methyl 10-undecenoate
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the resulting products in the catalyst phase (>90%) [15]. With this in mind, again
laboratory—scale research was conducted with the aim of developing a new concept
that allows for both efficient process control with high yields and selectivities as
well as easy catalyst recycling. Therefore, a so-called narrow-TMS-system con-
sisting of the solvents water and 1-butanol was investigated. This solvent system
shows the main criteria of a TMS-system, which are as follows:

e Low solubility of the product in the polar solvent
e High solubility of the catalyst complex in the polar solvent
e High temperature dependency of the miscibility gap

Although the reaction mixture consisting of water, 1-butanol and methyl
10-undecenoate does not form a single liquid phase at reaction temperature, high
reaction rates were observed. Switching the polar solvent from DMF to water also
needs for a replacement of the catalyst complex, due to low solubility of the
Biphephos ligand in the aqueous phase. Therefore, the ligand SulfoXantphos was
used. Figure 11.13 shows the yields of the obtained products at different temper-
atures. While the yields of the desired linear hydroformylation product increases
from 18% at 120 °C to 79% at 150 °C, an improvement of mass transport between
catalyst phase and substrate-product phase was detected. The subsequent decrease
in selectivity and also hydroformylation activity can be explained by ligand
decomposition at higher temperatures.

As described before, catalyst recovery and recycling were investigated in batch
operation. Therefore, the liquid phases were separated in a separation funnel, the
catalyst phase recycled back to the autoclave and fresh substrate was added.

Y [%]

W hydrogenation product
OUME isomers

W b-aldehydes
En-aldehyde

120 130 140 150 160 170
T[°C]

Fig. 11.13 Hydroformylation of methyl 10-undecenoate: Temperature screening. Conditions:
4 mmol UME, ngyngme = 1:2000, ngpinp = 1:10, p =20 bar, CO:H,=1:1, t=1h,
My, butanol = 2,1 &, Mo = 2,1 g, Rh(acac)(CO),, SulfoXantphos
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Fig. 11.14 Continuous hydroformylation of methyl 10-undecenoate in a miniplant. Conditions:
pP= 20 bar, COZHZ = 1:1, TR =140 OC, TS = 5 OC, Wn-bulanol:WI:IZO = 131, M0 = 300 g,
MRh(acacycoyz = 0.071 g, Msuifoxanphos = 1.071 g, Vome= 17.7 ml/h, V,,_putano= 42.3 ml/h

Catalyst recovery was shown in three consecutive hydroformylation runs at 140 °C
without any decrease in selectivity and activity and without catalyst or ligand
replenishment. As the miniplant process shown in Fig. 11.6 was operated in a
steady state for the hydroformylation of 1-dodecene, again this process was con-
tinuously operated for the hydroformylation of methyl 10-undecenoate. After the
start-up procedure, continuous miniplant operation was achieved (Fig. 11.14).
A constantly high yield of the linear product at 73% was achieved over the course
of miniplant operation over 21 h. In terms of the reaction behaviour of the CSTR,
virtually the same selectivity was observed compared to prior experiments in the
batch autoclave. Only the rhodium concentration of 15 weight-ppm in the product
stream under continuous operation is higher compared to the batch separation. As
the water phase decreased under continuous operation owing to its solubility in
1-butanol, catalyst leaching was likely favoured. Nevertheless, stable process
conditions were maintained for 21 h without interference, which demonstrates the
stability of the catalyst species under process conditions.

11.4 Conclusions

Herein, the process development for the hydroformylation of the long chained
olefin 1-dodecene was shown. Based on the selection of a suitable transition metal
catalyst complex, the reaction behaviour was investigated extensively. Afterwards
the catalyst recycling concept of thermomophic solvent systems was introduced.
A TMS-system consisting of DMF and n-decane was used for catalyst recycling in
batch mode. Following the experience, a miniplant process was designed and
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investigations on long-term behaviour were conducted in continuous operation,
which finally resulted in steady-state operation and the recycling of the catalyst as
well as all of the used solvents.

This knowledge was transferred to the hydroformylation of the renewable
resource methyl 10-undecenoate. Having main criteria of process development
based on TMS-systems in mind, again the hydroformylation reaction was charac-
terised and the catalyst recycled in batch operation. For this, a narrow-TMS-system
consisting of water and 1-butanol was introduced. In the end, stable miniplant
operation was shown for 20 h.

TMS-systems are promising for continuous hydroformylation processes of long
chained olefins and renewable resources. With this catalyst recycling technique also
high catalyst activity can be preserved, so that reaction and separation can be
operated continuously. But still several points for optimisation of this concept
remain, e.g. increase of operation time, improvement of catalyst separation, or
variation of substrates like methyl oleate.
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