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  Chapter 1  
 

Continuous Homogeneous Hydroformylation with 

Integrated Membrane Separation: Kinetics, Mechanism and 

Jet Loop Reactor Technology 

 

 

Hydroformylation is one of the most important examples of homogenously catalyzed reactions in 

industry. However, apart from advantages such as higher activity and selectivity, there is also a 

major challenge in homogeneous catalysis: the separation and reuse of the catalyst. This is relevant 

not only for recycling of the expensive metal but also for the product purity. It is therefore of great 

interest to build an optimal reaction-separation system that enables reuse of the catalyst. Recycling 

of homogeneous catalysts is conventionally achieved by phase separation (extraction) or by 

distillation. These techniques however have their limitations. We investigate the principle of catalyst 

compartmentalization by nanofiltration, ultimately enabling continuous operation. This can either be 

achieved by the use of catalysts that are sufficiently large in size themselves, or by molecular weight 

enlargement, using suitable molecular units to attach to the catalysts. 

 

 
  

 



Chapter 1 

1.1 Hydroformylation 

Hydroformylation is the reaction that transforms alkenes into aldehydes in the presence of Rh or Co 

catalysts under syngas pressure (Scheme 1). Discovered by Otto Roelen in 1938,[1] 

hydroformylation is one of the most important homogeneously catalyzed industrial reactions, with 

an annual production of approximately 10 million tons.[2] Aldehydes are used in the production of a 

range of products such as alcohols, detergents and plasticizers. Double bond isomerization, 

hydrogenation and formation of heavies via aldol condensation are possible side reactions. 

 

Scheme 1 Hydroformylation reaction 

Currently, Rh is the most used metal for hydroformylation and the activity and selectivity of the 

catalyst can be tuned by phosphorus ligands. A large variety of phosphorus ligands are available, 

introducing different benefits in terms of activity and selectivity depending on their electronic and 

steric properties.[3] Although information on these properties allows a prediction of activity and 

selectivity to some extent, the kinetics for each alkene and catalyst combination are unique. This 

arises from a number of reasons; to start with, excess of ligand to metal ratio can change the 

number of ligands coordinated to the metal center and there can be a number of different metal-

ligand complexes co-existing, acting slightly or dramatically different depending on the nature of 

the ligand. Another reason is the difference in accessibility of different positions in the molecule 

via double bond isomerization depending on the alkene molecule; steric hindrance and 

thermodynamically favored species being very molecule specific.[4] 

The complexity of the reaction, especially in terms of existing number of catalyst species, leads to 

(semi)empirical modeling in many kinetic investigations.[5–7] However, a thorough investigation of 

the reaction mechanism is still crucial to rationalize any kinetic study and understand the reasons 

behind rate limiting steps and regioselectivity. 

1.2 Hydroformylation Mechanism 

The ligand-modified rhodium-catalyzed hydroformylation mechanism was postulated by Wilkinson 

as given in Scheme 2.[8] The reaction starts with dissociation of one ligand to form the active Rh 

hydride species (I) to which then the alkene can coordinate forming the π-complex (species II) 

followed by migratory insertion to form the alkyl species (III). This part of the mechanism is 
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important for the determination of the regioselectivity, since this insertion of the alkene determines 

whether a linear or a branched aldehyde will be formed. The cycle continues by addition of a 

carbonyl ligand to form species IV, and proceeds with the migratory insertion of CO into the Rh 

alkyl bond, forming species V. Addition of H2 and reductive elimination of the aldehyde closes the 

cycle and reforms the active species I. 
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Scheme 2 Ligand modified hydroformylation mechanism[8] 

Combining information about the coordination behavior, electronic and steric properties of the 

ligand, and the structure of the alkene to look at the mechanism will always prove useful for an 

initial guess of activity and parameters that should be taken into account for a kinetic study: 

Electronic properties of the ligand determine the ease of ligand dissociation and formation of the 

active species. For most substrate-catalyst pairs, the rate limiting step is either the coordination of 

the alkene to the metal center or hydrogenolysis of the acyl species (V). Steric nature of the ligand 

and number of ligands coordinated to Rh as well as the steric hindrance around the double bond of 

the alkene affect the ease of coordination to form the π-complex. 
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Naturally, in-situ investigation of the reaction intermediates using high pressure (HP) NMR, or HP 

IR is a very valuable tool in determining the rate limiting step and coordination behavior of the 

ligand.[9] Following reactions in time using these in situ tools also allows determination of kinetics 

of elementary steps.[10,11] 

1.3 Kinetic Studies 

Hydroformylation kinetics is a widely studied subject,[4–7,10,12–29] owing to the industrial relevance 

of the reaction and the huge number of catalyst-substrate-solvent combinations possible. 

One pre-requisite to any kinetic study is to ensure that the kinetic experiments are performed under 

conditions free of mass-transfer limitation. For gas-liquid reactions, like most hydroformylation 

reactions catalyzed by homogeneous catalysts, the transfer of gaseous reactants to the liquid phase 

can become rate limiting when reaction rates are high. ‘Kinetic’ studies performed under mass 

transfer limitations will not only show false concentration dependencies but also will give lower 

than real activation energies. 

As discussed before in Section 1.2; for one and the same catalyst, different steps in the reaction 

mechanism can be rate limiting for different alkene classes, i.e. linear, cyclic, vinylic, etc. Very 

bulky phosphite ligands typically lead to mono-ligated metal species, which are very active 

hydroformylation catalysts.[30] However, the coordination of sterically hindered alkenes might be 

rate limiting, resulting in a first order dependence on the alkene concentration (Type I Kinetics). 

Terminal linear alkenes on the other hand show very high activities with a first order dependence 

on H2 concentration, with hydrogenolysis in this case being rate limiting (Type II Kinetics).[4] For 

ligands, which can coordinate in more than one possible fashion or when there are uncoordinated 

Rh centers, ligand concentration also shows up in the rate equations.[2] 

(𝑇𝑦𝑝𝑒 𝐼)𝑅𝑎𝑡𝑒 =
𝑘[𝐴𝑙𝑘𝑒𝑛𝑒][𝑅ℎ]
𝐾 + [𝐶𝑂]  

(𝑇𝑦𝑝𝑒 𝐼𝐼)𝑅𝑎𝑡𝑒 =
𝑘[𝐻2][𝑅ℎ]
𝐾 + [𝐶𝑂]  

The regioselectivity of the reaction is also a function of various reaction parameters, such as 

temperature and/or reactant/ligand concentrations, depending on the catalyst and alkene used. For 

some alkenes, different steps of the mechanism can be rate limiting for the isomeric aldehydes.[31] 

Finally, side reactions such as hydrogenation and especially double bond isomerization make the 

determination of kinetics for most substrates quite challenging. 
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1.4 Jet Loop Reactor 

In loop reactors mixing is achieved by circulation of the reaction mixture via a pump through a tube 

connected to the reactor (Figure 1). They are especially important for multi-phase reactions where 

the gaseous reactants should dissolve in the liquid phase or a through mixing of two immiscible 

liquid phases is required. Feeding the reactant gas and the liquid reaction mixture through a 

restriction, like the nozzle of a jet, dissipates the gas phase into the liquid.[32] 

 

Figure 1 Jet loop reactor[32] 

Jet loop reactors have superior dispersion characteristics[33,34] without the energy penalty, and are 

therefore very suitable for gas-liquid reactions like hydroformylation, where mass transfer 

limitations can be observed for very active catalysts. Figure 2 is taken from a publication by Behr. 

et al. and shows the specific interfacial area in different reactors for specific power input.[35] This 

intensive mixing capability enables a minimization of the reactor volume while maximizing the 

yield. 
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Figure 2 Specific interfacial areas for different reactor types[35] 

For gas-liquid mixtures, having a downward flow is advantageous to increase the residence time of 

the gaseous phase.[34] Most commonly, a draft tube is added to the reactor to direct the flow through 

the nozzle along the body of the reactor, so entrained gas bubbles are pushed down against their 

buoyancy together with the liquid. An impact plate is placed in a way to allow an opening after the 

draft tube, and the flow is thus directed back up again, where it is drawn back into the jet enabling a 

very thorough mixing within the reactor (Figure 1).[35,36] 

Important parameters for jet loop reactors are: i) gas hold-up (ε), which defines the ratio of volume 

of gas entrained in a liquid-gas mixture to the total volume, ii) bubble size measured as bubble 

diameter (dB), and iii) residence time (τ) which is also defined as circulation time or in terms of 

circulation number. The effects of reactor geometry on gas holdup and residence time distribution 

are described in the literature.[34,37–39] There are also empirical models proposed for predicting the 

bubble size, gas hold-up, circulation time, and axial dispersion as a function of process 

variables.[34,38,40] 

All these observations aim at one thing: to determine the mass transfer properties of the reactor as a 

function of design and process variables. 

1.5 Catalyst Recycling in Continuous Hydroformylation 

Figure 3 is adopted from the excellent review by Wiese and Obst[2] on hydroformylation and gives 

a very general representation of a hydroformylation process. 
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Figure 3 General scheme of an OXO process[2] 

The reaction is carried out in a stirred tank or a bubble column reactor depending on the utilized 

reaction rates, under syngas pressure. Syngas is recycled back to the reactor after it is separated 

from the liquid reaction mixture as well as catalyst and unreacted olefin. The separation of catalyst 

from unreacted olefin and products is the trickiest part of any hydroformylation process. Different 

approaches for catalyst recycling is summarized in Chapter 8 of the book “Rhodium Catalyzed 

Hydroformylation” by P. van Leeuwen and C. Claver.[3] 

The first application of rhodium-ligand catalyzed hydroformylation was the low pressure oxo 

(LPO) process, where catalyst remains in the reactor because the products and unconverted olefin 

are stripped using a big excess of syngas, which is recycled after the products and unreacted olefin 

are separated by condensation.[41] Apart from the huge amount of syngas recycle, this process is 

quite optimal in terms of catalyst and product separation and reuse of the homogeneous catalyst. 

The limitation however, is that this process is only feasible for low boiling aldehydes. The 

application is limited to propene hydroformylation since any longer alkene chain would require 

more syngas excess for stripping, which makes this process unfeasible for higher alkenes. 

Another way to separate the catalyst from the products is distillation. Catalyst dissolved in high 

boiling side products, like aldol condensation products, is recycled back to the reactor after 

distillation. The process is again less attractive for higher alkenes because thermal strain introduced 

on the catalyst for distillation can lead to catalyst deactivation and to accumulation of heavies, in 

7 



Chapter 1 

which the catalyst is dissolved. This requires bleeding of the heavies, resulting in loss of catalyst. 

This process has been commercialized for butene hydroformylation by Mitsubishi Chemical and 

Union Carbide/Davy Process Technology.[3] 

The Ruhrchemie-Rhône Poulenc process, which was introduced in the 1980s makes use of phase 

separation as a means of catalyst recycling.[42,43] The process employs two immiscible phases, 

usually an aqueous phase where the catalyst is dissolved and the product phase. The reaction rate is 

in this case limited by alkene solubility in the aqueous phase, so a very good mixing of the two 

phases (three including the reactant gases) is necessary. This approach has been extended to 

extraction after one phase reaction for systems where two phase reaction is extremely slow due to 

low solubility of reactants in the aqueous phase, i.e. the liquid-liquid mass transfer rate.[44,45] The 

basic principle in this case is to have polar catalyst-apolar product or vice versa. The phases 

separate after reaction by cooling or addition of a solvent and the reactants/products go to one 

phase whereas the catalyst goes to the other phase. Another method has been demonstrated by 

developing ligands changing solubility characteristics with temperature, enabling the catalyst to be 

in the organic phase at elevated reaction temperature and back in the aqueous phase when 

cooled.[46] Continuous homogeneous catalysis using supercritical (sc) CO2
[47] and ionic 

liquid/scCO2 biphasic systems[48] has also been reported, which will not be discussed in detail here. 

Recycling of the homogeneous catalyst can also be achieved by immobilization of the catalyst on a 

soluble or insoluble support, i.e heterogenization of the catalyst and recovering it by means of 

filtration.[49] For insoluble supports, the challenge might be that the heterogeneous catalyst is not as 

active as its homogeneous counterpart, or it leaches via formation of new bonds during catalysis 

leading to breaking of bonds between the support and the metal.[50] Using a film coating layer of 

ionic liquid on the supported catalyst was shown to improve activity and stability of the catalyst 

and there has been increasing research interest in this area in the past years.[51,52] Soluble supports 

are means of molecular weight enlargement to make the catalyst bulkier and thus easier to filter. 

Soluble polymers, dendrimers and polyhedral oligosilsesquioxane cages (POSS) are reported means 

of molecular weight enlargement.[53,54] 

1.6 Ceramic Membrane Nanofiltration 

Although the separation of organometallic complexes by membrane separation started to appear in 

the patent literature in the early 1970s,[55–57] the separation and recycling of homogeneous catalyst 

by means of nanofiltration was first reported around the early 2000s,[58–61] following the 

development of solvent resistant nanofiltration membranes.[62] According to the 1996 IUPAC-

8 



Continuous Homogeneous Hydroformylation with Integrated Membrane Separation: Kinetics, Mechanism and Jet Loop Reactor Technology 

nomenclature, nanofiltration is a "pressure-driven membrane-based separation process in which 

particles and dissolved molecules smaller than about 2 nm are rejected".[63] First organic solvent 

nanofiltration membranes developed were polymeric membranes.[62] Although ceramic membranes 

have been used in aqueous processes like waste water treatment for a long time, they have been 

applied only lately in organic solvent nanofiltration[64] due to challenges in obtaining smaller pore 

sizes.[62] By the end of the 20th century, ceramic zirconia and titania nanofiltration membranes, 

supported on silica or alumina were developed successfully and are commercially available under 

the name Inopor.[65] Ceramic membranes available by Inopor are given in Table 1. 

Table 1 Ceramic ultra and nanofiltration membranes by Inopor[65] 

Membrane Material Mean pore size Cut-off Open porosity 

Ultrafiltration 
inopor® ultra 

γ-Al2O3 
10 nm   

30 % - 55 % 
5 nm 7500 D 

TiO2 
30 nm   
5 nm 8500 D 

ZrO2 3 nm 2000 D 

Nanofiltration 
inopor® nano 

SiO2 1.0 nm 600 D 
30 % - 40 % TiO2 

1.0 nm 750 D 
0.9 nm 450 D 

 

Their superior chemical and mechanical stability in organic solvents and wider operating range in 

terms of temperature compared to polymeric membranes makes ceramic nanofiltration membranes 

a promising separation tool in chemical applications.[66,67] 

An elegant example of continuous hydroformylation using ceramic membrane nanofiltration has 

been recently reported by Vogt and Müller et.al.[68] The researchers report an accumulated turn over 

number of 120 000 using a POSS-enlarged PPh3 ligand in Rh-catalyzed hydroformylation of 1-

octene. Figure 4 shows the nanofiltration coupled continuous reactor used for the study.  

Recent research on ceramic membranes is focused on the prediction of solvent flux and rejection 

characteristics.[64,67,69] 

9 
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Figure 4 Continuous flow nano-filtration reactor by Vogt et. al.[68] 

1.7 Aim and Scope of the Research 

The separation and reuse of the homogeneous catalyst is a grand challenge in continuous 

hydroformylation. There are several approaches practiced in industry and others are under research; 

like phase separation, distillation, heterogenization of the catalyst on soluble/ insoluble supports. 

Recently, it was shown by our research group that molecular weight enlarged catalysts kept in the 

reactor by taking the products out as permeate from a nanofiltration membrane represents a viable 

solution to this challenge. [54,68] 

Based on the expertise in the group and taking into account the other challenge of a fast two phase 

reaction, mass transfer limitation; we constructed a jet loop reactor with integrated membrane 

separation. Jet loop reactor technology enables a very good dispersion of gaseous reactants in the 

liquid without introducing extra energy demands. Chapter 2 introduces the reactor setup and 

explains the design considerations taken into account. 

The first step in planning a continuous reaction is to determine the reaction kinetics, which also 

makes it possible to understand the reaction mechanism. We investigated the hydroformylation 

kinetics of cyclooctene in order to plan a continuous hydroformylation reaction in the new setup. 

Chapter 3 gives the kinetic results obtained from batch experiments and a continuous cyclooctene 

hydroformylation run in the setup is presented. 

Hydroformylation kinetics of neohexene was also investigated, representing a different class of 

alkenes, i.e vinylic. The kinetic investigation led us to an interesting study on regioselectivity. We 
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investigated the reasons behind the temperature dependence of the l/b aldehyde selectivity using 

deuterium labeling and 2H NMR as well as in-situ high pressure IR. Results of this study are 

presented in Chapter 4. 

Also a rather fast reaction, the hydroformylation of 1-pentene, was investigated. The results are 

presented in Chapter 5. Mass transfer limitations are even more relevant for this very reactive 

terminal alkene. Kinetics of the reaction were used to plan a continuous reaction in the jet loop 

reactor. Effects of process conditions on isomerization and selectivity of the reaction are discussed. 

Prediction of membrane permeability as a function of process variables and reaction mixture 

composition are obviously necessary to be able to operate a continuous reactor where the product 

flow is the permeate of a nanofiltration membrane. Also, characterizing the catalyst/ligand leaching 

behavior allows compensating for the lost ligand at an appropriate rate. Make-up of the lost ligand 

makes it possible to keep the ligand excess constant and prevent metal leaching since the metal 

centers will be more prone to leaching once they lose the ligand attached due to a shift in 

equilibrium. Membrane characterization is discussed in Chapter 6. 
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Jet Loop Reactor with Integrated Membrane Separation: 

Design Considerations 

 

 

The separation of molecular catalysts by membrane nanofiltration is a promising technique for 

catalyst recycling in homogeneously catalyzed reactions. Taking another challenge of a fast two 

phase reaction, mass transfer limitations, into account; we constructed a jet loop reactor with 

integrated membrane separation for continuous hydroformylation. Jet loop reactor technology  

enables a very good dispersion of gaseous reactants in the liquid without introducing extra energy 

demands. A good selection of equipment gave us a flexible reaction system in terms of operating 

conditions like residence time, and the power input per unit volume on the fluid flow through the jet 

(P/V). (P/V) is an important parameter for achieved gas to liquid mass transfer rates. 

 

 

  

 



Chapter 2 

2.1 Jet Loop Reactor with Integrated Membrane Separation for Continuous 

Hydroformylation 

The separation of the catalyst from unreacted olefin and products is a very essential part of any 

hydroformylation process. Different approaches for catalyst recycling are summarized in Chapter 8 

of the book “Rhodium Catalyzed Hydroformylation” by P. W. N. M. van Leeuwen and C. Claver. 
[1] The separation and recycling of homogeneous catalysts by means of nanofiltration has been 

reported first around the early 2000s,[2–5] following the development of solvent resistant 

nanofiltration membranes.[6] An elegant example of continuous hydroformylation using ceramic 

membrane nanofiltration has been recently reported by Vogt and Müller et al.[7] The researchers 

reported an accumulated turn over number of 120 000 using a POSS-enlarged PPh3 ligand Rh 

catalyst for 1-octene hydroformylation. Figure 1 below shows the nano-filtration coupled 

continuous reactor used for the study. 

 

Figure 1 Continuous flow nano-filtration reactor by Vogt et al.[7] 

Another challenge for hydroformylation, being a multiphase and exothermic reaction, is dispersion 

of the reactant gases into the liquid mixture and convenient removal of the heat generated. In loop 

reactors mixing is achieved by circulation of the reaction mixture via a pump through a tube 

connected to the reactor (Figure 2), where a heat exchanger can also be conveniently employed. 

Feeding gas and circulated liquid stream through a restriction, like the nozzle of a jet, dissipates the 

gas phase into the liquid.[8] Jet loop reactors have superior dispersion characteristic[9,10] without the 

energy penalty. Therefore they are very suitable for gas-liquid reactions like hydroformylation, 

where mass transfer limitations are observed for very active catalysts. 
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Figure 2 Jet loop reactor[8] 

2.2 Reactor Setup 

The basic jet loop reactor design used in this project has been adopted from earlier work reported in 

the literature.[11] A drawing of the reactor is given in Figure 3 together with a detailed drawing of 

the jet nozzle. 

For gas-liquid mixtures, it is advantageous to apply a downward flow in order to increase the 

residence time of the gaseous phase.[10] A draft tube is added to the reactor to direct the flow 

through the nozzle along the body of the reactor, so entrained gas bubbles are pushed down against 

their buoyancy together with the liquid. An impact plate is placed in a way to allow an opening 

after the draft tube, and the flow is thus directed back up again, where it is drawn back into the jet 

enabling a very thorough mixing within the reactor[12,13] (Figure 2). The gas is fed into the nozzle 

through an inner tube and the liquid flow goes through the opening between this inner tube and an 

exchangeable nozzle head, via which the restriction applied to the liquid flow can be adjusted. 
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Figure 3 Jet-loop reactor (photo (left) and drawing (middle)) and the nozzle (right) used in this study 

Dimensions belonging to the reactor and the nozzle are given in Table 1, along with the symbols 

which will be used to refer to them from now on. 

Table 1 Dimensions of the jet-loop reactor and the nozzle 

DR: Reactor diameter (cm) 5 
LR: Reactor length (cm) 52 

DD: Draft tube diameters (cm) 1; 2.8  
LD: Draft tube length (cm) 35.5 

DI: Impact plate diameter (cm) 4 
LDI: Distance from the lower end of draft tube to impact plate (cm) 2.3 

DIN: Nozzle inner tube inner diameter (mm) 3 
DON: Nozzle inner tube outer diameter (mm) 4 

DINH: Nozzle restriction head inner diameters (mm) 4.3;4.4;4.6 
LND: Distance from the tip of the nozzle to draft tube (cm) 4.7 

 

There are two different draft tube sizes and the distance between the nozzle head and the upper end 

of the draft tube, LND, can be adjusted by lifting the draft tube up on a slide way to the point that the 

nozzle tip is immersed. There are also 3 different nozzle head diameters to increase/decrease the 

restriction of the liquid flow at the nozzle. 

Figure 4 shows the flow sheet of the in-house built jet-loop reactor coupled with a nanofiltration 

membrane unit. The system consists of two loops: i) Reaction/gas saturation and ii) membrane 
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loop, which intersect at a cross-flow chamber. This chamber mixes the flows from the two loops 

and supplies volume for the gas bubbles entrained in the reactor outlet to buoy before the flow is 

fed to the membrane loop to minimize the syngas bleed through the membrane. In the membrane 

unit a ceramic membrane (TiO2, pore size 0.9nm, MW cut-off 450D, length 0.5m, Inopor) is used 

to keep the catalyst within the system. The driving force for filtration is reaction pressure and the 

flux is regulated by an automated sampling unit that draws the permeate stream. The substrate 

solution is fed to the reactor by an HPLC pump which operates on feedback from a level sensor, so 

the liquid level in the reactor is kept constant. Total volume of the setup is 1000 mL, which can be 

considered as the reaction volume as all this volume is kept under reaction conditions. A mass flow 

controller keeps the reaction pressure constant and the gas uptake can be monitored to confirm 

conversion values obtained by GC sampling. The catalyst solution can be preformed in a heated 

compartment under pressure, the dropping funnel, connected to the reactor by a valve. This allows 

starting the reaction in a controlled manner, when a steady state of process variables is reached. 

A list of equipment used in the setup is given in Table 2, showing the suppliers and operating 

window of the equipment and maximum temperature and pressure values where valid. 

Table 2 List of Equipment used in the reaction setup, their providers and operating range 

Equipment Provider and operation range Pmax ,Tmax 

HPLC Pump Knauer Smarline Pump 100  
(0-50 ml/min) 400 bar 

Membrane Loop 
Pump 

K-Engineering HMH 060  
(20-600 L water/h, gas content max 30%) 

100 bar, 
200°C 

Reaction Loop  
Pump 

K-Engineering HMH 070  
 (20-900 L water/h, gas content max 30%) 

100 bar, 
200°C 

Level Sensor Honsberg Nivolock NL-015HS/HK 160 bar, 
100°C 

Sampling valve Rhodeyne MX Series II MXP7900-000 414 bar,  
50°C 

Flow meters KEM-Küppers Electromechanik HM 005 R05.G.TC.15 
 (0.8 to 6 L/min) 

 630bar, 
150C 

Mass Flow 
Controller 

Bronkhorst HI-TECH Model F-231M-TAD-33-V Multi-Bus DMFC  
(0-500 ml/min)   

Membrane Inopor TiO2, 450 D, 0.9nm pore size, 0.011 m2 filtration area,  
channel diameter 7 mm, external 10 mm, length 0.5 m    
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Figure 4 Picture (left) and flow sheet(right) of jet-loop reactor with integrated nanofiltration unit
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The reactor also has a high pressure window, equipped with a live web-cam, which allows to 

observe the reactor behavior under reaction conditions at all times. Figure 5 shows pictures taken 

with this camera. 

   

Figure 5 Pictures taken through the high pressure window: Liquid at the designated level (left), reaction loop pump 
running at 1.2 L/min (middle) and pump running at 2.1 L/min (right) 

2.3 Design Considerations 

2.3.1 Reactor 

Important parameters for jet-loop reactors are: i) gas hold-up (ε) which defines the ratio of the 

volume of gas entrained in a liquid-gas mixture to the total volume, ii) bubble size measured as 

bubble diameter (dB), and iii) residence time (τ), which is also defined as circulation time or in 

terms of circulation number. Studies on the effects of reactor geometry on gas holdup and residence 

time distribution have been reported in the literature. [10,14–16] There are also empirical models 

proposed for predicting the bubble size, gas hold-up, circulation time and axial dispersion as a 

function of process variables.[10,15,17] 

All these observations aim at one thing, to determine the mass transfer properties of the reactor as a 

function of design and process variables: the so called 𝑘𝑙𝑎 value, which is the volumetric mass 

transfer coefficient describing the mass transfer rate from gas bubbles to the liquid. The flux from 

gas to liquid phase is described by the equation given below: 

𝑑𝑛𝑙
𝑑𝑡

= 𝑉𝑙𝑘𝑙𝑎(𝐶𝑙∗ − 𝐶𝑙) (1) 

For a mass transfer limited reaction, the transfer of gas to the liquid phase is at its maximum since 

then the liquid phase concentration of the solute gas, 𝐶𝑙  would be extremely small. Knowing the 𝑘𝑙𝑎 
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value and the equilibrium concentration of the gas solute in the liquid, 𝐶𝑙∗ allows to calculate the 

maximum rate of gas transfer possible at given reaction conditions. 

A gas-liquid reaction is performed in the kinetic regime, only if the consumption rate of the gaseous 

reactants by reaction is well below this maximum gas to liquid transfer rate. The mass transfer 

coefficient 𝑘𝑙𝑎 is a function of power input per unit volume as suggested by the empirical equation 

given in Equation 2.[17] And it is also a function of temperature although not included in Equation 2. 

𝑘𝑙𝑎 = 𝑚�
𝑃
𝑉𝑅
�
𝑛

 (2) 

The power input P (W) can be calculated using Equation 3[17] 

𝑃 =
𝜋𝜌𝑑2𝑢𝐿3

8
 (3) 

In the equations above VR (m3) is the reactor volume, ρ (kg/m3) is the liquid density, uL (m/s) is the 

velocity of liquid through the opening between the nozzle head and the inner tube and d (m) is 

given in Equation 4. 

𝑑 = �4𝐴𝑛𝑜𝑧𝑧𝑙𝑒−𝑜𝑝𝑒𝑛𝑖𝑛𝑔
𝜋

 (4) 

Anozzle-opening (m2) defines the area of the opening between the nozzle head and the inner tube. 

It is important to choose the pump on the reaction loop to enable the desired P/V values, also taking 

into account that the pressure drop over the nozzle will increase with increasing flow rates and the 

pump should be able to handle that differential pressure. The flow rates that can be achieved against 

certain pressures are listed in Table 3, specified by the supplier, for water. 

Table 3 Flow rates that can be achieved against certain differential pressure values by the reaction loop pump 

Flow (L water/min) ΔP (bar) 
13.33 0.40 
10.00 4.90 
6.67 6.00 
5.00 6.50 
3.33 6.90 
2.50 7.00 
0.00 7.40 
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The pressure drop ΔP over the nozzle is  

∆P =
𝐾𝑢2𝜌

2
 (5) 

where K is the number of velocity heads, u is fluid velocity (m/s), ρ is fluid density (kg/m3) and ΔP 

is in N/m2. K was determined as 2.4 for the nozzle head with 4.4 mm diameter. The maximum rate 

of toluene flow through the nozzle is 4 L/min at a pressure drop of 6.6 bar. The P/V value achieved 

calculated using Equation 3 at this point is 21.2 kW/m3. Maximum toluene flow rate and P/V value 

that can be achieved while using the 4.3 mm nozzle is 3 L/min and 16.5 kW/m3 assuming that K is 

2.4, which is probably higher; and for the nozzle head with a diameter of 4.6 mm can reach a 

maximum flow rate of 6 L/min and a P/V value of 29.6 kW/m3, with the same assumption about 

the value of the velocity head, which should be now lower. 

Obviously, the flow rate through smaller nozzle heads will be lower at the same P/V values, when 

compared to larger nozzle diameters. This also results in longer circulation times for smaller nozzle 

head diameters at given P/V values, as observed by Becker.[11] 

The gas bubble diameter achieved in the reactor is important since the gas-liquid interface available 

for mass transfer increases when smaller bubbles are obtained. The bubble diameter decreases with 

increased power input. However, the effect is not at all as pronounced as the effect of liquid 

composition. Becker[11] found an increase by around 1000 times in the interfacial area per volume 

(a (m2/m3)), when 1-octene was added to the water-air system. We observed a similar behavior for 

air bubbles in the 1:1 sized, glass walled model when we added a small amount of aldehyde to 

toluene. Figure 6 below shows the lower part of the model reactor, and the air bubbles formed in 

different liquid compositions: water, toluene, 98% toluene+ 2% cyclooctanecarbaldehyde. 
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Figure 6 Lower part of the model reactor and the air bubbles formed in different liquid compositions: water (left), 
toluene (middle), 98% toluene+ 2% cyclooctanecarbaldehyde (right). 

This improvement of bubble sizes has also been described in literature upon adding isopropanol 

into water.[18] The authors explained the reason behind this as formation of a polar isopropanol 

layer around the bubbles, which repels other bubbles and prevents coalescence. 

Another important consideration is the gas holdup, the volume of gas in the gas-liquid mixture. By 

fixing the liquid level in the reactor and making sure to operate the reactor at full-height (the gas-

liquid reaction mixture takes the whole reactor volume), we fixed the gas holdup as 18%. 

Becker determined 𝑘𝑙𝑎 values between 0.02 to 0.9 s-1 for water–CO and water-CO-octene 

systems,[11] the system temperature varying from 25 to 130°C and the power input from 1 to 10 

kW/m3. Considering the typical hydroformylation temperatures and the improvement on the bubble 

size in the presence of a polar component like the product aldehydes, one expects not to observe 

𝑘𝑙𝑎 values smaller than 0.1 s-1 in the jet loop reactor during hydroformylation. 

2.3.1.1 Determination of volumetric mass transfer coefficient 𝒌𝒍𝒂 

We performed 𝑘𝑙𝑎 measurements with toluene and a real reaction mixture of 1-pentene 

hydroformylation ( [1-pentene]= 0.493 M, [2-pentene]= 0.073 M, [branched aldehydes]= 0.012 M, 

[hexanal]= 0.031 M, [toluene]= 2.575 M, [decane]= 0.003 M) in the jet loop reactor, using the 

batch absorption method. The experimental procedure was adopted from literature for these 

measurements with slight alterations.[19] Using the mole balance for gas dissolved in the liquid, 

given in Equation 1, it is possible to obtain Equation 6 below using ideal gas law and Henry’s law, 

detailed derivation of which is reported.[19] 
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𝑃2 − 𝑃0
𝑃1 − 𝑃0

𝑙𝑛 �
𝑃1 − 𝑃2
𝑃 − 𝑃2

� = 𝑘𝑙𝑎. 𝑡 (6) 

Using this equation, it is possible to deduce 𝑘𝑙𝑎 as slope of the line plotted for the left part of 

Equation 6 vs time. P0 in the equation is the equilibrium pressure in the reactor before pressure is 

increased very quickly to P1 and the mixing is started immediately; in our case by starting the 

reaction and membrane loop pumps. P2 is the equilibrium pressure reached as the liquid is saturated 

with gas again. Pressure values over time are recorded from the start of mixing to the point at which 

a new equilibrium is reached to plot the mentioned graph. Figure 7 below shows the graphs plotted 

to determine the volumetric syngas transfer rate to toluene at 40°C at different specific power input 

values. 
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Figure 7 Determination of syngas-toluene gas-liquid mass transfer coefficient 𝒌𝒍𝒂 for the jet-loop reactor, performed at 
different specific power input values 

We performed batch absorption experiments at 3 different temperatures for toluene, and also at 

different P/V values. Furthermore, we determined the 𝑘𝑙𝑎 values for the 1-pentene 

hydroformylation reaction mixture also for a range of specific power input values. Figure 8 below 

shows the 𝑘𝑙𝑎 values obtained as a function of P/V. 
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Figure 8 Syngas-toluene/1-pentene rxn mixture ([1-pentene]= 0.493 M, [2-pentene]= 0.073 M, [branched aldehydes]= 
0.012 M, [hexanal]= 0.031 M, [toluene]= 2.575 M, [decane]= 0.003 M) gas-liquid volumetric mass transfer coefficient 

𝒌𝒍𝒂 for the jet-loop reactor, performed at different specific power input values and temperatures 

As seen in Figure 8, 𝑘𝑙𝑎 for toluene is not temperature dependent in the temperature range we 

investigated and increases with increasing specific power input. It is possible to fit a curve to 

describe the P/V dependence of 𝑘𝑙𝑎 as given in Equation 2 for the toluene data at 20°C, with R² = 

0.985. Equation 7 shows the relation, which can be used to predict the 𝑘𝑙𝑎 value for syngas-toluene 

at least till up to 80°C as well. 

𝑘𝑙𝑎 (𝑡𝑜𝑙𝑢𝑒𝑛𝑒 20 ℃) = 0.2188 �
𝑃
𝑉𝑅
�
0.5813

 (7) 

The 𝑘𝑙𝑎 values found for the reaction mixture of 1-pentene are higher than those found for toluene, 

as expected, according to the previous discussion on the improvement of bubble sizes in the 

presence of polar aldehydes. Equation 8 describes 𝑘𝑙𝑎 as a function of P/V for the reaction mixture, 

with R² = 0.972. 

𝑘𝑙𝑎 (1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒 𝑟𝑥𝑛 𝑚𝑖𝑥 20 ℃) = 0.4199 �
𝑃
𝑉𝑅
�
0.3776

 (8) 

These results confirm our previous assumption that we do not expect 𝑘𝑙𝑎 values smaller than 0.1 s-1 

in the jet-loop reactor during hydroformylation. 
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2.3.2 Membrane 

There are two important considerations when it comes to designing the membrane module. First of 

all, the flow through the membrane channel must be turbulent to prevent concentration polarization 

on the membrane surface, which would lead to higher losses of the catalyst. And secondly, the 

membrane area should be large enough to ensure a good range of product flow rates through the 

membrane; since this also fixes what residence times can be achieved in the reactor together with 

the capabilities of the feed pump. 

Darvishmanesh et al.[20] reported a permeability (L) of 2.3 L toluene/(h.m2.bar) for HITK 275 

(TiO2, MWCO=275, 0.9 nm) ceramic membrane. The membrane we use will be Inopor TiO2 

membrane with a molecular weight cut-off of 450 D and 0.9 nm pore size.[21] It can be expected 

that the permeability will be similar to HITK 275. Considering the difficulty of storing a big 

amount of reactants and products from a long continuous reaction, we set the upper limit of product 

rate to 200 ml/h (4.8 L/day). Setting a minimum reaction pressure of 10 bar, the minimum pressure 

drop across the membrane (ΔP) was set to 8 bar. Equation 9 can now be used to calculate the 

membrane area (A), which is needed to obtain the desired flow at minimum available trans 

membrane pressure. 

𝐷𝑒𝑠𝑖𝑟𝑒𝑑 𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 𝑟𝑎𝑡𝑒 = 𝐿𝑥∆𝑃𝑥𝐴 (9) 

The membrane area found is 0.011 m2 , which corresponds to 0.5 m of membrane with a filtration 

area of 0.026 m2/1.2 m specified by the supplier.[21] 

Fluid flow with a Reynolds number higher than 3000 should be achieved in the membrane channel 

for turbulent flow. The Re number is the product of density ρ (kg/m3), fluid velocity u (m/s) and 

channel inner diameter di (m) which is given as 7 mm by the supplier; divided by viscosity 

µ(N.s/m2) as given in Equation 10. 

𝑅𝑒 =
𝜌.𝑢.𝑑𝑖
𝜇

 (10) 

Equation 10 allows us to estimate a minimum of 0.29 m/s toluene flow, which corresponds to 

around 40 L/h flow rate in the membrane tube. The operating point of the pump on the membrane 

loop is 100-180 L/h which corresponds to Re numbers of 8000-15000. 
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2.4 Conclusions 

A new continuous hydroformylation setup was built; a jet-loop reactor was used since fast two 

phase reactions can be mass transfer limited and jet-loop reactors are known for their efficiency in 

dissipation of gas into liquid. Selection of equipment was done carefully to ensure a wide range of 

operating conditions. The pump used to circulate the reaction mixture was chosen carefully to 

supply a wide interval of power per unit volume, which affects the rate of mass transfer from gas to 

liquid. The gas-liquid volumetric mass transfer coefficient 𝑘𝑙𝑎 was determined for toluene and a 

simulated reaction mixture as a function of specific power input. This will enable us to ensure 

operation in the kinetically controlled regime. The ceramic membrane, which enables withdrawing 

of the product stream while keeping the catalyst in the system, was chosen at a size to supply the 

filtration area needed to supply 200 ml/h of product with a differential pressure of 8 bar across the 

membrane. The maximum temperature and pressure that can be applied in the reactor are 100°C 

and 100 bar, according to the lowest Tmax, Pmax values of all the equipment used in the setup. 

2.5 Experimental 

2.5.1 Materials 

Chemicals were purchased from Aldrich, Merck, Acros or Biosolve and 1-pentene was kindly 

supplied by Evonik Industries. The substrate solution containing 1-pentene and decane as internal 

standard was filtered over neutral alumina and degassed. A stock solution of catalyst (Rh precursor: 

Rh(acac)(CO)2 and Ligand) was prepared in dry and degassed solvent. Solvents were dried and 

degassed using a custom-made alumina filled Ar flushed column. All air/water sensitive solutions 

were prepared under argon using Schlenk techniques. The reaction mixture for 1-pentene 

hydroformylation was prepared by performing a batch reaction in the jet-loop reactor. 

2.5.2 Batch gas absorption experiments  

The jet loop reactor was filled to the designated level with the solvent/mixture and the liquid was 

degassed by pressurizing the reactor with syngas to 4.5 bar and running the pumps to saturate the 

liquid with syngas. After the mixing was stopped, the pressure was released and this cycle was 

repeated 3 times. Starting from a low initial pressure at which the liquid was saturated by gas, the 

pressure was increased quite quickly and the pumps started immediately afterwards and a new 

equilibrium pressure was achieved within seconds. This new point was taken as the starting point of 

the next measurement and 4-5 measurements were performed between 1-20 bar. The temperature of 

the liquid was controlled during the measurements and was between ±2°C the set temperature 

during the experiments. Pressure in the reactor was registered digitally with a frequency of 3 data 
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points per second. The change in reactor pressure to reach the new equilibrium was fast enough to 

omit the liquid permeation through the membrane during the measurement and the pressure drop 

associated. 
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Chapter 3 
 

Hydroformylation Kinetics of Cyclooctene: 

Testing the Jet Loop Reactor with Integrated Nanofiltration 

 

 

The kinetics of Rh-catalyzed cyclooctene hydroformylation were investigated for the tris(2,4-di-tert-

butylphenyl) phosphite coordinated rhodium catalyst system. The rate limiting step was found to be 

the coordination of cyclooctene to the metal center as suggested in literature. The rate equation was 

derived according to the hydroformylation mechanism and parameters of the rate equation were 

estimated by nonlinear regression. Experimental data obtained from batch reactions were compared 

with model predictions and found to be in good agreement. The kinetics were used to plan a 

continuous hydroformylation run in the newly built reactor setup. 
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Chapter 3 

3.1 Introduction 

Hydroformylation is a widely applied reaction in industry, although the separation and reuse of the 

homogeneous catalyst is a major challenge. Aldehydes are key intermediates in the production of a 

number of important chemicals such as surfactants, softeners, and fragrances. Thus, despite many 

available industrial applications, it is still a hot research topic to develop an optimal reaction-

separation system/technique that enables recycling of the homogeneous catalyst. 

 

Scheme 1 Cyclooctene hydroformylation 

To be able to plan a continuous reaction, the first step is to determine the reaction kinetics based on 

a plausible reaction mechanism. Rh-catalyzed hydroformylation kinetics have been widely studied 

since the rate equation and kinetic parameters of each catalyst-substrate system can be unique. The 

reason is that the rate equation depends on several factors such as properties of the coordinating 

ligand and the nature of the substrate. Bulky phosphite ligands for instance, are reported to result in 

very active catalysts. They give reasonable rates even for internal and hindered alkenes, which are 

not converted at all in the presence of some other catalysts.[1] The kinetics of hydroformylation 

catalyzed by bulky phosphite modified Rh were investigated for several substrates by van Leeuwen 

and co-workers. They proposed a reaction mechanism for this catalyst system and derived rate 

equations for cyclohexene, styrene, and 1-octene.[2] 

The mechanism proposed has been widely accepted and used.[3] However, to our knowledge, 

estimates of kinetic parameters in a mechanistically derived rate equation have not been reported 

for any substrate for the catalyst in question. 

The aim of this chapter is to demonstrate a continuous run in the jet-loop reactor with coupled 

nanofiltration, which is built combining the experience from recent research about continuous 

hydroformylation in our group[4,5] and jet-loop reactor technology developed by Behr et al.[6] For 

this reason we need to derive the rate equation for the hydroformylation of cyclooctene for the Rh-

bulky phosphite-modified catalyst (Scheme 2) and estimate the kinetic parameters in the rate 

equation. 

CO/H2 CHO
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Scheme 2 Structure of the bulky phosphite ligand, tris(2,4-ditert-butylphenyl) phosphite  

3.2 Batch Kinetic Experiments 

3.2.1 Effect of stirring rate to eliminate mass transfer limitations 

In order to ensure that the kinetic experiments are performed in the kinetically controlled regime, 

hydroformylation reactions at two different stirring rates were performed: 800 and 1200 rpm. The 

reactions were performed at the highest values of conditions like temperature and catalyst 

concentration planned in the experimental design. Reaction profiles obtained by plotting gas uptake 

values versus time were found to be almost identical, as shown in Figure 1, suggesting that already 

at 800 rpm, there is no gas to liquid mass transfer limitation for the reaction conditions applied. 

Based on this result, a stirring rate of 1200 rpm was used for all reactions performed. 
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Figure 1 Gas uptake curves for stirring experiments: [cyclooctene] = 2.8 M, [Rh] = 2.9x10-4M, [L] = 8.7 x10-3 M and 
50 vol. % toluene as solvent, under 45 bar syngas pressure (CO/H2=1), T = 80°C 
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3.2.2 Mechanism 

It is well reported[7,8] that the coordination of very bulky phosphite ligands results in mono-ligated 

Rh complexes. The mechanism of hydroformylation catalyzed by a mono-ligated Rh bulky 

phosphite catalyst is reported as given below in Scheme 3. 
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Scheme 3 Mechanism of Rh-catalyzed hydroformylation using bulky monophosphites[2] 

A plot of the natural logarithm of cyclooctene concentration normalized to initial cyclooctene 

concentration; ln(CAlkene/CAlkene_0) vs time for these preliminary experiments, gives an obvious first 

order dependence in olefin concentration (Figure 2). This observation is in line with previous 

reports for the hydroformylation of cyclohexene with a slightly different bulky phosphite modified 

catalyst.[2] 
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Figure 2 First order plot for the reaction at a stirring rate of 1200 rpm given in Figure 1 

It was also shown that upon addition of cyclooctene to the catalyst system tri(o-t-butylphenyl) 

phosphite and Rh, the IR spectrum recorded in situ remained unchanged.[8] This suggests that the 

resting state during the reaction is species A and the rate limiting step is the coordination of 

cyclooctene to the hydrido complex B, preceded by a fast CO dissociation pre-equilibrium.[9] 

To double-check that the hydrogenolysis step (F to A) is not rate limiting for this catalyst/substrate 

system, an experiment was performed where the hydrogen pressure was doubled compared to the 

stirring experiments presented in Figure 1. The conversion-time profiles of the experiments 

performed at 22.5 and 45 bar of H2 (Figure 3) do not suggest any significant dependence of the 

reaction rate on the hydrogen concentration. The difference in the reaction profiles is probably due 

to an error in the total amount of cyclooctene added to the autoclaves, as suggested by the 

difference in the total gas uptake (GU) values. According to the GU values, the experiment 

performed at 45 bar H2 has 1.1 times the amount of cyclooctene present for the 22.5 bar H2 

experiment. This difference makes the 45 bar H2 experiment bit faster, but the reactions end around 

the same time; as expected for first order reactions. If there was any dependence on the hydrogen, 

the end time of the reaction would have shifted. 
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Figure 3 Conversion-time profiles for: [cyclooctene] = 2.8 M, [Rh] = 2.9x10-4 M, [L] = 8.7 x10-3 M and 50 vol. % 
toluene as solvent, 22.5 bar CO, 22.5 and 45 bar H2, respectively, T = 80°C 

3.2.3 Rate equation and experimental design 

Based on the fact that the coordination of the alkene is the rate limiting step, preceded by a fast 

equilibrium; the following rate equation is derived, as already reported.[2] 

𝑟 =
𝑘[𝑅ℎ][𝑎𝑙𝑘𝑒𝑛𝑒]

1 + [𝐶𝑂]/K
 (1) 

𝑤ℎ𝑒𝑟𝑒 𝑘 = 𝐴𝑒𝑥𝑝(
−𝐸𝐴
𝑅𝑇

) (2) 

and K being the equilibrium constant for the pre-equilibrium step. 

Batch experiments were planned according to a 24 central composite design[10] for the variables 

appearing in the rate equation; namely temperature, carbon monoxide partial pressure, catalyst and 

cyclooctene concentrations. Experimental conditions were varied according to the parameter levels 

given in Table 1 in order to estimate the parameters appearing in the rate equation. Hydrogen 

partial pressure was kept constant at 22.5 bar and a ligand/Rh ratio of 30 was used since a high 

molar excess is needed to ensure coordination of a ligand to each Rh center.[8] 
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Table 1 Variables and levels used for the 24 Central Composite Design 

Variable Level Value Variable Level Value 

T 
(°C) 

-2 60 

PCO 
(bar) 

-2 15.00 

-1 65 -1 17.50 

0 70 0 20.00 

1 75 1 22.50 

2 80 2 25.00 

[cyclooctene]0  
(M) 

-2 2.24 

[Rh] 
(M) 

-2 1.80x10-4 

-1 2.52 -1 2.25x10-4 

0 2.80 0 2.70x10-4 

1 3.08 1 3.15x10-4 

2 3.35 2 3.60x10-4 

 

The experiments performed according to the experimental design and the rate of reaction observed 

at the first minute of reaction for each experiment are listed in Table 2 along with the turn over 

frequencies. Comparing the rates and Rh concentrations of entries 2 and 9; 3 and 6; 4 and 8; 5 and 

7; 10, 11, 18, 19, 20, 21 and 17; 22 and 29; 23 and 28; 24 and 27; and 25 and 26 confirms that the 

reaction is  first order in Rh concentration. The dependence in CO is not so strong and is harder to 

determine since it appears as (1+CO/K). Comparing  entries 2 and 3, 4 and 5, 6 and 9, 7 and 8, 22 

and 28, 23 and 29, 24 and 25, 26 and 27; it is not possible to deduce a clear influence of the CO 

concentration on the reaction rate. 
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Table 2 Kinetic experiments performed for parameter estimation 

Entry 
 

T  
(°C) 

[C.octene]0 
(M) 

PCO 
(bar) 

PH2 
(bar) 

[Rh] x104 
(M) 

Alkene 
Rh 

TOF 
@ 1st min 

(h-1) 

Rate*100 
@ 1st min 
(M/min) 

[CO] 
(M) 

1 60 2.76 20.0 22.5 2.70 10 236 1133 1.41 0.15 
2 65 2.55 22.5 22.5 2.25 11 333 1413 1.35 0.18 
3 65 2.52 17.5 22.5 2.25 11 200 1227 1.16 0.14 
4 65 3.08 17.5 22.5 3.15 9 778 1219 1.96 0.14 
5 65 3.04 22.5 22.5 3.15 9 651 1314 2.09 0.18 
6 65 2.52 17.5 22.5 3.15 8 000 1257 1.66 0.14 
7 65 3.11 22.5 22.5 2.25 13 822 1413 1.64 0.18 
8 65 3.08 17.5 22.5 2.25 13 689 1280 1.47 0.14 
9 65 2.49 22.5 22.5 3.15 7 905 1333 1.74 0.18 

10 70 2.83 20.0 22.5 2.70 10 481 1600 2.03 0.16 
11 70 2.80 20.0 22.5 2.70 10 370 1600 2.01 0.16 
12 70 2.21 20.0 22.5 2.70 8 185 1422 1.41 0.16 
13 70 3.32 20.0 22.5 2.70 12 296 1622 2.41 0.16 
14 70 2.52 15.0 22.5 2.70 9 333 1733 1.96 0.12 
15 70 2.80 23.8 23.8 2.70 10 370 1578 1.98 0.19 
16 70 2.83 21.3 21.3 1.80 15 722 1800 1.52 0.17 
17 70 2.80 20.0 22.5 3.60 7 778 1550 2.59 0.16 
18 70 2.80 20.0 22.5 2.70 10 370 1533 1.93 0.16 
19 70 2.80 20.0 22.5 2.70 10 370 1178 1.48 0.16 
20 70 2.80 20.0 22.5 2.70 10 370 1578 1.98 0.16 
21 70 2.76 20.0 22.5 2.70 10 222 1622 2.01 0.16 
22 75 3.08 17.5 22.5 2.25 13 689 1947 2.24 0.14 
23 75 3.08 22.5 22.5 3.15 9 778 1924 3.10 0.18 
24 75 2.49 17.5 22.5 3.15 7 905 1981 2.58 0.14 
25 75 2.55 22.5 22.5 3.15 8 095 1829 2.44 0.18 
26 75 2.52 22.5 22.5 2.25 11 200 1973 1.86 0.18 
27 75 2.49 17.5 22.5 2.25 11 067 1733 1.61 0.14 
28 75 3.11 22.5 22.5 2.25 13 822 1973 2.29 0.18 
29 75 3.11 17.5 22.5 3.15 9 873 2000 3.25 0.14 
30 80 2.76 20.0 22.5 2.70 10 222 2422 2.99 0.17 

 

3.2.4 Hydrogen and carbon monoxide concentrations in solution 

The equilibrium concentration of carbon monoxide in toluene was calculated using a method 

presented in the literature, based on the theory of regular solution.[11] The mole fraction of dissolved 

CO in the reaction mixture (xco) at 1 atm is estimated using Equation 3. The reaction mixture is 

assumed to be represented well by pure toluene for this calculation. Henry’s law is used to calculate 

the CO concentration at reaction pressure. 
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1
𝑥𝐶𝑂

=
𝑓𝐶𝑂𝑙

𝑓𝐶𝑂𝐺
exp �

∅𝑡𝑜𝑙𝑢𝑒𝑛𝑒2 𝜗𝐶𝑂𝐿 �𝛿𝑡𝑜𝑙𝑢𝑒𝑛𝑒2 + 𝛿𝐶𝑂2 − 2𝛿𝐶𝑂(𝛿𝑡𝑜𝑙𝑢𝑒𝑛𝑒2 + ∆𝑡𝑜𝑙𝑢𝑒𝑛𝑒)1/2�
𝑅𝑇

� (3) 

Liquid and gas phase fugacities of CO; 𝑓𝐶𝑂𝑙 𝑎𝑛𝑑 𝑓𝐶𝑂𝐺  can be estimated using Equations 4 and 5, which 

are adopted from literature:[12] 

𝑓𝐶𝑂𝑙 = exp(4.7475 + 588.52T−1 − 1.3151x105T−2) (4) 

𝑓𝐶𝑂𝐺 = exp �
Pr
Tr
�0.083 −

0.422
Tr1.6 + ω(0.139 −

0.172
Tr4.2 )�� 1.01325 bar (5) 

The solubility parameter for toluene, δtoluene can be estimated using Equation 6 given below[13] 

using vaporization enthalpy ∆Htoluene
vap  and molar volume ϑtoluene values reported in Table 3. 

δtoluene = �∆Htoluene
vap /ϑtoluene�

1/2J0.5m−1.5 (6) 

The volume fraction of the solvent, Φtoluene can be assumed as unity since the gases are sparingly 

soluble in the solvent. The values of the constants used in calculating these equations are listed in 

Table 3. 

Table 3 Parameters for Regular Solution Theory  

Parameter (Unit) Value 
ϑtoluene (m3mol−1) 1.06x10-4 
∆toluene (J. m3) [13] 7.49x106 

∆Htoluene
vap (J. mol−1) [14] 38100 
ϑ𝐶𝑂(m3mol−1) [12] 3.21x10-5 
δ𝐶𝑂(J0.5m−1.5)  [12] 6.403x103 

ωCO 0.048 
Tc__CO (K) 132.9 

Pc__CO (bar) 34.99 
 

The concentration of CO calculated according to the method explained here is given in Table 2 for 

all the kinetic experiments performed. 

3.2.5 Estimation of rate equation parameters 

Parameters in Equation 1 were estimated using a MATLAB script, developed according to the 

algorithm reported by A. Koeken et al.[15] The batch reactor design equation was numerically 

integrated to estimate the concentration as a function of time using the proposed rate equation 
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(Equation 7) and concentration data were used to calculate the rate. A built-in MATLAB function 

minimizes the difference between experimental and estimated rate values by finding the optimal 

values of the rate equation parameters A, EA and K. These parameters and their 95% confidence 

intervals estimated are given in Table 4. 

−
𝑑𝐶𝑐𝑦𝑐𝑙𝑜𝑜𝑐𝑡𝑒𝑛𝑒

𝑑𝑡
=
𝐴𝑒𝑥𝑝 �−𝐸𝐴𝑅𝑇 � [𝑅ℎ][𝑎𝑙𝑘𝑒𝑛𝑒]

1 + [𝐶𝑂]/K
 (7) 

Table 4 Parameter Estimates for Rate Equation (Equation 1) and 95% Confidence Intervals 

Parameter Estimated value 95% Lower 95% Upper 
A (L.min-1.mol-1) 2.09x108 1.27x108 2.91x108 

EA (kJ/mol) 44.0 42.8 45.1 
K (mol/L) 0.31 0.25 0.38 

 

Figure 4 shows the parity plot comparing experimental rate data obtained from the kinetic batch 

experiments and rates estimated for these experiments according to the kinetic model; the values 

predicted by the model agree with the experimental data. 
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Figure 4 Parity plot for estimated vs. experimental reaction rates at the first minute of reaction 

3.3 Continuous Reaction 

A continuous hydroformylation experiment was planned using the kinetic data obtained from batch 

experiments. Full conversion at steady state was avoided since it might lead to idle catalyst 

molecules which are more prone to deactivation and it is also not possible to judge when 

deactivation/leaching starts in the case of full conversion. Figure 5 shows the conversion-time 
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profile of the continuous run together with the estimated reaction profile and 95% confidence 

intervals. Time dependent concentration data for the estimated reaction profile was obtained by 

integrating the CSTR design equation given below in Equation 8 with the initial condition that 

concentration in the reactor at time=0 is Ccyclooctene,0 and replacing rcyclooctene with Equation 1. 

𝑑𝐶𝑐𝑦𝑐𝑙𝑜𝑜𝑐𝑡𝑒𝑛𝑒
𝑑𝑡

=
1
τ
�𝐶𝑐𝑦𝑐𝑙𝑜𝑜𝑐𝑡𝑒𝑛𝑒,𝑓 − 𝐶𝑐𝑦𝑐𝑙𝑜𝑜𝑐𝑡𝑒𝑛𝑒� − 𝑟𝑐𝑦𝑐𝑙𝑜𝑜𝑐𝑡𝑒𝑛𝑒  (8) 

Concentration as a function of time can then be expressed as given in Equation 9 below: 

𝐶𝑐𝑦𝑐𝑙𝑜𝑜𝑐𝑡𝑒𝑛𝑒(𝑡) = 𝐶𝑐𝑦𝑐𝑙𝑜𝑜𝑐𝑡𝑒𝑛𝑒,0exp � −�
1
𝜏

+ 𝜖� 𝑡� +
𝐶𝑐𝑦𝑐𝑙𝑜𝑜𝑐𝑡𝑒𝑛𝑒,𝑓

1 + 𝑘𝜏
�1 − exp � −�

1
𝜏

+ 𝜖� 𝑡�� (9) 

where 

𝜖 =
𝐴𝑒𝑥𝑝(−𝐸𝐴𝑅𝑇 )[𝑅ℎ]

1 + [𝐶𝑂]/K
 (10) 

calculated for given conditions using the parameter estimates reported in Table 4. 

The reaction was stopped after 47 hours (~5 residence times) and a total turnover number (TTON) 

of 44 300 was achieved. The TTON can of course be improved by using a higher reaction 

temperature or by simply extending the reaction time. The kinetic model predicts the steady state 

behavior of the reactor well. Once the steady state conversion was reached, it stayed constant for 

about 4 residence times, at which the experiment was stopped. This suggests that the catalyst (MW 

= 835 g/mol) is retained reasonably well by the membrane (MW cut-off of 450 D) and that catalyst 

deactivation is not of major concern at this stage; ICP analysis of the product collected in the first 

7.3 hours (0.9 residence times) confirmed that 98.75% of the initial rhodium content and 99.59% of 

the phosphorus content was retained.  
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Figure 5 Continuous hydroformylation reaction performed with nanofiltration jet-loop reactor. [cyclooctene] = 1.34 M, 
[Rh] = 2.0x10-4 M, [L] = 5.9x10-3 M, p = 20 bar CO:H2 (1:1), T = 80°C, τ ≈9.3 h 

Although the steady state conversion is predicted quite well; the experimental conversion in the 

beginning is lower than the estimated. A partial explanation can be that gas bubbles formed in the 

beginning of the reaction are bigger than the ones that are formed later on when there is aldehyde in 

the reaction mixture, since the presence of aldehyde (acting as a surfactant-like agent) prevents 

coalescence, as explained in Chapter 2. Smaller bubbles supply a higher interfacial surface area for 

gas to liquid mass transfer which can be limiting in the beginning of the reaction. This explanation, 

however, would be valid for the lower conversion ranges since a small amount of aldehyde is 

enough to obtain small bubbles. 

The residence time changed gradually over time from 8.2 h-1 in the beginning to 10.4 h-1 at the end 

of the reaction. This trend in residence time is taken into account for the estimated conversion 

profile. 

3.4 Conclusions 

Cyclooctene was used as the model substrate to test the constructed jet-loop reactor with integrated 

membrane nanofiltration. A rate equation was derived to express the kinetics of cyclooctene 

hydroformylation for the Rh/tris(2,4-di-tert-butylphenyl) phosphite system, according to the 

reaction mechanism. It was shown that the reaction is first order in cyclooctene with an activation 

energy of 44±1.2 kJ/mol. Although the bulky-phosphite catalyst system is known to be a very 

active catalyst, the highest turnover frequency obtained for the conditions in this work is around 

2500 h-1. The reason behind low reaction rates is the steric bulk of cyclooctene, which hampers 
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coordination of the molecule to the metal center. Parameter estimates for the rate model were 

determined within narrow confidence intervals and allows a good prediction and interpretation of 

continuous reaction data. 

A continuous hydroformylation run was successfully performed in the developed reaction setup, 

giving a total turnover number of 44 300 in a total reaction time of 47 hours, which corresponds to 

5 residence times. Steady state conversion was reached after about one residence time and remained 

constant till the experiment was stopped. This result is important since it is achieved with a 

commercially available ligand without any further MW enlargement or immobilization on a support 

and can be improved by applying higher reaction temperatures or simply by running the reaction 

longer. 

3.5 Experimental 

3.5.1 Materials 

Chemicals were purchased from Aldrich, Merck, Acros or Biosolve. All air/water sensitive 

solutions were prepared under argon using Schlenk techniques. The substrate solution containing 

cyclooctene and decane as internal standard was filtered over neutral alumina and degassed. A 

stock solution of catalyst (Rh precursor: Rh(acac)(CO)2 and Ligand) was prepared in dry and 

degassed solvent. Solvents were dried and degassed using a custom-made alumina-filled Ar-flushed 

column. 

3.5.2 Batch reactions 

Batch reactions were performed in custom built high pressure stainless steel autoclaves (100 ml) 

equipped with a mechanical gas-impeller stirrer and a mass flow controller (MFC) to monitor the 

gas uptake. Conversion was measured on a Shimadzu GC-2010 gas chromatograph (GC) using an 

Agilent DB1 column (30m x0.32mm i.d.) at the end of the reaction time to normalize the values 

obtained from gas uptake data. 

The substrate solution was filled into a dropping funnel (30 ml) and the catalyst solution was 

charged in the autoclave where it was preformed under reaction conditions for an hour, after which 

the reaction was started by adding the substrate solution. 

3.5.3 Continuous reaction in jet loop reactor and nanofiltration setup 

For hydroformylation, the reaction start-up was performed as follows: The reactor was purged with 

syngas pressure before the reactor was filled with substrate solution under argon flow to the 

designated level by the HPLC pump. The catalyst solution was added into the dropping funnel, 
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which is connected to the reactor by a valve, under argon. It is possible to preform the catalyst in 

this heated compartment under pressure. The reactor was heated and pressurized to the reaction 

conditions and after the flux through the membrane reached steady state, preformed catalyst 

solution was added to start the reaction. A mass flow controller kept the reaction pressure constant 

and the gas uptake was monitored to confirm conversion values obtained by GC sampling. 
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Chapter 4 
 

Kinetics as a Tool in Understanding the Regioselectivity of 

Neohexene Hydroformylation 

 

 

The kinetics of neohexene hydroformylation were investigated for a Rh catalyst modified with bulky 

monodentate tris(2,4-di-tert-butylphenyl) phosphite, based on the mechanism reported for mono-

ligated Rh-catalyzed hydroformylation. The rate limiting step was shown to be the hydrogenolysis of 

the Rh-acyl intermediate for both the linear and the branched aldehydes. Rate equations for both 

aldehydes were derived and the kinetic parameters were estimated. To elucidate the increased 

aldehyde linearity at higher temperature, deuterioformylation experiments were performed. At 

100°C the linear Rh-alkyl formation was found to be more reversible than the branched one. The 

ratio of linear to branched Rh-acyl species was determined using in situ High Pressure (HP) IR 

experiments in order to quantify the difference in activation energies of the hydrogenolysis steps 

towards the isomeric aldehydes.  
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Chapter 4 

4.1 Introduction 

The hydroformylation of alkenes, discovered in 1938 by Otto Roelen, is widely applied in industry 

and has been studied extensively.[1] Rhodium and cobalt are used as catalyst metal and a great 

variety of phosphorus ligands is available to tune the activity and selectivity of the homogeneous 

catalyst. The influence of ligands on the catalyst arising from their steric and electronic properties 

enables a good prediction of the activity and selectivity of a catalyst system. Bulky, monodentate π-

acceptor ligands give rise to extremely active but less selective catalysts, while chelating ligands 

possessing a large bite angle result in very high selectivity towards the linear aldehyde.[2] However, 

knowledge about the catalyst itself alone is not enough; different elementary steps in the 

mechanism can become rate limiting for different substrates, even for isomers, depending on the 

position of the double bond in the molecule.[3] 

Regioselectivity in the Rh-catalyzed hydroformylation is a widely studied subject[4–7] since 

normally only one of the product aldehydes (usually linear) is the desired product and optimization 

of selectivity has great industrial relevance. The Rh-alkyl formation step in the reaction mechanism 

is generally accepted to be the step that determines the regioselectivity, especially at low 

temperatures where Rh-alkyl formation is not reversible.[4] With increasing temperature, the linear 

aldehyde has been shown to be favored over the branched one, commonly attributed to increased 

reversibility of the branched Rh-alkyl.[2,8,9] However, for styrene hydroformylation, a detailed in 

situ kinetic study on the rate limiting Rh-acyl hydrogenolysis step showed a difference in energetics 

for the linear and branched isomers. The role of these different energetics in determining the 

regioselectivity should be considered.[5] The latest studies agree that hydroformylation 

regioselectivity is governed by a combination of different steps in the mechanism depending on 

reaction conditions, catalytic system, and substrate.[6,10] 

The kinetics of neohexene hydroformylation (Scheme 1) has been investigated for the tris(2-tert-

butyl-4-methylphenyl) phosphite modified rhodium catalyst by van Rooy et al.[11] The reaction rate 

was found to be first order in alkene concentration and hence alkene coordination was proposed as 

the rate limiting step. Under the conditions applied, these authors did not observe the branched 

product and drew the conclusion that the steric bulk of the substrate, which hampers the 

coordination of the alkene, also prevented its coordination in the branched fashion. 

Under the same conditions used by van Rooy et al., using the bulky tris(2,4-di-tert-butylphenyl) 

phosphite rhodium catalyst, Selent et al.[12] observed 5% branched aldehyde in the product. Both 

aldehydes followed pseudo first order kinetics: a constant reaction rate in the beginning of the 
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reaction followed by a first order alkene dependence at higher conversions. The authors revealed 

the reformation of Rh-hydride species together with Rh-acyl species as observable intermediates 

during the reaction using in situ IR. According to these researchers, the rate limiting step is the 

hydrogenolysis of the Rh-acyl species over the whole course of the reaction. The authors also 

observed an increase in the amount of branched aldehyde produced with decreasing temperature 

and proposed that it might arise from the difference in activation energies of the hydrogenolysis 

steps of the isomeric aldehydes. 

We investigated the kinetics of neohexene hydroformylation for the tris(2,4-di-tert-butylphenyl) 

phosphite rhodium catalyst and the reason behind the temperature dependence of the 

regioselectivity using the kinetic information. 

4.2 Kinetics 

Aldehydes produced by neohexene hydroformylation are 4,4-dimethylpentanal and 2,3,3-

trimethylbutanal as shown in Scheme 1, which will be called linear and branched aldehyde 

respectively from here on. 

CHO

CHO
CO/H2

+
 

Scheme 1 Neohexene Hydroformylation 

Bulky phosphites are reported to give mono-coordinated active Rh species.[12–14] The 

hydroformylation mechanism proposed for bulky phosphite ligated Rh catalysts is given in Scheme 

2.[3] 
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Scheme 2 Mechanism of Rh-catalyzed hydroformylation using bulky monophosphites[3] 

To check the assumption that hydrogenolysis really is the rate limiting step for both aldehydes, two 

reactions were performed at 80˚C, 20 bar CO, 20 and 40 bar H2, respectively. The linear to 

branched aldehyde ratio would change, since one product would be formed faster, if one of the 

aldehydes had a different rate limiting step. The reaction profiles obtained by logged gas uptake 

data confirmed that hydrogenolysis is the rate limiting step (Figure 1) and the experiments gave the 

same linear to branched aldehyde ratio of 18.5, confirming hydrogenolysis as the common rate 

limiting step.  
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Figure 1 Reaction profiles for hydroformylation reactions performed under 40 bar and 20 bar H2 , other conditions 
were kept same: [neohexene] = 2.2 M, [Rh] =1.12x10-4 M, L/Rh=30, CO =20 bar, 80˚C 

Moreover, monitoring the reaction profile by sampling gave very similar profiles for both 

aldehydes as shown in Figure 2. 
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Figure 2 Hydroformylation reaction showing reaction profiles for both linear and branched aldehydes. Reaction 
conditions: [neohexene] = 2.2 M, [Rh] =1.2x10-4 M, L/Rh=30, 40 bar syngas CO/H2=1, 80˚C 

Both the experiment with doubled hydrogen pressure and the sampling experiment confirm that 

hydrogenolysis is the common rate limiting step for both aldehydes. According to these results and 

the findings in literature,[12] rate equations for linear and branched aldehydes were derived 

(Equations 1 and 2), assuming that the hydrogenolysis step is rate limiting in the mechanism given 

in Scheme 2 for both aldehydes. Detailed derivation of these equations are given in the Appendix. 
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𝑟𝑙 =
𝑘𝐹𝐴𝐾𝐴𝐵𝐾𝐵𝐶𝐾𝐶𝐹[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒][𝐻2]

1 + 𝐾𝐴𝐵𝐾𝐵𝐶(𝐾𝐶𝐹𝐾𝐹𝐺 + 𝐾′
𝐶𝐹𝐾′

𝐹𝐺)[𝐴𝑙𝑘𝑒𝑛𝑒][𝐶𝑂] (1) 

𝑟𝑏 =
𝑘′𝐹𝐴𝐾𝐴𝐵𝐾𝐵𝐶𝐾′𝐶𝐹[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒][𝐻2]

1 + 𝐾𝐴𝐵𝐾𝐵𝐶(𝐾𝐶𝐹𝐾𝐹𝐺 + 𝐾′
𝐶𝐹𝐾′

𝐹𝐺)[𝐴𝑙𝑘𝑒𝑛𝑒][𝐶𝑂] (2) 

where k stands for the rate constant and K for the equilibrium constant of the step specified by the 

subscript. These equations can be simplified as given in Equations 3 and 4 below by lumping 

equilibrium constants together; 

𝑟𝑙 =
𝑘𝑙[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒][𝐻2]
1 + 𝐾[𝐴𝑙𝑘𝑒𝑛𝑒][𝐶𝑂] (3) 

𝑟𝑏 =
𝑘𝑏[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒][𝐻2]
1 + 𝐾[𝐴𝑙𝑘𝑒𝑛𝑒][𝐶𝑂]  (4) 

𝑘𝑙 = 𝐴𝑙 exp �−∆𝐸𝑙
𝐴

𝑅𝑇� � and 𝑘𝑏 = 𝐴𝑏exp �−∆𝐸𝑏
𝐴

𝑅𝑇� � are Arrhenius type rate constants with frequency 

factors Al and Ab for linear and branched aldehydes, respectively, where ∆𝐸𝑙𝐴 and ∆𝐸𝑏𝐴 stand for the 

activation energies, R for the universal gas constant and T for the temperature. 

Batch hydroformylation experiments were performed to determine the parameters in the rate 

equations: frequency factors, activation energies and the equilibrium constant K. Reaction variables 

appearing in the rate equation; Rh and alkene concentrations, H2 and CO pressures and reaction 

temperature were varied as given in Table 1. The l/b ratios as well as the times to reach 10, 30, 50 

and 70% conversion are reported in Table 1. 
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Table 1 Reaction conditions, obtained l/b values and reaction times at 10, 30, 50 and 70% conversion for batch 
experiments performed in the kinetic study 

Entry T(K) [alkene]0 
(M) 

[Rh]x104 

(M) 
PH2 

(bar) 
PCO 

(bar) [L/Rh] l/b t (min) 
@ x=0.1 

t (min) 
@ x=0.3 

t (min) 
@ x=0.5 

t (min) 
@ x=0.7 

1 334 1.25 1.77 25.7 14.3 30.0 6.0 5.48 17.53 29.73 43.97 
2 333 2.01 1.77 22.8 17.2 22.5 5.5 6.63 21.85 37.82 55.40 
3 344 1.35 1.18 25.4 19.6 30.0 9.4 3.87 12.05 21.43 33.50 
4 344 2.88 2.36 20.4 14.6 15.0 11.5 3.08 12.42 23.32 35.55 
5 344 2.82 2.36 25.4 19.6 22.5 10.9 2.15 8.18 15.78 24.52 
6 344 1.35 2.36 25.9 14.1 22.5 13.1 1.08 3.52 6.48 11.07 
7 344 2.82 1.18 20.0 20.0 22.5 12.2 7.28 25.28 44.65 64.62 
8 343 2.88 1.18 23.1 14.4 22.5 11.4 4.05 16.20 29.42 44.95 
9 354 2.13 1.77 26.0 14.0 15.0 15.4 1.25 4.75 8.17 12.92 

10 354 1.39 1.77 25.5 19.5 30.0 12.1 1.13 3.60 7.55 12.22 
11 353 2.50 1.12 20.0 20.0 30.0 18.5 3.20 16.00 28.80 41.60 
12 353 1.95 1.12 42.0 18.0 30.0 18.5 1.73 4.80 9.60 16.80 
13 353 2.21 1.12 24.1 25.9 30.0 15.0 7.07 25.77 46.95 71.53 
14 354 2.28 1.12 24.1 35.9 30.0 14.3 8.10 27.97 50.33 75.07 
15 354 2.17 1.12 24.1 35.9 30.0 14.0 5.58 19.28 35.17 53.13 
16 353 2.03 1.77 23.0 17.0 22.5 15.7 1.50 4.50 7.80 12.28 
17 353 2.37 1.77 23.0 17.0 22.5 16.1 1.73 5.65 11.30 19.57 
18 353 2.21 1.77 22.5 22.5 22.5 14.9 1.37 5.17 9.27 14.20 
19 353 1.58 0.59 23.0 17.0 22.5 15.7 4.25 14.88 25.70 37.93 
20 353 2.03 2.95 23.0 17.0 22.5 15.1 0.88 2.12 4.25 6.73 
21 353 2.03 1.77 23.0 17.0 22.5 16.3 1.00 3.30 5.88 9.60 
22 353 2.03 1.77 23.0 17.0 22.5 12.6 1.28 4.62 8.20 13.85 
23 354 2.03 1.19 20.0 20.0 30.0 10.7 2.90 9.83 18.10 27.60 
24 353 2.23 2.36 21.0 9.0 15.0 10.7 0.75 1.97 4.17 7.02 
25 353 1.80 2.36 42.0 18.0 15.0 14.0 0.83 2.22 4.23 7.08 
26 363 2.87 1.18 26.2 13.8 22.5 24.3 0.95 2.87 5.98 9.95 
27 363 2.93 2.36 20.0 20.0 30.0 15.8 1.00 3.03 6.05 10.07 
28 363 1.16 2.36 20.6 14.4 30.0 14.1 0.89 2.01 2.63 4.03 
29 363 1.35 2.36 25.6 19.4 22.5 19.8 0.47 1.32 2.27 3.12 
30 363 1.35 1.18 20.0 20.0 15.0 22.1 1.35 3.57 6.68 10.03 
31 363 2.86 1.18 26.2 13.8 30.0 22.1 1.23 4.63 9.27 14.83 
32 363 1.21 1.18 23.4 14.1 22.5 15.1 0.67 1.83 3.17 5.32 
33 363 2.41 1.18 22.8 19.7 22.5 13.0 1.95 5.85 11.22 18.53 

 

Nonlinear regression analysis was performed using a MATLAB routine which minimizes the 

difference between experimental and estimated concentrations and l/b values at times given in 

Table 1, by changing the values of the parameters in the rate equations, i.e. Al, Ab , ∆𝐸𝑙𝐴, ∆𝐸𝑏𝐴 and 
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K. The optimum values of the parameter estimates are presented below in Table 2 with their 95% 

confidence intervals: 

Table 2 Parameter estimates for rate equations of linear and branched aldehydes (Equations 3 and 4) 

Parameter Estimated value 
Al (M-2min-1) (1.45±0.66) x1017 
∆𝐸𝑙𝐴 (kJ/mol) 85.54±1.86 
Ab (M-2min-1) (5.83±0.90) x1011 
∆𝐸𝑏𝐴 (kJ/mol) 56.87±0.31 

K (M-2) 40.00±1.05 
 

4.2.1 Gas solubilities in the reaction mixture 

The solubility of carbon monoxide and hydrogen in toluene required for the kinetic calculations 

was calculated as explained before in Chapter 3 for carbon monoxide, according to the method 

presented in the literature based on the theory of regular solution.[15] Equation 5 was used to 

estimate the mole fraction of dissolved gas in the reaction mixture (xco and xH2), which was assumed 

to be represented well by pure toluene for this calculation at 1 atm. 

1
𝑥𝑔

=
𝑓𝑔𝑙

𝑓𝑔𝐺
exp �

∅𝑠𝑜𝑙𝑣𝑒𝑛𝑡2 𝜗𝑔𝐿�𝛿𝑠𝑜𝑙𝑣𝑒𝑛𝑡2 + 𝛿𝑔2 − 2𝛿𝑔(𝛿𝑠𝑜𝑙𝑣𝑒𝑛𝑡2 + ∆𝑠𝑜𝑙𝑣𝑒𝑛𝑡)1/2�
𝑅𝑇

� (5) 

Liquid phase fugacities of carbon monoxide and hydrogen; 𝑓𝐶𝑂𝑙 𝑎𝑛𝑑 𝑓𝐻2𝑙  can be estimated using 

Equations 6 and 7 respectively, and gas phase fugacities of both gases, 𝑓𝐶𝑂𝐺 𝑎𝑛𝑑 𝑓𝐻2𝐺 ,can be estimated 

using Equation 8:[16] 

𝑓𝐶𝑂𝑙 = exp(4.7475 + 588.52T−1 − 1.3151105T−2) (6) 

𝑓𝐻2𝑙 = 𝑒𝑥𝑝(−7.4246x10−2 + 4336𝑇−1 − 9.3595x105𝑇−2 + 6.3853x107𝑇−3) (7) 

𝑓𝑔𝐺 = exp �
Pr
Tr
�0.083 −

0.422
Tr1.6 + ω(0.139 −

0.172
Tr4.2 )��1.01325 bar (8) 

The solubility parameter for the solvent, δsolvent can be estimated using Equation 9 given below[17] 

using vaporization enthalpy ∆Hsolvent
vap  and molar volume ϑsolvent values reported in Table 3. 

δsolvent = �∆Hsolvent
vap /ϑsolvent�

1/2J0.5m−1.5 
(9) 
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The volume fraction of the solvent, Φsolvent can be assumed as unity since the gases are sparingly 

soluble in the solvent. The values of the constants used in evaluating these equations are listed in 

Table 3. 

Table 3 Parameters for Regular Solution Theory  

Parameter (Unit) Value 
ϑtoluene (m3mol−1) 1.06x10-4 
∆toluene (J. m3) [16] 7.49x106 

∆Htoluene
vap (J. mol−1) [18] 38100 

ϑhexane (m3mol−1)  3.68x10-4 
∆hexane (J. m3) [non-ploar solvent=0] 0 

∆Hhexane
vap (J. mol−1) [19] 28850 

 Carbon monoxide Hydrogen 
ϑ(m3mol−1) [16] 3.21x10-5 3.73x10-5 
δ(J0.5m−1.5) [16] 6.403x103 7.835x103 

ω 0.048 -0.216 
Tc (K) 132.9 33.19 

Pc (bar) 34.99 13.13 
 

After mole fractions are converted into concentrations, they are used to calculate the Henry’s 

constants (KH) which will be used to correct the liquid concentration of gas solutes (𝐶𝑔𝑙) for 

pressure. Henry’s law is given in Equation 10. 

𝑃𝑔 = 𝐾𝐻𝐶𝑔𝑙  (10) 

4.3 Regioselectivity 

Using the estimates given in Table 2, it is possible to model the regioselectivity as given in 

Equation 11: 

𝑙
𝑏

=
𝑟𝑙
𝑟𝑏

=
𝐴𝑙 exp �−∆𝐸𝑙

𝐴

𝑅𝑇� �

𝐴𝑏 exp �−∆𝐸𝑏
𝐴

𝑅𝑇� �
 (11) 

Equation 11 suggests that the regioselectivity is a function of temperature only. Figure 3 shows the 

percentage of linear aldehyde in the product depending on the reaction temperature; obtained from 

the batch hydroformylation reactions performed for the kinetics (Table 1) and estimated using 

Equation 5, in good agreement. There is a clear increase in the percentage of linear aldehyde in the 

product with increasing temperature, especially evident in the lower temperature region. 
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Figure 3 Percentage of linear aldehyde in the product as a function of temperature, values obtained from kinetic 
hydroformylation experiments and estimated by Equation 8. (Data at 323K and 373K belong to deuterioformylation 

experiments) 

This behavior can be the result of a shift in the Rh-alkyl formation equilibrium with increasing 

temperature; i.e. the linear Rh-alkyl being favored.[20] Another reason could be a difference in 

activation energies of the hydrogenolysis steps; rate of linear aldehyde formation increasing faster 

with temperature compared to the branched aldehyde, i.e linear aldehyde having a higher activation 

energy.[12] 

For the sake of simplicity, we have lumped together the equilibrium and rate constants in Equations 

1 and 2 and expressed them in the form of Arrhenius dependency. Writing them in their original 

forms as in Equation 12 will help to show the roles of these two probable sources of temperature 

effects on the regioselectivity. 

rl
rb

=
kFAKCF

k′FAK′CF
=

AFAexp �−∆EFA#

RT� � exp �−∆GCF
RT� �

A′FAexp �−∆EFA#′

RT� � exp �−∆G′CF RT� �
 (12) 

Lumped activation energies ∆𝐸𝑙𝐴 𝑎𝑛𝑑 ∆𝐸𝑏𝐴  representing the whole cycle for linear and branched 

aldehydes have 28.7 kJ/mol difference as shown in Equation 11. This difference is a combination of 

differences in activation energies (∆𝐸𝐹𝐴#  𝑎𝑛𝑑 ∆𝐸𝐹𝐴#′ ) of the hydrogenolysis steps and the Gibbs free 

energies of the equilibrium steps (∆𝐺𝐶𝐹 𝑎𝑛𝑑 ∆𝐺′𝐶𝐹) between the π-complex (species C, C’) and the 

Rh-acyl (species F, F’). 
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In the following, deuterioformylation and in situ IR experiments were performed to quantify these 

effects. 

4.3.1 Deuterioformylation experiments 

Hydroformylation experiments performed under D2 pressure instead of H2 give direct information 

on the reversibility of the Rh-alkyl formation step (C to D ).[8,21] The Rh catalyst preformed under 

D2 labels the alkene reversed from a branched Rh-alkyl at its terminal carbon atom C1, whereas the 

alkene reversed from a linear Rh-alkyl gets labeled at C2 carbon, as shown in Scheme 3. 

 

Scheme 3 Deuterium labeling of alkene molecules reversed from Rh-alkyl formation under deuterioformylation 
conditions 

Three deuterioformylation reactions were performed with D2:CO (20:20 bar), at 50, 80 and 100˚C, 

respectively, to investigate the effect of temperature on Rh-alkyl reversibility. A fourth experiment 

was also carried out at 50°C and 20:10 bar D2:CO to check if the CO pressure has any effect on the 

reversibility of Rh-alkyl species, since it might have a different effect on the equilibrium following 

linear Rh-alkyl formation (D to E) compared to the branched one (D’ to E’).[22] One of these 

equilibria could be more sensitive to CO concentration, shifting the rate limiting step to CO 

insertion into the Rh-alkyl species (D to E) at lower CO concentrations. However, care should be 
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taken to prevent CO depletion; since these results might be misleading. Deuterium incorporation 

into C1 (terminal) and C2 (internal) positions were determined by 2H NMR of samples taken during 

the course of the reactions (Figure 4). 

 

Figure 4 2H NMR spectra of a reaction sample at 65% conversion, 100°C deuterioformylation reaction, [neohexene] = 
2.7 M, [Rh] =1.0x10-4 M, L/Rh=27, CO=20 bar, D2=20 bar 

As seen from Figure 5, the number of deuterium atoms incorporated normalized to the number of 

aldehyde molecules produced, increases with increasing temperature for both positions. 
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Figure 5 Deuterium incorporation into C1(terminal) and C2 (internal) positions of neohexene during 
deuterioformylation: [neohexene] = 2.7 M, [Rh] =1.0x10-4 M, L/Rh=27, CO =20 bar unless otherwise stated, D2=20 bar 

An important observation is that at 100˚C, the number of D atoms in C2 position is higher than in 

C1. Hence, the equilibrium for linear Rh-alkyl formation is more temperature sensitive than that for 
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the branched one. This behavior is easily observed in Figure 6, where the numbers of D atoms in 

C1 and C2 positions are averaged out for the whole conversion range. 
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Figure 6 Average Deuterium incorporation into C1(terminal) and C2 (internal) positions of neohexene during 
deuterioformylation for conditions given in Figure 5 

These trends are confirmed also by investigating the deuterium incorporation into the linear 

aldehyde. When deuterioformylation proceeds without any reversion, the linear aldehyde has two 

D, one on the aldehyde and another one on the β-position, as shown in Scheme 4. 

 

Scheme 4 Deuterium incorporation into alkene and aldehyde molecules during deuterioformylation 

The carbon atom closest to the aldehyde function, α-carbon, contains a D atom when an alkene 

molecule reversed from branched-alkyl confirmation is deuterioformylated. The number of D 
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atoms in this position is a direct measure of branched alkyl reversibility. Table 4 below gives the 

number of D atoms in α and β positions of the linear aldehyde at different conversions for each 

deuterioformylation experiment, normalized to the amount of aldehyde. 

Table 4 Number of D atoms in α and β positions of linear aldehyde per 100 aldehyde molecules at different 
conversions (x) 

100°C 80°C 50°C 50°C,30 bar 
x α β x α β x α β x α β 

0.23 2.37 77.03 0.11 1.74 94.85 0.24 0.28 86.87 0.20 0.23 87.90 
0.36 1.61 76.59 0.28 1.40 86.56 0.59 1.18 89.28 0.37 1.05 89.02 
0.47 2.40 76.83 0.50 2.07 86.19 0.83 1.14 88.86 0.62 1.38 89.45 
0.65 2.16 77.16 0.80 3.45 83.80       0.88 1.66 89.17 
0.79 4.05 77.45                   

 

As seen in Table 4, the number of D atoms in α position increases with increased temperature, and 

the number of D in β position decreases. The former confirms increased branched alkyl reversion at 

elevated temperatures whereas the latter is due to increased formation of Rh-H species from 

increased alkene reversion. 

The number of D atoms incorporated in the linear aldehyde was also determined by GC-MS. Figure 

7 shows the relative amount of aldehyde produced with 1, 2, 3 and 4 D atoms for each 

deuterioformylation experiment, at 80% or higher conversion. If there would be no reversed alkyl 

species, there should be only aldehydes with two D atoms. It is evident from Figure 7 that the 

number of aldehydes with one D only increases with increased temperature, as suggested by the 2H 

NMR measurements, because of the Rh-H species generated when Rh-alkyl species goes back to 

alkene. The presence of 4 D atoms suggest that there are alkene molecules that were reversed from 

Rh-alkyl species more than once. 
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Figure 7 Relative amount of aldehyde with 1 to 4 D atoms incorporated at different temperatures 

The temperature sensitivity of an equilibrium arises from the entropy change associated with this 

step, as should be clear from the following expression:  ∆𝐺 = ∆𝐻 − 𝑇∆𝑆; i.e the entropy term will 

affect the equilibrium more at higher temperatures. Rh-alkyl formation should have negative 

entropy since one molecule is formed from two molecules and a negative change in entropy will 

favor the reverse reaction, even more so at increased temperature. Thus, the increase in reversed 

linear Rh-alkyl with temperature suggests that the negative change in entropy for linear Rh-alkyl 

formation is higher than it is for the branched one, meaning that the linear Rh-alkyl has lower 

entropy. Reducing CO pressure does not seem to have an effect on the reversibility at 50°C. This is 

an expected result, confirming that hydrogenolysis is the common rate limiting step. 

The kinetic isotope effect observed when comparing deuterioformylation experiments to 

hydroformylation at similar conditions also confirm that the rate limiting step is the hydrogenolysis 

step here. Figure 8 compares conversion time profiles of a hydroformylation and a 

deuterioformylation experiment. 
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Figure 8 Deuterioformylation: [neohexene] = 2.7 M, [Rh] =1.0x10-4 M, L/Rh=27, CO =20, D2=20 bar, 80°C 
Hydroformylation: [neohexene] = 2.23 M, [Rh] =1.19x10-4 M, L/Rh=30, CO =20, D2=20 bar, 80°C 

4.3.2 HP-IR experiments 

Although deuterioformylation experiments give a clear idea about the reversibility of linear and 

branched Rh-alkyl species, they do not help to quantify the activation energy difference in the 

hydrogenolysis step. Only an analysis of respective amounts of Rh-acyl species would give direct 

information on that,[5] as explained in the derivation below: 

𝑑𝐶𝑙−𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒
𝑑𝑡

= 𝑘𝐹𝐴[𝐹][𝐻2] (13) 

𝑑𝐶𝑙−𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒
𝑑𝑡

=
𝑘𝐹𝐴[𝐺][𝐻2]
𝐾𝐹𝐺[𝐶𝑂]  (14) 

According to the justified assumption that l/b is constant during the reaction, it is possible to write 

Equation 15 and comparing Equation 15 to Equation 12, Equation 16 can be written as given. 

𝑑𝐶𝑙−𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒
𝑑𝐶𝑏−𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒

=
𝑙
𝑏

=
𝑘𝐹𝐴[𝐺]𝐾′

𝐹𝐺

𝑘𝐹𝐴′ [𝐺′]𝐾𝐹𝐺
=
𝐴𝐹𝐴 exp �−∆𝐸𝐹𝐴

#

𝑅𝑇� � [𝐺] 𝑒𝑥𝑝 �∆𝑆′𝐹𝐺𝑅 � 𝑒𝑥𝑝 �−∆𝐻′𝐹𝐺𝑅𝑇 �

𝐴′𝐹𝐴 exp�−∆𝐸𝐹𝐴
#′

𝑅𝑇
� � [𝐺′] 𝑒𝑥𝑝 �∆𝑆𝐹𝐺𝑅 � 𝑒𝑥𝑝 �−∆𝐻𝐹𝐺𝑅𝑇 �

 
(15) 

[𝐺]
[𝐺′]

=  
𝐾𝐹𝐺𝑒𝑥𝑝 �

−∆𝐺𝐶𝐹
𝑅𝑇� �

𝐾′
𝐹𝐺𝑒𝑥𝑝 �

−∆𝐺′𝐶𝐹
𝑅𝑇� �

= 𝑒𝑥𝑝 �
∆𝑆𝐶𝐺 − ∆𝑆′𝐶𝐺

𝑅
� 𝑒𝑥𝑝 �

−∆𝐻𝐶𝐺 + ∆𝐻′
𝐶𝐺

𝑅𝑇
� (16) 

The ratio of linear to branched Rh-acyl [𝐺]/[𝐺′] also gives direct information on the Gibbs free 

energy differences of steps between Species C and G, as given in Equation 16. In situ IR 
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experiments were performed to quantify the respective amounts of linear and branched Rh-acyl 

species. Figure 9 shows the spectra recorded in the first ten minutes of a reaction performed at 

room temperature. 

Negative peaks appearing after the addition of neohexene (ṽ=1824.4 cm-1) belong to the hydride 

species (A) characterized by peaks at 2013, 2043 and 2092 cm-1. These values are in close 

agreement with the ones reported by Selent et al.[12] (ṽCO=2013, 2041 and 2091 cm-1). They are 

negative since the background spectrum was measured after complete conversion of the catalyst 

into Rh-hydride and after substrate addition some of this species turns into Rh-acyl. Rh-acyl species 

(G, G’) is characterized by three peaks in the terminal CO region; 1994.6, 2019.8 and 2078 cm-1 

appearing immediately after substrate addition, also in agreement with the values reported by 

Selent et al.[12] (ṽCO = 1995, 2017, 2079 cm-1). 
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Figure 9 IR spectra recorded in the first ten minutes of neohexene hydroformylation, [neohexene] = 0.54 M,  
 [Rh] =3.14x10-4 M, L/Rh=26, T=25°C, H2=4.8 bar, CO=35.2 bar 

The last peaks of these species, belonging to the acyl C=O bond, should be located in the organic 

CO region,[23,24] around 1690-1700 cm-1 and these are the ones that will enable us to determine the 

linear to branched Rh-acyl ratio. Selent et al.[14] recently determined this peak at 1690 cm-1 for this 

catalyst-substrate system. However, the aldehyde (1734 cm-1) and neohexene (1642 cm-1) peaks 

overlap in this region and it is not possible to observe the relatively small C=O signals, especially at 

higher conversions. Therefore, spectra of pure neohexene were subtracted from the reaction spectra 

recorded to eliminate the neohexene signal at 1824.4 cm-1. The low pressure of hydrogen used in 
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these experiments (Table 5) enabled us to take a number of spectra before the Rh-acyl peak was 

concealed under the aldehyde peak at 1734 cm-1. This enabled us to obtain the spectra of the acyl 

C=O bond of the Rh-acyl species such as given in Figure 10, with the desired species (G and G’) 

overlapping around 1690 cm-1. 

 

Figure 10 IR spectra recorded immediately after neohexene addition for the 40°C IR experiment, after neohexene 
subtraction, showing the deconvolution of Rh-acyl species ([neohexene] = 0.54 M, [Rh] =3.14x10-4 M, L/Rh=26, 

H2=3.9 bar, CO=34.2 bar) 

After deconvolution of this signal, linear and branched coordinatively saturated Rh-acyl species (G 

and G’) were characterized by the peaks at 1692 and 1688 cm-1 respectively with their acyl CO 

signals, with the values given in Table 5. The deconvolution was performed by CasaXPS.[25] 

Table 5 Ratio of linear to branched Rh-acyl species and reaction conditions for the IR experiments 

T (K) H2 (bar at 25°C) CO (bar at 25°C) [Linear Rh-acyl]/[Branched Rh-acyl] 
298 4.85 35.15 1.04 
313 3.87 34.21 1.12 
328 6.59 29.75 1.50 
343 3.75 31.00 1.68 

 

Rearranging equation 16, the natural logarithm of the Rh-acyl ratios 𝑙𝑛 � [𝐺]
[𝐺′]

� describes a line with 

the equation (−∆𝐻𝐶𝐺+∆𝐻′𝐶𝐺)
𝑅

1
𝑇

+ (∆𝑆𝐶𝐺−∆𝑆′𝐶𝐺)
𝑅

 . Linear regression of the data presented in Table 5 as 

given in Figure 11 allows to calculate ∆𝐻𝐶𝐺−∆𝐻′𝐶𝐺 as 9.7 kJ/mol and a difference of changes in 

entropy ∆𝑆𝐶𝐺−∆𝑆′𝐶𝐺 = 32.5 J/mol.K. 
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Figure 11 Linear fit to describe equation ln([G]/[G’])= (–ΔHCG+ ΔH’
CG)/RT+(–ΔSCG+ ΔS’

CG)/R using data in Table 5  

It would be justified to assume that the total free energy changes from species C to F should be 

negative, since the coordination of alkene is suggested to be a high energy change step by the IR-

observable hydride species. This is also in line with energy profiles of hydroformylation of a range 

of substrates.[4,7,22,23,26] The free energy change of the equilibrium between F and G should also be 

negative. We also know that the difference in Gibbs free energy changes is negative 

(∆𝐺𝐶𝐺−∆𝐺′𝐶𝐺 < 0), from which we can deduce |∆𝐺𝐶𝐺| > |∆𝐺′𝐶𝐺|. So a higher negative ΔG favors 

the forward reaction (C to G) of the linear path, even more so with increasing temperature because 

the entropy difference ∆𝑆𝐶𝐺−∆𝑆′𝐶𝐺   is positive and increases the difference in Gibbs free energy 

changes with increasing temperature; as should be evident from the following expression: 

∆𝐺𝐶𝐺−∆𝐺′𝐶𝐺 = ∆𝐻𝐶𝐺−∆𝐻′𝐶𝐺 − 𝑇(∆𝑆𝐶𝐺−∆𝑆′𝐶𝐺). 

It is possible to obtain �∆𝐸𝐹𝐴# − 𝛥𝐻𝐹𝐺� − �∆𝐸𝐹𝐴#′ − 𝛥𝐻′𝐹𝐺� and (𝛥𝑆𝐹𝐴 − 𝛥𝑆′𝐹𝐴)− (𝛥𝑆𝐹𝐺 − 𝛥𝑆′𝐹𝐺) using 

the data in Table 5 for linear regression of Equation 15 where the ratio of the pre-exponential 

factors AFA/A’FA can be written as given in Equation 17.  

AFA

A′FA
=  exp �

∆𝑆𝐹𝐴# − ∆𝑆𝐹𝐴#′

𝑅
� 

(17) 

Figure 12 shows the linear regression carried out. 
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Figure 12 Linear fit using data in Table 5 to describe equation   
 ln([linear aldehyde][G’]/[branched aldehyde][G])= (–ΔHGA+ ΔH’GA)/RT+(ΔSGA- ΔS’GA)/R 

�∆EFA# + 𝛥𝐻𝐺𝐹� − �∆EFA#′ + 𝛥𝐻′
𝐺𝐹� = 𝛥𝐻𝐺𝐴–𝛥𝐻′

𝐺𝐴 = 19 kJ/mol and ∆SFA# − ∆SFA#′ + 𝛥𝑆𝐺𝐹 − 𝛥𝑆′𝐺𝐹 =

𝛥𝑆𝐺𝐴 − 𝛥𝑆′𝐺𝐴  is determined as 71 J/mol.K. For the formation of the activated state, the entropy 

change should be positive. Garland et al.[27] reported an activation entropy of ΔS#=121±14 J/mol.K 

for the hydrogenolysis step of neohexene hydroformylation catalyzed by the unmodified Rh 

catalyst. A positive activation entropy suggests that the transition state is highly unstable. Degrees 

of freedom are 'liberated' in going from the ground state to the transition state, which, in turn, 

increase the rate of the reaction. The entropy change involved in going from G to F or G’ to F’ 

should also be positive, meaning both ΔSGA and ΔS’GA are positive. 

So hydrogenolysis of the 5-coordinated linear Rh-acyl, G at typical hydroformylation conditions is 

faster than that of the branched isomer G’ although it has a higher activation energy 

(𝛥𝐻𝐺𝐴–𝛥𝐻′
𝐺𝐴=19 kJ/mol) because it has a larger positive activation entropy (𝛥𝑆𝐺𝐴 − 𝛥𝑆′𝐺𝐴=71 

J/mol.K).  

4.4 Conclusions 

Detailed analysis of the kinetics and mechanism of neohexene hydroformylation was carried out for 

the bulky phosphite, tris(2,4-di-tert-butylphenyl) phosphite modified Rh as catalyst. Both linear and 

branched aldehyde isomers were shown to have the hydrogenolysis of the Rh-acyl species as the 

rate limiting step. Rate equations were derived and equation parameters were estimated within very 

narrow confidence intervals using nonlinear regression. These estimates were used to predict the 

regioselectivity in very good agreement with the experimental data. Deuterioformylation and in situ 
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IR experiments were performed to reveal the reasons behind the increase in linear aldehyde 

selectivity with increasing temperature. 

The deuterioformylation experiments showed that both linear and branched Rh-alkyl formation are 

reversible, and increasingly so with increasing temperature. This finding suggests that the entropy 

change involved in Rh-alkyl formation is negative, favoring the reverse reaction more and more 

with increasing temperature as ∆𝐺 = ∆𝐻 − 𝑇∆𝑆. At 100°C; the linear Rh-alkyl formation was found 

to be even more reversible than the branched one, which means the negative entropy change for 

linear Rh-alkyl formation is larger than the one for branched Rh-alkyl formation: i.e. linear Rh-

alkyl formation equilibrium (C to D) is more temperature sensitive than the branched Rh-alkyl 

equilibrium (C to D’). HP-IR experiments carried out to investigate the linear and branched Rh-

acyl species (G and G’) showed an excess of linear Rh-acyl compared to the branched one. 

Moreover, the ratio of linear to branched Rh-acyl increased with increasing temperature. These 

findings suggest that the total forward reaction of non-common equilibrium steps of the linear and 

branched catalytic cycles (C to G and C’ to G’) are favored for the linear aldehyde over the 

branched one. Accordingly, we calculated a higher negative ΔG for the linear cycle at all 

temperatures. The difference in Gibbs free energies, ∆𝐺𝐶𝐺−∆𝐺′𝐶𝐺 , gets even more pronounced at 

higher temperatures since ∆𝐺𝐶𝐺−∆𝐺′𝐶𝐺 = ∆𝐻𝐶𝐺−∆𝐻′𝐶𝐺 − 𝑇(∆𝑆𝐶𝐺−∆𝑆′𝐶𝐺) and the difference in 

entropy changes is positive (∆𝑆𝐶𝐺−∆𝑆′𝐶𝐺 = 32.5 J/mol.K). 

Furthermore, the reverse step of the equilibrium from G to F and subsequent hydrogenolysis of the 

linear acyl (F) was found to have a larger enthalpy change associated compared to the branched 

equivalent (G’ to F’ and hydrogenolysis of F’). The contribution of this part of the cycle to the 

temperature dependence of regioselectivity is around twice as much compared to the part from 

Species C to G ( and C’ to G’). Finally, the larger positive entropy changes for both mentioned 

parts of the linear aldehyde cycle make the linear aldehyde the favored isomer at typical 

hydroformylation conditions. 

4.5 Experimental 

4.5.1 Materials 

Chemicals were purchased from Aldrich, Merck, Acros or Biosolve. All air/water sensitive 

solutions were prepared under argon using Schlenk techniques. The substrate solution containing 

neohexene and decane as internal standard was filtered over neutral alumina and degassed. A stock 

solution of catalyst (Rh precursor: Rh(acac)(CO)2 and Ligand) was prepared in dry and degassed 

solvent. Solvents were dried and degassed using a custom-made alumina-filled Ar-flushed column. 
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4.5.2 Kinetic batch experiments  

Batch reactions for kinetics were performed in custom built stainless steel autoclaves (100 mL) 

equipped with a mechanical gas-impeller stirrer and a mass flow controller (MFC) to monitor the 

gas uptake and to keep the reaction pressure constant. A stirring rate of 1200 rpm was set for all 

kinetic experiments. Conversion was measured on a Shimadzu GC-2010 gas chromatograph (GC) 

using an Agilent DB1 column (30m x0.32mm i.d.) at the end of the reaction time to normalize the 

values obtained from gas uptake data.  

The substrate solution was filled into a dropping funnel (30 ml) connected to the autoclave by a 

tube that keeps the funnel at the same pressure as the autoclave and a valve that enables controlled 

charge of the substrate solution into the autoclave. The catalyst solution was charged in the 

autoclave where it was preformed under reaction conditions for one hour, after which the reaction 

was started by adding the substrate solution. 

Deuterioformylation reactions were performed with the same type of autoclave as mentioned 

before, equipped with a sampling unit that enables sampling during the reaction. 2H NMR 

spectroscopy was performed on a Varian Unity Inova 500 spectrometer operating at 499.8 MHz for 
1H (76.72 MHz for 2H), equipped with a 5 mm AutoX DB-PFG probe. Prior to measurement, the 

90 degree pulse width was calibrated using a solution of C6D6 in CHCl3. Spectra were recorded 

using a 1535 Hz spectral width, employing 90 degree pulses and a relaxation delay of 20 seconds. 

Data was processed using VNMRJ 2.2d Software and was filtered using 1 Hz line broadening. 

Integrals were normalized to the aldehyde signal at 10.1 ppm 

4.5.3 In situ HP-IR experiments 

In situ HP-IR experiments were carried out in a custom built stainless steel autoclave (50 ml) with 

an integrated flow cell equipped with ZnS windows and a mechanical gas-impeller stirrer (800 rpm 

for all FT-IR measurements). The spectra were recorded on a Shimadzu FT-IR 8300 spectrometer, 

in absorbance mode. The catalyst solution in hexane was preformed under syngas and the reaction 

was started after complete hydride formation by adding the substrate, kept in a dropping funnel. 

Background measurements were performed just before the addition of the substrate. FT-IR spectra 

of pure neohexene were later subtracted from the measurements in proper amounts. Catalyst and 

substrate concentrations are kept constant at [neohexene] = 0.54 M, [Rh] =3.14x10-4 M, L/Rh=26 

for all IR experiments. 
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4.5.4 GC-MS  

GC-MS analyses were done with a Shimadzu GCMS-QP2010 SE with a DB-1 MS column (10 m, 

0.1 mm i.d.). 
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Chapter 5 
 

1-Pentene Hydroformylation: 

Testing the Limits of Gas-Liquid Mass Transfer in a Jet 

Loop Rector and Optimizing Selectivity 

 

 

The kinetics of 1-pentene hydroformylation were investigated for a Rh catalyst modified with the 

bulky monodentate tris(2,4-di-tert-butylphenyl) phosphite. Rate equations for isomerization of 1-

pentene to 2-pentene and hydroformylation for both linear and branched aldehydes were derived and 

the kinetic parameters were estimated. Kinetic data was used to plan a continuous 1-pentene 

hydroformylation in a jet loop reactor with integrated membrane separation. The fast kinetics of this 

alkene makes it an excellent candidate to obtain very high total turnover numbers even within a 

couple of residence times. However, for this very active catalyst-substrate pair, gas-liquid mass 

transfer can be the limiting factor. We investigated the dissolved syngas concentration in the liquid 

during reaction using kinetic data and the results we have previously obtained on mass transfer 

characteristics of this reactor. Steady state selectivity of the reaction was shown to be a complex 

function of temperature and pressure. 

 

 



Chapter 5 

5.1 1-Pentene Hydroformylation 

Hydroformylation of alkenes to aldehydes is a very useful tool in chemistry, the first step in the 

route to important chemicals as alcohols via hydrogenation, carboxylic acids via oxidation and to 

amines via reductive amination of the aldehydes.[1] 

Hydroformylation of terminal alkenes give linear and branched aldehydes, as given for 1-pentene in 

Scheme 1 below, not only because both sides of the double bond are active but also owing to 

double bond isomerization taking place as a side reaction. Linear aldehydes are economically more 

desired; and suppressing the isomerization activity by using different ligands,[2] using catalyst 

systems which selectively hydroformylate to the linear aldehyde,[3,4] or tuning the process 

conditions to minimize isomerization, are techniques applied to maximize the linear aldehyde 

selectivity. 

 

Scheme 1 1-pentene hydroformylation 

The extent of isomerization is a combination of many parameters. To start with, the ligand used to 

modify the metal center has a tremendous effect. Unmodified Rh catalyst is known to be very 

active for isomerization[5] whereas quite some ligands have been developed to increase linear to 

branched ratios either by suppressing isomerization or by steering the selectivity to the linear 

aldehyde.[2,3,6–9] Other factors that affect isomerization are temperature and CO pressure; β-hydride 

elimination is favored at high temperatures and low CO pressures.[6,10] And of course the 

hydroformylation reaction, which is the ‘competing’ side reaction should also be taken into 

account: the relative activity of the catalyst towards isomerization and hydroformylation depending 

on process conditions might open up optimization possibilities in terms of selectivity. 

Another important concern in hydroformylation is of course activity of the catalyst, which has a 

huge effect on the process economics, directly affecting the reactor size and conditions the system 
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operates at to achieve reasonable space time yields. Unfortunately, activity and selectivity does not 

come together most of the time; and when it does, it might be achieved via ‘fancy’ ligands which 

might be too expensive to be considered for feasible industrial processes of bulk chemicals. 

Knowing the kinetics for a certain catalyst-substrate system is necessary not only to optimize the 

selectivity of a process via process conditions but also to avoid mass transfer limited operation 

conditions, which might have a negative effect on the catalyst stability in the long run, i.e. cluster 

formation.[1] 

Bulky phosphite ligands studied by the group of van Leeuwen,[11] are famous for their activity, even 

for internal alkenes which are otherwise unreactive. However, they show only moderate selectivity 

towards the linear aldehyde.[10] 

In this chapter, we will investigate the kinetics of 1-pentene hydroformylation catalyzed by the 

bulky monodentate tris(2,4-di-tert-butylphenyl) phosphite modified Rh catalyst (precursor: 

Rh(acac)(CO)2), in order to elucidate the effects of process conditions on selectivity. Furthermore 

the operation window will be determined, where the reaction is kinetically limited rather than mass 

transfer limited. Finally continuous hydroformylation in a jet loop reactor will be demonstrated. 

5.2 Gas Solubilities in Reaction Mixture 

Solubilities of carbon monoxide and hydrogen in toluene and hexane, which are solvents used in 

this study, were calculated as explained in Chapter 4. Parameter values that were used for the 

reported method for hexane are given in Table 1. 

Table 1 Parameters for Regular Solution Theory 

Parameter (Unit) Value 
ϑhexane (m3mol−1)  3.68x10-4 

∆hexane (J. m3) [non-ploar solvent=0] 0 
∆Hhexane

vap (J. mol−1) [12] 28850 

 

5.3 Kinetics 

Literature reports that for the hydroformylation of 1-octene with a very similar ligand, tris(2-tert-

butyl-4-methylphenyl) phosphite, a first order dependence in H2 and a negative first order in CO 

concentration is observed.[10] This observation suggests that hydrogenolysis of the acyl species is 

the rate limiting step, which is supported by in situ IR studies showing that the major resting 

species during the reaction is the 5 coordinated acyl species (G) in Scheme 2.[13] At low 

conversions, i.e. higher substrate concentrations, the reaction rate is independent of 1-octene 
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concentration,[10,14] but turns slightly dependent (0.3th order[14]) at low concentrations. This 

suggests that the coordination of the alkene to form the π-complex (C) is still a high energy change 

step and that the hydride might be the co-existing resting species. 
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Scheme 2 Mechanism of Rh-catalyzed hydroformylation using bulky monophosphites[14] 

Since 1-pentene is a terminal alkene like 1-octene, same type of kinetics are expected. A set of 

preliminary experiments as given in Figure 1 confirmed the first order in hydrogen and catalyst 

concentration. It is also possible to observe from the reaction profiles that in the beginning of the 

reaction the rate is independent of 1-pentene concentration. 
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Figure 1  1-Pentene hydroformylation reactions (80°C, [1-pentene]=1 M, CO=20 bar, cat=1=>[Rh]=4.63x10-5 M and 
cat=2=>[Rh]=9.26x10-5 M, 1200 rpm) 
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An in situ IR experiment was performed to confirm that the hydrogenolysis is the rate limiting step. 

As can be seen in Figure 2, negative peaks appearing after the addition of 1-pentene belong to the 

Rh-H species (A in Scheme 2) characterized by absorptions at 2013, 2043 and 2092 cm-1. These 

values are in close agreement with the ones reported by Selent et al.[15] (ṽCO=2013, 2041 and 2091 

cm-1). They are negative since the background was measured after complete conversion of the 

catalyst into Rh-hydride and after substrate addition this species turns into Rh-acyl. Rh-acyl species 

(G, G’) is characterized by three peaks in the terminal CO region; 1994.6, 2019.8 and 2078 cm-1 

appearing immediately after substrate addition, also in agreement with the values reported by 

Selent et al.[15] (ṽCO = 1995, 2017, 2079 cm-1). In the beginning of the reaction, Rh-acyl species are 

the only resting state whereas the Rh-acyl species are restored back to Rh-H species as the reaction 

proceeds, and the species co-exist to the end of the reaction. 

 

Figure 2 In situ HP-IR spectra of 1-pentene hydroformylation (70°C, [1-pentene]=1.8 M, [Rh]=3.88x10-4 M, 
 L/Rh=30 , CO=20 bar, H2=20 bar ) 

The rate equation proposed[14] for 1-octene hydroformylation is given in Equation 1 below.  

𝑟 =
𝑘[𝑅ℎ][𝐻2]
1 + 𝐾[𝐶𝑂] (1) 

To extend the equation to take into account the alkene dependence showing up at low alkene 

concentrations, we decided to derive the rate equation again according to the reported mechanism 

given in Scheme 2 and with the following assumptions: 
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• The total Rh concentration is a sum of species A and G 

• Pre-equilibrium between species A and B 

• Steady state assumption for species C and F 

The rate equation obtained according to these assumptions is given below in its simplified form in 

Equation 2. The derivation is very similar to the one carried out for neohexene hydroformylation in 

Chapter 4, and the details of this derivation are given in the Appendix. 

𝑟ℎ𝑦𝑑𝑟𝑜𝑓𝑜𝑟𝑚𝑦𝑙𝑎𝑡𝑖𝑜𝑛 =
𝑘[𝐴𝑙𝑘𝑒𝑛𝑒][𝑅ℎ][𝐻2]
𝐾 + [𝐶𝑂][𝐴𝑙𝑘𝑒𝑛𝑒]  (2) 

The rate equation for isomerization was modeled according to the observation in literature that 

increasing CO partial pressure inhibits isomerization.[10] The model we used is given below: 

𝑟𝑖𝑠𝑜𝑚𝑒𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 =
𝑘[𝐴𝑙𝑘𝑒𝑛𝑒][𝑅ℎ]

[𝐶𝑂]  (3) 

The reaction network was simplified by lumping the two branched products together and ignoring 

hydrogenation as given in Scheme 3.  

 

Scheme 3 Simplified reaction network for hydroformylation of 1-pentene 

According to this simplified scheme, the following equations can be written: 

𝑑[1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]
𝑑𝑡

= 𝑟2 − 𝑟3 − 𝑟4 − 𝑟1 (4) 

𝑑[2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]
𝑑𝑡

= 𝑟1 − 𝑟5 − 𝑟2 (5) 
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𝑑[ℎ𝑒𝑥𝑎𝑛𝑎𝑙]
𝑑𝑡

= 𝑟3 (6) 

𝑑[𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒𝑠]
𝑑𝑡

= 𝑟4 + 𝑟5 (7) 

where 

𝑓𝑜𝑟 𝑖 = 1,2  𝑟𝑖 =
𝑘𝑖[𝑅ℎ][𝑖 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]

[𝐶𝑂]  (8) 

𝑓𝑜𝑟 𝑖 = 3,4   𝑟𝑖 =
𝑘𝑖[𝑅ℎ][𝐻2][1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]
𝐾 + [𝐶𝑂][1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]  (9) 

𝑓𝑜𝑟 𝑖 = 5  𝑟𝑖 =
𝑘𝑖[𝑅ℎ][𝐻2][2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]
𝐾 + [𝐶𝑂][2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]  (10) 

𝑘𝑖 = 𝐴𝑖exp �−𝐸𝐴𝑖 𝑅𝑇� �       (11) 

A series of batch experiments were performed in autoclaves equipped with sampling units and mass 

flow controllers to keep the reaction pressure constant. This enables confirming the conversion 

values obtained by GC measurements with gas uptake values, as will be seen from Figure 3. 
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Figure 3 1-Pentene hydroformylation reaction followed by sampling and gas-uptake (70°C, [1-pentene]=1.37M, 
CO=31 bar, H2=31 bar, Rh]=2.27x10-5 M, 1200 rpm) 
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Experiments performed for the kinetic investigation are given in Table 2 and more specific time-

concentration data is included in the Appendix. 

Table 2 Kinetic experiments performed for 1-pentene hydroformylation 

Entry T (°C) PH2 (bar) PCO (bar) [Rh] (M) [2-pentene]0 (M) [1-pentene]0 (M) Solvent l/b (end) 

1 60 20 20 2.27x10-5 0.00 1.37 toluene 1.59 
2 60 20 20 5.58 x10-5 0.00 1.10 hexane 1.64 
3 63 20 23 2.27 x10-5 0.00 1.37 toluene 1.51 
4 63 19 38 2.27 x10-5 0.00 1.37 toluene 1.58 
5 70 19 31 2.27 x10-5 0.00 1.37 toluene 1.66 
6 70 19 31 2.27 x10-5 0.00 1.37 toluene 1.67 
7 70 20 20 3.72 x10-5 0.00 1.37 hexane 1.63 
8 70 20 20 9.30 x10-5 0.37 0.00 hexane 0.08 
9 70 19 31 2.27 x10-5 0.00 1.37 toluene 1.69 

10 70 19 31 2.27 x10-5 0.00 1.37 toluene 1.63 
11 77 20 23 2.27 x10-5 0.00 1.37 toluene 1.58 
12 77 19 39 2.27 x10-5 0.00 1.37 toluene 1.78 
13 80 18 42 2.27 x10-5 0.00 1.37 toluene 1.57 
14 80 10 10 4.65 x10-5 0.00 1.37 hexane 1.61 
15 80 10 10 7.44 x10-5 0.37 0.00 hexane 0.13 
16 80 20 20 1.86 x10-5 0.00 1.10 hexane 0.86 
17 80 10 10 3.49 x10-5 1.37 0.00 hexane 0.19 
18 80 20 20 2.27 x10-5 0.00 1.37 toluene 1.72 
19 90 20 20 5.58 x10-5 0.37 0.00 hexane 0.23 

 

From these 19 experiments, there are a total of 200 data points, each of which has concentration 

data for 4 compounds; 1-pentene, 2-pentene; hexanal and the branched aldehydes. A MATLAB 

routine was developed to carry out nonlinear regression analysis for the parameters given in 

Equations 8 to 11, minimizing the difference between experimental and estimated concentration 

values obtained by numerical integration of Equations 4-7. The following parameter values given in 

Table 3 are found to give the best solution to this optimization problem: 
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Table 3 Estimated values of the parameters in Equations 4-11 within 95% confidence intervals 

A1 (1/min) (2.88±0.03)x1013 

A2 (1/min) (2.06±0.65)x1013 

A3 (1/min) (2.15±0.0002)x1014 

A4 (1/min) (2.64±0.03)x1013 

A5 (1/min) (7.85±0.002)x1013 

EA1 (kJ/mol) 80.140±0.004 

EA2 (kJ/mol) 81.868±0.0005 

EA3 (kJ/mol) 73.729±0.004 

EA4 (kJ/mol) 69.329±0.029 

EA5 (kJ/mol) 76.856±0.654 

K (mol2/L2) 0.3105±0.0007 

 

Experimental and predicted concentration values from the kinetic experiments are compared in the 

parity plot, Figure 4. 
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Figure 4 Parity plot comparing experimental concentration data to predicted data obtained using parameter estimates in 
 Table 3 to evaluate Equations 4-11 

Although there are some outliers, the general bulk of the data points are well around the y=x line 

and the models predict the experimental data quite well. 

5.4 Continuous 1-Pentene Hydroformylation 

Continuous 1-pentene hydroformylation reactions were planned using the kinetic information 

obtained; in this case it is important not to reach full conversion at steady state because this leads to 

a loss of kinetic data as well as information on leaching/deactivation behavior of the catalyst. 
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The concentration profiles are modeled assuming the total volume of the jet loop reactor system 

behaves as a CSTR:[16] 

𝑑[1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]
𝑑𝑡

=
[1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]𝑓𝑒𝑒𝑑 − [1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]

𝜏
+ 𝑟2 − 𝑟3 − 𝑟4 − 𝑟1 (12) 

𝑑[2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]
𝑑𝑡

=
[2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]𝑓𝑒𝑒𝑑 − [2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]

𝜏
+ 𝑟1 − 𝑟5 − 𝑟2 (13) 

𝑑[ℎ𝑒𝑥𝑎𝑛𝑎𝑙]
𝑑𝑡

=
[ℎ𝑒𝑥𝑎𝑛𝑎𝑙]𝑓𝑒𝑒𝑑 − [ℎ𝑒𝑥𝑎𝑛𝑎𝑙]

𝜏
+ 𝑟3 (14) 

𝑑[𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒𝑠]
𝑑𝑡

=
[𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒𝑠]𝑓𝑒𝑒𝑑 − [𝑏𝑟𝑎𝑛𝑐ℎ𝑒𝑑 𝑎𝑙𝑑𝑒ℎ𝑦𝑑𝑒𝑠]

𝜏
+ 𝑟4 + 𝑟5 (15) 

These equations were integrated numerically using a MATLAB routine to determine the 

concentration of each species at a given time. 

The first continuous experiment we performed was planned to prove the predictive power of kinetic 

data we obtained (Figure 5). The aldehyde profiles are predicted very well by the model, however, 

the extent of isomerization to 2-pentene is underestimated. This suggests that isomerization part of 

the model should be improved by performing more experiments starting with 2-pentene.  
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Figure 5 Continuous 1-pentene hydroformylation in the jet loop reactor ([1-pentene]feed= 0.13 M, [2-pentene]feed= 
0.015 M, [1-pentene]0= 0.108 M, [2-pentene]0= 0.026 M, [hexanal]0= 0.008 M, [branched aldehydes]0= 0.002 M,  

[Rh] = 4.0x10-6 M, L/Rh= 30, 20 bar CO:H2 (1:1) ,T = 80°C, τ = 14.3h, solvent=toluene) 

We obtained a TTON of 47 600 in about 2 residence times. This number can be improved to almost 

one million only by using 1-pentene without a solvent, and increasing the temperature to 100°C at 

these conditions would give a TTON around two million! We were not able to realize these 

experiments due to some technical problems but hope to do so in the near future. 

5.5 Selectivity 

The regioselectivity of the reaction can be modeled as the ratio of the rates of linear and branched 

aldehyde formation, Equations 6 and 7 respectively, as given in Equation 16 below: 

𝑙 
𝑏

=
𝑟3

𝑟4 + 𝑟5
 (16) 

Substituting r3,r4 and r5 and simplifying the equation, one obtains the equation given in Equation 17 

to express the regioselectivity of the reaction. 

𝑙
𝑏

=
𝑘3[1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒](𝐾 + [𝐶𝑂][2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒])

𝐾(𝑘4[1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒] + 𝑘5[2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒]) + [𝐶𝑂][1 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒][2 − 𝑝𝑒𝑛𝑡𝑒𝑛𝑒](𝑘4 + 𝑘5) (17) 

According to Equation 17, regioselectivity is a function of CO concentration, temperature and 

alkene concentration. This means that the regioselectivity of the reaction changes during batch 
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reactions according to changes in isomer alkene concentrations and this is what we observe as well. 

It is hard to predict any clear dependencies on the parameters listed, according to Equation 17, 

since it is very non-linear. 

For continuous operation, the l/b ratio should be constant at steady state once the isomer alkene 

concentrations reach their steady state values. This is what we observed also for the continuous run 

given in Figure 5. As done for that experiment, we used kinetics to predict the steady state 

concentration of aldehydes for different operating conditions such as pressure and temperature. 

Figure 6 below shows the fraction of linear aldehyde in the product aldehyde mixture as a function 

of T and P. 

 

Figure 6 Calculated temperature and pressure dependence of the fraction of linear aldehyde in the product aldehyde 
mixture at steady state (CO:H2=1, [1-pentene]feed= 1 M, [1-pentene]0= 1 M, [Rh] = 4.0x10-6 M, L/Rh= 30, τ = 14.3 h, 

solvent=toluene) 

Figure 6 shows that the linear aldehyde is between 56-65% of the product aldehydes at process 

conditions 343-393 K, 20-100 bar and increases with increasing total pressure at a given 

temperature, since isomerization is suppressed by increased CO pressure. Increasing the 

temperature at 20 bar results in a decrease of the linear aldehyde fraction, whereas after 60 bar, this 

behavior is reversed and increasing the temperature increases the fraction of linear aldehyde. The 

difference probably arises from the fact that at higher pressures where isomerization is suppressed, 

the 4 kJ/mol difference between the activation energies EA3 and EA4 starts to show its effect more 

and more clearly, especially at elevated temperatures. The optimal operating point can be chosen 

according to the relative cost of operating at certain process conditions and the separation costs 

involved with the achieved selectivity. 
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5.6 Mass Transfer Limitations 

According to the results presented in Chapter 2, we have discussed that a minimum volumetric 

mass transfer coefficient of 𝑘𝑙𝑎 =0.1 s-1 should be available in the jet loop reactor for 1-pentene 

hydroformylation. Accordingly, we modeled the change in concentration of dissolved gas in the 

reactor for the jet loop reactor as follows: 

𝑑[𝐶𝑂]
𝑑𝑡

= 𝑘𝑙𝑎([𝐶𝑂]𝑠𝑎𝑡 − [𝐶𝑂]) − 𝑟3−𝑟4−𝑟5 (18) 

𝑑[𝐻2]
𝑑𝑡

= 𝑘𝑙𝑎([𝐻2]𝑠𝑎𝑡 − [𝐻2]) − 𝑟3−𝑟4−𝑟5 (19) 

If we calculate the saturation gas concentrations as given in Section 5.2 and assume 𝑘𝑙𝑎 =6 min-1for 

both CO and H2, we obtain the following H2 concentrations in the liquid over time for the specified 

reaction conditions. We chose to show H2 since it has a lower equilibrium concentration compared 

to CO and would be depleted faster given the two gases have similar 𝑘𝑙𝑎 values. 
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Figure 7 Estimated H2 concentration normalized to its equilibrium concentration over time for reaction conditions 
specified in the legend, and CO:H2=1, [1-pentene]feed= 1 M, [1-pentene]0= 1 M, [Rh] = 4.0x10-6 M, L/Rh= 30, τ = 14.3 

h, solvent=toluene 

As seen from Figure 7, between 353-393 K, for specified reaction conditions, the H2 concentration 

does not fall below 94% of its saturation value, even at 20 bar. About 20 minutes after the start of 

the reaction, the H2 concentration is above 97% of its saturation value for all temperatures and 

pressures presented in Figure 7. The values obtained for CO are slightly better. Changing the 
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concentration of 1-pentene or the residence time will of course also have an effect on these profiles. 

Furthermore, we assumed that mass transfer from syngas to reaction mixture takes places at a rate 

that we determined as the lower limit and is constant for all reaction mixture compositions. 

However, we showed in Chapter 2 that 𝑘𝑙𝑎 increases with increased specific power input and the 

presence of polar aldehyde has a positive effect on 𝑘𝑙𝑎; so it is also concentration dependent. In 

short, it is possible to obtain 𝑘𝑙𝑎 values of 0.9 s-1 in the jet loop reactor. It should be clear that mass 

transfer limitations can be avoided by determining the specific mass transfer rate for the aimed 

steady state reaction mixture beforehand and choosing process conditions accordingly. 

5.7 Conclusions 

A detailed kinetic study of 1-pentene hydroformylation was carried out for a tris(2,4-di-tert-

butylphenyl) phosphite modified Rh catalyst. Rate equations were derived for alkene isomerization 

and hydroformylation of both 1-pentene and 2-pentene. The parameters in the rate equations were 

estimated using non-linear regression. The kinetic information obtained was used to predict the 

concentration over time during continuous 1-pentene hydroformylation in a jet loop reactor and a 

continuous run was demonstrated. The extremely fast kinetics of this substrate makes it an excellent 

candidate for obtaining very high total turnover numbers in the jet loop reactor. We obtained a 

TTON of 47600 in just two residence times using a very dilute 1-pentene feed. The highest TOF 

was achieved in the beginning of the reaction: 3700 h-1, which stabilized at 1200 h-1 at steady state. 

In principle it is possible to increase the TTON to one million at the same conditions only by 

changing to pure 1-pentene feed. The fast kinetics of this substrate also bears the possibility of mass 

transfer limitations, especially at elevated temperatures. We investigated the concentration of H2 

and CO in the reaction mixture at different temperatures and pressures, including the proposed 

reaction conditions to obtain one million TTON in two residence times. The calculations showed 

that even when using the minimum mass transfer coefficient value determined beforehand, the 

concentration of gases in the liquid remain very close to the equilibrium values. The steady-state 

selectivity of the reaction is a complex function of temperature and pressure. We showed that it can 

be optimized. 

5.8 Experimental 

5.8.1 Materials 

1-Pentene was kindly supplied by Evonik Industries. All other chemicals were purchased from 

Aldrich, Merck, Acros or Biosolve. All air/water sensitive solutions were prepared under argon 

using Schlenk techniques. The substrate solution containing 1-pentene and decane as internal 
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standard was filtered over neutral alumina and degassed. A stock solution of catalyst (Rh precursor: 

Rh(acac)(CO)2 and Ligand) was prepared in dry and degassed solvent. Solvents were dried and 

degassed using a custom-made alumina-filled Ar-flushed column. Gas chromatography (GC) 

measurements were done on a Shimadzu GC-2010 gas chromatograph using an Agilent DB1 

column (30m x0.32mm i.d.). 

5.8.2 Kinetic batch experiments  

Batch reactions for kinetics were performed in custom built stainless steel autoclaves (100 ml) 

equipped with a mechanical gas-impeller stirrer and a mass flow controller (MFC) to monitor the 

gas uptake and to keep the reaction pressure constant. A stirring rate of 1200 rpm was set for all 

kinetic experiments. Samples were taken during the course of the reaction via a capillary through a 

valve connected to the reactor. The substrate solution was filled into a dropping funnel (30 ml) 

connected to the autoclave by a tube that keeps the funnel at the same pressure as the autoclave and 

a valve that enables controlled charge of the substrate solution into the autoclave. The catalyst 

solution was charged in the autoclave where it was preformed under reaction conditions for one 

hour. The reaction was started by adding the substrate solution. 

Reactant and product compositions were measured by gas chromatography (GC) and gas uptake 

data was used to confirm the trend in aldehyde formation. 

5.8.3 Continuous jet loop experiments 

The reaction start-up was performed as follows: The reactor was purged with syngas pressure 

before the reactor was filled with substrate solution under argon flow to the designated level by the 

HPLC pump. The catalyst solution was added into the dropping funnel under argon which is 

connected to the reactor by a valve. It is possible to preform the catalyst in this heated compartment 

under pressure. The reactor was heated and pressurized to the reaction conditions and after the flux 

through the membrane reached steady state, preformed catalyst solution was added to start the 

reaction. A mass flow controller kept the reaction pressure constant and the gas uptake was 

monitored to confirm conversion values obtained by GC sampling. 

5.8.4 In-situ HP-IR experiments 

In situ HP-IR experiments were carried out in a custom built stainless steel autoclave (50 ml) with 

an integrated flow cell equipped with ZnS windows and a mechanical gas-impeller stirrer (800 rpm 

for all FT-IR measurements). The spectra were recorded on a Shimadzu FT-IR 8300 spectrometer, 

in absorbance mode. Catalyst solution in hexane was preformed under syngas and the reaction was 
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started after complete hydride formation by addition of the substrate, kept in a dropping funnel. 

Background measurements were performed just before the addition of the substrate. 
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Chapter 6    
 

Ceramic Membrane Nanofiltration: Permeability and 

Rejection Characteristics 

 

 

In this part of the study, solvent permeability and ligand retention were characterized for a TiO2 

ceramic nanofiltration membrane used in a jet loop reactor setup. Three models reported in the 

literature to predict solvent permeability as a function of solvent characteristics were investigated. 

The results were used to model the permeate rate of any solvent (mixture) as a function of process 

variables. It was shown that two of these models can be used as well to predict the temperature 

dependence of permeability, when temperature dependence of physical properties were incorporated 

in the model.  

Rejection of the ligand in toluene was modeled as a function of temperature, trans membrane 

pressure and ligand concentration in the reactor, extending the solution-diffusion model reported in 

the literature to take temperature dependencies into account. This model allows the prediction of the 

amount of ligand leaching through the membrane for pure toluene. Further investigation will be 

necessary to extend the model for real reaction mixtures.  

 

 

  

 



Chapter 6 

6.1 Ceramic Membrane Nanofiltration 

The first organic solvent nanofiltration membranes developed were polymeric membranes.[1] 

Although ceramic membranes have been used in aqueous processes like waste water treatment for a 

long time, they have been applied only lately in organic solvent nanofiltration[2] due to challenges 

in obtaining smaller pore sizes.[1] By the end of the 20th century, zirconia and titania doped, silica-

based ceramic nanofiltration membranes were developed successfully and are commercially 

available under the name Inopor.[3] Their superior chemical and mechanical stability in organic 

solvents and wider operating range in terms of temperature compared to polymeric membranes 

makes ceramic nanofiltration membranes a promising separation tool in chemical applications.[4,5] 

 

Figure 1 Ceramic membranes available from Inopor[3] 

Although the separation of organometallic complexes by membrane separation started to appear in 

the patent literature in the early 1970s,[6–8] the separation and recycling of homogeneous catalysts 

by means of nanofiltration has been reported first around the early 2000s,[9–12] following the 

development of solvent resistant nanofiltration membranes.[1] 

An elegant example of continuous hydroformylation using ceramic membrane nanofiltration has 

been recently reported by Vogt et al.[13] The researchers reported an accumulated turn over number 

of 120 000 using a POSS enlarged PPh3 ligand Rh catalyst for 1-octene hydroformylation.  

6.2 Solvent Permeability Models 

As in every chemical operation, an important aspect of membrane nanofiltration is predictability. 

Modeling the solvent flux behavior is of great interest, since it determines design parameters such 

as membrane area and process parameters like trans membrane pressure and filtration temperature. 

It is also important to know if the flux behavior for mixtures leads to different mixture 

compositions in the retentate and permeate. This of course will be relevant for a reaction mixture, 

i.e. accumulation of certain species and changes in reactor concentration. 
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Thus, recent research on ceramic membranes is focused on the prediction of solvent flux and 

rejection characteristics.[2,5,14–16] 

6.2.1 Coupled Series–Parallel Resistance Model 

In 2009 Darvishmanesh et al.[5] proposed a model for predicting solvent fluxes through inorganic 

nano-filtration membranes: the Coupled Series–Parallel Resistance Model. The model introduces 

three different resistances to permeation of a solvent through the membrane: i) resistance at the 

active top layer Rs, which acts in series to the following two that are “parallel” to each other: ii) 

pore resistance to viscous flow in the nanopores Rp, and iii) matrix resistance for diffusive flow 

through the ceramic material Rm. 

The total resistance is then given as: 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑠 +
𝑅𝑚 × 𝑅𝑝
𝑅𝑚 + 𝑅𝑝

 (1) 

where: 

𝑅𝑠 = 𝑘𝑠 �
𝑟𝑠
𝑟𝑝
�
2

𝑒𝑥𝑝(1 − 𝛽) (2) 

𝛽ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 =
𝛾𝐿𝑉  

𝛾𝑆𝑉
 (3) 

𝑅𝑚 = 𝑘𝑚 �
𝜇
𝛼
� (4) 

𝛼ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑖𝑙𝑖𝑐 𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 =
𝜖𝐿 

𝜖𝑀
 (5) 

𝑅𝑝 = 𝑘𝑝 �
𝑟𝑠
𝑟𝑝
�
2

𝜇 (6) 

In the equations above rs: the solvent molecular size, rp: the pore size of the membrane, γLV :surface 

tension of the solvent, γSV: surface tension of the membrane, µ:viscosity, ϵL: dielectric constant of 

the solvent and ϵM: dielectric constant of the membrane. Constants ks, km and kp are membrane 

specific and need to be estimated for the membrane in use by nonlinear regression. Once 
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determined, they can be used in the model to predict fluxes of other solvents. And the total solvent 

flux (J) is then written as the ratio of trans-membrane pressure ΔP and Rtotal: 

𝐽 =
∆𝑃
𝑅𝑡𝑜𝑡𝑎𝑙

 (7) 

The model can be extended to predict the permeation of a mixture by calculating a total resistance 

for the mixture using molar fractions: 

𝑅𝑡𝑜𝑡𝑎𝑙,𝑚𝑖𝑥 = �𝑥𝑖𝑅𝑡𝑜𝑡𝑎𝑙,𝑖 (8) 

6.2.2 Phenomenological Model 1 

Another study by Patrizia Marchetti et al.[2] proposed to use a correction factor to modify the 

Hagen-Poiseuille model, which takes the interaction between pore walls and the solvent into 

account. Hagen-Poiseuille model flux JHP is a function of solvent viscosity μ and trans-membrane 

pressure ΔP and a membrane specific constant KHP : 

𝐽𝐻𝑃 =
𝐾𝐻𝑃
𝜇

∆𝑃 (9) 

And permeability L is given as follows: 

𝐿𝐻𝑃 =
𝐾𝐻𝑃
𝜇

 (10) 

This model describes the flux through ultra-filtration (UF) membranes quite well but fails to do so 

for nanofiltration (NF) membranes. The correction proposed is a combination of three effects: 

capillary rise in the nanopores, polarity and molecular dimensions of the solvent. Capillary rise in 

the nanopores is described by the Lucas-Washburn equation, which determines the capillary 

pressure as a function of liquid surface tension γLV, contact angle θ and membrane pore radius rp. 

The polarity of the solvent is described by the dipole moment and the interaction between the 

solvent and membrane is accounted for by taking the difference between solvent dipole 𝛿𝑠 and 

membrane polarizability kpol. The last contribution is the ratio between solvent radius rs and 

membrane pore size radius rp. The correction factor fc is estimated as a sum of all three factors with 

membrane specific correction constants C1, C2 and C3. 
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𝑓𝑐 = 𝑓𝐶𝑐𝑎𝑝𝑖𝑙𝑙𝑎𝑟𝑦 + 𝑓𝐶𝑑𝑖𝑝𝑜𝑙𝑒 + 𝑓𝐶𝑠𝑡𝑒𝑟𝑖𝑐 = 𝐶1
2𝛾𝐿𝑉𝑐𝑜𝑠𝜃

𝑟𝑝
+ 𝐶2�𝛿𝑠 − 𝑘𝑝𝑜𝑙� + 𝐶3 �

𝑟𝑠
𝑟𝑝
�
2

 (11) 

The contact angle θ is determined using the equation given below: 

cos𝜃 =

⎝

⎛2�𝛾𝑠𝑣𝑑 + 𝑘𝑝𝑜𝑙
𝛾𝑙𝑣
𝑝

�𝛾𝑙𝑣𝑑⎠

⎞
�𝛾𝑙𝑣𝑑

𝛾𝑙𝑣
− 1 (12) 

with  

𝑘𝑝𝑜𝑙 = 2�
𝛾𝑠𝑣
𝑝

𝛾𝑙𝑣
𝑝  (13) 

where 𝛾𝑠𝑣𝑑 , 𝛾𝑠𝑣
𝑝 , 𝛾𝑙𝑣𝑑   and 𝛾𝑙𝑣

𝑝  are dispersion and polar components of solid and liquid surface tension, 

respectively. Then the permeability through the membrane can be estimated using the equation 

below: 

𝐿 = 𝐿𝐻𝑃(1 + 𝑓𝑐) (14) 

The model is extended to solvent mixtures using the equations given below: 

𝐿𝑚𝑖𝑥 = 𝐿𝐻𝑃(1 + 𝑓𝑐,𝑚𝑖𝑥) (15) 

𝑓𝑐,𝑚𝑖𝑥 = �𝑥𝑖𝑓𝑐,𝑖 (16) 

6.2.3 Phenomenological Model 2 

This very simple model has been proposed very recently by Buekenhoudt et al.[16] The solvent flux 

is given as follows: 

𝐽𝑖 × 𝜇𝑖
𝐽𝐻2𝑂 × 𝜇𝐻2𝑂

= (1 − 𝐶) + 𝐶
𝛿𝑡𝑜𝑡,𝑖

𝛿𝑡𝑜𝑡,𝐻2𝑂
 (17) 

where δtot is the total Hansen solubility parameter, µ the viscosity and constant C is determined 

experimentally. The authors report C=1.45 for TiO2 membranes with a pore size of 0.9 nm. 
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The origin of this model is the observation that flux times viscosity has a linear dependence on the 

Hansen solubility parameter: 

𝐽𝑖 × 𝜇𝑖 = 𝐴 + 𝐵𝛿𝑡𝑜𝑡,𝑖 (18) 

6.2.4 Estimation and sources of parameter values in the models 

Table 1 Parameter values and sources to estimate the presented solvent permeability models 

Parameter Reference 

rs: the solvent molecular size  (nm) 𝑟𝑠 = �
𝑉𝑚
𝑁𝐴
�
1/3

 

Vm: molecular volume (nm3) 𝑉𝑚 =
𝑀𝑊

𝑑𝑒𝑛𝑠𝑖𝑡𝑦
 

rp: the pore radius of the membrane (nm) 0.9 (Supplier [3]) 
γLV :surface tension of the solvent (mN/m) Calculated using ASPEN Properties[17] 

γSV: surface tension of the membrane (mN/m) 54.7 (reported for HITK275 TiO2 membrane[2,5]) 
µ:viscosity (mPa.s , bar.h for P Model 1) Calculated using ASPEN Properties[17] 

ϵL: solvent dielectric constant [18,19] 
ϵM: membrane dielectric constant 86 (reported for HITK275 TiO2 membrane[5]) 

δtot : total Hansen solubility parameter (MPa1/2) �(∆𝐻𝑣 − 𝑅𝑇)/𝑉𝑚�
0.5

 

ΔH (kJ/mol) ΔH
ΔH0

= �1−𝑇𝑟
1−𝑇𝑟0

�
0.38

 [20] 

𝛾𝑠𝑣𝑑  : dispersion component of solid surface tension (mN/m) 27.1[2] 
 𝛾𝑠𝑣
𝑝 : polar component of solid surface tension (mN/m) 28.2[2] 

𝛾𝑙𝑣𝑑 : dispersion component of liquid surface tension (mN/m) [21],* 
𝛾𝑙𝑣
𝑝  : polar component of liquid surface tension (mN/m) [21],* 

𝛿𝑠:solvent dipole (Debye) [22,23] 
 
* Components of liquid surface tension are reported for some solvents.[21] Unknown liquid surface tension components 

can be estimated using contact angle data for the solvent in question measured on a surface where the contact angle is 

reported[24] for some other solvents with known liquid surface tension components. Rearranging equation 11 and 

plotting (𝑐𝑜𝑠 𝜃 + 1) �2�𝛾𝑙𝑣𝑑 𝛾𝑙𝑣� ��  vs �
𝛾𝑙𝑣
𝑝

𝛾𝑙𝑣
𝑑  gives �𝛾𝑠𝑣

𝑝  as the slope and �𝛾𝑠𝑣𝑑  as the intercept. Then, for a solvent of 

known surface tension, it is possible to reduce the number of unknowns in Equation 11 to one and deduce both 

components of liquid surface tension, since 𝛾𝑙𝑣 = 𝛾𝑙𝑣
𝑝 + 𝛾𝑙𝑣𝑑 . This technique was used to calculate components of 

acetonitrile and methanol surface tension in this study. For apolar solvents (toluene, cyclooctene, cyclooctane and 

pentane), we used the following equations reported in literature;[25] 

𝛾𝑙𝑣
𝑝 =

𝐼𝑙𝑙
𝑝

2
    (19) 

𝐼𝑙𝑙
𝑝 =

𝑛𝑠
2
𝑖𝑙𝑙    (20) 
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𝑛𝑠 = �
𝑑𝑒𝑛𝑠𝑖𝑡𝑦
𝑀𝑊

𝑁�
2
3

 (21) 

𝑖𝑙𝑙 =
2𝛿𝑙2

4𝜋𝜀0𝑟𝑙𝑙3
   (22) 

𝑟𝑙𝑙 = �
1
𝑛𝑣
�
1/3

 (23) 

𝑛𝑣 = (𝑛𝑠)3/2  (24) 

In the above given equations, ε0=8.854x10-12 C2J-1m-1, N=6.022x1023 is the Avogadro number, density has units kg/m3, 

MW is in kg/mol, δl is the solvent dipole moment in C.m which equals 3.336𝑥10−30𝛿𝑠. 𝛾𝑙𝑣
𝑝   is then found in Jm-2 and 

can be converted to mN/m by multiplying with 1000. 

6.2.5 Comparison of Model Performances 

A comparison of the model performances was done using the data from 16 solvent permeation 

experiments, performed with 5 different solvent/mixtures at different temperatures. Temperature 

independent (or assumed to be so) properties of the solvents used are given in Table 2. These 

models have been evaluated at room temperature in the original reports, so these experiments will 

also allow an evaluation of their performance for temperature dependent flux prediction. 

Table 2 Temperature independent properties of solvents used (dipole moment and dielectric constant are not 
temperature independent but assumed to be so) 

 Solvent MW(g/mol) 𝜹𝒔 (Debye) ϵL Tc (K) 

Toluene 92.14 0.31 2.38 591.8 

Cyclooctene 110.2 0.43 2* 636.5 

Cyclooctane 112.2 0 2* 647.2 
Pentane 72.14 0 1.84 469.8 

Methanol 32.04 2.87 32.7 513 
Acetonitrile 41.05 3.44 37.5 545 

      *Dielectric constant of cyclohexane 

 

The permeate rates obtained for these 16 experiments are reported along with temperature 

dependent parameters of models in Table 3.  
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Table 3 Permeate rates and temperature dependent parameter values for permeation experiments 

Entry Solvent T 
(°C) 

μ 
(mPA.s) 

γLV 
(mN/m) 

density 
(g/cm3) 

ᵞd
lv 

(mN/m) 
ΔHvap 

(kJ/mol) 
Vm 

(cm3) 
δtot 

(MPa0.5) 
L 

(L/m2 h bar) 
1 

Toluene 

28 0.58 26.81 0.87 26.81 37.77 105.82 18.3 0.57 

2 40 0.5 25.57 0.86 25.57 37.17 107.60 17.9 0.67 

3 50 0.44 24.55 0.84 24.55 36.65 109.13 17.6 0.78 

4 60 0.39 23.52 0.83 23.52 36.13 110.71 17.4 0.95 

5 

80%C.octene 
20%C.octane 

35 1.32 27.34 27.63 0.84 0.84 27.22 27.63 40.91 131.71 17.1 0.12 

6 50 1.1 25.91 26.18 0.82 0.83 25.80 26.18 40.19 134.11 16.7 0.17 

7 60 0.97 24.96 25.21 0.81 0.82 24.85 25.21 39.70 135.76 16.5 0.2 

8 70 0.87 24.00 24.24 0.80 0.81 23.90 24.24 39.20 137.46 16.3 0.21 

9 

Pentane 

22 0.24 15.52 0.64 15.52 26.20 112.65 14.5 0.18 

10 30 0.22 14.74 0.63 14.74 25.74 114.36 14.2 0.26 

11 40 0.2 13.76 0.62 13.76 25.14 116.58 13.9 0.28 

12 50 0.18 12.78 0.61 12.78 24.52 118.89 13.6 0.35 

13 

Methanol 

32 0.49 22.39 0.79 12.94 37.60 40.67 29.4 3.58 

14 40 0.45 21.55 0.78 12.45 37.04 41.17 28.9 4.45 

15 50 0.4 20.50 0.77 11.85 36.33 41.81 28.4 6.31 

16 Acetonitrile 22 0.34 28.66 0.79 18.28 33.23 52.23 24.3 10.12 

 

Pentane experiments given in entries 9-12 of Table 3 were not used to estimate the parameters in 

the phenomenological Model 1 since 𝛾𝑙𝑣
𝑝  for pentene is zero and kpol is therefore undefined. For the 

same reason, for the cyclooctene-cyclooctane mixture, kpol for cyclooctane was assumed to be equal 

to that of cyclooctene. According to the data presented, parameter values given in Table 4 were 

estimated for CSPR and Phenomenological Model 1, using nonlinear regression.  

Table 4 Parameter values estimated using nonlinear regression for CSPR and P. Model 1 

Model Parameter Value 

CSPR 
km  0.15 
ks  2.22x10-14 
kp  3.98x104 

Model 1 
C1  0.025 
C2  -0.1481 
C3  4.6226 

 

The KHP value for Phenomenological Model 1 was determined by linear regression as 1x10-12 L/m2. 

A linear fit was carried out for fitting parameters in Equation 18 of Phenomenological Model 2, as 

shown in Figure 2. Equation 25, which is the re-written form of Equation 18 with a change to 

obtain only positive permeate rates, gives parameters A and B. It is obvious from the methanol data 
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in Figure 2 that the model cannot predict the temperature dependence of permeability, and 

acetonitrile has a higher product of permeation rate times viscosity than methanol although its 

solubility parameter is lower.  
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4.42012

Pearson's r 0.85891
Adj. R-Square 0.719

Value Standard Error

B
Intercept -2.41917 0.5246
Slope 0.16646 0.02653

 

Figure 2 Linear fit for parameters in Phenomenological Model 2 

𝐿𝑖 × 𝜇𝑖 = �−2.4192 + 0.1665𝛿𝑡𝑜𝑡,𝑖� (25) 

Figure 3 shows a comparison of the experimental permeation data and values estimated using the 

models and parameter estimates reported. CSPR and P. Model 1 predict pretty close values. The 

standard deviations of the models calculated are 0.69, 0.90 and 1.44 for CSPR, P. Model 1 and P. 

Model 2 respectively. CSPR is the best performing model for prediction of permeation rate among 

the 3 models we considered here. Both CSPR and P. Model 1 allow a good incorporation of 

temperature in the model by including temperature dependencies of physicochemical properties. 

Including the temperature dependencies of dipole moment and dielectric constant as well would 

probably improve the model performances. Unfortunately, physicochemical data on these 

properties is very hard to find. 

The models now can be used to predict the permeation of a reaction mixture through the membrane 

as a function of temperature and applied trans membrane pressure. However, it should be kept in 

mind that the parameters fitted for these models are membrane specific and probably will not be 

useful for another membrane of same specifications produced in a different batch by the same 

producer. Literature reports that three different batches of 0.9 nm TiO2 membranes gave quite a 

span of toluene fluxes: 47, 1.5 and 10 L/m2h. [16] On the other hand, ceramic membranes are pretty 
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stable under process conditions and the same membrane can be used for a long time. They can also 

be stored very easily, so buying a stock of membranes from the same batch is an attractive solution.  
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Figure 3 Experimental permeation data and values estimated using the permeation models 

6.3 Rejection Behavior 

High rejection of the catalyst by the membrane while supplying a reasonable permeate rate for the 

product is the key point in nanofiltration assisted continuous homogeneous catalysis. To determine 

the rejection behavior of the catalyst in advance and apply a make-up for the lost catalyst is 

essential for long term continuous operation. 

  

Scheme 1 Active catalyst (left) and the ligand (right) used in this study 

The influence of solute size is proven to be the most important parameter that determines the 

rejection.[26,27] The active catalyst molecule we used in this study has a MW of 835 g/mol as given 
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in Scheme 1. A high excess of ligand to Rh is necessary to keep all the Rh centers coordinated with 

a ligand, in order to keep the catalyst active as well as to prevent metal leaching.  

We studied the retention of the ligand as a function of process parameters such as temperature, 

applied trans membrane pressure and concentration of ligand. Toluene was used as the solvent, and 

the concentration in the permeate was determined using UV/Vis. Figure 4 shows the UV/Vis 

spectrum of bulky phosphite ligand, tris(2,4-ditert-butylphenyl) phosphite in toluene, measured on 

a reference of pure toluene, the ligand gives a peak around 286 nm. Peak areas were used to 

determine the concentration according to the calibration performed. 

 

Figure 4 UV/Vis spectrum of tris(2,4-ditert-butylphenyl) phosphite ligand, concentration=6.4 mg/ml 

Results of the retention experiments performed are given below in Table 5.  

Table 5 Retention experiments performed with tris(2,4-ditert-butylphenyl) phosphite ligand in toluene 

Entry ΔP x10-5 

(kg.m-1s-2) 
T 

(°C) 
J x 103 

(kg.m-2s-1) 
Cfeed 

(kg.m-3) 
Ctoluene 

(kg.m-3) 
Cpermeate 
(kg.m-3) 

Cf-Cp 
(kg.m-3) 

1 18.6 40 1.65 1.06 856.3 0.05 1.01 
2 17.9 50 1.94 1.05 856.3 0.05 1.00 
3 16.8 60 2.12 1.05 844.3 0.05 1.00 
4 15.9 70 2.52 1.04 832.3 0.05 1.00 
5 14.7 80 2.87 1.03 820.3 0.04 1.00 
6 14.3 80 2.89 2.09 808.3 0.04 0.99 
7 14.2 80 2.83 3.15 808.3 0.07 2.03 
8 13.6 80 2.68 3.14 808.3 0.07 3.08 
9 9.6 80 1.77 3.12 808.3 0.22 2.92 

10 7.0 80 1.32 3.11 808.3 0.21 2.92 
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We used the solution-diffusion model reported in literature for aqueous systems[26,27] to analyze the 

data obtained, in order to model the ligand concentration in the permeate Cpermeate. According to this 

model, Cpermeate is estimated as given in Equation 26. 

𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒 =
𝐶𝑓𝑒𝑒𝑑

1 + 𝐿𝑠𝑜𝑙𝑣𝑒𝑛𝑡∆𝑃
𝐿𝑠𝑜𝑙𝑢𝑡𝑒𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡

−
𝜑𝐶𝑓𝑒𝑒𝑑𝐿𝑠𝑜𝑙𝑣𝑒𝑛𝑡
𝐿𝑠𝑜𝑙𝑢𝑡𝑒𝐶𝑠𝑜𝑙𝑣𝑒𝑛𝑡

 (26) 

The concentration of ligand in the reactor originally is Cfeed (kg/m3), Lsolvent (s/m) and Lsolute (s/m) 

are permeability of solvent and solute, respectively, and Ψ (m2/s2) is the osmotic pressure 

coefficient. Lsolvent is determined using pure solvent; so we will use the data presented in Table 3. 

The model as reported, does not take temperature dependence into account. We will extend the 

model to represent the temperature dependencies of solvent permeability and osmotic pressure 

coefficient. Plotting a graph of Ltoluene vs. temperature as given in Figure 5 allows us to determine 

the permeability as a linear function of temperature as expressed in Equation 27. 

𝐿𝑡𝑜𝑙𝑢𝑒𝑛𝑒 =2.88x10−11T(°C) + 5.11x10−10 (27) 

25 30 35 40 45 50 55 60 65
1.20E-009

1.40E-009

1.60E-009

1.80E-009

2.00E-009

2.20E-009

2.40E-009

L 
(s

/m
)

T (°C)

Equation y = a + b*x

Weight No Weighting

Residual Sum 
of Squares

1.04708E-20

Pearson's r 0.98878

Adj. R-Square 0.96652
Value Standard Error

B
Intercept 5.11356E-10 1.41722E-10
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Figure 5 Temperature dependence of pure toluene permeability 

Lsolute is calculated from Equation 28  

𝐽.𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝐶𝑡𝑜𝑙𝑢𝑒𝑛𝑒

= 𝐿𝑠𝑜𝑙𝑢𝑡𝑒�𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒� (28) 
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Plotting flux times permeate concentration divided by temperature corrected toluene concentration 

vs. the difference between feed and permeate concentrations of the ligand then gives Lsolute 

=1.50x10-7 as the slope as shown in Figure 6. 
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Figure 6 Determination of Lsolute from the slope of the line given by Equation 28 

The osmotic pressure coefficient Ψ is determined using Equation 29,  

∆𝜋 = 𝜑�𝐶𝑓𝑒𝑒𝑑 − 𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒� (29) 

Δπ in this equation is the difference between the trans membrane pressure applied to obtain the 

solute+solvent permeate and the trans membrane pressure that would be required to obtain the same 

permeate rate for the solvent only, as given in Equation 30 

∆𝜋 = ∆𝑃 − 𝐽/𝐿𝑠𝑜𝑙𝑣𝑒𝑛𝑡  (30) 

Because we would like to see the effect of temperature on the osmotic pressure coefficient, we first 

determined the pressure dependence of Δπ by plotting ΔP/( J/Lsolvent) vs. temperature for the 

experiments performed at the same Cfeed-Cpermeate values, i.e. entries 1 to 5 in Table 5. J/Ltoluene 

values were calculated using Ltoluene estimates obtained by Equation 27. Figure 7 shows that ΔP/( 

J/Ltoluene) decreases linearly with increasing temperature, according to Equation 31 given below 

ΔP/(𝐽/𝐿𝑡𝑜𝑙𝑢𝑒𝑛𝑒)  = −1.0769x10-2T(°C) + 2.344 (31) 
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Figure 7 Temperature dependence of ΔP/( J/Ltoluene) 

The effect of concentration difference across the membrane, Cfeed-Cpermeate, on the osmotic pressure 

difference is determined by plotting ΔP/( J/Ltoluene) vs. Cfeed-Cpermeate for experiments performed at 

the same temperature, 80°C, which are entries 5 to 10 in Table 5. 
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Figure 8 ΔP/( J/Ltoluene) at 80°C as a function of Cfeed-Cpermeate 

According to Figure 8, ΔP/( J/Ltoluene) at 80°C is not a function of Cfeed-Cpermeate, but is constant 

around 1.45; which might be due to the fact that at 1kg/m3 already, the concentration reaches its 

maximum effect. Further investigation with lower feed concentration is required to clear this 

question. Equation 31 then gives the final expression for ΔP/(J/Ltoluene) as a function of temperature. 
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Finally we simplify Equation 29 to express osmotic pressure coefficient Ψ as a function of 

temperature, applied trans membrane pressure and solute feed concentration as given in Equation 

32. Since we would like to be able to use the model for predicting Cpermeate, we assumed Cfeed-

Cpermeate = Cfeed for dilute permeate concentrations like we have. 

φ =
Δπ
𝐶𝑓𝑒𝑒𝑑

=
 ΔP �1 − 1

(−1.0769𝑥10−2𝑇(°𝐶)  +  2.344)�

𝐶𝑓𝑒𝑒𝑑
 (32) 

The last parameter missing in Equation 26 is Ctoluene which we also expressed as a function of 

temperature as given in Equation 33, 

𝐶𝑡𝑜𝑙𝑢𝑒𝑛𝑒 =-1.20T(°C) + 904.30 (33) 

If we insert all these parameters into Equation 26, we can now estimate the permeate concentration 

of the ligand as a function of temperature, trans membrane pressure and feed concentration of the 

ligand. Figure 9 shows the comparison of predicted and experimental permeate ligand 

concentrations for the experiments presented in Table 5. 
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Figure 9 Permeate ligand concentrations for toluene, estimated using solution diffusion model compared to the 
experimental values 

Although the lower permeate concentration values are predicted well by the model, at higher 

concentrations there is a large scatter, as is expected from the linear fits performed for the 

parameter values like Lsolute. The fact that we cannot see the whole ligand peak in UV-Vis probably 

also contributes to the poor fits. Toluene has a UV Cutoff of 284 nm and we only see part of the 

peak that comes at higher wavelengths. Measuring the ligand in tetrahydrofuran which has a UV 

Cutoff of 212 nm shows this quite obviously as seen in Figure 10. 

97 



Chapter 6 

 

Figure 10 UV/Vis spectrum of tris(2,4-ditert-butylphenyl) phosphite ligand in THF, concentration=0.5 mg/ml 

To see the effect of temperature and pressure on retention, we used the model we developed to 

calculate the retention, R% according to Equation 34. 

𝑅% = 100�1 −
𝐶𝑝𝑒𝑟𝑚𝑒𝑎𝑡𝑒
𝐶𝑓𝑒𝑒𝑑

� (34) 

Figure 11 shows predicted retention values of the bulky phosphite ligand in toluene, depending on 

the pressure differential across the membrane and reaction temperature. Increasing the pressure 

differential increases the retention; and so does increasing the temperature, especially evident at 

lower ΔP. These dependencies however, cannot be considered final.  The scatter of data is quite 

high for parameter estimates in the model and a more thorough investigation including higher 

pressure differentials is necessary to conclude on the effect of temperature and pressure on 

retention. Furthermore, the experiments were performed in the order they are presented in Table 5, 

and the higher temperatures were applied later in the study. So if there are history effects such as 

‘clogging’; the data was affected the more, the higher the temperature.  
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Figure 11 Estimated temperature and trans membrane pressure dependence of bulky phosphite ligand (Cfeed=1 kg/m3) 
retention in toluene 

Table 6 below shows the permeate concentrations of Rh and P (ligand) determined for three 

continuous reactions performed. The concentrations are determined by elemental analysis. Samples 

were collected up until different residence times (also given in Table 6) to determine the effect of 

residence time on especially the Rh leaching. Retentions calculated for rhodium and phosphorus are 

given in Table 6 along with the predicted phosphorus retention. 

Table 6 Retention of Rh and P during continuous reactions in the jet loop reactor 

Entry Substrate ΔP 
(bar) 

T 
(°C) τ [P]0 

(kg/m3) 
[Rh]0 

(kg/m3) 
[P]p 

(kg/m3) 
[P]p_predicted 

(kg/m3) 
[Rh]p 

(kg/m3) P_R% Rh_R% 

1 Cyclooctene 10.6 80 0.42 3.84 0.051 4.13x10-3 2.13 x10-1 2.42 x10-4 99.89 99.53 

2 Cyclooctene 14.9 80 0.90 3.84 0.051 1.59 x10-2 1.54 x10-1 6.36 x10-4 99.59 98.75 

3 1-pentene 6.2 80 2.11 0.05 0.001 3.24 x10-4 4.71 x10-3 4.26 x10-4 99.37 95.99 
Entries 1&2: [cyclooctene] = 1.34 M, [Rh] = 2.0x10-4 M, [L] = 5.9x10-3 M, P = 20 bar CO:H2 (1:1), T = 80°C, 
solvent=toluene                                              
Entry 3: [1-pentene]feed= 0.13 M, [2-pentene]feed= 0.015 M, [1-pentene]0= 0.108 M, [2-pentene]0= 0.026 M, [hexanal]0= 
0.008 M, [branched aldehydes]0= 0.002 M, [Rh] = 4.0x10-6 M, L/Rh= 30, P = 20 bar CO:H2 (1:1) ,T = 80°C, 
solvent=toluene 

 

The permeate concentration of phosphorus detected by elemental analysis is much lower than the 

predicted amount for all three experiments and the retention is higher than 99%. The predicted 

permeate concentration values are calculated for pure toluene according to the model derived, and 

apparently cannot represent the reaction mixtures. The model should be extended for liquid 

mixtures as a function of solvent physicochemical properties, to be able to predict the permeate 

concentration of ligand correctly. The different measurement technique applied for these 

experiments can be another source of error.  
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Although different reaction conditions are used and a one to one comparison is not possible among 

the entries of Table 6, Rh retention decreases almost linearly with increasing residence time; i.e. 

leaching of Rh increases over time. This can be due to the fact that with increased loss of the 

ligand, there are some catalyst species which exchange the phosphorus ligand with a CO. Or 

another deactivation mechanism can be active, where the deactivating agent accumulates over time. 

An experiment where the leached ligand is compensated for via the feed would help to determine 

the extent of the effect of ligand loss on the increased Rh leaching in time. And finally, the 

increased amount of aldehyde in the reactor with increased residence time can also be responsible 

for the increase in Rh loss. Indeed, literature reports that polar solvents decrease the retention of 

solutes by ceramic TiO2 membranes.[15] We need to investigate the Rh leaching at steady state over 

time to eliminate this possibility. 

6.4 Conclusions 

The ceramic nanofiltration membrane used in the jet loop reactor setup was characterized for 

solvent permeation and ligand retention as a function of process variables like trans-membrane 

pressure and temperature. Three models from literature were investigated for the prediction of 

solvent permeability. Two of these models were used successfully to predict the temperature 

dependence of permeability as well, by including the temperature dependence of physical 

properties in the model. These models can be used to predict the permeate rate of a reaction mixture 

through the membrane as a function of temperature, trans membrane pressure and liquid mixture 

composition. 

Retention of the bulky phosphite ligand by the membrane was also modeled as a function of 

temperature, trans membrane pressure and ligand concentration in the reactor, extending the 

solution-diffusion model reported in the literature to take temperature dependencies into account. 

This model allows a prediction of the amount of ligand leaching in pure toluene. The model 

predicts that increased temperature and trans membrane pressure should increase the retention of 

the phosphorus ligand in toluene, which we approach tentatively. Further investigation is required 

to extend the model for liquid mixtures and finalize our conclusions on the pressure and 

temperature dependence of retention. 

Three continuous reaction permeate samples were investigated for Rh and P leaching. P was found 

to be rejected more than 99% for all three measurements. Rh retention, on the other hand, shows a 

clear decrease from 99.5% to 96%, according to the amount of sample collected. This suggests that 

the Rh loss rate is not constant and increases over time. The reason can be the shift in ligand 
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coordinated species to form only CO coordinated Rh centers due to ligand leaching, or another 

deactivation mechanism where the deactivating agent accumulates over time. It can also be due to 

the increase in aldehyde concentration over time before steady state is reached, since polar solvents 

are reported to reduce retention of solutes by TiO2 membranes. Further investigation is required to 

clear out the reasons behind this behavior. 

6.5 Experimental 

6.5.1 Solvent Permeation Experiments 

All solvent flux measurements were performed in the jet loop reactor setup with integrated 

membrane separation. Details of the experimental setup are given in Chapter 2. One single Inopor 

TiO2 membrane with 0.9 nm pore size and molecular weight cutoff of 450 D was used for all the 

reported data in this Chapter. The flow in the membrane channel was set to 1.5 L/min during the 

measurements. Reactor pressure and trans membrane pressure were kept constant to obtain the 

reported pressure differential values during the measurements. The system was rinsed 3 times with 

the solvent to be measured beforehand and at least 100 mL of solvent was permeated through the 

membrane before the measurement was started to prevent ‘history effects’ in the measurements. 

Furthermore, solvent permeations were measured in the order they are given in Table 2, measuring 

the more polar methanol and acetonitrile in the end. The permeate rate was followed by logging the 

weight of the permeate every 0.5 minutes. 

6.5.2 Ligand Retention Experiments 

Retention experiments were performed similar to the solvent permeation experiments. Toluene was 

used as solvent and the retention samples were collected after steady state solvent permeation was 

achieved at the specified temperature and pressure differential. For samples 1-7 in Table 5, 50 mL 

of permeate was collected for each sample and concentrated to 3 mL by evaporating the solvent. 

For samples 8-10, 10 mL permeate was collected for each measurement. The ligand concentration 

was measured using Shimadzu UV-1650 PC UV-VIS  Spectrophotometer. Elemental analyses were 

performed by H. Kolbe, Mikroanalytisches Laboratorium, Mülheim a.d. Ruhr (Germany). 
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Appendix 
A.1 Derivation of the rate equations 

In the simplified mechanism given in Scheme 1, total amount of Rh is given below: 

𝑅ℎ = 𝐴 + 𝐺 + 𝐺′  (A1) 
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Scheme A1. Mechanism of Rh-catalyzed hydroformylation using bulky monophosphites 

And the rest of the derivation is as follows: 

Pre-equilibrium assumptions: 

[𝐵] = 𝐾1[𝐴]/[𝐶𝑂] (A2) 

[𝐺] = 𝐾4[𝐹][𝐶𝑂] (A3) 

[𝐺′] = 𝐾7[𝐹′][𝐶𝑂] (A4) 

Steady-state assumptions: 

𝑑[𝐶]
𝑑𝑡

= 0 (A5) 

103 



Appendix 

𝑑[𝐹]
𝑑𝑡

= 0 (A6) 

𝑑[𝐹′]
𝑑𝑡

= 0 (A7) 

Using the steady-state assumptions: 

[𝐹] =
𝐾1𝐾2𝐾3[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒] + �𝑘−6𝐾3𝑘−2𝐾7

− 𝐾1𝐾2𝐾3[𝐴𝑙𝑘𝑒𝑛𝑒]� [𝐺′]

1 + 𝑘6
𝑘−2

[𝐶𝑂] + 𝐾1𝐾2𝐾3𝐾4[𝐶𝑂][𝐴𝑙𝑘𝑒𝑛𝑒]
  (A8) 

[𝐹′] =
𝐾1𝐾2𝐾3[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒] + �𝑘−3𝐾6𝑘−2𝐾4

− 𝐾1𝐾2𝐾6[𝐴𝑙𝑘𝑒𝑛𝑒]� [𝐺]

1 + 𝑘3
𝑘−2

[𝐶𝑂] + 𝐾1𝐾2𝐾6𝐾7[𝐶𝑂][𝐴𝑙𝑘𝑒𝑛𝑒]
  (A9) 

To replace the dependencies on Rh-acyl compositions , we need to determine  [F]/[F’] 

[F] =
a + bK7[F′][CO]

c
 (A10) 

[F′] =
d + eK4[F][CO]

f
 (A11) 

[F] =
a + bK7[CO] d + eK4[F][CO]

f
c

 (A12) 

[F] =
af + bdK7[CO]

cf − beK4K7[CO]2 (A13) 

[F′] =
dc + aeK4[CO]

cf − beK4K7[CO]2 (A14) 

[F]
[F′]

=
af + bdK7[CO]
dc + aeK4[CO] (A15) 

 

where  
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𝑎 = 𝐾1𝐾2𝐾3[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒],  b = 𝑘−6𝐾3
𝑘−2𝐾7

− 𝐾1𝐾2𝐾3[𝐴𝑙𝑘𝑒𝑛𝑒],  c = 1 + 𝑘6
𝑘−2

[𝐶𝑂] + 𝐾1𝐾2𝐾3𝐾4[𝐶𝑂][𝐴𝑙𝑘𝑒𝑛𝑒] 

𝑑 = 𝐾1𝐾2𝐾6[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒],     𝑒 = 𝑘−3𝐾6
𝑘−2𝐾4

− 𝐾1𝐾2𝐾6[𝐴𝑙𝑘𝑒𝑛𝑒],  f = 1 + 𝑘3
𝑘−2

[𝐶𝑂] + 𝐾1𝐾2𝐾6𝐾7[𝐶𝑂][𝐴𝑙𝑘𝑒𝑛𝑒] 

And  re-writing 

𝑎 = 𝐾3[𝑅ℎ]𝛼 ,𝑤ℎ𝑒𝑟𝑒 𝛼 = 𝐾1𝐾2[𝐴𝑙𝑘𝑒𝑛𝑒] ; b = β − 𝐾3α , where β = 𝑘−6𝐾3
𝑘−2𝐾7 

; c = 1 + 𝑘6
𝑘−2

[𝐶𝑂] + 𝐾3𝐾4𝛼[𝐶𝑂] 

d = 𝐾6[𝑅ℎ]α, 𝑒 = 𝛾 − 𝐾6α, where γ = 𝑘−3𝐾6
𝑘−2𝐾4

 ;  f = 1 + 𝑘3
𝑘−2

[𝐶𝑂] + 𝐾6𝐾7α[𝐶𝑂] 

[𝐹]
[𝐹′]

=
𝐾3[𝑅ℎ]𝛼 �1 + 𝑘3

𝑘−2
[𝐶𝑂] + 𝐾6𝐾7α[𝐶𝑂]� + (β − 𝐾3α)(𝐾6[𝑅ℎ]𝛼)K7[𝐶𝑂]

(𝐾6[𝑅ℎ]𝛼) �1 + 𝑘6
𝑘−2

[𝐶𝑂] + 𝐾3𝐾4𝛼[𝐶𝑂]� + (𝐾3[𝑅ℎ]𝛼)(𝛾 − 𝐾6α)K4[𝐶𝑂]
 (A16) 

[𝐹]
[𝐹′]

=
𝐾3[𝑅ℎ]𝛼 �1 + 𝑘3

𝑘−2
[𝐶𝑂] + 𝐾6𝐾7α[𝐶𝑂]� + 𝐾3[𝑅ℎ]𝛼 � 𝑘6𝑘−2

− α𝐾6𝐾7� [𝐶𝑂]

𝐾6[𝑅ℎ]𝛼 �1 + 𝑘6
𝑘−2

[𝐶𝑂] + 𝐾3𝐾4𝛼[𝐶𝑂]� + 𝐾6[𝑅ℎ]𝛼 � 𝑘3𝑘−2
− α𝐾3𝐾4� [𝐶𝑂]

 (A17) 

[𝐹]
[𝐹′]

=
𝐾3[𝑅ℎ]𝛼 �1 + 𝑘3

𝑘−2
[𝐶𝑂] + α𝐾6𝐾7[𝐶𝑂] + 𝑘6

𝑘−2
[𝐶𝑂] − α𝐾6𝐾7[𝐶𝑂]�

𝐾6[𝑅ℎ]𝛼 �1 + 𝑘6
𝑘−2

[𝐶𝑂] + 𝛼𝐾3𝐾4[𝐶𝑂] + 𝑘3
𝑘−2

[𝐶𝑂] − α𝐾3𝐾4[𝐶𝑂]�
 (A18) 

[𝐹]
[𝐹′]

=
𝐾3[𝑅ℎ]𝛼 �1 + 𝑘3

𝑘−2
[𝐶𝑂] + + 𝑘6

𝑘−2
[𝐶𝑂]�

𝐾6[𝑅ℎ]𝛼 �1 + 𝑘6
𝑘−2

[𝐶𝑂] + + 𝑘3
𝑘−2

[𝐶𝑂]�
 (A19) 

[𝐹]
[𝐹′]

=
𝐾3
𝐾6

 (A20) 

Which allows us to write the following  

[𝐺] =
𝐾3𝐾4
𝐾6

[𝐹′][𝐶𝑂]  (A21) 

[𝐺′] =
𝐾6𝐾7
𝐾3

[𝐹][𝐶𝑂]  (A22) 

With this, we can insert the Rh-acyl concentrations [G] and [G’] as given in Equations 11 and 12 

into the equations describing  [F] and [F’] , Equations 8 and 9 to write down the final rate 

equations: 
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𝑟𝑙 = 𝑘5[𝐹][𝐻2] =
𝑘5𝐾1𝐾2𝐾3[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒][𝐻2]

1 + 𝐾1𝐾2[𝐶𝑂][𝐴𝑙𝑘𝑒𝑛𝑒](𝐾3𝐾4 + 𝐾6𝐾7) (A23) 

𝑟𝑏 = 𝑘8[𝐹′][𝐻2] =
𝑘8𝐾1𝐾2𝐾6[𝑅ℎ][𝐴𝑙𝑘𝑒𝑛𝑒][𝐻2]

1 + 𝐾1𝐾2[𝐶𝑂][𝐴𝑙𝑘𝑒𝑛𝑒](𝐾3𝐾4 + 𝐾6𝐾7)  (A24) 

A.2 Batch 1-pentene experiments for kinetics 

Table A1. Concentration-time data of species during 1-pentene hydroformylation for conditions specified in Chapter 5 
Table 2, (The entries in this table are equivalent to the ones in Chapter 5 Table 2) 

Entry Time (min) [1-pentene] (M) [2-pentene] (M) [hexanal] (M) [branched aldehydes] (M) 
1 0.00 1.37 0.00 0.00 0.00 
1 3.00 1.29 0.01 0.04 0.03 
1 6.00 1.29 0.01 0.04 0.03 
1 9.00 1.26 0.01 0.07 0.04 
1 12.00 1.22 0.01 0.10 0.05 
1 30.00 1.12 0.01 0.15 0.08 
1 46.00 1.07 0.01 0.18 0.11 
1 77.50 1.00 0.01 0.22 0.14 
1 131.00 0.81 0.01 0.34 0.21 
1 270.75 0.47 0.01 0.55 0.33 
1 366.25 0.19 0.01 0.71 0.44 
1 425.25 0.16 0.03 0.74 0.45 
1 1290.00 0.05 0.00 0.81 0.51 
2 0.00 1.10 0.00 0.00 0.00 
2 20.00 0.75 0.04 0.19 0.12 
2 70.00 0.52 0.09 0.32 0.16 
2 171.00 0.11 0.04 0.59 0.36 
2 340.00 0.03 0.03 0.65 0.39 
3 0.00 1.37 0.00 0.00 0.00 
3 3.00 1.27 0.01 0.05 0.03 
3 6.00 1.25 0.01 0.07 0.04 
3 9.00 1.23 0.01 0.08 0.05 
3 12.00 1.19 0.01 0.11 0.07 
3 15.00 1.16 0.01 0.12 0.08 
3 20.00 1.11 0.01 0.15 0.10 
3 27.75 0.99 0.01 0.23 0.14 
3 35.00 0.96 0.01 0.25 0.15 
3 50.00 0.88 0.01 0.30 0.18 
3 70.00 0.81 0.01 0.34 0.21 
3 116.00 0.71 0.01 0.40 0.25 
3 997.98 0.08 0.01 0.77 0.51 
4 0.00 1.37 0.00 0.00 0.00 
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Entry Time (min) [1-pentene] (M) [2-pentene] (M) [hexanal] (M) [branched aldehydes] (M) 
4 3.25 1.30 0.01 0.04 0.03 
4 6.00 1.27 0.01 0.05 0.04 
4 9.00 1.23 0.01 0.08 0.05 
4 12.00 1.21 0.01 0.10 0.07 
4 15.00 1.16 0.01 0.12 0.08 
4 20.00 1.14 0.01 0.14 0.08 
4 27.50 1.07 0.01 0.18 0.11 
4 35.00 1.03 0.01 0.21 0.12 
4 50.00 0.97 0.01 0.23 0.15 
4 96.00 0.93 0.01 0.26 0.16 
4 131.00 0.88 0.01 0.29 0.19 
4 1118.00 0.08 0.01 0.78 0.49 
5 0.00 1.37 0.00 0.00 0.00 
5 3.00 1.25 0.01 0.07 0.04 
5 6.00 1.22 0.01 0.08 0.05 
5 9.00 1.18 0.01 0.11 0.07 
5 12.00 1.12 0.01 0.15 0.10 
5 15.00 1.08 0.01 0.16 0.10 
5 20.00 1.01 0.01 0.21 0.12 
5 27.00 0.97 0.01 0.23 0.15 
5 35.00 0.92 0.01 0.27 0.16 
5 50.00 0.84 0.01 0.33 0.19 
5 70.00 0.71 0.01 0.40 0.23 
5 138.00 0.45 0.03 0.56 0.33 
5 185.00 0.30 0.03 0.66 0.38 
5 309.00 0.10 0.00 0.79 0.48 
6 0.00 1.37 0.00 0.00 0.00 
6 3.00 1.30 0.01 0.04 0.03 
6 6.00 1.27 0.01 0.05 0.03 
6 9.00 1.22 0.01 0.08 0.05 
6 12.00 1.18 0.01 0.11 0.07 
6 15.00 1.15 0.01 0.12 0.08 
6 20.00 1.11 0.01 0.15 0.10 
6 28.00 1.05 0.01 0.19 0.11 
6 35.00 1.00 0.01 0.22 0.14 
6 50.00 0.89 0.01 0.29 0.16 
6 89.00 0.78 0.03 0.36 0.21 
6 313.00 0.05 0.05 0.79 0.47 
6 360.00 0.04 0.01 0.82 0.49 
7 0.00 1.37 0.00 0.00 0.00 
7 10.00 1.03 0.04 0.19 0.11 
7 20.00 1.00 0.05 0.21 0.11 
7 30.00 0.92 0.04 0.26 0.14 
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Entry Time (min) [1-pentene] (M) [2-pentene] (M) [hexanal] (M) [branched aldehydes] (M) 
7 40.00 0.96 0.05 0.23 0.12 
7 60.00 0.82 0.07 0.32 0.18 
7 90.00 0.75 0.10 0.34 0.18 
7 120.00 0.66 0.14 0.38 0.19 
7 150.00 0.53 0.16 0.45 0.22 
7 210.00 0.30 0.23 0.58 0.27 
7 340.00 0.01 0.21 0.71 0.44 
8 0.00 0.00 0.37 0.00 0.00 
8 11.00 0.01 0.30 0.02 0.04 
8 21.00 0.01 0.25 0.03 0.07 
8 33.00 0.00 0.23 0.03 0.10 
8 50.00 0.00 0.22 0.03 0.12 
8 71.00 0.00 0.19 0.02 0.15 
8 93.00 0.00 0.16 0.03 0.18 
8 120.00 0.00 0.14 0.02 0.21 
8 150.00 0.00 0.11 0.02 0.23 
8 202.00 0.00 0.08 0.02 0.26 
8 264.00 0.00 0.06 0.02 0.28 
9 0.00 1.37 0.00 0.00 0.00 
9 3.00 1.27 0.00 0.05 0.04 
9 6.00 1.21 0.00 0.10 0.07 
9 9.00 1.14 0.00 0.14 0.08 
9 12.00 1.12 0.01 0.15 0.10 
9 15.00 1.10 0.01 0.16 0.11 
9 50.00 0.99 0.01 0.23 0.14 
9 62.00 0.92 0.01 0.27 0.16 
9 79.00 0.86 0.01 0.30 0.18 
9 102.00 0.78 0.03 0.36 0.21 
9 121.00 0.73 0.03 0.38 0.23 
9 141.00 0.66 0.03 0.42 0.25 
9 1180.00 0.05 0.00 0.84 0.49 
10 0.00 1.37 0.00 0.00 0.00 
10 5.00 1.27 0.00 0.05 0.04 
10 8.00 1.25 0.00 0.07 0.04 
10 12.00 1.26 0.00 0.07 0.04 
10 15.00 1.22 0.00 0.08 0.05 
10 53.00 0.99 0.00 0.23 0.15 
10 66.00 0.99 0.00 0.25 0.14 
10 87.00 0.77 0.01 0.37 0.23 
10 360.00 0.10 0.01 0.78 0.48 
11 0.00 1.37 0.00 0.00 0.00 
11 5.00 1.32 0.00 0.03 0.03 
11 8.00 1.25 0.00 0.07 0.04 
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Entry Time (min) [1-pentene] (M) [2-pentene] (M) [hexanal] (M) [branched aldehydes] (M) 
11 12.00 1.16 0.00 0.12 0.07 
11 15.00 1.10 0.01 0.16 0.10 
11 53.00 0.78 0.03 0.36 0.19 
11 63.00 0.67 0.03 0.44 0.23 
11 87.00 0.42 0.07 0.58 0.30 
11 358.00 0.10 0.00 0.78 0.49 
12 0.00 1.37 0.00 0.00 0.00 
12 6.00 1.30 0.01 0.04 0.03 
12 9.00 1.26 0.01 0.05 0.04 
12 12.00 1.22 0.01 0.10 0.05 
12 15.00 1.16 0.01 0.12 0.07 
12 20.00 1.10 0.01 0.16 0.10 
12 27.00 1.04 0.01 0.21 0.12 
12 47.00 0.90 0.01 0.29 0.16 
12 77.00 0.66 0.03 0.44 0.25 
12 107.00 0.45 0.03 0.56 0.32 
12 138.00 0.30 0.04 0.66 0.37 
13 0.00 1.37 0.00 0.00 0.00 
13 3.00 1.27 0.00 0.07 0.04 
13 6.00 1.15 0.04 0.11 0.07 
13 9.00 1.08 0.04 0.16 0.10 
13 12.00 1.05 0.00 0.19 0.12 
13 15.00 0.96 0.04 0.23 0.14 
13 20.00 0.89 0.05 0.27 0.16 
13 27.00 0.82 0.05 0.32 0.19 
13 35.00 0.74 0.04 0.37 0.22 
13 50.00 0.59 0.05 0.47 0.26 
13 65.00 0.47 0.07 0.53 0.30 
13 205.00 0.04 0.01 0.79 0.51 
14 0.00 1.36 0.01 0.00 0.00 
14 5.00 0.90 0.14 0.22 0.11 
14 10.00 0.84 0.16 0.26 0.12 
14 20.00 0.42 0.33 0.42 0.19 
14 30.00 0.15 0.37 0.59 0.26 
14 42.50 0.11 0.38 0.59 0.29 
14 61.00 0.07 0.37 0.62 0.32 
14 91.00 0.10 0.32 0.60 0.36 
14 121.00 0.08 0.29 0.62 0.38 
15 0.00 0.00 0.37 0.00 0.00 
15 10.00 0.00 0.20 0.04 0.12 
15 20.00 0.00 0.15 0.04 0.18 
15 30.00 0.00 0.13 0.04 0.20 
15 40.00 0.00 0.11 0.04 0.21 

109 



Appendix 

Entry Time (min) [1-pentene] (M) [2-pentene] (M) [hexanal] (M) [branched aldehydes] (M) 
15 51.00 0.00 0.10 0.04 0.23 
15 61.00 0.00 0.09 0.04 0.23 
15 110.00 0.00 0.06 0.04 0.27 
15 1116.00 0.00 0.01 0.04 0.32 
16 0.00 1.10 0.00 0.00 0.00 
16 10.00 0.71 0.04 0.23 0.11 
16 20.00 0.59 0.08 0.25 0.19 
16 30.00 0.57 0.09 0.25 0.19 
16 61.00 0.54 0.09 0.31 0.16 
16 84.00 0.46 0.19 0.31 0.15 
16 127.00 0.37 0.18 0.37 0.18 
16 305.00 0.02 0.33 0.45 0.30 
16 444.00 0.01 0.13 0.47 0.48 
16 580.00 0.00 0.05 0.48 0.56 
17 0.00 0.00 1.37 0.00 0.00 
17 20.00 0.01 1.11 0.03 0.22 
17 30.00 0.01 1.03 0.04 0.29 
17 190.00 0.01 0.75 0.10 0.49 
17 1110.00 0.00 0.01 0.22 1.14 
18 0.00 1.37 0.00 0.00 0.00 
18 3.00 1.27 0.03 0.05 0.03 
18 6.00 1.19 0.04 0.10 0.05 
18 9.00 1.11 0.04 0.15 0.08 
18 13.00 1.01 0.04 0.22 0.11 
18 17.00 0.92 0.04 0.27 0.14 
18 52.00 0.48 0.01 0.60 0.29 
18 149.00 0.19 0.00 0.79 0.37 
18 226.00 0.14 0.00 0.78 0.45 
18 1190.00 0.01 0.00 0.85 0.49 
19 0.00 0.00 0.37 0.00 0.00 
19 10.00 0.01 0.22 0.06 0.08 
19 20.00 0.01 0.18 0.06 0.11 
19 30.00 0.00 0.16 0.05 0.15 
19 40.00 0.00 0.13 0.06 0.18 
19 50.00 0.00 0.11 0.06 0.20 
19 60.00 0.00 0.09 0.06 0.21 
19 80.00 0.00 0.07 0.06 0.24 
19 105.00 0.00 0.05 0.06 0.26 
19 130.00 0.00 0.03 0.06 0.27 

110 



Summary 

Continuous Homogeneous Hydroformylation with Integrated Membrane Separation:

 Kinetics, Mechanism and Jet Loop Reactor Technology 

Hydroformylation is the reaction that converts alkenes to aldehydes in the presence of a Co or Rh 

based catalyst and syngas. Product aldehydes are important intermediates in the production of 

surfactants, softeners, and fragrances. Hydroformylation is one of the most important examples of 

homogenously catalyzed reactions in industry. However, the separation and reuse of the 

homogeneous catalyst is a grand challenge in continuous hydroformylation. This is relevant not 

only for recycling of the expensive metal but also for the product purity. Recycling of the 

homogeneous catalyst is achieved conventionally by phase separation, distillation, or 

heterogenization of the homogeneous catalyst. These techniques however have their limitations: 

limited alkene solubility in the aqueous phase that contains the catalyst for biphasic 

hydroformylation, catalyst deactivation and accumulation of heavies for distillation, and a loss in 

activity and /or selectivity for the heterogenization. It is therefore of great interest to build an 

optimal reaction-separation system that enables recycling of the homogeneous catalyst. Recently, it 

was shown by our research group that molecular weight enlarged catalysts kept in the reactor by 

taking the products out as permeate from a nanofiltration membrane represents a viable solution to 

this challenge. In this study we chose to use a naturally bulky, commercially available ligand to 

modify the Rh catalyst. 

Based on the expertise in the group and taking into account the other challenge of a fast two phase 

reaction, mass transfer limitation; we constructed a jet loop reactor with integrated membrane 

separation. Jet loop reactor technology enables a very good dispersion of gaseous reactants in the 

liquid without introducing extra energy demands. Chapter 2 introduces the reactor setup and 

explains the design considerations taken into account. A good selection of equipment gave us a 

flexible reaction system in terms of operating conditions like residence time and the power input 

per unit volume on the fluid flow through the jet (P/V), which is an important parameter for 

achieved gas to liquid mass transfer rates. 

The first step in planning a continuous reaction is to determine the reaction kinetics, which also 

makes it possible to understand the reaction mechanism. We investigated the hydroformylation 

kinetics of cyclooctene in order to plan a continuous hydroformylation reaction in the new setup. 

Chapter 3 gives the kinetic results obtained from batch experiments. A continuous 

hydroformylation run was successfully performed in the developed reaction setup, giving a total 
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turnover number of 44300 in a total reaction time of 47 hours, which corresponds to 5 residence 

times. Steady state conversion was reached after about one residence time and remained constant 

till the experiment was stopped. This result is important since it is achieved with a commercially 

available ligand without any further MW enlargement or immobilization on a support and can be 

improved by applying higher reaction temperatures or simply by running the reaction longer. 

Hydroformylation kinetics of neohexene was also investigated, representing a different class of 

alkenes, i.e vinylic. The kinetic investigation led us to an interesting study on regioselectivity. We 

investigated the reasons behind the temperature dependence of the l/b aldehyde selectivity using 

deuterium labeling and 2H NMR as well as in-situ high pressure IR in Chapter 4. The 

deuterioformylation experiments showed that both linear and branched Rh-alkyl formation are 

reversible, and increasingly so with increasing temperature. At 100°C, the linear Rh-alkyl 

formation was found to be even more reversible than the branched one, which means the increase in 

linear aldehyde selectivity with increasing temperature cannot be explained by relatively increased 

branched Rh-alkyl reversibility at elevated temperatures. Indeed, we showed that the 

hydrogenolysis of the five-coordinated Rh-acyl species has a larger activation energy for the linear 

acyl, which contributes more than the rest of the cycle to the temperature dependence of 

regioselectivity. 

Also a rather fast reaction, the hydroformylation of 1-pentene, was investigated. The extremely fast 

kinetics of this substrate makes it an excellent candidate for obtaining very high total turnover 

numbers in the jet loop reactor. The results of the kinetic study are presented in Chapter 5. We 

obtained a TTON of 47600 in just two residence times using a very dilute 1-pentene feed. In 

principle it is possible to increase the TTON to one million at the same conditions only by changing 

to pure 1-pentene feed. The fast kinetics of this substrate also bears the possibility of mass transfer 

limitations, especially at elevated temperatures. We investigated the concentration of H2 and CO in 

the reaction mixture at different temperatures and pressures, including the proposed reaction 

conditions to obtain one million TTON in two residence times. The calculations showed that even 

when using the minimum mass transfer coefficient value determined beforehand, the concentration 

of gases in the liquid remain very close to the equilibrium values. The steady-state selectivity of the 

reaction is a complex function of temperature and pressure. We showed that it can be optimized. 

Prediction of membrane permeability as a function of process variables and reaction mixture 

composition are obviously necessary to be able to operate a continuous reactor where the product 

flow is the permeate of a nanofiltration membrane. Three models reported in the literature to 
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predict solvent permeability as a function of solvent characteristics were investigated. The results 

were used to model the permeate rate of any solvent (mixture) as a function of process variables. It 

was shown that two of these models can be used as well to predict the temperature dependence of 

permeability, when temperature dependence of physical properties were incorporated in the model. 

Also, characterizing the catalyst/ligand leaching behavior allows compensating for the lost ligand at 

an appropriate rate. Make-up of the lost ligand makes it possible to keep the ligand excess constant 

and prevent metal leaching since the metal centers will be more prone to leaching once they lose 

the ligand attached due to a shift in equilibrium. Rejection of the ligand in toluene was also 

modeled as a function of temperature, trans membrane pressure and ligand concentration in the 

reactor, extending the solution-diffusion model reported in the literature to take temperature 

dependencies into account. This model allows the prediction of the amount of ligand leaching 

through the membrane for pure toluene. Further investigation will be necessary to extend the model 

for real reaction mixtures.  Membrane characterization is discussed in Chapter 6.  
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ditt tålamod då jag klagar på kylan, för alla äventyr vi har delat hittills, för stödet du alltid ger mig 
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Ablacım, koşulsuz sevgin, anlayışın ve desteğin için; dünyanın en tatlı yeğeni için; en çok da 
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Seni seviyorum. 

En son ve en çok da anne ve babama, beni yetiştirmek için gösterdikleri tüm çaba ve fedakarlıklar 
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