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1 Zusammenfassung 

Die katalytische Umwandlung von Propylenoxid (PO) zu Poly(propylenglykol) (PPG) mittels 

Doppelmetallcyanid (DMC) Katalysatoren und die Copolymerisation von PO und 

Kohlenstoffdioxid (CO2) zur Herstellung von Poly(propylenethercarbonaten) (PPEC) sind die 

Themata dieser Dissertation. 

Die Arbeit enthält eine Beschreibung einer detaillierten Studie zur Aufklärung mechanistischer 

Abläufe während der DMC-katalysierten CO2-PO-Copolymerisation, mit dem Ziel ein 

grundlegendes Verständnis für den Prozess und seine Einflussfaktoren zu erlangen. Darin 

wurde festgestellt, dass die Bildung von Polycarbonaten und Polyethern durch DMC-

Katalysatoren entlang zwei unterschiedlichen Routen abläuft, die von der Konzentration von 

aktiviertem PO, der CO2-Konzentration und der Temperatur beeinflusst werden. Die 

Einbindung von CO2 in dem polymeren Produkt erfolgt in einem Kettenwachstumsprozess mit 

Insertionen in einer Metall-Alkoxid-Bindung, während Ether(ver)bindungen schrittweise durch 

einen externen, von Lewis-Basen-unterstützten nukleophilen Angriff auf ein koordiniertes PO-

Molekül entstehen. Demzufolge können nukleophile (basische) Einheiten auf dem Katalysator 

die CO2-Einbindung fördern. Das vorgeschlagene mechanistische Modell wird durch die 

Beobachtung gestützt, dass das Molverhältnis F von Carbonat- zu Etherverknüpfungen im 

Copolymer nahezu konstant ist, wenn ein auf Zinkchlorid basierender DMC eingesetzt wird 

(F ≈ 0,15), während in einem analogen DMC-Komplex mit Nitratanionen auf der Oberfläche 

der Anteil an Carbonateinheiten höher ist und stärker von der CO2 Konzentration abhängt 

(max. F = 0,45). Die Anwesenheit von zusätzlichen Aminen reduziert die katalytische Aktivität 

eines DMC mit Chloridanionen, hat jedoch keinen Einfluss auf die Polymerzusammensetzung. 

Die Bildung von zyklischem Propylencarbonat (cPC) erfolgt parallel zur Polymerisation und ist 

temperaturabhängig, jedoch unabhängig von der Reaktionszeit. Dies legt nahe, dass eine 

literaturbekannte Backbiting-Reaktion, die für eine cPC-Bildung angenommen wird, eine 

höhere Aktivierungsenergie als das Kettenwachstum aufweist.  

Im Allgemeinen werden sowohl bei der Copolymerisation von PO mit CO2 als auch bei der 

Homopolymerisation Poisson-verteilte Produkte erhalten. Breitere Molekulargewichts-

verteilungen entstehen erst, wenn die Kettendiffusionsprozesse langsamer werden als die 

Propoxylierungsgeschwindigkeit. Dies ist insbesondere bei hohen Temperaturen der Fall und 

verbunden mit höhermolekularen Produkten mit geringerer Mobilität der Ketten, d.h. 

verringerter Selbstdiffusion der Polymere. Während der halbkontinuierlichen Propoxylierung 

verlängern sich Diffusionswege, da durch die Verdünnung der Abstand zwischen den 

Katalysatorpartikeln zunimmt. Eine schmale Produktverteilung kann nur bei ausreichend 

kurzen Diffusionswege erreicht werden, d.h. wenn der Abstand zwischen den DMC-Partikeln 

geringgehalten wird. Dies kann durch hohe Katalysatorteilchenanfangskonzentrationen 
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bevorzugt bei der Verwendung kleiner, feinverteilter Katalysatorpartikel, bestens mit moderater 

Aktivität, erreicht werden.  

Die Erweiterung eines Batchreaktors mit einer Schlaufe inklusive eines statischen Mischers 

führte zu einer verbesserten Durchmischung des Reaktionsgemisch mit dem dosierten PO in 

halbkontinuierlicher Fahrweise. Die Propoxylierung in diesem Setup ermöglichte die 

Erzeugung schmalverteilter PPG-Produkte, selbst bei höheren Molekulargewichten und 

geringen Katalysatorkonzentrationen. Es wurde gezeigt, dass die Grenzen, an denen die 

beobachtete „Catch-up“ Kinetik ihre Gültigkeit hat, ebenfalls stark von weiteren 

Prozessbedingungen wie Temperatur und Dosierrate abhängig ist: Gut durchmischte 

Reaktoren, niedrige Prozesstemperaturen und moderate Dosierraten können helfen länger im 

Regime der „Catch-up“ Kinetik zu agieren, und so Produkte mit geringer Polydispersität zu 

erhalten.  

Ein weiterer Teil der Arbeit beschreibt das katalytische Verhalten dreier Zink-Cobalt-DMCs bei 

der Homopolymerisation von PO. Es wurde eine Methode vorgestellt die in kurzer Zeit, mittels 

Stoßdosierungen von jeweils 10 w% PO, Zugang zu einer Reihe katalytischer Merkmale bietet. 

Die Analyse der Datenpunkte mithilfe der Arrhenius- und Eyring-Theorien ergab, dass bei zwei 

der drei verwendeten Katalysatoren der Massentransport von PO geschwindigkeits-

bestimmend ist, während bei einem der Katalysatoren die Geschwindigkeit der Ringöffnung 

von PO den maßgeblichen Faktor darstellt. Die kinetischen Parameter sind konsistent mit einer 

Propagationsreaktion nach dem Eley-Rideal-Mechanismus, bei dem ein koordiniertes PO-

Molekül mit einem externen Polymerkettenhydroxylende reagiert. Die Visualisierung von 

Propoxylierungsraten in Abhängigkeit von Temperatur und Konzentration der Kettenenden 

[OH] bzw. des Katalysators [DMC] liefert einfache Einblicke in das kinetische und thermische 

Verhalten der verwendeten Katalysatoren. Es wurde gezeigt, dass die Einteilung in 

katalytischer Wirkung der drei DMCs nicht mit der Oberflächengeometrie oder -morphologie 

korreliert werden kann. Stattdessen führte die Betrachtung dispergierter Katalysatorpartikel als 

individuelle Mikroreaktoren zu einem Verständnis der katalytischen Wirkung: Kleine Kristallite 

ergeben bei gleicher ppm-Katalysatorbeladung eine größere Anzahl an Mikroreaktoren mit 

kleineren Interpartikelabständen und führen demnach zu kürzeren Diffusionswegen. Es wurde 

auch deutlich, dass nicht nur der Diffusionsweg, sondern auch die Aktivität des Katalysators 

und die Art der Prozessführung einen erheblichen Einfluss auf das Ergebnis der 

Propoxylierung haben. Das meistgeeignete Katalysatorsystem zur Erzielung von schmal 

verteilten Produkten mit hohem Molekulargewicht erfordert eine ausgewogene Rate der PO-

Umwandlung in Bezug auf den Massentransport des PPGs zur Katalysatoroberfläche. 

Zusammenfassend ergibt die Gesamtanalyse der Arbeit, dass Einblicke in die spezifische 

Wirkung von DMC-Katalysatoren von entscheidender Bedeutung sind, sowohl für die 

Vergleichbarkeit dieser Katalysatoren als auch für eine gezielte Weiterentwicklung. Die 
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Abhängigkeiten von Faktoren wie Reaktionsraten und Diffusionswegen wurden als wesentlich 

für die Prozessentwicklung identifiziert. Diese Erkenntnisse tragen dazu bei, die Effizienz und 

Kontrolle von Reaktionen zur Umwandlung von Propylenoxid in Polymere zu verbessern und 

ermöglichen eine präzisere Auswahl und Optimierung von Katalysatorsystemen und 

Prozessfahrweisen für zukünftige Anwendungen.  
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2 Abstract 

The catalytic conversion of propylene oxide (PO) into poly(propylene glycol) (PPG) using 

double metal cyanide (DMC) catalysts and the copolymerization of PO and carbon dioxide 

(CO2) to produce poly(propylene ether carbonates) (PPEC) are the main topics of this 

dissertation. The work includes a detailed study aimed at elucidating the mechanistic pathways 

during DMC-catalyzed CO2-PO copolymerization, with the goal of gaining a fundamental 

understanding of the process and its influencing factors. It was found that the formation of 

polycarbonates and polyethers mediated by DMC catalysts proceeds along two different routes 

influenced by the concentration of activated PO, CO2 concentration, and temperature. The 

incorporation of CO2 into the polymeric product occurs through a chain growth process with 

insertions in a metal alkoxide bond, while ether bonds are formed stepwise through an external, 

Lewis base-supported nucleophilic attack on a coordinated PO molecule. Thus, nucleophilic  

(basic) units on the catalyst can promote CO2 incorporation. The proposed mechanistic model 

is supported by the observation that the molar ratio F of carbonate to ether linkages in the 

copolymer remains nearly constant when a zinc chloride-based DMC is used (F ≈ 0.15), while 

in an analogous DMC complex with nitrate anions on the surface, the number of carbonate 

units is higher and more dependent on CO2 concentration (max. F = 0.45). The presence of 

additional amines reduces the catalytic activity of a DMC with chloride anions but has no effect 

on the polymer composition. 

The formation of cyclic propylene carbonate (cPC) occurs in parallel with the polymerization 

and is temperature-dependent, but independent of reaction time. This suggests that the 

literature-known backbiting reaction assumed for the formation of cPC has a higher activation 

energy than the chain growth. 

In general, both the copolymerization of PO with CO2 and the homopolymerization yield 

Poisson-distributed products. Broader molecular weight distributions only occur when chain 

diffusion processes become slower than the propoxylation rate, especially at high 

temperatures, resulting in higher molecular weight products with reduced chain mobility, i.e., 

reduced polymer self-diffusion. During semibatch propoxylation, diffusion paths lengthen as 

the distance between catalyst particles increase due to dilution. A narrow product distribution 

can only be achieved with sufficiently short diffusion paths, which can be attained by using 

high initial catalyst particle concentrations, especially with small, finely dispersed catalyst 

particles with moderate activity. 

The modification of a batch reactor with a loop including a static mixer improved the mixing of 

the reaction mixture with the dosed PO in semibatch mode. Propoxylation in this setup allowed 

the production of narrowly distributed PPG products, even at higher molecular weights and low 

catalyst concentrations. It was shown that the boundaries where the observed "catch-up" 

kinetics apply are strongly dependent on additional process conditions such as temperature 
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and dosing rate: well-mixed reactors, low process temperatures, and moderate dosing rates 

can help prolong the "catch-up" kinetics regime, leading to products with low polydispersity. 

Another part of the work describes the catalytic behavior of three zinc-cobalt DMCs in the 

homopolymerization of PO. A method was introduced to quickly access a range of catalytic 

features through pulse dosing PO at a level of 10 wt% of the reactor content.  

The analysis of kinetic data using Arrhenius and Eyring theories revealed that in two of the 

three catalysts used, the mass transport of PO is the rate-determining factor, while in one of 

the catalysts, the rate of PO ring opening is the dominant factor. The kinetic parameters are 

consistent with a propagation reaction following the Eley-Rideal mechanism, in which a 

coordinated PO molecule reacts with an external polymer chain hydroxyl end. Visualizing 

propoxylation rates as a function of temperature and the concentration of chain ends [OH] or 

the catalyst [DMC] provided simple insights into the kinetic and thermal behavior of the 

catalysts used. It was shown that the categorization of the catalytic effect of the three DMCs 

cannot be correlated with surface geometry or morphology. Instead, considering dispersed 

catalyst particles as individual microreactors led to an understanding of the catalytic effect: 

small crystallites result in a larger number of microreactors with smaller interparticle distances, 

thus leading to shorter diffusion paths. It also became clear that not only the diffusion path, but 

also the catalyst's activity and process conditions have a significant impact on the outcome of 

the propoxylation. The most suitable catalyst system for obtaining narrowly distributed high-

molecular-weight products requires a balanced rate of PO conversion relative to the mass 

transport of PPG to the catalyst surface. 

In summary, the comprehensive analysis of the work emphasizes the importance of gaining 

insights into the specific effects of DMC catalysts, both for comparing these catalysts and for 

targeted further development. The dependencies on factors such as reaction rates and 

diffusion paths were identified as essential for process development. These findings contribute 

to improving the efficiency and control of reactions converting propylene oxide into polymers 

and allow for a more precise selection and optimization of catalyst systems and process modes 

for future applications. 
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3 Introduction 

Since the development of Bakelite, the first synthetic, industrially produced plastic in 1905, the 

worldwide production volume of plastics has increased rapidly. This was not in the least due 

to the fact that the new material, because of its high resistance to electricity and heat, could 

be used in various areas and was relatively easy to produce.1,2 Bakelite is, therefore, the first 

example to demonstrate the versatility of synthetic polymer materials, laying the foundation for 

the development of other plastics.  

Statistics from 1950 to 2019 show, that the annual production and use increased steadily 

through the years, reaching a high of 460 million metric tons in 2019 (Figure 1l)3,4. In 2020 the 

use declined because of COVID-19-related lockdown measures. However, global plastic use 

is forecasted to continue rising in the coming decades. Key plastic consumption sectors in 

Europe comprise packaging, building & construction, and the automotive industry (Figure 1r).5 

Every day examples of plastic applications include LDPE packaging, which extends food shelf 

life, and PS-based insulation materials for energy-efficient housing. In addition, plastic has 

made a considerable contribution to resource-efficient mobility by providing lightweight 

construction materials. Plastics have thus become one of the essential man-made materials 

useful in all areas of modern life and today’s world without plastic i.e., synthetic organic 

polymers, appear impossible to imagine.  

     

Figure 1 Global plastic production f rom 1950 – 2015. Included are thermoplastics, thermosets, 

polyurethanes, elastomers, coatings, sealants and f ibers (lef t)3,4 and annual European (EU-28 + NO/CH) 
plastic demands as of  2018 by segment. Not included are adhesives, coatings, paints, PET f ibers, PA 
f ibers, PP f ibers and polyacryl f ibers (right)5. 

 

3.1 Poly(propylene glycol) (PPG) 

An important starting material for diverse plastic materials are polyether polyols, which includes 

the homopolymer poly(propylene glycol) (PPG). PPG is widely used as the “soft component” 

in the generation of polyurethanes (PU), e.g. in form of foams, coatings and sealants.6–9 It also 

finds direct applications as a surfactant, rheology modifier, and antifoaming agent10. PPGs are 
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industrially produced on a large scale by ring-opening polymerization (ROP) of propylene oxide 

(PO) with an alcoholic or acid starter using alkaline catalysts, such as KOH (Scheme 1).11,12 

Double metal cyanide (DMC) solids were introduced as mediators for chain transfer 

polymerization in the early 1960s and have since become an effective alternative as they 

feature several advantages over simple basic catalysts (see below).13–15  

 

Scheme 1 Initiated graf ting polymerization of  PO onto alcoholic entities to yield PPG. 

 

The identity of the polyether polyol given by the hydroxyl (OH) functionality, molecular weight 

(MW) and the molecular weight distribution (MWD) has a considerable influence on the 

properties of the resulting PU. The commonly used classification of PUs in ‘elastic’ and ‘rigid’ 

is mainly based on the properties of the polyol component: Polyols with low functionalities of 

about 2-3 OH/mol and with a MW of 2,000 to 10,000 Da form elastic PUs, while low MW polyols 

of 300 to 1,000 Da and higher functionalities (3-8 OH/mol) lead to rigid cross-linked PUs. Also, 

the MWD of polyols has a significant influence on the physico-mechanical properties of the 

products, mainly related to the viscosity which is higher for wider MWDs.16 

3.2 Poly(propylene ether carbonate) (PPEC) 

Most commercially available plastics are petroleum-based and non-biodegradable. The 

demand for alternative materials has increased significantly in recent years. An example that 

meets the requirements is poly(propylene ether carbonate) (PPEC). It is a thermoplastic, 

amorphous and biodegradable copolymer that results from copolymerization of CO2 and PO.17–

20 “Bio-PO” can be synthesized from bio-glycerol-derived propylene glycol, which means that 

it also has a potential renewable basis. Glycerol is a by-product of biodiesel production, and in 

principle available in sufficient quantities.21 The monomer basis of PPEC, its application and 

recycling form a cycle in which CO2 can be fixated. Another major advantage of the CO2 

feedstock for PPEC is that its production requires hardly any utilization of agricultural land. 

Thus, in contrast to most bio-, plant-based polymers, it does not compete with the food chain 

industry.22–25  

The properties of PPECs are strongly dependent on the carbonate-content in the polymer and 

on the amount of typical by-products of its preparation, such as cyclic propylene carbonate 

(cPC).26–28 Control over the polymerization process and hence the resulting products can be 

obtained by either the type of catalyst and/or by controlling the process parameters.29–33 The 
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products range thereby from softer poly(ether carbonates) to more hard, rigid polycarbonates 

(Scheme 2).  

 

Scheme 2 Copolymerization of  PO and CO2 to form PPEC and cPC mediated by a catalytic system and 
a chain transfer agent (CTA). 

 

Biodegradable, high molecular weight PPEC with a larger carbonate content exhibits 

noticeable gas barrier properties34, which makes it attractive for short-term applications such 

as food packaging.35,36 One the other hand, PPEC with a lower molecular weight with hydroxyl 

termini can be used as soft component in the preparation of PUs.37–39  

PPEC undergoes a thermal decomposition through random chain-breaking processes and 

unzipping reactions from chain ends to form the high boiling liquid cPC at temperatures around 

170-200 °C.40–42 Since cPC is highly soluble in PPEC and acts as a potent plasticizer, it 

significantly influences the mechanical and thermal properties of PPEC, mostly in an unwanted 

direction. For example, it lowers the glass transition temperature, reduces tensile strength, and 

increases the material´s elongation at break.43 

3.3 Catalysts for the (Co-)Polymerization of Propylene Oxide 

The copolymerization of PO and CO2 is exergonic and, therefore, technologically readily 

realizable.44,45 However, it requires a selective catalytic system to successfully prepare PPEC, 

given that CO2 is thermodynamically stable (ΔfH°  = -393.51 kJ/mol at 298.15 K)46 and PO 

features a high chemical potential. INOUE reported the copolymerization of epoxides and CO2 

in 1969, for the first time, using a catalyst based on water and diethylzinc.47 Since this 

pioneering work, numerous studies have aimed to develop novel catalytic systems, resulting 

in a wide range of both homogeneous and heterogeneous catalysts.  

Today, the most well-known and effective homogeneous catalysts consists of metal complexes 

(such as Co, Zn) with salen48–50 or macrocyclic porphyrin ligands.51–53 These catalysts yield 

products with a perfectly alternating structure.54,55 Salen based catalysts offer advantages such 

as stability in air, making them relatively ease to handle and the ease of synthesis allows tuning 

the steric and electronic properties. 55–59 The salen-ligand provides steric shielding for the metal 

center, preventing aggregate formation. The presence of external nucleophiles, such as 

amines and chlorides seem necessary for reaching catalytic activity, and the ratio of 

nucleophile to catalyst is reported to have an impact on product selectivity and the formation 
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of cPC. Generally, one chain is formed per nucleophile, and a high concentration of 

nucleophiles leads to cPC formation. This puts some limitations on the salen complexes in 

their use as catalysts for PPEC formation from CO2 and PO.  

Further highly active catalysts with comparable activities27 are heterogeneous, like double 

metal cyanide complexes (DMC). DMCs mainly form poly(ether carbonates) with a high 

content of ether blocks (fcarb << 75 mol.%).60 In contrast, zinc dicarboxylates yield a range of 

poly(ether carbonates) with polymer compositions ranging from fcarb = 60 - 92 mol.%, 

depending on the process conditions.61–64 They are less active than DMCs65,66 and thus require 

higher catalyst concentrations for comparable productivity.  

Catalysis is applied in about 80% of the global chemical transformations with the majority of 

the catalysts being in solid form.67 This prevalence of the application of heterogeneous 

catalysis, despite their potentially lower selectivity can be attributed to several engineering 

advantages. These include the ease of separating catalysts from the product, simple 

regeneration, and preparation method, as well as their superior stability towards high 

temperature, pressure, and exposure to air. A heterogeneously catalyzed reaction is mediated 

at the catalyst surface, with active sites being nonuniformly distributed over the solid surface. 

Therefore, the catalyst´s synthesis procedure has an influence on the number and accessibility 

of active sites and hence on the catalysts final activity.67,68 The following chapters focus on 

heterogeneous catalysis, since all propoxylation reactions described in this thesis were 

mediated by DMCs.  

3.3.1 Double Metal Cyanide (DMC) Catalysts 

Double metal cyanide (DMC) solids were introduced by General Tire Inc.69 in the early 1960s 

as potent Lewis acidic catalysts and have since become known as an effective mediator for 

catalytic chain transfer polymerization (CCTP) under ring-opening of epoxides, especially of 

PO, to generate polyether polyols from alcohol or acid starter molecules.13–15 They are 

heterogeneous catalysts and Prussian blue analogues with the general formula Mm[M’(CN)6]n 

∙ xMXw ∙yL∙ zH2O (with e.g. M = Zn2+, Fe2+, Ni2+, Co2+ and e.g. M’ = Fe2+/3+, Co2+/3+, Ni2+, Cr3+). 

The complexes are generally precipitated by addition of an aqueous solution of a metal salt 

(MXw) to an aqueous solution of hexacyanometallate or vice versa. The non-stoichiometric 

substances show a variation in electronic properties and vacancies that depend on the 

oxidation states of the two metal atoms. Organic complexing agents (L) such as tert-butyl ether, 

diglyme and polypropylene glycols are also added during the synthesis, with the aim to 

interfere with the crystallization.70,71 Crystals of Zn2[Co(CN)6]2 formed in the absence of L were 

found to be catalytically inactive in the ROP of PO.72,73 The vacancies and defects in the 

crystalline structure, caused by ligands and excess of metal salts, are considered to be sites 

of higher acidity. DMCs have been screened for Lewis-acidic catalytic activity and are 
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nowadays not only used in the ROP of epoxides, but also in the copolymerization and 

terpolymerization with other epoxides,74,75 carbon dioxide76–80 and/or cyclic anhydrides81–84 as 

well as catalysts for the polycondensation of diols and diacids.85 

DMCs offer several advantages over conventional alkaline catalysts for alkoxylations, 

rendering them an effective alternative. They were optimized, especially for PO, to yield lower 

degrees of olefinic entities. The latter may result from PO isomerization to allylic alcohols, 

which in turn may act as co-starters. DMC catalysis leads to PPG products with narrower 

molecular weight distributions and hydroxyl quantities similar to those of the starter 

molecules.86–88 As a result, PU elastomers obtained from polyether diols prepared by DMC 

catalysts feature improved mechanical properties over those produced using anions.16 Catalyst 

concentrations of as little as 15−50 ppm are already sufficient to obtain polyols within short 

reaction times16,89 and ideally enable a continuous process with no need for further purification 

steps.90,91 

A major challenge in performing alkoxylation under DMC catalysis is the occurrence of an 

induction time with an unpredictable length, during which no substantial chain growth can be 

observed.16,92 A potentially dangerous situation may arise if the epoxide concentration exceeds 

certain limits, since the ring opening is highly exothermal.93 Consequently, in industrial 

processes, the DMC solids are activated for catalytic activity after their synthesis which is 

before the actual monomer feeding is commenced (semibatch reactor operation).87,94 The 

activation is commonly carried out by addition of small amounts of epoxide to a DMC catalyst 

which is suspended in a starter (typically a diol) of low molecular weight.95–97 The induction 

period significantly reduces the overall space-time yield of the process, however, the reaction 

rate exceeds that of the conventional KOH-catalyzed alkoxylation once the activation has been 

secured (Figure 2).16  

 

Figure 2 Exemplary course of  PO conversion (XPO) with reaction time t in a PO polymerization with a 
DMC catalyst and KOH. The DMC-mediated process features an induction period.16   
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3.3.2 The Seven Steps of Heterogeneous Catalysis 

A heterogeneously catalyzed reaction in the gas phase can be described as a sequence of 

seven elementary, chemical, and physical reaction steps (Figure 3l). These steps include 

external diffusion of reactants from the bulk phase to the catalyst particle (1) followed by 

internal, so-called pore diffusion to its active sites, (2) and the adsorption of reactants (3). 

Subsequently, surface reaction (4), desorption of the products from the active sites (5) and 

their diffusion through the catalyst pores (6) and the film diffusion (7) occur. A similar picture 

can be created for a catalytic process in a liquid (solvent or bulk).  

Consideration of all these steps is important for an understanding of the overall rate of the 

catalytic reaction. The adsorption, desorption and reaction steps cannot be evaluated 

independently of each other and are hence summarized as microkinetic steps, whereas the 

macrokinetic steps encompass all diffusion processes. If diffusion is rate-determining, the 

reaction rate k is replaced by an observable, effective reaction rate keff. Variation in the rate of 

any one of these steps by changing e.g., temperature, concentration, pore structure or particle 

size leads to a change in the overall rate. It might also give a change of the rate-determining 

step of the process.98–100  

         

Figure 3 Schematic diagram of  chemical and physical steps involved in a heterogeneous catalytic 
reaction (l)98 and general temperature dependencies of  a heterogeneously catalyzed reaction in form of  
an Arrhenius plot (r).100  

 

Heat transfer next to mass transfer should be a further point of attention in such a 

heterogeneous catalytic system. The reaction only takes place at the active sites of the 

catalyst, and temperature gradients between bulk and catalyst respectively inside the catalyst 

may exist. Diffusional and chemical reaction rate have different temperature dependencies 

(Figure 3r). When the overall reaction rate k is solely controlled by microkinetics, it is, according 

to ARRHENIUS,101,102 directly proportional to exp⁡(−𝐸𝑎/(𝑅𝑇)). When the reaction rate is 

controlled by intraparticle diffusion processes (porous particle), an apparent activation energy 

of one-half the real activation energy will be found, and the Arrhenius plot gives a straight line 

of slope⁡ −𝐸𝑎/(2𝑅). Finally when film mass transfer through the external boundary layer 
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becomes the rate-limiting step, the observable activation energy further decreases to 

𝐸𝑎 = 3-5 kJ/mol.99  

The reaction step (4) can only occur after adsorption of at least one of the reactants (3). These 

surface reactions can be described to proceed in a limit through either the Langmuir-

Hinshelwood mechanism or the Eley-Rideal mechanism. The Langmuir-Hinshelwood 

mechanism assumes that both reactants adsorb onto the active sites of the catalyst surface. 

The surface reaction only takes place between two adjacent absorbed reactants, resulting in 

the formation of the product, which is subsequently desorbed from the surface. In contrast, the 

Eley-Rideal mechanism is characterized by a bimolecular reaction in which only one of the 

reactant molecules is coordinated to the catalyst surface and reacts with an external reactant 

molecule through direct collision.67,68,103–105 

3.4 Process Engineering and Reactor Design 

The rate-determining step in a heterogeneously catalyzed reaction is affected not only by the 

accessibility of the catalyst´s active sites, but also by the mixing and dosing conditions in the 

reactor, with influence on both mass and heat transfer. Concentration equalization through 

diffusion is typically slow and determined by the diffusion coefficients of the components being 

mixed.  

Generally, DMC-mediated processes yield Poisson-distributed polymers. Nonetheless, 

broader molecular weight distributions (MWD) can occasionally be obtained, particularly at 

higher molecular weights and higher dosing rates. Consequently, the broadening of MWD is 

associated with the reactor setup and process condition.106,107 Therefore, mixing is a unit 

operation that holds significant importance in various industries. The efficiency of mixing, and 

thereby the uniform distribution of a monomer in the reaction mixture, is determined by factors 

such as reactor design, dosing points, mixer geometry, phase state and the viscosity.108–110 A 

wide array of apparatuses and mixing units are employed for different mixing operations, 

adapted to the diverse processes and product requirements. Selection of a mixing geometry 

for a specific application is dictated by the desired quality of mixing and mixing time. One of 

the most widely recognized and commonly used mixing apparatuses is the agitator vessel, 

which can be equipped with various stirrer geometries.111–113  

Several dimensionless numbers are used to describe mixing and its quality in different types 

of reactors. In this context, one widely used number is the Damkoehler number 𝐷𝑎𝑀. It is 

defined as the ratio of the mixing time to reaction time and indicates whether mixing will be a 

concern (larger 𝐷𝑎𝑀) or whether the effect of mixing will be of a minor impact for the outcome 

(smaller 𝐷𝑎𝑀). The latter is targeted and will be the case when the reaction rate is slow 

compared to the mixing rate.113  
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An important parameter in fluid mechanics is the specific power ϵ⁡which is defined as the 

power-per-volume unit that is introduced into a system by stirring (= 𝑃/(𝑉𝜌); 𝜌 fluid density in 

kg/m³). The Newton number Ne (= 𝑃/(𝜌𝑛3𝑑5); 𝑛 rotational speed in 1/s, 𝑑 diameter of stirrer 

in m) is a measure of the power introduced into a system by a specific stirrer.114 A further entity 

of relevance for flow conditions in a reactor is the Reynolds number Re (= 𝜗𝑑/𝑣 =𝜌𝜗𝑑/𝜂). 

Values above 2,300 are referred to as turbulent flow, whereas lower values are assumed to 

indicate laminar flow.115 Both the Newton and the Reynolds numbers are dimensionless 

quantities, which enable a direct comparison between two geometrically similar reactor 

systems of different dimensions.  

The flow in the area of a stirrer is described by the Reynolds number ReR (=𝜌𝑛𝑑2/𝜂).116 The 

system is considered as turbulent for values of ReR > 10,000. Further dimensionless quantities 

that are used for the design of reactors are, e.g., the Nusselt number Nu (= 𝑎𝐿/𝑘; 𝑎 convective 

heat transfer coefficient in W/(m²K), 𝑘 thermal conductivity in W(mK)), which is used to describe 

the convective heat flow between a solid surface (reactor wall) and a flowing fluid, and the 

Prandtl number Pr, (= 𝜗𝜌𝑐𝑝/𝑘; 𝑐𝑝 specific heat capacity in J/(kgK)), which describes the 

relationship between kinematic viscosity and thermal diffusivity. The Schmidt-number Sc (=

⁡𝜗/𝐷𝑒) indicates the ratio of kinematic viscosity to the diffusion coefficient.111   

3.4.1 Commercialized Reactor Designs for Polyether Polyol Synthesis 

Most of the polyether polyols are produced in conventional plants on a large scale of about 

300 kT per year.117 The synthesis is mainly performed in stirred tank reactors. These have 

some disadvantages to continuous plants, such as lower space-time yields.16,118 Arco 

Chemical (now part of Bayer) developed the first continuous process in the mid-1990s for a 

cost-effective production of polyols, propagated as IMPACT Catalyst Technology. The PO 

monomer in this process is added to a pre-activated starter/catalyst mixture with the option of 

continuously dosing further hydroxyl compounds (including water) together with PO 

(continuous addition of starter, CAOS).96,97,119 Its development is based on kinetic studies of 

DMC-mediated PO polymerization. These studies demonstrated that low mass starters are 

propoxylated at a high reaction rate without deactivating the catalyst, i.e., when the starter 

concentration remains below a certain level. The studies also revealed unique catch-up 

kinetics, leading to a preferred propoxylation of lower molecular weight fractions.16 The 

development of this CAOS process has been one of the most important ones in the field of 

polyether polyol synthesis. Subsequently, numerous modifications based on this technology 

have been proposed and implemented into industrial processes.120,121 Another approach for a 

continuous process involves combining a loop reactor for PO monomer addition in a plug-flow 

reactor.122   
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The rate at which the monomer is added is limited by the plant´s ability to dissipate heat from 

the highly exothermal alkoxylation reaction. Localized overheating during the process 

promotes formation of by-products, such as allylic compounds from PO isomerization or 

hydroxide elimination from a metal alkoxide. Optimization approaches focus on improving heat 

transfer during semibatch operation (PO dosing). This is usually achieved by incorporating a 

heat exchanger into stirred tank reactors, such as cooling coils, or by increasing the reactor´s 

surface area by circulating parts of the reaction mixtures in a loop through an externally located 

heat exchanger. Additionally, implementation of nozzles for monomer and/or reaction mixture 

addition, combined with recirculation through an outer circuit, are described to enhance heat 

removal and facilitate faster monomer addition, resulting in increased space-time yields.123–126 

Another patent highlights the beneficial impact of high energy densities of PO dosing during 

the production of polyether polyols on the foaming properties in the subsequent production of 

PU foams. In this process, the polyol is pumped through zones with high energy density, 

primarily generated by mixing units such as static mixers and various nozzles.127  

Static mixers or motionless mixers were established in the process industry in the 1970s. They 

have become standard equipment in continuous once-through processes and recycle loops 

for mixing and heat transfer improvement. They promote homogenization of feed streams with 

a minimum residence time,128–130 require little space, are silent and have low operating and 

maintenance costs (no moving parts): little to no additional power is needed, i.e. except some 

for pumping against a higher back pressure. A higher fouling potential, limited 

interchangeability and particle size constraints belong to their drawbacks.131,132  

Static mixers consist of a series of identical, stationary guiding elements that are installed 

reasonably in pipes, plug flow reactors or columns, and influence the flow structure of the fluid 

as they redistribute it in the direction transverse to the main flow by dividing the laminar product 

flow into partial streams before they are redirected. The performance of a static mixer is often 

described by its mixing quality. Quantifying this efficiency is especially of interest for the 

comparison between mixers from different manufacturers and ensures a reliable design. The 

relative mixer length (= 𝐿/𝐷; 𝐿 length of mixer, 𝐷 inside tube diameter) required for a given 

homogeneity and the corresponding pressure drop are hence basic criteria.133 Nowadays, 

there are more than 30 commercially available models and more than 2,000 US patents that 

describe static mixers and their applications, pointing to the versatility of motionless mixers. 

Most of them are variations of the three basic types: Kenics mixers, consisting of alternating 

right- and left-handed twisted helices arranged in sequence, interfacial surface generators 

(ISG) which use four drilled holes through solid sections between axially displaced cavities, 

and SMV mixer with stacks of corrugated lamellae with open crossing channels.129–132,134  
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4 DMC-Mediated Copolymerization of CO2 and PO – Mechanistic Aspects 

Derived from Feed and Polymer Composition 

4.1 Synopsis 

As previously outlined in the introduction (Chapter 3.3), there exists a variety of catalysts that 

can be used for the conversion of propylene oxide (PO) with carbon dioxide (CO2). These 

catalysts differ significantly, for example, in their handling, catalytic activity, and notably, in the 

copolymer composition of the polymers formed during the catalytic PO/CO2 copolymerization 

process. The properties of the resulting poly(propylene ether carbonate) (PPEC) products are 

substantially influenced by the incorporated carbon dioxide (i.e. carbonate content) and the 

quantity of typical by-products produced, such as cyclic propylene carbonate (cPC). Hence, 

the choice of catalyst, alongside the selection of process parameters, plays a pivotal role in 

determining these properties.  

Understanding the mechanism of the double metal cyanide (DMC)-mediated copolymerization 

of PO and CO2 is of vital importance for the targeted preparation of catalysts, in particular for 

the aim of producing tailor-made materials. This chapter addresses this very aspect, as the 

elementary reaction steps involved in the copolymerization of PO and CO2 under DMC 

catalysis have not been fully comprehended until now. This understanding is also of 

importance for the identification of the most suitable process conditions for a specific 

application.  

Process conditions, i.e., pressure and temperature, determine the composition of the 

coexisting liquid and gas phases in equilibrium. This study examines the correlation of the 

liquid phase composition N and the incorporation of CO2 into the polymer chain: three N values 

and four temperatures are considered. Initial experiments revealed that when chloride - 

originating from catalyst synthesis - was present at the catalyst surface, N appeared to have 

little effect on CO2 incorporation. The impact of process parameters on yield, molecular weight 

distribution (MWD), and the formation of cyclic propylene carbonate (cPC) is also reported. 

Additional experiments were conducted to examine the impact of the presence of nucleophilic  

amine bases on the resulting polymers, next to the effect of “softer” anions at the catalyst 

surface by performing an anion exchange of chloride for nitrate. It was observed that the more 

nucleophilic nitrate ions (by easier dissociation from surface zinc dications) enhanced the basic 

properties of the catalyst surface, leading to a shift towards carboxylation and leading to a 

dependence of the polymer product composition on N.  

Based on these findings, a mechanism for DMC-mediated copolymerization of PO and CO2 

was proposed. This mechanism encompasses an internal protonation step, which liberates 

growing polymer alkoxide chains from the catalyst and is influenced by the Lewis acidity of the 

DMC.   
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5 Analysis of the Propoxylation of Zinc-Cobalt Double Metal Cyanide Catalysts 

with different active Surfaces and Particle Sizes 

5.1 Synopsis 

The kinetic study, described in this chapter, offers further evidence that the propoxylation 

reaction proceeds by a mechanism along the Eley-Rideal proposal, where only one reactant 

is activated by coordination to the surface of the catalyst. Additionally, it addresses the question 

of why some DMC catalysts produce broader molecular weight distributions than others, 

despite having the same chemical composition. It also shows that the process's outcome 

cannot be easily correlated with characteristic parameters of heterogeneous catalysts, such 

as activity, crystallinity, or pore size. 

The insights were elaborated by a “pulse” method that allows determination of activation 

energy data of the catalyst´s action in the industrial relevant regime of semibatch operated 

reactors for the preparation of narrow dispersed PPGs. The data was evaluated along Eyring 

and Arrhenius theories and thus enabled insights into the underlying mechanism. The outcome 

of the kinetic analysis conforms to the typical behavior observed in heterogeneous catalysis, 

with partitioning between macro-diffusion of reagents from and to the bulk phase and 

microkinetics. 

The “pulse” method gives a good basis for a direct assessment of the catalytic actions of DMCs 

in propoxylations of hydroxyl compounds as is demonstrated for three industrially applied 

cobalt zinc DMC solids. It is based on multiple pulsed additions of PO to an active DMC-starter-

system and uses inline FTIR-spectroscopy to obtain kinetic data for a range of diol starter 

concentrations and temperatures. The rate-determining step of the process significantly 

influences the resulting molecular weight distribution and that it is strongly affected by particle 

size, in addition to the catalytic activity for the propoxylation reaction. Charting the kinetic data 

in a contour plot allows assessing the catalyst performance in one glance and offers valuable 

information about e.g., decomposition temperatures and activity loss.  

The approach offers access to a range of essential catalytic features, aiding in the optimization 

of a process in terms of product control. The study also highlights factors of significance for 

directed catalyst development and maps the influence of polymer and monomer diffusion on 

the polymer properties also in the context of the semibatch feeding of PO. 
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6 DMC-Mediated Propoxylation in Semibatch with an External Loop: Insights 

into the Catalytic Action 

6.1 Synopsis 

The new, extended study shows that the product distribution of PPGs of molecular mass 

around 20 kDa, prepared in a semibatch mode with a low steady-state concentration of 

propylene oxide (PO) depends on the reactor setup and PO dosing protocol. It was concluded 

that, for describing the catalytic behavior of DMCs, their particles should be considered as 

independent, small microreactors; the distance between two crystallites in the reaction mixture 

is crucial for the resulting molecular weight distribution (MWD). Their catalytic activity and the 

process conditions also play a significant role in addition to their particle size and the number 

of active sites. The dosing rate and reaction temperature for a narrow product distribution 

should be chosen in such a way that a chain exchange near the catalyst (macro-kinetics) 

occurs faster than propoxylation (micro-kinetics). A further factor is the mixing of PO into the 

mixture. A static mixer was incorporated into the semibatch system used before in an added 

external loop. This ensures a more even distribution of the small PO feed over the reaction 

mixture with the highly active catalyst.  

The publication inserted in this chapter discusses the impact of mixing on the resulting MWD 

and demonstrates that by implementing a static mixer and thus improving mixing, products 

with narrower distributions can be obtained at the same reaction temperature and dosing rate. 

Furthermore, it compares the behavior of two Co/Zn DMC catalysts with different rate-

determining steps during the propoxylation process and describes for the first time that the 

catch-up kinetics effect exhibits limitations at specific molecular weights, respectively chain 

lengths.  

The results underline those presented in Chapter 5 and are interpreted within the context of 

heterogeneous catalysis theory. Moreover, these findings are of significance for industrial 

application in the sense that a static mixer can be easily incorporated into a technical 

polymerization process to improve mixing conditions and facilitate higher monomer feeding 

rates. As a result, enhanced space-time yields are obtained while maintaining consistent 

product quality. 
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8 Appendix 

A. Hazardous Materials 

All hazardous waste materials were disposed in compliance with legal requirements and are 

listed in Table A1. 

Table A1 Safety data[1, 2] on hazardous materials. 

Substance Hazard 
pictograms 

Hazard 
statements 

Precautionary 
statements 

Acetone 

 

H225-H319-H336 P210-P233-P240-P241-
P242-P305+P351+P338 

Argon 

 

H280 P403 

Butane-1,4-diol 

 

H302-H336 P301+P312+P330 

Carbon dioxide 

 

H280 P403 

Chloroform-d 

 

H302-H315-
H319-H331-
H336-H351-
H361d- H372 

P202-P301+P312-
P304+P340+P311-
P308+P313 

Dodecylamine 

 

H304-H314-
H335-H373-H410 

P261-P273-P280-
P301+P310-
P305+P351+P338-P310 

Ethane-1,2-diol 

 

H302-H373 P301+P312+P330- 
P314 

Ethanol 

 

H225-H319 P210-P240-
P305+P351+P338-
P403+P233 

Phosphorus 
pentoxide  

H314 P260-P280-
P301+P330+P331-
P305+P351+P338-
P308+P310 

Propylene oxide 

  

H224-
H311+H331-
H302-H315-
H319-H335-
H340-H350 

P201-P210-P280-
P302+P352+P312-
P308+P313- 
P403+P233 

Sodium nitrate 

 

H272-H319 P220-P305+P351+P338 

Tetrahydrofuran 

 

H225-H302-
H319-H335-
H336-H351 

P210-P280-
P301+P312+P330-
P305+P351+P338-
P370+P378-P403+P235 

Toluene 

 

H225-H304-
H315-H336-
H361d-H373 

P202-P210-P273-P331-
P301+P310-
P303+P361-P353 

Trieethylamine 

 

H225-H302-
H311+H331-
H314-H335 

P210-P280-P301+P312-
P303+P361+P353-
P304+P340-P311-
P305+P351+P338+P310 
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