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“Since the answers to fundamental and serious concerns are not at hand, there is 

no other alternative to keep on trying to find them.”  

 

G.H. Brundtland (1987), Our Common Future. 
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Summary 
 

 

In this thesis the potential of carbon dioxide as a monomer for the production of polycarbonates is 

explored. Since the 1960s the synthesis of aliphatic polycarbonates from carbon dioxide has been 

considered an interesting example of the utilization of carbon dioxide as a renewable resource. 

Especially during the last two decades this process and related processes have received an ever 

increasing amount of attention. Nevertheless, the developments in this area have predominantly 

concerned catalysis and reaction mechanisms. Therefore, a number of issues related to the 

technological development of the production of aliphatic polycarbonates from carbon dioxide are 

addressed in this thesis. The copolymerization of carbon dioxide and cyclohexene oxide is taken as a 

model system. 

The solubility of carbon dioxide in cyclohexene oxide increases proportionally with pressure and can 

be described well with the Peng-Robinson equation of state and a temperature-dependent Van der 

Waals interaction parameter (kij < 0.1). The estimated critical point of cyclohexene oxide is 623 K and 

4.34 MPa according to the Joback group contribution method. These values can be used to correlate 

experimental vapor pressure data using the Peng-Robinson equation of state with an accuracy similar 

to that of an Antoine equation. In that case the acentric factor is 0.290. 

The high-pressure phase behavior of the ternary system poly(cyclohexene carbonate) + cyclohexene 

oxide + carbon dioxide is studied with a visual synthetic method. Within the experimental range 

(473 K, 400 MPa), no more than 0.5 wt% poly(cyclohexene carbonate) with a molecular weight of 

12 kg/mol can be dissolved in carbon dioxide. At higher molecular weights both pressure and 

temperature have to be increased to make a single homogeneous phase. Addition of cyclohexene oxide 

results in a significant increase of the solubility of poly(cyclohexene carbonate) and at moderate 

cyclohexene oxide concentrations a temperature increase results in improved miscibility. Qualitatively 

these trends can be correlated well using PC-SAFT, which is an equation of state for hard-chain fluids 

based on perturbation theory. However, the solubility at low temperatures is significantly 

underestimated by this model. 
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Two new zinc complexes for the copolymerization of carbon dioxide and cyclohexene oxide have 

been synthesized from a di- and trisilanol silsesquioxane. These dimeric complexes demonstrate 

catalytic behavior similar to that of zinc bisphenoxides. The activity of zinc centers on modified silica 

particles is a factor 5 lower than in these silsesquioxane complexes. The reduction in activity is more 

significant in anti-solvents. Zinc glutarate requires relatively high temperatures for the 

copolymerization of carbon dioxide and cyclohexene oxide, but demonstrates a similar activity as in 

the copolymerization of carbon dioxide with propylene oxide. Although the morphology of these 

glutarates can be ascribed to the zinc oxide used for their synthesis, there is no apparent connection to 

their catalytic performance. The formation of cyclic carbonate is preceded by the formation of 

polycarbonate for all these catalysts. 

Since the solubility of polycarbonate in cyclohexene oxide rich mixtures of cyclohexene oxide and 

carbon dioxide is relatively large, this reaction can be performed continuously as a bulk 

polymerization. Therefore, cyclohexene oxide should be in excess and the pressure should remain 

above the vapor pressure. The reaction kinetics of the most active catalyst reported in the literature can 

be expressed using two kinetically equivalent rate equations. The monomer-dimer equilibrium of these 

zinc �-diiminate catalysts should be taken into account. The rheological behavior of this system can be 

described by a combination of the Martin equation and the Cross model. A simplified description 

enables the combination of the rheological and kinetic models. This allows estimation of velocity 

profiles and residence times distribution in a tubular reactor. In this case, elongation of the velocity 

profile can occur due to build-up of a stagnant polymer layer at the reactor wall. 

A process for 10 kt/y with a tubular reactor and an extruder is evaluated economically and technically. 

The tubular reactor is used as a prepolymerization reactor and in the extruder post-polymerization and 

extraction of cyclohexene oxide are combined. An elementary mass transfer model demonstrates that 

this is technically feasible. The economic evaluation results in an estimate for the total capital 

investment between 17 and 30 M�. Poly(cyclohexene carbonate) can be produced at a required selling 

price of 3 �/kg. The cost of cyclohexene oxide accounts for 41% of this price.  
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Samenvatting 
 

 

In dit proefschrift is het gebruik van kooldioxide als monomeer voor de productie van polycarbonaten 

onderzocht. De synthese van alifatische polycarbonaten uit kooldioxide wordt al sinds de jaren 60 

beschouwd als een interessant voorbeeld voor het gebruik van kooldiode als herwinbare grondstof. 

Deze en aanverwante processen staan zeker de laatste twee decennia in toenemende mate in de 

belangstelling. Desalniettemin hebben de ontwikkelingen op dit gebied zich vooral gericht op de 

katalytische en mechanistische aspecten van deze reacties. Derhalve zijn in dit werk een aantal 

onderwerpen geadresseerd die essentieel worden geacht voor de technologische ontwikkeling van dit 

en soortgelijke processen. Hierbij is de co-polymerisatie van kooldioxide en cyclohexeenoxide als 

model genomen.  

De oplosbaarheid van kooldioxide in cyclohexeenoxide loopt ongeveer evenredig op met de druk en 

laat zich goed beschrijven met de toestandsvergelijking van Peng-Robinson en een temperatuur 

afhankelijke Van der Waals interactieparameter (kij < 0.1). Een afschatting volgens de groep 

contributie methode van Joback resulteert in een kritisch punt voor cyclohexeenoxide van 623 K en 

4.34 MPa. De toestandsvergelijking van Peng-Robinson is in staat om met deze waarden de gemeten 

dampspanning te correleren met een nauwkeurigheid vergelijkbaar met die van een Antoine 

vergelijking. De daarbij horende a-centrische factor bedraagt 0.290. 

Binnen het experimentele bereik van de gebruikte apparatuur (473 K, 400 MPa) is het slechts mogelijk 

0.5 gewichtsprocent polycarbonaat met een molecuulgewicht van 12 kg/mol op te lossen in 

kooldioxide. Bij hogere moleculaire gewichten zijn zowel hogere drukken als temperaturen nodig om 

één homogene fase te creëren. Toevoeging van cyclohexeenoxide resulteert in een significante 

toename van de oplosbaarheid en zolang deze concentratie niet te hoog wordt, resulteert verhoging 

van de temperatuur in een verhoogde oplosbaarheid van polycarbonaat. Deze trends zijn kwalitatief 

goed te correleren met PC-SAFT, een op perturbatie theorie geënte toestandsvergelijking voor harde, 

ketenvormige moleculen. De oplosbaarheid bij lagere temperaturen wordt echter significant 

onderschat door dit model. 
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Twee nieuwe zinkcomplexen voor de co-polymerisatie van kooldioxide en cyclohexeenoxide zijn 

gesynthetiseerd uit een di- en een trisilanol silsesquioxaan. Deze dimere complexen vertonen 

katalytisch gedrag dat vergelijkbaar is met dat van zink bisphenoxides. De activiteit per zink centrum 

op een gemodificeerd silica oppervlak is een factor 5 lager dan in deze silsesquioxaan complexen en 

neemt verder af bij polymerisatie in een anti-solvent. Het gebruik van zinkglutaraat voor de co-

polymerisatie van kooldioxide en cyclohexeenoxide vereist relatief hoge temperaturen. De activiteit 

van deze katalysatoren is vergelijkbaar met die van zink glutaraten in de co-polymerisatie van 

kooldioxide en propyleen oxide. Ondanks dat de morfologische karakteristieken tussen deze glutaraten 

deels is toe te schrijven aan de gebruikte zink oxides is er geen eenduidig verband met het katalytisch 

gedrag vast te stellen. De vorming van cyclisch carbonaat wordt bij gebruik van al deze systemen 

voorafgegaan door de vorming van polycarbonaat. 

Aangezien de oplosbaarheid van het polycarbonaat in cyclohexeenoxide-rijke mengsels van 

cyclohexeenoxide en kooldioxide groot is, kan deze reactie continu uitgevoerd worden als bulk 

polymerisatie in een overmaat van cyclohexeenoxide. De kinetiek van de meest actieve katalysatoren 

uit de literatuur kan beschreven worden met twee kinetisch equivalente reactiesnelheidsvergelijkingen 

die uitgaan van een monomeer-dimeer evenwicht van deze zinc �-diiminaat katalysatoren. Het 

reologisch gedrag van dit systeem kan beschreven worden door de Martin vergelijking te combineren 

met het model van Cross. Verwaarlozing van de radiale component van de vloeistof snelheid maakt 

het mogelijk een koppeling te maken tussen het reologisch en het kinetisch model. Deze koppeling 

toont aan dat in een buisreactor vernauwing van het snelheidsprofiel kan optreden als gevolg van de 

opbouw van een stagnante laag polymeer aan de reactorwand. 

Een procesontwerp voor 10 kt per jaar waarin een buisreactor en een extruder gecombineerd worden is 

technisch en economisch geëvalueerd. De buisreactor dient als prepolymerisatie reactor, terwijl in de 

extruder een na-polymerisatie geïntegreerd wordt met de extractie van ongereageerd 

cyclohexeenoxide. Een technische evaluatie op basis van een eenvoudig stofoverdrachtsmodel toont 

aan dat dit mogelijk is. De economische evaluatie toont aan dat de totale investering voor een 

dergelijke fabriek tussen de 17 en 30 miljoen � bedraagt en dat polycyclohexeencarbonaat economisch 

rendabel geproduceerd kan worden bij een verkoopprijs van ongeveer 3 �/kg. Deze prijs wordt voor 

41% bepaald door de kostprijs van het epoxide. 
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Introduction 

1.1 CHEMICAL CONVERSION OF CARBON DIOXIDE 

The increasing demand for energy and bulk commodities places an ever growing burden on natural 

resources, such as petroleum feedstock. The imminent scarcity of these resources has stimulated the 

exploration of renewable materials for the sustainable production of commodities and intermediates. 

One interesting option in this respect is the chemical conversion of carbon dioxide, the cheapest and 

one of the most abundant sources of carbon available. Currently, 110 million metric tons of carbon 

dioxide are chemically converted into urea, methanol, acetic acid, polycarbonates, cyclic carbonates 

and specialty chemicals such as salycilic acid and carbamates [1].  

Illustrative for the historical development of this field is the overview of patents associated with 

carbon dioxide as demonstrated in Figure 1.1. In this Figure the occurrence of the term carbon dioxide 

in combination with various index terms in patents up to 2005 is presented [2]. This analysis shows 

that in 12% of all patents related to carbon dioxide, CO2 is used either as reactant or reagent. A step-

wise increase in the publication of these patents occurred in the 1970s simultaneously with an increase 

in patents on the production and treatment of gas. In contrast, carbon dioxide in relation to food and 

beverage production and processing has developed more gradually over the years. The number of 

patents related to carbon dioxide in the field of polymer synthesis and processing and the field of 

separation and supercritical fluid technology has increased significantly from the early and late 90s, 

respectively. In Figure 1.2 an overview is given of the appearance of carbon dioxide in English 
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scientific journals. Categorization of these contributions [2, 3] indicates a steep increase of process-

related journal publications since the mid 90s.   
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Figure 1.1: Annual number of patents on carbon dioxide in combination with 
different indexing terms [2]. 

Sustainable development has become increasingly important in chemical engineering as social 

awareness has grown and political incentives have become more powerful. In that respect, the 1987 

Brundtland report [4] and the 2005 ratification of the Kyoto protocol [5] are probably the most 

powerful signals of increasing public support. The amount of CO2 that is currently discharged in the 

atmosphere and the desire to reduce these emissions underline the importance of the chemical 

conversion of CO2. An estimated annual excess of 120 million tons of high-purity carbon dioxide from 

ammonia production in the U.S. is discharged in the atmosphere [6]. Additionally, 19 million metric 

tons of relatively high-purity carbon dioxide are vented from hydrogen production facilities for syngas 

production in the U.S. alone. Probably, the most interesting strategies rely on expanding the 

commercial application of products produced from CO2 such as urea-based polymers and on 

developing alternative pathways for the production of intermediates such as organic carbonates and 

end products such as aliphatic polycarbonates. 
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Figure 1.2: Publications on carbon dioxide in English scientific journals categorized 
per index term [2, 3]. 

1.2 ALIPHATIC POLYCARBONATES 

Although nature persists in demonstrating the endless possibilities of carbon dioxide conversion, 

carbon dioxide activation remains a challenging theme in coordination chemistry, organometallic 

chemistry and catalysis [7-12]. In this respect, the copolymerization of carbon dioxide with epoxides 

has a rich history. The possibility to synthesize poly(alkylene carbonates) from CO2 and epoxides has 

for the first time been demonstrated in the 1960s [13, 14]. Since, CO2-epoxide coupling chemistry has 

undergone substantial developments which are very well documented in some recent reviews [15-17]. 

Early developments have resulted in a number of active systems based on ZnEt2 in combination with 

di- and tri-protic sources [18-24]. Currently, heterogeneous zinc glutarate complexes are the most 

effective catalysts for the production of poly(propylene carbonate) and poly(ethylene carbonate) [25, 

26]. In addition, a significant amount of well-defined, single-site homogeneous catalysts have been 

developed recently, primarily focusing on carbon dioxide cyclohexene oxide copolymerization 

[27-35]. These discrete homogeneous systems have resulted in a significant improvement of catalytic 

performance and the mechanistic understanding of these reactions. 

1.3 SCOPE 

Notwithstanding the progress that has been made in catalyst development, the number of studies 

focusing on the improvement of product properties, development of commercial applications, high-

pressure phase behavior and the rheological behavior of these systems has been rather limited. In this 
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thesis the potential of CO2 as a monomer for the solvent-free synthesis of polycarbonates is explored 

from an engineering point of view. In accordance with recent literature, the copolymerization of 

carbon dioxide with cyclohexene oxide is chosen as a representative model system. This reaction and 

possible side reactions are presented in Figure 1.3.  

OO
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CO2  + nn

CH3
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n

OO

O

n

 
Figure 1.3: Scheme for the copolymerization of CO2 and cyclohexene oxide (CHO) 
into poly(cyclohexene carbonate) (PCHC), model reaction for the copolymerization of 
CO2 and epoxides. The commonly found by-products i.e. cyclic carbonate and 
polyether are also represented. 

1.4 OUTLINE OF THIS THESIS 

In Chapter 2 of this thesis the measurement and modeling of the phase behavior of the monomers, 

CHO and CO2, and mixtures thereof is studied. In Chapter 3 the high-pressure phase behavior of 

PCHC + CHO + CO2 is treated, addressing the co-solvent effect of CHO, the effect of polymer 

molecular weight and PC-SAFT for the correlation of experimental data. Chapter 4 reports on the 

application of silsesquioxane complexes as discrete models for silica supported catalysts and the 

industrial relevance of zinc glutarates in this reaction. The kinetics, rheology, phase behavior and their 

implications on the choice and performance of a continuous reactor are discussed in Chapter 5. A 

preliminary process design for the continuous production of PCHC from CHO and CO2 is presented in 

Chapter 6, including an economic and technical evaluation. In Chapter 7 additional comments and an 

outlook on future challenges and opportunities relevant to the topics discussed in the previous 

Chapters are given. 
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Phase Behavior of the System 
Carbon Dioxide + Cyclohexene Oxide 

ABSTRACT1 

Experimental bubble point isopleths for the binary system carbon dioxide + cylohexene oxide have 

been determined for CO2 mol fractions up to 50% and temperatures from 354 to 424 K. Vapor 

pressures and liquid densities of pure cyclohexene oxide have been measured from 361 to 474 K and 

from 278 to 363 K, respectively. With the Peng-Robinson equation of state and Van der Waals one-

fluid mixing rules, a good description of the phase behavior of both the vapor pressure and bubble 

point data has been obtained. The binary interaction parameter kij has been found to be temperature-

dependent. 

 

                                                      

This chapter is based on Van Schilt, M.A., Wering, R.M., Kemmere, M.F., De Loos, Th.W., Keurentjes, J.T.F. 
Measurement and modeling of the high-pressure phase behavior of the binary system carbon dioxide + 
1,2-epoxycyclohexane. J. Chem. Eng. Data 50 (2005), 1879-1882. 
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2.1 INTRODUCTION 

The tendency toward environmentally more benign processes has placed significant emphasis on the 

use of (supercritical) carbon dioxide (CO2) as it is considered to be a ‘green’ alternative to most 

traditional solvents [1-5]. Additionally, the use of CO2 as an alternative building block for the 

synthesis of a wide range of materials is an interesting development in terms of CO2 sequestration 

[6,7]. One example in this area is the copolymerization of CO2 and epoxides to polycarbonates [8-10]. 

In our work we focus on the synthesis of poly(cyclohexene carbonate) from CO2 and cyclohexene 

oxide. The development of such a process would provide a solvent-free alternative to polycarbonate 

synthesis. CO2 contributes for 31 % by mass to this polymer and provides an environmentally benign 

alternative to phosgene for the introduction of the carbonate functionality in polycarbonates. 

For the successful development of such a process, phase behavior plays a significant role. In this 

chapter attention is focused on the phase behavior of the reactants in this process, i.e. the binary 

system cyclohexene oxide + CO2, at pressures, temperatures and compositions typical for this 

copolymerization. We present in this paper experimental bubble points of the binary system 

cyclohexene oxide + CO2, which extend and, in our opinion, improve currently available data [11]. 

The data have been determined visually in isoplethic series using a Cailletet apparatus [12]. 

Additionally, experimentally determined vapor pressures and liquid densities are reported for 

cyclohexene oxide. The experimental data are modeled using the Peng-Robinson (PR) equation of 

state and Van der Waals one-fluid mixing rules [13]. The group contribution method as proposed by 

Joback [14] and the bond contribution method as proposed by Marrero and Pardillo [15] are used to 

estimate the critical temperature and pressure of cyclohexene oxide. The acentric factor of 

cyclohexene oxide is subsequently estimated from the critical point and experimental vapor pressure 

curve. A temperature-dependent interaction parameter kij is fitted to correlate the experimental binary 

data. Finally, the performance of the various sets of model parameters is assessed for the description of 

the phase behavior of this system by comparison with experimental pure component and mixture data. 
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2.2 EXPERIMENTAL 

2.2.1 Materials 

Cyclohexene oxide (minimum 98 % purity, GC) was obtained from Aldrich. In order to remove trace 

elements of water, cyclohexene oxide was refluxed overnight with calcium hydride and distilled, both 

under argon atmosphere. Prior to sample synthesis, gas was removed by at least 3 cycles of freezing 

with liquid nitrogen, applying vacuum and heating to room temperature. CO2 grade 4.5 (minimum 

purity 99.995 %) from Messer-Griesheim was used as received. 

2.2.2 Experimental Method 

Vapor pressures of cyclohexene oxide were experimentally determined from 294 to 474 K using a 

tensiometer equipped with a Baratron differential pressure gauge for vapor pressure measurements up 

to 100 kPa and a Cailletet set-up for higher pressures. The tensiometer consists of a dual static cell in 

which the pressure in the primary cell is measured relative to the pressure in the secondary cell. For 

these measurements, a high vacuum was applied to the secondary cell. Both cells were completely 

submerged in a thermostated bath and the temperature was measured using a platinum resistance 

thermometer with an uncertainty of 0.03 K. The pressure difference between the two cells was 

measured using the Baratron with an uncertainty of 0.75 kPa. In the Cailletet set-up vapor pressures 

above 150 kPa were measured by visual determination of the bubble point. A glass tube was filled 

with cyclohexene oxide and sealed with mercury, which acted as a pressure intermediate between the 

sample and a hydraulic pressure system. The hydraulic pressure system was equipped with a dead 

weight gauge, which allowed for pressure measurement with an uncertainty of 5 kPa. 

Liquid densities were determined at atmospheric pressure from 273 to 363 K using a 10 cm3 glass 

picnometer. In order to compensate for expansion of the picnometer, the exact volume was first 

determined gravimetrically with distilled and degassed water in combination with an experimental 

density temperature correlation [16]. Considering the accuracies of all steps involved the overall 

uncertainty of density and temperature is estimated to be 0.5 kg/m3 and 0.3 K, respectively. 

Bubble points of the binary mixtures were measured from 353 to 423 K and mol fractions of CO2 from 

10% to 50% according to the synthetic method. For this purpose a sample was prepared in a glass 

capillary tube, the so-called Cailletet tube, and sealed with mercury. The tube was then placed in a 
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temperature-controlled environment. The mixtures were pressurized hydraulically, where the mercury 

acted as a pressure intermediate between the samples and the hydraulic pressure generating system. 

The dead weight gauge allowed for an uncertainty of the pressure measurement of 5 kPa. Temperature 

was measured using a platinum resistance thermometer with an uncertainty of 0.03 K. The 

composition of the samples was controlled within 0.1% (mol fraction CO2).  

First, the Cailletet tube was filled with the less volatile components, i.e. dry cyclohexene oxide, using 

a micrometer syringe. The amount of cyclohexene oxide was gravimetrically determined with an 

uncertainty of 0.02 mg (0.05 %). Then the tube was connected to a low-pressure gas rack, where the 

contents were frozen with liquid nitrogen and gasses were removed using high vacuum. After melting 

the cyclohexene oxide the liquid was degassed and frozen again. This sequence was repeated at least 3 

times. Subsequently, a known amount of CO2 (uncertainty 1 µmol) was introduced into the tube from 

a glass reservoir with a calibrated volume of 57.84 cm3. The exact amount of CO2 was determined 

from the temperature (uncertainty 0.05 K), pressure (uncertainty 5 Pa) and volume (uncertainty 0.005 

cm3) using the virial equation of state. As pressures were typically below 40 kPa, the influence of the 

third and higher order virial coefficients was neglected. After filling the Cailletet tube the contents 

were frozen and filled with mercury. Under these conditions the tube was transferred to the Cailletet 

set-up. As a result the overall uncertainty of the sample composition is below 0.1%. A more detailed 

description of the Cailletet set-up and sample preparation is given in Ref. 12. 

2.3 EXPERIMENTAL RESULTS 

The results of the vapor pressure measurements of cyclohexene oxide are presented in Table 2.1. As at 

low vapor pressures the experimental uncertainty becomes large relative to the vapor pressure, no 

measurements have been performed below 24 kPa. The data were fitted to the Antoine equation [17] 

with a 0.3 % average relative deviation:  

log Psat/MPa = 3.0824 – 1385.2 / (T/K - 64.912)      (1) 

Interpolation of these data with the Antoine equation provides a boiling point of 404.69 K at 101.325 

kPa. This value matches those reported in literature (404.7 K [18, 19] and 404-406 K [20]). This vapor 

pressure correlation is further used for estimation of the critical temperature and acentric factor (�) of 

cyclohexene oxide. 
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Table 2.1: Vapor pressure (Psat) of cyclohexene oxide as a function of temperature (T). 
Determined with tensiometer and Cailletet set-up. 

T (K) Psat (kPa)  T (K) Psat (kPa) 

360.91 25.5  423.87 167.0 
361.13 25.8  443.95 268.0 
382.47 52.4  453.99 333.0 
383.09 53.6  463.99 409.0 
404.87 101.3  474.03 497.0 
405.48 103.8    

 

Table 2.2: Liquid density (ρρρρ) of cyclohexene oxide determined with a picnometer at atmospheric 
pressure and various temperatures (T). 

T (K)     ρρρρ  (kg/m3)  T (K)     ρρρρ  (kg/m3) 
 

T (K)     ρρρρ  (kg/m3) 

277.7 988.4  313.2 955.0  353.2 915.7 
289.0 978.0  323.2 944.8  363.2 903.9 
293.2 972.2  333.2 935.4    
303.2 963.8  343.2 925.5    

 

The results of the liquid density measurements of cyclohexene oxide are presented in Table 2.2. 

Interpolation of these data results in a density of 974 kg/m3 at 293.15 K. A modification of the Rackett 

equation by Daubert [21] describes the experimental data with a 0.06 % average relative deviation. 

The value of the density deviates 2 to 7 kg/m3 from reported values [18-20].  
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Figure 2.1: Bubble points for the binary system CO2 + cyclohexene oxide, measured at 
353.8 K (♦♦♦♦); 363.8 K (�); 373.9 K (����); 383.9 K (••••); 393.9 K (����); 403.9 K (����); 
413.9 K (�); 423.9 K (����). Lines are calculated using the Peng-Robinson equation of 
state and Van der Waals one-fluid mixing rules with Tc, Pc, � and kij (T) as reported 
in Tables 2.4 and 2.5. 
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The results of the isoplethic bubble point determinations for the binary system CO2 + cyclohexene 

oxide are reported in Figure 2.1 as isothermal series and in Table 2.3 per isopleth. 

Table 2.3: Experimentally determined bubble point pressure (P) of cyclohexene oxide + CO2 
isopleths at various temperatures (T) and mol fraction CO2 (x(CO2)). 

x(CO2)  T (K) P (MPa)  T (K) P (MPa) 

       
0.101  353.92 1.535  393.90 2.220 

  363.90 1.700  403.90 2.400 
  373.89 1.870  413.92 2.580 
  383.90 2.045  423.92 2.755 
       

0.201  353.77 3.115  393.91 4.450 
  363.74 3.450  403.90 4.775 
  373.89 3.785  413.91 5.095 
  383.87 4.115  423.95 5.415 
       

0.300  353.73 4.670  393.98 6.695 
  363.74 5.175  403.92 7.175 
  373.81 5.685  413.90 7.640 
  383.73 6.190  423.98 8.095 
       

0.401  353.85 6.289  394.06 9.014 
  363.88 6.979  403.97 9.654 
  373.91 7.669  414.01 10.269 
  383.94 8.349  423.98 10.849 
       

0.499  353.75 7.942  393.83 11.392 
  363.73 8.827  403.81 12.177 
  373.78 9.702  413.83 12.917 
  383.81 10.562  423.82 13.647 
       

 

These results are compared with previously reported data on the phase behavior of this system in 

Figure 2.2 [11]. As can be seen in this Figure, there seems to be a discrepancy between the two data 

sets. In general we find lower bubble-point pressures. It should be noted that our results are within the 

margins of the experimental uncertainty of 0.7 MPa as reported by the group of Beckman [11]. 

However, the experimental uncertainty as reported by these authors is substantial and the deviation 

seems to be systematic. It should be noted that for low concentrations of cyclohexene oxide these 

authors report anomalous phase behavior which was suggested to originate from the formation of 

poly(cyclohexene ether). Trace amounts of water are known to catalyze polyether formation [11]. In 

our work this particular problem is avoided by extensively drying cyclohexene oxide before use, 

which may explain why there is a difference between the two data sets. 
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Figure 2.2: Comparison between the data reported in this chapter, 363 K (�); 
382 K (♦♦♦♦); 405 K (••••) and previously reported data [11], 363 K (�); 382 K (�); 
405 K (�). 

2.4 MODELING 

The experimental data presented in the previous section have been correlated using the Peng-

Robinson equation of state [13]. The values of the model parameters for pure CO2 and cyclohexene 

oxide are summarized in Table 2.4. The critical temperature and pressure for cyclohexene oxide have 

been estimated with the group contribution method as proposed by Joback [14] and the bond 

contribution method as proposed by Marrero and Pardillo [15]. For the Joback method the contribution 

by the epoxide group is estimated using an ether group contribution. In general, the method of Joback 

is more reliable for estimates of the critical temperature than for the critical pressure, whereas the 

method of Marrero and Pardillo provides even higher accuracies for the critical temperature and 

slightly worse estimates for the critical pressure, when an experimental boiling point is used [22]. Both 

these methods require a value for the boiling point, for which the value has been determined from 

vapor pressure data as described in the previous section. To estimate the acentric factor the vapor 

pressure at Tr = 0.7 has been interpolated from the vapor pressure data of cyclohexene oxide using 

equation 1. The results of these estimates are summarized in Table 2.4 including the average relative 

deviation (�P and ��) for the description of the pure component experimental data from Tables 2.1 

and 2.2 with the Peng-Robinson equation of state. The Joback method describes the experimental 

vapor pressures almost as accurately as the Antoine equation. Because the deviation when using the 

Marrero and Pardillo method is significantly larger, these parameters have not been used for further 

calculations. It should be noted that the deviations for the description of the liquid densities are similar 

for the two methods. 
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Table 2.4: Pure component parameters (Tc, Pc and �) used for correlation of experimental data 
with the Peng-Robinson equation of state. Average relative deviations between calculated and 
experimental data are reported for vapor pressures (�P) and liquid density data (�ρρρρ). 

  Tc (K) Pc (kPa) � �P �ρρρρ 

CHO Marrero and Pardillo [15] 607.80 4021.0 0.3639 3.3% 8.8% 
 Joback [14] 622.51 4339.7 0.2902 0.6% 3.5% 

CO2 [22] 304.12 7374 0.225   

 

For the description of the binary data, the PR equation of state has been used in combination with the 

Van der Waals one-fluid mixing rules with only one binary interaction parameter (kij) for the attractive 

interaction. Since this parameter is found to be temperature-dependent, the interaction parameter (kij) 

is optimized to match the experimental data at each temperature separately. Optimization is achieved 

by minimizing the average relative deviation (�X) between the calculated (xcal) and the experimental 

composition (xexp) at given pressure and temperature: 

�
−

=∆
n

i
i

ii
cal

x

xx

n
x

exp

exp1
         (2) 

The results are presented in Table 2.5 with the average relative deviation (�x) between the 

experimental data from Table 2.3 and calculations using the pure component parameters as reported in 

Table 2.4. Additionally, Table 2.5 presents the effect of using one temperature-independent value for 

kij in the complete temperature range. This temperature-independent kij is the arithmetic average of the 

temperature-dependent kij’s (Figure 2.3). 
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Figure 2.3: Temperature dependency of interaction parameter kij (T) determined by 
minimizing �x (Table 2.5). 
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Clearly, there is only a small increase in deviation between the experimentally determined and 

calculated bubble points if a temperature-independent value for kij is used for these calculations. 

However, it should be noted that the average relative deviation increases when the difference between 

temperature and mean temperature increases. This indicates that extrapolations are probably more 

reliable if a correlation for the temperature-dependent interaction parameters is used (Figure 2.3). 

Super et al. also reported data in the critical region [11]. Using the above described approach, our 

results lead to an over-prediction of the mixture critical point of approximately 2 MPa, while the 

predicted critical compositions agree within the reported experimental uncertainty. 

Table 2.5: Temperature-dependent and independent interaction parameter kij (T) and kij used 
for correlation of binary experimental data (Table 2.3) with the Peng-Robinson equation of state, 
Van der Waals one-fluid mixing rules and Joback method for cyclohexene oxide.  

T (K) kij (T) kij 

353.8 0.05415 0.05536 
363.8 0.05381 0.05536 
373.9 0.05360 0.05536 
383.9 0.05369 0.05536 
393.9 0.05429 0.05536 
403.9 0.05550 0.05536 
413.9 0.05749 0.05536 
423.9 0.06037 0.05536 

   
�x 1.5% 1.6% 

2.5 CONCLUSIONS 

Vapor liquid equilibrium data relevant to the copolymerization of carbon dioxide and cyclohexene 

oxide are reported in this chapter. Experimental bubble point isopleths for the binary system carbon 

dioxide + cyclohexene oxide have been measured. These data are believed to be more accurate than 

previously reported data. Additionally, vapor pressures and liquid densities of cyclohexene oxide have 

been measured. The data are successfully correlated using the Peng-Robinson equation of state. The 

experimental data and parameters that are reported are important for the design and the further 

development of this CO2-based solvent-free alternative to polycarbonate synthesis. 
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High-Pressure Phase Behavior of the 
System PCHC + CHO + CO2 

ABSTRACT1 

Thermodynamic phase equilibrium data relevant to the copolymerization of carbon dioxide and 

cyclohexene oxide are reported in this chapter. In this system, the need for additional solvents can be 

prevented by using an excess of the comonomer carbon dioxide (CO2). Therefore, the solubility of 

poly(cylcohexene carbonate) in CO2 and the effects of molecular weight and cyclohexene oxide 

(CHO) concentration have been experimentally determined using a high-pressure view cell. Since 

extremely high pressures are required to dissolve poly(cylcohexene carbonate) in CO2, only low-

molecular-weight polymer is soluble within the experimental pressure range. Addition of CHO results 

in a significant decrease of the cloud-point pressures and a change of the slope of the cloud-point 

curve in PT-space. The Perturbed-Chain SAFT equation of state has been successfully used for the 

correlation and the prediction of the phase behavior in this range. At high temperatures the PC-SAFT 

model allows for a quantitative description of the phase behavior, whereas at lower temperatures PC-

SAFT tends to overestimate the cloud-point pressures. 

                                                      

This chapter is based on Van Schilt, M.A., Wering, R.M., Van Meerendonk, W.J., Kleiner, M., Kemmere, M.F., 
Sadowski, G., De Loos, Th.W., Keurentjes, J.T.F. High-pressure phase behavior of the system PCHC-CHO-CO2 
for the development of a solvent-free alternative toward polycarbonate production. Ind. Eng. Chem. Res. 44 
(2005), 3363-3366. 
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3.1 INTRODUCTION 

Environmental and human safety concerns have become determining factors in chemical engineering 

and process development. One of the major issues in polymer synthesis and processing is the use and 

inevitable loss of large amounts of toxic or otherwise hazardous solvents. Reduction of the need for 

such solvents would significantly decrease the risks and threats these processes pose to the 

environment. Two obvious solutions to this problem are the development of solvent-free processes or 

their replacement by environmentally benign solvents. Solvent-free polymerizations generally suffer 

from processing difficulties as a result of increased viscosities and mass transfer limitations. In 

addition, the required increase in temperature often leads to thermal degradation of the product. 

Solvent replacement, on the other hand, prevents the loss of dangerous solvents but still necessitates 

an energy intensive solvent removal step. Using a ‘volatile’ solvent makes the solvent removal step 

relatively easy. A solution that can be applied to an alternating copolymerization is using one of the 

reactants in excess as a result of which it partly acts as a solvent or plasticizer. In this case the excess 

of reactant still needs to be removed. Again, this becomes easier when the reactant in question is more 

volatile, or even better, gaseous. A typical example where this principle can be applied is the 

copolymerization of epoxides and carbon dioxide to aliphatic polycarbonates and, more specifically, 

the copolymerization of CO2 with cyclohexene oxide (CHO) to poly(cyclohexene carbonate) (PCHC). 

The development of such a process would provide a solvent-free alternative to polycarbonate 

synthesis. Additionally, CO2 contributes for 31% by weight to this polymer and provides an alternative 

to phosgene for the introduction of the carbonate functionality in polycarbonates. These 

polymerizations are typically carried out at pressures and temperatures up to 5 MPa and up to 350 K, 

respectively, and in an excess of CHO [1-3], although a more desirable approach would be to use CO2 

in excess. In this case the phase behavior of the system becomes an important issue. Unfortunately, 

very little is known about the solubility of these types of polymers in CO2 [4,5].  

In this paper, we report experimental data on the solubility of poly(cylcohexene carbonate) in CO2 and 

the effects of molecular weight and CHO thereon. One PCHC-CO2 cloud-point isopleth and five 

ternary cloud-point isopleths have been measured. For the latter both CHO concentration and PCHC 

molecular weight have been varied. The Perturbed-Chain Statistical Associating Fluid Theory (PC-

SAFT) model has been used to describe the phase behavior in this range. Model parameters have been 

determined from experimental data and the performance of these model parameters have been 

assessed by comparison with the experimental data. 
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3.2 EXPERIMENTAL 

3.2.1 Materials 

Cyclohexene oxide (minimum 98% purity, GC) was obtained from Aldrich. In order to remove traces 

of water, CHO was refluxed overnight with calcium hydride and distilled, both under argon 

atmosphere. Prior to sample synthesis, gas was removed by repetitive cycles of freezing, applying 

vacuum and heating. CO2 grade 4.5 from Messer-Griesheim was used as received. Toluene was dried 

over an alumina column and stored on mol sieves (4 Å). The β-diiminate (BDI) zinc catalyst 

[HC(C(CH3)N-2,6-Et-C6H3)2]Zn-OMe was synthesized according to literature procedure [2]. 

The PCHC used for the cloud-point measurements, was synthesized from CO2 and CHO with the β-

diiminate zinc complex as a catalyst. Polymerizations were typically performed with 300 µmol of 

catalyst, 50 mL of CHO and 15 mL of toluene at 1 MPa and 323 K. Polymerization time and amount 

of toluene added were varied in order to obtain different molecular weights. Three separate batches 

provided us with weight average molecular weights of 12, 25 and 54 kg/mol and an Mw/Mn of less 

than 1.2. 1H NMR spectroscopy was used to verify that the carbonate content was at least 99%. 
1H NMR spectra were recorded on a Varian Gemini 2000 (300 MHz) and a Varian Mercury Vx 

(400 MHz) spectrometer. Size Exclusion Chromatography (SEC) spectra were recorded on a Waters 

GPC equipped with a Waters model 510 pump and a model 410 differential refractometer (313 K). 

THF was used as the eluent at a flow rate of 1.0 mL/min. A set of two linear columns (Mixed C. 

Polymer Laboratories, 30 cm, 313 K) was used. Molecular weights were based on a calibration for 

polystyrene standards. Data acquisition and processing were performed using Waters Millenium32 

software. 

3.2.2 Experimental Method 

A windowed autoclave designed for pressures up to 400 MPa and equipped with two sapphire 

windows and magnetic stirring was used for visual observation of the phase behavior according to the 

synthetic method. A glass sample container was filled with a mixture of PCHC, CHO and CO2 with an 

accurately controlled pre-determined composition and sealed with mercury. The sample tube was 

placed inside the temperature-controlled environment of the autoclave. Subsequently, the autoclave 

was pressurized with water. The mercury in the sample tube served as an inert pressure intermediate 
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between the sample and the water in the autoclave. Pressure was generated using an air driven fluid 

pump. Fine adjustment of the pressure was accomplished using a spindle pump and the pressure was 

measured using a dead-weight gauge. The dead-weight gauge allowed for pressure determination 

within an uncertainty of 0.1 MPa. Temperature was determined with a platinum resistance 

thermometer within an uncertainty of 0.03 K. The composition of the samples was controlled within 

an uncertainty of 0.001 wt%. For a detailed description of the experimental set-up the reader is 

referred to a more extensive publication [6]. The 0.5 wt% PCHC in CO2 cloud-point isopleth was 

measured from 455 to 480 K. The ternary PCHC-CHO-CO2 cloud-point isopleths were determined 

from 369 to 460 K with CHO concentration ranging from 7 to 24 wt% and PCHC molecular weights 

ranging from 12 to 54 kg/mol. 

3.3 EXPERIMENTAL RESULTS 

The results of the cloud-point measurements are presented in Table 3.1 and Table 3.2 for the binary 

and ternary systems, respectively. These results are also graphically presented in Figures 3.1, 3.2 and 

3.3. 

Table 3.1: Cloud-point isopleth of PCHC-CO2 with 0.51 wt% PCHC of 12 kg/mol. 

T (K) P (MPa)  T (K) P (MPa) 

455.06 335  475.95 257 
459.66 309  479.33 254 
465.20 292  479.93 252 

 

The solubility of PCHC in CO2 is extremely low and can only be determined at very low 

concentrations of PCHC and very high pressures. As a result, we cannot positively determine the 

existence of a homogenous liquid region within the experimental range of this set-up for a mixture of 

1 wt% PCHC in CO2. These specific circumstances hinder the visual observation of the liquid-liquid 

to liquid transition. As a result, the uncertainty of the measurement is primarily determined by the 

uncertainty of the visual observation, which is estimated to be 2 MPa, instead of by the uncertainty of 

the set-up. The cloud-point data for 0.51 wt% PCHC in CO2 are presented in Table 3.1 and graphically 

in Figure 3.1. From the data it becomes obvious that an increasing temperature leads to an improved 

solubility and therewith to a lower cloud-point pressure. 
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Figure 3.1: Cloud-point isopleth of 0.51 wt% PCHC (12 kg/mol) in CO2. Diamonds (�) 
represent experimental data. The line is calculated using the PC-SAFT equation of 
state. 

Addition of cyclohexene oxide to the binary system significantly increases the solubility of PCHC in 

CO2. This is immediately clear from Figure 3.2, where the cloud–point data for PCHC in CO2 with 

varying CHO concentration and constant PCHC concentration and molecular weight are graphically 

presented. Upon addition of CHO, a strong decrease of required pressure to dissolve the same amount 

of polymer can be observed. Additionally, the strong temperature dependence on the cloud-point 

pressure decreases. At approximately 24 wt% CHO the slope of the cloud-point curve in PT-space 

becomes positive. This can be explained by the assumption that in the binary system CHO-PCHC the 

cloud-point curve would have a positive slope while the slope of the cloud-point curve in the system 

CO2-PCHC is known to be negative. 
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Figure 3.2: Cloud-point isopleths of 1.0 wt% PCHC (25 kg/mol) in mixtures of CO2 
and CHO. Symbols represent the experimental data with CHO concentrations as 
indicated. Lines are calculated using the PC-SAFT equation of state. 
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Table 3.2: Cloud-point isopleths of PCHC+CHO+CO2. 

wt% CHO wt% PCHC T (K) P (MPa)  T (K) P (MPa) 

(25 kg/mol; �P = 1 MPa)      
7.28 0.99 432.21 351  456.07 297 

  435.60 341  465.54 278 
  446.41 314    
       15.46 1.00 367.57 213  426.60 181 
  380.21 204  437.84 176 
  388.37 198  447.07 174 
  397.78 193  455.94 171 
  407.09 189  465.93 167 
  416.69 184    

      24.28 0.98 369.35 115  427.35 119 
  380.89 117  436.35 119 
  387.81 117  445.21 119 
  395.61 117  454.97 119 
  405.75 118  465.99 119 
  415.26 118    

(12 kg/mol; �P = 1 MPa)      
12.46 0.94 373.08 183  422.99 163 

  382.72 176  433.27 159 
  393.34 172  443.24 157 
  403.44 168  453.17 155 
  413.36 165  465.88 154 

(54 kg/mol; �P =1.5 MPa)      
12.17 0.98 402.69 363  442.71 278 

  412.21 332  451.96 265 
  421.47 310  463.80 251 
  432.80 292    
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Figure 3.3: Cloud-point isopleths of 1 wt% PCHC and 12 wt% CHO in CO2. Symbols 
represent the experimental data with molecular weights as indicated. Lines are 
calculated using the PC-SAFT equation of state. 
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Because of the low solubility of PCHC in CO2, CHO has been added to the mixtures with varying 

molecular weight. The effect of polymer molecular weight on the solubility pressure is presented in 

Table 3.2 and Figure 3.3. It is clear that longer chains require higher pressures to be dissolved in CO2. 

3.4 MODELING 

3.4.1 PC-SAFT Equation of State 

For a detailed description of the PC-SAFT equation of state and its development, the reader is referred 

to literature [7]. In short, PC-SAFT is an equation of state, which is based on perturbation theory and 

has been proposed particularly for the thermodynamic modeling of compressible systems containing 

both chain-like molecules such as polymers. In the framework of PC-SAFT, molecules are represented 

as chains of freely jointed spherical segments. For non-associating molecules the compressibility 

factor Z holds:  

Z = Zhard chain + Zdispersion         (1) 

Where Zhard chain accounts for the repulsion of the chain-like molecule as described by the hard-chain 

expression derived by Chapman [8], which is also used in the SAFT model. In contrast to the SAFT 

equation of state, the PC-SAFT model accounts for the chain-like shape of the molecules also in the 

dispersion term Zdispersion. It was derived by applying the perturbation theory of Barker and Henderson 

[9] using a hard-chain fluid as the reference system, whereas a hard-sphere reference has been 

considered in earlier SAFT models. The theory has been tested for square-well chains versus computer 

simulations [10], which led to satisfactory predictions of the square-well chain behavior. Readjusting 

the model constants for real substances has led to the PC-SAFT equation of state [7]. Previously, PC-

SAFT has been successfully applied to numerous systems containing polymers as well as copolymers 

[13, 14]. 

3.4.2 Parameter Estimation 

The common method for determining pure-component parameters is to fit them to vapor pressures and 

liquid density data. This is not possible for polymers, since only the liquid density data are accessible. 

However, the polymer parameters obtained from density data only, often lead to unsatisfactory results 
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in describing the phase behavior of polymer mixtures [11]. The reason for this is the low sensitivity of 

the equation of state energy parameter towards liquid densities. Alternatively, the polymer 

pure-component parameters and the binary parameter kij for this particular system can be identified 

simultaneously from polymer density data and one polymer-solvent binary system. It has been shown 

that parameters determined this way are also suitable for other solvent mixtures and can thus be 

regarded characteristic of a polymer [12].  

Since no liquid densities are available for PCHC, pure-component polymer parameters are determined 

simultaneously with the binary parameter kij from the PCHC-CO2 cloud-point curve. In order to reduce 

the number of adjustable parameters, the segment number for polystyrene [13] has been used also for 

PCHC. Thus, only the energy parameter and the segment size parameter of PCHC were fitted 

simultaneously with the binary parameter kij to the cloud-point curve of the binary system PCHC-CO2. 

The parameters for CO2 are taken from literature [7]. The CHO parameters have been determined from 

experimental vapor pressures and liquid density data [15]. They describe the experimental vapor 

pressure and density data with an average relative deviation of 0.24% and 8.7%, respectively. The 

binary parameter kij for CHO-CO2 has been determined from binary bubble-point isopleths [15] 

describing the experimental bubble-points with an average relative deviation of 2.5%. The binary 

parameter kij for the PCHC-CHO system has been determined from ternary cloud-point data. All 

PCHC pure-component and binary parameter determinations are based on the data with PCHC of 

25 kg/mol. Table 3.3 summarizes the model parameters used in this work. The segment number (m) 

for PCHC is given as a function of weight average molecular weight (Mw). 

Table 3.3: PC-SAFT parameters as used for calculations. 

 PCHC CHO CO2 [7] 

� / k (K) 283 312.12 169.21 
� (Å) 4.107  3.59 2.79 

m Mw × 0.019 2.74 2.07 
    

kPCHC-CHO -0.04   
kPCHC-CO2 0.101   
kCHO-CO2 0.055   

 

Figures 3.1 and 3.2 illustrate the ability of the model to describe the experimental data for a wide 

range of system compositions. Higher deviations are observed at lower temperatures. At low 

temperatures, the cloud-point pressures in polymer systems often increase due to unfavorable 

enthalpic interactions of polymer and solvent (UCST demixing). Since the density of the system is 
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increasing towards lower temperatures, the mixture becomes more incompressible in this region. 

Therefore, the   UCST-type phase transition is less sensitive to pressure, resulting in a steep slope of 

the cloud-point curve. However, as can be seen from Figures 3.1-3.3, this is not observed in the 

experimentally investigated temperature range, although it is expected to happen at lower 

temperatures. Thus, using temperature-dependent interaction parameters would improve the modeling 

results especially in the low-temperature region. Nevertheless, we do not use them in this study in 

order to demonstrate the ability of the model to predict, rather than only to correlate the experimental 

data.  

The calculations for the cloud-point curves with PCHC of 12 and 54 kg/mol are carried out using the 

parameters estimated from the data shown in Figure 3.3. Considering that they are purely predictive, 

the results of the modeling are reasonable, especially at higher temperatures. 

3.5 CONCLUSIONS 

Experimental data on the solubility of poly(cylcohexene carbonate) (PCHC) in CO2 and the effects of 

molecular weight and CHO concentration have been measured. Extremely high pressures are required 

to dissolve relatively small amounts of PCHC in CO2. Only low-molecular-weight polymer 

(12 kg/mol) appears to be soluble within the experimental range. Addition of CHO results in a 

significant decrease of the cloud-point pressure and ultimately a change of the slope of the cloud-point 

curve in PT-space.  

As typical reaction pressures and temperatures are not as high as the cloud-points measured in this 

work, this reaction, under those conditions, can only be performed as a precipitation polymerization in 

CO2. The data describing the effect of molecular weight on CO2 solubility can be used for the 

fractionation of PCHC in supercritical CO2. 

The Perturbed-Chain SAFT equation of state is successful in correlating and to some degree predicting 

the phase equilibrium data in this range. Model parameters are reported and the performance of these 

parameters is assessed by comparison with the experimental data. At high temperatures, the PC-SAFT 

equation of state allows for a quantitative description of the phase behavior, whereas at lower 

temperatures PC-SAFT tends to overestimate the cloud-point pressures. In terms of polymer 

molecular-weight the model shows good predictive capabilities. 
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4 
 

Catalytic Performance of Zinc 
Complexes in the Copolymerization of 

CO2 and Cyclohexene Oxide 

ABSTRACT1 

Two silsesquioxane zinc complexes have been synthesized, characterized and tested as model 

compounds for silica supported catalysts in the copolymerization of carbon dioxide and cyclohexene 

oxide. Their performance has been compared to that of zinc bisphenoxide and mesoporous silica 

treated with ZnEt2. Zinc glutarates have been prepared using various commercial zinc oxide grades 

and different pretreatment methods and tested for their catalytic activity.  

The silsesquioxane zinc complexes demonstrate a similar catalytic behavior as the bisphenoxide zinc 

complex. The activity of the mesoporous silica treated with ZnEt2 is a factor 5 lower and the degree of 

CO2 incorporation is comparably high. The zinc glutarates require a relatively high reaction 

temperature and low pressure for copolymerization of CO2 and CHO compared to the conditions 

required for the copolymerization of CO2 and propylene oxide. Although their performance in terms of 

                                                      

This chapter is partially based on Duchateau, R., Van Meerendonk, W.J., Staal, B.B.P., Van Schilt, M.A., 
Gerritsen, G., Meetsma, A., Koning, C.E., Kemmere, M.F., Keurentjes, J.T.F. Silica-grafted diethyl zinc and a 
silsesquioxane-based zinc alkyl complex as catalysts for the alternating oxirane - carbon dioxide 
copolymerization. In preparation. 
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turnover frequency is slightly lower, the turnover numbers obtained with these glutarate-based 

catalysts are very similar. The particle size of the zinc oxide does not discernibly influence the 

performance of the corresponding glutarates. 

4.1 INTRODUCTION 

The current rate and scale of economic and industrial development causes an exponentially growing 

demand for energy and bulk commodities. As most petroleum resources are predicted to become more 

and more difficult to exploit and ultimately exhausted, there is a growing economic interest to develop 

processes based on the chemical conversion of biologically renewable materials. Carbon dioxide being 

the cheapest and one of the most abundant sources of carbon is in that respect a very promising raw 

material. The major challenge for the chemical activation of CO2 using metal complexes is the 

development of catalysts that enable a significant and controlled increase of the reactivity of CO2 

[2-8]. In this field the most successful results have been obtained for reactions combining CO2 with a 

highly reactive reagent. Currently, approximately 110 MT of CO2 are used for the annual industrial 

production of urea, salicylic acid and carbonates. 

A good example of the utilization of CO2 for the production of polymers is the synthesis of 

poly(alkylene carbonates) from CO2 and epoxides [9]. Early developments in this field have resulted 

in a large number of catalysts based on ZnEt2 in combination with di- and tri-protic sources. At 

present, heterogeneous zinc glutarate (ZnGa) complexes are the most effective catalysts for the 

production of poly(propylene carbonate) (PPC) [10-13]. In addition to these heterogeneous catalysts a 

significant amount of well-defined, single-site homogeneous catalysts have been developed [12-18], 

primarily for the copolymerization of carbon dioxide and cyclohexene oxide. In contrast to the 

heterogeneous systems, these discrete homogeneous catalysts are especially valuable to study reaction 

mechanisms and systematically improve catalytic performance. These studies have, among others, 

resulted in a number of unsymmetrical single-site β-diiminate zinc complexes that are the most active 

catalysts known for the copolymerization of CO2 and epoxides [16]. In addition, these catalysts are 

living and can be used to produce polymer with a controlled molecular weight and narrow molecular 

weight distribution. 

Although both homogeneous and heterogeneous catalysts each have specific advantages, the majority 

of industrial polymerization catalysts are still heterogeneous. In general, heterogeneous catalysts are 

less active and less selective than homogenous catalysts. They usually contain multiple active sites, 
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leading to polymers with a broad distribution in terms of molecular weight and copolymer 

composition. Homogeneous catalysts on the other hand, are characterized by a high activity and a high 

selectivity but they often are less stable and more difficult to synthesize and recover.  

The immobilization of well-defined homogenous systems is an interesting method of combining the 

advantages of homogeneous and heterogeneous systems. Tethering of β-diiminate zinc complexes to a 

silica support is possible with retention of catalytic activity (and the living nature of this 

polymerization) [19]. In these systems the silica ligand shields the active center throughout the 

polymerization, which is similar to the role of the organic ligands in β-diiminate zinc catalysts. In a 

comparable manner active sites can be applied to the surface of a support material in such a way that 

the support partially shields the active sites. An example of this principle is the chemical modification 

of silica supports with zinc. This possibly results in ZnOSi sites with analogous behavior to zinc 

centers in the heterogeneous catalysts that are synthesized from ZnEt2 and di- or tri-protic sources. As 

incompletely condensed silsesquioxanes are known to mimic vicinal disilanol sites on silica surfaces 

[20-23], the behavior of such silica bonded zinc sites can be studied using silsesquioxanes. 

This chapter reports on the synthesis of two silsesquioxane complexes and their application as discrete 

model compounds for silica supported catalysts. For comparison, a bisphenoxide zinc complex has 

been prepared and mesoporous silica has been modified with ZnEt2. In addition, zinc glutarates have 

been synthesized from various commercial ZnO sources and with various pre-treatment methods. All 

catalysts have been characterized and tested for the copolymerization of carbon dioxide and 

cyclohexene oxide. The effect of tricyclohexylphosphine (PCy3) on the activity and selectivity of the 

silsesquioxane complexes has been investigated and the rate of carbon dioxide conversion in pure 

cyclohexene oxide has been determined by measuring the pressure and temperature during 

polymerization. 

4.2 EXPERIMENTAL 

4.2.1 Materials 

Cyclohexene oxide (Aldrich, 98%) was dried by overnight refluxing with calcium hydride and 

distillation under argon atmosphere. Carbon dioxide (HoekLoos, 99.999%) was used without any 

further purification. Toluene (AR) and petroleum ether (AR, 40-70) were dried over alumina and 
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stored on molsieves (4 Å). Heptane (AR) was dried by distillation from Na/K alloy. Commercial silica 

gel (Grace Davison, Sylopol 948, 50 �m, 304 m2/g) was used as support. ZnO nanopowder (Aldrich, 

50-75 nm), Reagentplus (Aldrich, < 1�m) and ACS-grade (Merck, 99%) were used as received. 

Glutaric acid (Merck, 99%) was grinded before use. THF (Biosolve, 99.8%), petroleum ether 

(Biosolve, 40-60), toluene (Merck 99.9%) and diethyl ether (Merck, 99.7%) were used as received. 

4.2.2 Catalyst Synthesis 

The di- and tri-silanol silsesquioxane ligands (c-5H9)7Si7O11(OSiMePh2)(OH)2 (1) and 

(c-C5H9)7Si7O9(OH)3 (2) and the bisphenoxide zinc complex [(2,6-F2C6H3O)2Zn·THF]2 (3a) were 

synthesized according to literature procedure [24, 25]. Complexes 1a and 2a (Figure 4.1) were 

synthesized in toluene by protolysis of two equivalents of dimethyl zinc with the di- and tri-silanol 

silsesquioxane ligands, respectively. Both complexes were analyzed by 1H NMR and 13C {1H} NMR 

spectroscopy in benzene-d6. The molecular structure of complex 1a, 

[(c-5H9)7Si7O11(OSiMePh2)]2Zn4Me4 as determined by X-ray crystal structure determination is shown 

in Figure 4.3. 
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Figure 4.1: Silsesquioxane zinc complexes [(c-C5H9)7Si7O11(OSiMePh2)]2Zn4Me4 (1a), 
[(c-C5H9)7Si7O12]2Zn2Me4 (2a), bisphenoxide zinc [(2,6-F2C6H3O)2Zn·THF]2 (3a) and 
zincglutarate (5a- 8a). 

To a suspension of dried (3h in vacuum at 523 K) amorphous silica in heptane (25 mL), 25 mmol of 

ZnEt2 (1 M in hexane) were added slowly. The suspension was stirred overnight, decanted and washed 
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with heptane (2 × 10 mL) in order to remove unreacted ZnEt2. The product (4a) was dried in vacuum 

and analyzed by ICP-MS 12 to determine the zinc content. 

All zinc glutarates were synthesized according to literature procedure [26]. Typically, first the 

hemiester of zinc was synthesized in 350 mL toluene at 328 K from 0.50 mol ZnO and 0.45 mol 

glutaric acid. After 2 hours the hemiester was further condensed by in-situ removal of water up to the 

azeotropic point in a Dean-Stark trap. The white solid product was filtered, dried and grinded.  

Zinc glutarates 5a and b were prepared from ZnO ACS and stored under standard atmospheric 

conditions. Zinc glutarate 6a was also prepared from ZnO ACS but stored under argon and tested 

within 3 days. A suspension of 3 g of zinc glutarate 5a in 150 mL of toluene was placed in an 

ultrasonic bath (Haver & Boecker 200-78) for 40 h at 328 K to yield zinc glutarate 5b. Zinc glutarate 

7a was prepared from ZnO RP and stored under argon atmosphere. Zinc glutarate 8a was prepared 

from ZnO nanopowder and stored under argon atmosphere. A suspension of 1 g of zinc glutarate 8a in 

250 mL toluene under argon was subjected for 1.5 h to high-intensity ultrasound (27 W/cm2) at 293 K, 

yielding zinc glutarate 8b. The zinc glutarates were characterized by ATR-FTIR spectroscopy, TGA, 

BET-surface-area determination and SEM. 

4.2.3 Catalytic Performance 

The catalytic performance of the silsesquioxane complexes 1a and 2a, the bisphenoxide 3a and the 

modified silica 4a was tested in toluene. In addition, the modified silica was tested in heptane and 

petroleum ether. These experiments were performed in a stirred 380 mL stainless steel autoclave, 

equipped with electric heating and a sapphire view-cell. Conditions were similar to the reported 

optimal conditions for �-diiminate zinc complexes (1 MPa, 323 K) [12] and bisphenoxide zinc 

complexes (8 MPa, 353 K) [25]. All tests with complex 1a, 2a and 3a were started by injection of a 

solution of 200 µmol (monomeric silsesquioxane) complex  in 35 mL toluene into the autoclave. 

Subsequently, the reactor was pressurized up to 1 MPa, heated to 323 K and stirred for 30 minutes. 

After injection of 15 mL of CHO under CO2 overpressure (5 MPa), the reactor was further heated to 

393 K as a result of which the pressure increased to approximately 8 MPa. Sampling at regular 

intervals during polymerization allowed following the conversion and molecular weight distribution 

                                                      

1 ICP-MS analysis was performed by ALControl BV, Hoogvliet the Netherlands: 108.9 mg silica was dissolved 
in 10 mL 1% HNO3. The solution was filtered (0.45 �m) and analyzed by ICP-MS according to NEN 6426. 
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during polymerization. The performance of the surface modified mesoporous silica was tested in 

toluene, heptane and petroleum ether according to the same procedure. 

The zinc glutarates were tested in pure CHO using a set-up (Figure 4.2) that allows for a high degree 

of control of initial composition. The reaction mixture was prepared in an autoclave in which the CO2 

to CHO ratio is controlled by pressure and temperature. Prior to the polymerization experiments dry 

CHO (300 mL) was added to the 500 mL autoclave, after which it was pressurized with CO2. The 100 

mL polymerization reactor was dried overnight at 393 K under argon flow with the catalyst present.  

P,T P,T

Preparation of Reaction Mixture Polymerization ReactorCO2 Cylinder

Catalyst
Injection

Sample
Tube

 
Figure 4.2: Schematic outline of experimental set-up used for testing of zinc glutarates 
and measurement of the rate of CO2 conversion using the silsesquioxane complexes. 

The CHO in the 500 mL autoclave was assumed to be completely saturated with CO2 after 12 h of 

intensive mechanical stirring. At that point the reaction mixture was fed to the reactor and the 

temperature was raised to the desired level. Samples from the reaction mixture were taken during or at 

the end of the reaction via a sample tube. The stability of the catalysts was tested by comparing the 

performance of zinc glutarate 5a with 6a. Catalyst 6a was stored under argon and tested within 3 days 

after synthesis. Catalyst 5a was exposed to air during 4 months of storage prior to testing. 

4.2.4 Rate of Carbon Dioxide Conversion 

The set-up in Figure 4.2 was also used to determine the rate of CO2 conversion using the 

silsesquioxane zinc complexes 1a and 2a. A similar method of operation as described above was used. 

After saturation of the feed and drying the reactor (without catalyst), typically 100 or 200 �mol of 

(monomeric) silsesquioxane was injected simultaneously with PCy3 under CO2 atmosphere at room 
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temperature. Subsequently, the reaction mixture was fed to the reactor, which was heated to the 

desired temperature. As these reactions were performed in the absence of solvent, the vapor pressure 

in these systems at vapor-liquid equilibrium is mainly determined by the temperature and the CO2 to 

CHO ratio of the liquid phase. Because the influence of PCHC on vapor pressure is known to be 

relatively small, the vapor pressure can be used to estimate the CO2 to CHO ratio during an 

experiment [27, 28]. This principle was used to interpret the change of pressure (and temperature) in 

terms of a change in composition and CO2 conversion. 

4.2.5 Analysis and Characterization Methods 

Crystals of silsesquioxane complex 1a were grown from a mixture of hexane/toluene for X-ray crystal 

structure determination. Data were collected on a Nonius Kappa CCD area detector with a graphite 

monochromator (� = 0.71073 Å). ATR-FTIR spectra were recorded on a Schimadzu FTIR 8400 S 

spectrophotometer with a Specac MKII Golden Gate Single Reflection ATR with diamond crystal. 

Each spectrum was constructed from 10 scans with a resolution of 4 cm-1 from 4000 to 400 cm-1. For 

TGA a Pyris model 6 thermogravimeter was used with a flow of 40 mL/min dry nitrogen. The 

temperature was raised from 300 to 880 K at a constant rate of 5 K/min. BET adsorption isotherms of 

the ZnO reagents and ZnGa catalysts were measured on a Micrometrics Tristar BET Analyzer. SEM 

images of sputtered zinc glutarates and zinc oxide were recorded on a JEOL JSM-5600 with an 

acceleration voltage of 15 kV. CHO conversion and selectivities were determined by integration of the 

methine signal in the 1H NMR spectra of fresh samples in CDCl3. Spectra were recorded on a Varian 

Gemini 2000 (300 MHz), a Varian Mercury Vx (400 MHz) and a Varian Mercury Plus (200 MHz) 

spectrometer. Polymer molecular weight distributions were determined relative to polystyrene 

standards with size exclusion chromatography using two 30 cm linear columns from Mixed C. 

Polymer Laboratories, a Waters 510 pump (1 mL/min THF) and a Waters 410 differential 

refractometer (313 K). Samples were prepared by precipitation of PCHC from a solution in THF in 

petroleum ether. After precipitation and decanting, the PCHC was redissolved in THF. 

MALDI-TOF-MS was performed on a Voyager DE-STR from Applied Biosystems. The trans-2-[3-

(4-tert-butylphenyl)-2-methylprop-2-enylidene]malononitrile matrix (DCTB) was synthesized 

according to literature procedure [29]. Potassium trifluoroacetate (Aldrich, 99%) was added as 

cationization agent. The matrix was dissolved in THF at a concentration of 40 mg/mL. Potassium 

trifluoroacetate was added to THF typically at a concentration of 1 mg/mL. Polymer samples were 

dissolved in THF at approximately 1 mg/mL. In a typical MALDI-TOF-MS analysis the matrix, the 

potassium trifluoroacetate and the polymer solution were premixed at a ratio of 10:1:5. The premixed 
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solutions were hand-spotted on the target well and left to dry. Spectra were recorded in both the linear 

and reflector mode. 

4.3 RESULTS AND DISCUSSION 

4.3.1 Catalyst Synthesis and Characterization 

After crystallization, complex 1a is obtained as colorless crystals suitable for X-ray structure 

determination in a yield of 52%. Complex 2a is obtained in a yield of 65%. The X-ray structure of 

complex 2a has been reported elsewhere [24]. In the solid state complex 1a is a dimeric species 

containing two silsesquioxane cages bonded by four zinc atoms. The dimer has a crystallographically 

imposed center of inversion in the center of the Zn1-011-Zn1'-O11' plane (Figure 4.3).  

 

C1 

Zn1 

O1 

O11 

Si1 

Si7 

O2 

Zn2 

Zn2' 

O11' 
O1' 

Zn1' 

C2 

 
Figure 4.3: Molecular structure of [(c-C5H9)7Si7O11(OSiMePh2)]2Zn4Me4 (1a). Only 
the �-carbons of the silicon substituents are shown. 

Two of the four zinc atoms are distorted trigonal planar whereas the other two are tetrahedrally 

coordinated. Consequently, O1 is �2-bridged and O11 is �3-bridged between the zinc atoms. A similar 
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structure has been found for complex 2a, although the relative positions of the zinc atoms in 1a and 2a 

differ significantly. In 2a the four zinc atoms are almost positioned on a straight line, while in complex 

1a they have a more rhombic orientation relative to each other (see also Figure 4.1). 

The zinc content of the modified amorphous silica (4a) is 1.82 mmol/g. Considering that Sylopol 948 

when subjected to the same pretreatment conditions has a silanol concentration of approximately 3.2 

mmol/g, this zinc content corresponds to a conversion of approximately 56% of the silanol surface 

sites of the sylopol. 

The zinc glutarates 5a, 6a, 7a and 8a are obtained with a yield of 89%, 82%, 77% and 80%, 

respectively. The FTIR spectra show the signals characteristic of the COO- antisymmetric and the 

COO- symmetric stretching at 1585 cm-1 and 1536 cm-1 and at 1405 cm-1, respectively. In these spectra 

the signal characteristic of the carbonyl vibration in glutaric acid at 1697 cm-1 is not observed. This 

indicates that no residual glutaric acid is present. Furthermore, the observed difference between the 

anti-symmetric and symmetric band indicates that the carbonate groups are in bridging coordination 

with zinc [30]. 

TGA of catalyst 5a shows that weight loss starts at 640 K and further accelerates to 728 K. At that 

point the mass is reduced to 59% and the weight loss becomes increasingly slower and appears to level 

off at a residual weight of approximately 41% at 950K. At 880 K the weight of the catalyst is reduced 

to 43%. The results of the BET measurements are summarized in Table 4.1. The increase in specific 

surface area of ZnGa relative to that of ZnO can be partially explained by the difference in bulk 

density between the two materials. These measurements indicate that the choice of ZnO source does 

not significantly influence the specific surface area of zinc glutarate, despite the relatively high 

specific surface area of ZnO nanopowder. Entry 5a and 5b indicate that the surface area increases 

significantly upon exposure to ultrasound. 

Table 4.1: Specific surface area of the synthesized zinc glutarates and their educts. 

 ZnO Grade ABET ZnO 
(m2/g) Treatment/Storage  ABET ZnGa 

(m2/g) 

5a ACS 5 -/Air 14 
5b ACS 5 Ultrasound/Air 18 
6a ACS 5 -/Argon 13 
7a RP (<1 �m) 5 -/Argon 14 
8a Nanopowder (50-70 nm) 12 -/Argon 15 
8b Nanopowder (50-70 nm) 12 Ultrasound/Argon - 
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A selection of SEM pictures of all zinc oxide sources and zinc glutarates is presented in Figure 4.4. 

ZnO ACS and ZnO RP particles have similar morphologies like their corresponding zinc glutarates. 

The glutarates have a more plate-like morphology, which is clearly visible for the glutarate prepared 

from ZnO RP. The ZnO nanopowder particles and the corresponding glutarates are significantly 

smaller than all other particles. Consequently, the plate-like morphology is difficult to observe in 

glutarate 8a. However, the structure becomes visible upon treatment with high-intensity ultrasound. 

The plate-like morphology of 5a seems to become less pronounced after ultrasound treatment. 

 ZnO ZnGa ZnGa + Ultrasound 

 

ZnO ACS 

 

 

ZnO RP 

 

ZnO 

nanopowder 

   
 

  
 

    

Figure 4.4: Selection of SEM pictures of zinc oxide sources (left column), zinc 
glutarates (middle column) and zinc glutarates after ultrasound treatment (right 
column). Rows are ordered per zinc source ZnOACS (top row), ZnO RP (middle row) 
and ZnO nanopowder (bottom row). 

4.3.2 Catalyst Performance 

The results of the polymerizations performed in toluene are summarized in Table 4.2. In the absence 

of CO2 1a is a moderately active catalyst for the homopolymerization of CHO at 393 K. At a pressure 

of 1 MPa the presence of CO2 decreases the activity of this complex in terms of polyether formation. 

Under these conditions PCHC is formed with a carbonate content of approximately 80%. At higher 

pressures the availability of CO2 increases and both the degree and rate of carbonate incorporation 

increase to 91% and from 3 to 14 h-1, respectively. These observations indicate that CO2 has a 
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significant effect on the activity of these catalysts. The activity of complex 2a and 1a are similar, 

although cyclic carbonate formation is significantly lower with 2a.  

Table 4.2: Results of reactions with complexes 1a, 2a and 3a. Reactions were performed with 
200 �mol catalyst (monomer) and 25 mL CHO in 35 mL toluene. TON and TOF are expressed as 
moles of CHO converted per mole of catalyst (monomer). Conversion and selectivities are 
determined by integration of the methine signals in the 1H NMR spectra. a) Outside exclusion 
limits. 

Catalyst T 
(K) 

P 
(MPa) TON TOF 

(h-1) 
Total 

Carbonate 
Cyclic 

Carbonate 
Mw 

(kg/mol) 
PDI 

1a 393 0 96 4.0 0% 0% - - 
1a 323 1.0 67 2.8 79% 2% -a) -a) 
1a 393 1.0 60 2.5 80% 2% 52.8 3.8 
1a 393 8.0 324 13.5 91% 14% 116 10 
1a 393 8.0 375 12.1 95% 11% 90.0 8.4 
1a 353 8.0 242 10.1 92% 2% 114 11 
2a 393 8.0 329 13.7 98% 5% 191 15 
2a 393 8.0 378 13.5 85% 7% 101 7.8 
3a 353 8.0 431 15.4 98% 0% 475 18 

 

At low pressures, temperature does not seem to have a significant effect on the CHO turnover rate, 

indicating that the activation energy for polyether formation is relatively low. At elevated pressures, 

however, high temperatures significantly increase cyclic carbonate formation. The activities and 

optimal conditions for these complexes are similar to those of bisphenoxide zinc complexes (TOF 

around 15 h-1). The development of conversion and polydispersity index in time and the development 

of number average molecular weight as a function of conversion are plotted in Figure 4.5, Figure 4.6 

and Figure 4.7, respectively. These experiments have been performed at 393 K and 8 MPa. The broad 

molecular weight distributions and the non-linear relation between molecular weight and conversion 

exclude the possibility of a living mechanism and a single-site catalyst. In addition, both complexes 

show similar behavior in terms of number average molecular weight and conversion. Although the 

polydispersity index of both polymerizations converges after 30 hours, Figure 4.6 indicates a 

significant difference between the two complexes. 
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Figure 4.5: Conversion 
versus reaction time for 
complex 1a and 2a. 
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Figure 4.6: Polydispersity index 
versus reaction time for complex 1a 
and 2a. 
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Figure 4.7: Number average 
molecular weight versus 
conversion for complex 
1a and 2a. 

There are two possible explanations for this behavior. 1) The rate of initiation or catalyst activation 

relative to the rate of propagation is lower for complex 1a than for complex 2a. 2) The ligands can 

become separated from the active center due to dissociation of the dimeric complex during chain 

propagation; as a result the active center is no longer shielded. Only the first explanation accounts for 

the differences between complex 1a and 2a. The difference in the rate of initiation between these 

complexes can be due to the higher stability of the distorted trigonally coordinated zinc in 1a. If 

initiation occurs by insertion of CO2 into one of these bonds this results in a significantly lower rate of 

initiation than in the case of the two other zinc centers which explains this behavior. 

The modified mesoporous silica produces particles with a strong tendency to stick to the wall. This is 

probably due to the excellent solvent properties of CHO and toluene for PCHC. The results of these 

experiments are summarized in Table 4.3. The morphology of these polymers appears to be different 

from those produced with complexes 1a and 2a. The particles seem to be more compact and have a 

high bulk density contrary to the light and fluffy polymers obtained after precipitation of previously 

produced PCHC. 

Table 4.3: Results of reactions with modified mesoporous silica 4a. Reactions were performed 
with 15 mL CHO at 8 MPa. TON and TOF are expressed as moles of CHO converted per mole 
of zinc. Carbonate content is determined by integration of the methine signals in the 1H NMR 
spectra.  

Solvent Silica (mg) 
zinc (�mol) 

T 
(K) TON TOF 

(h-1) 
Carbonate 

content      
Mw 

(kg/mol) 
PDI 

Toluene (35 mL) 150/273 353 22 0.9 91% 176 17 
Heptane (200 mL) 200/364 393 29 0.6 85% 42 5.0 
Pet ether (200 mL) 200/364 393 17 0.7 93% 48 5.3 
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Taking into account the differences in zinc content, these results indicate that the activity of the 

modified silica is a factor 5 lower than the activity of the discrete silsesquioxane model compounds. 

The degree of CO2 incorporation and molecular weights are also similar for these catalysts. However, 

the polydispersity index of PCHC that was produced in toluene with the modified silica is significantly 

higher than PCHC produced with silsesquioxane model compounds but similar to PCHC synthesized 

using the bisphenoxide zinc complex. 

The decrease of catalytic activity as a result of immobilization is a common phenomenon. In general, 

the accessibility of active sites in heterogeneous systems can become restricted, also at low polymer 

concentrations. The retention of selectivity in this case is significantly higher than has been reported 

for silica tethered �-diiminate zinc complexes. These catalysts have demonstrated a significant 

decrease in CO2 incorporation with respect to their homogeneous analogues. 

Table 4.4: Results of test reactions with zinc glutarate 5a. Reactions are performed in pure CHO. 
TON and TOF are expressed as moles of CHO converted per mole of zinc. Conversion and 
selectivities are determined by integration of the methine signals in the 1H NMR spectra. a) 
Reactions performed under argon in the absence of CO2. 

Catalyst T (K) P 
(MPa) TON TOF (h-1) Total 

Carbonate 
Cyclic 

Carbonate 

5a 333 5.8 0 0 - - 
5a 333 0.1a 0 0 - - 
5a 393 0.1 a 2 0.1 - - 
5a 397 1.0 37.6 0.42 86% 14% 
5a 397 7.4 2.38 0.02 100% 0% 
5a 443 2.8 42.2 0.88 56% 25% 

 

The results of the polymerizations with ZnGa 5a are summarized in Table 4.4. This catalyst does not 

demonstrate any activity in the presence of CO2 and CHO under conditions known to be optimal for 

PO CO2 copolymerization. A temperature of 393 K is required to activate CHO for the formation of 

poly(cyclohexene ether) in the absence of CO2. It should be noted that epoxide ring opening at this 

temperature can also be thermally activated. Addition of CO2 at 397 K results in the formation of 

polycarbonate with a weight average molecular weight of 60 kg/mol and a PDI of 3.6 at 1 MPa. 

Although a further increase in pressure up to 7.4 MPa increases the availability of CO2, this reduces 

the catalytic activity. Increasing the temperature to 443 K increases the total catalytic activity, the 

degree of cyclic carbonate formation and the degree of polyether formation. The rate of carbonate 

formation is similar under these conditions as it is at 397 K and 1 MPa. The relatively high 

temperature required for the copolymerization of CO2 and CHO makes it difficult to prevent cyclic 

carbonate formation.  
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The results of a polymerization with ZnGa 5b during which samples have been taken are presented in 

Figure 4.8. The pressure during this experiment decreases due to the consumption of CO2 and 

collection of samples. After 3 h, no conversion of CHO is observed. As soon as monomer conversion 

can be observed, the degree of CO2 incorporation increases in time, which indicates that polyether 

formation occurs predominantly at the beginning of the experiments. As polycarbonate formation 

progresses, the fraction of cyclic carbonate also increases. This is probably due to thermal degradation 

of PCHC. Initially, the TOF has a maximum of 1.0 h-1 which further decreases to approximately 

0.6 h-1. 
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Figure 4.8: CHC, PCHC and PCHE yield from CHO as a function of time for 
reactions with ZnGa 5b. Reactions are performed at 397 K, a CHO to catalyst mass 
ratio of 110 and an initial pressure of 3 MPa. The symbols correspond to the decrease 
in pressure during the experiment. 

The stability tests indicate that a 4-month-old catalyst that has been stored under atmospheric 

conditions (5a in Table 4.5) has an activity similar (0.36 h-1) to the one it had initially (0.42 h-1). 

However, the fresh catalyst that has been stored under argon from synthesis onward (6a) has a 

significantly higher activity (0.84 h-1). The weight average molecular weight and polydispersity are 

similar for both catalysts.  

The activity of ZnGa catalysts 6a, 7a and 8a that have been prepared from various zinc sources are 

compared in Figure 4.9. In this Figure the catalytic activity is expressed in CHO turnover frequency 

corrected for the difference in specific surface area of these catalysts (Table 4.1). All catalysts have 

similar activities and selectivities and they produce polycarbonates with molecular weights and 

polydispersity indices of 55, 51 and 45 kg/mol and 4.0, 3.8 and 2.4, respectively. The higher TOF 

measured for zinc glutarate 6a is probably due to the lower total reaction time. 
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Table 4.5: Comparison of catalytic performance of zinc glutarate 5a (4 months old, exposed to 
air) and 6a (3 days old, stored under argon). Reactions are performed at 397 K, 2.4 MPa for 
66 h. TON and TOF are expressed as moles of CHO converted per mole of zinc. Conversion and 
selectivities are determined by integration of the methine signals in the 1H NMR spectra. 

Catalyst TON TOF (h-1) Total 
Carbonate 

Cyclic 
Carbonate 

<Mw> 
(kg/mol) PDI 

5a 23.6 0.36 100% 12% 46 3.6 
6a 55.6 0.84 92% 21% 48 3.4 
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Figure 4.9: Activity of zinc glutarate catalysts 6a, 7a and 8a prepared from different 
ZnO sources. Catalytic activities are expressed as CHO turnover per unit of catalyst 
surface area. The reactions are performed at 381 K, 0.8 MPa, a CHO to catalyst mass 
ratio of 40, for 48 (6a) and 66 h (7a and 8a). 

The effect of ultrasound treatment of catalysts 5a and 6a is presented in Table 4.6. The difference in 

catalytic performance before and after ultrasound is relatively small. The increase in activity between 

5a and 5b is similar to the ratio of their specific surface areas as determined by BET analysis (see 

Table 4.1).  

In general, the selectivity for PCHC formation does not change, although polyether formation and the 

polydispersity index increase upon ultrasound treatment. However, the low degree of cyclic carbonate 

formation of the high-intensity ultrasound treated zinc glutarate prepared from ZnO nanopowder is 

remarkable. 
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Table 4.6: Effect of ultrasound on catalytic performance of zinc glutarates 5a, 5b, 6a and 6b. The 
reactions with 5a and 5b are performed at 397 K and 2 MPa for 48 and 116 h, respectively. The 
reactions with 6a and 6b are performed at 393 K and 2 MPa for 50 and 84 h, respectively. TON 
and TOF are expressed as moles of CHO converted per mole of zinc. 

Catalyst TON TOF (h-1) Total 
Carbonate 

Cyclic 
Carbonate 

Mw 
(kg/mol) PDI 

5a 20.6 0.44 100% 17% 74 4.0 
5b 61.0 0.52 94% 14% 83 5.3 
6a 41.2 0.82 100% 11% 79 3.7 
6b 63.6 0.76 93% 3% 166 5.9 

 

4.3.3 Rate of Carbon Dioxide Conversion 

The results of the reaction rate determinations are summarized in Table 4.7. A typical plot of CHO 

conversion as a function of time is graphically presented in Figure 4.10. All polymerizations described 

in Table 4.7 are performed in pure CHO in contrast to the experiments presented in Table 4.2. This 

may explain why the degree of polyether formation is much lower for the experiments performed in 

toluene. Also the activity of these catalysts is higher in pure CHO than in toluene.  

Table 4.7: Results of reactions with complexes 1a and 2a in pure CHO. TON and TOF are 
expressed as moles of CHO converted per mole of catalyst (monomer). Conversion and 
selectivities are determined by integration of the methine signals in the 1H NMR spectra. 

Cat 
(�mol) 

PCy3 
(�mol) 

T 
(K) 

P 
(MPa) TON TOF 

(h-1) 
Total 

Carbonate 
Cyclic 

Carbonate 
Mw 

(kg/mol) 
PDI 

1a 227 - 398 12.4 1516 68.9 65% 14% 45 4.3 
1a 222 222 353 4.9 435 5.8 >99% 1% 83 7.3 
1a 189 113 394 5.0 912 9.6 >99% 10% 39 4.8 
1a 188 100 389 7.6 1824 19.2 >99% 13% 23 3.2 
1a 189 95 389 10.4 2761 70.8 >99% 8% 39 3.7 
2a 96 106 393 6.4 2623 27.9 96% 12% 35 3.8 
2a 96 104 393 7.1 2834 30.8 >99% 10% 34 3.6 

 

The observed decrease in cyclic carbonate formation upon decreasing temperature and pressure is 

attributed to the relatively low reaction temperature. The results further indicate that addition of a 

stoichiometric amount of PCy3 to complex 1a and 2a significantly improves the degree of CO2 

incorporation of these catalysts. The formation of polyether by complex 1a is also inhibited by 

addition of PCy3 to the catalyst in a 1:2 ratio. These results further demonstrate that the catalytic 

activity increases with initial pressure. This can be attributed to the increase of the activity of CO2 at 
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elevated pressures. Alternatively, it is indicative of the participation of CO2 in the activation of this 

catalyst. In agreement with the other experiments discussed in this chapter, cyclic carbonate is only 

produced at elevated temperatures if PCHC is present. 

Figure 4.10 demonstrates that the carbonate yield from CHO calculated from the pressure-temperature 

profile during the polymerizations is in agreement with the 1H NMR spectra of samples taken at the 

end of the reaction. Apparently, the effect of cyclic carbonate on the vapor pressure is similar to that of 

polycarbonate. This is probably due to the negligible vapor pressure of the cyclic carbonate and the 

structural similarity between the cyclic carbonate and the polycarbonate. Figure 4.10 shows that the 

rates of carbonate formation decrease in time as CHO and CO2 are consumed. These plots further 

demonstrate that the activity of these catalysts increases with CO2 pressure. Because the molecular 

weight of the produced PCHC does not increase, these results suggest that CO2 pressure is likely to 

influence the number of active sites rather than their activity. 
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Figure 4.10: Typical plot of CHO to carbonate conversion versus reaction time, 
measured from the change in pressure and temperature during a polymerization. No 
distinction is made between cyclic carbonate and polycarbonate. The symbols 
represent the results from 1H NMR spectroscopy. 

4.3.4 End-Group Analysis 

MALDI-TOF-MS analysis reveals a non-perfectly alternating copolymer composition of PCHC 

synthesized using catalysts 1a and 2a. Silsesquioxane end-groups are not detected, which is probably 

due to the hydrolysis of the polymer-silsesquioxane bonds during sample preparation. The masses that 

are observed can be attributed to combinations of three different end groups (R1, R2 and R3) with a 

number of copolymer fragments as presented in Figure 4.11. 

1a 7.6 MPa 

2a 6.4 MPa 
 
 
 
1a 5.0 MPa 
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Figure 4.11: General copolymer composition as determined by analysis of a typical 
MALDI-TOF mass spectrum of PCHC synthesized using complex 1a. 

A combination of cyclohexenolate and cyclohexanolate end-groups have been found previously using 

�-diiminate zinc and bis(phenoxide) zinc catalysts [31].  These end-groups may originate from a 

cyclohexene oxide rearrangement and Meerwein-Ponndorf-Verley/Oppenauer reduction/oxidation. 

Contrary to previous results, however, no cyclohexanolate end-groups are found in this case. This 

indicates the absence of an MPVO reduction/oxidation. Alternatively, the presence of the 

cyclohexenolate (R1) end-groups can be explained by a thermally activated chain scission reaction 

similar to one that has been reported for poly(propylene carbonate) [32]. In this process, carbon 

dioxide is released and a cyclohexenolate (R1) and a cyclohexanol end-group are formed, which are 

both detected by MALDI-TOF-MS.  

Surprisingly, the occurrence of CO2 insertion into the Zn-Me bond is corroborated by the observed 

acetate fragments (B-R3). This bond is known to be relatively unreactive toward CO2 insertion. The 

hydroxyl end groups (R2) possibly originate from hydrolysis of the polymer-silsesquioxane bonds 

during workup. 

4.4 CONCLUSIONS 

Two silsesquioxane zinc complexes, [(c-5H9)7Si7O11(OSiMePh2)]2Zn4Me4 (1a) and 

[(c-C5H9)7Si7O9]2Zn4Me2 (2a) have been synthesized, characterized and tested as model compounds 

for silica supported catalysts in the copolymerization of carbon dioxide and cyclohexene oxide. Their 

performance has been compared to that of bisphenoxide zinc and mesoporous silica treated with 

ZnEt2. Zinc glutarates have been prepared using various commercial zinc oxide grades and different 

pretreatment methods. 
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The silsesquioxanes, silica and zinc glutarates all demonstrate catalytic activity toward cyclohexene 

oxide and carbon dioxide and they enable the production of poly(cyclohexene oxide), 

poly(cyclohexene carbonate) and cyclohexene carbonate. All catalysts produce PCHC with a similar 

molecular weight, broad molecular weight distribution and high degree of CO2 incorporation. The 

formation of cyclic carbonate appears to occur only at relatively high temperatures and in the presence 

of PCHC. Assuming that chain initiation is substantially faster than chain propagation, none of these 

are living single-site catalysts. 

Both silsesquioxanes demonstrate similar catalytic behavior as bisphenoxide zinc complexes. Their 

activity is a strong function of pressure and is higher in pure CHO. Addition of PCy3 seems to have a 

positive effect on the degree of CO2 incorporation. Both 1a and 2a result in polydispersity indices that 

converge to the same value in time, the former decreases and the latter increases. MALDI-TOF mass 

spectrometry indicates that CO2 insertion in the Zn-Me bond occurs but cannot confirm initiation by 

insertion of CO2 in the Zn-OSi bonds.  

The activity of mesoporous silica treated with ZnEt2 decreases by a factor of 5 relative to the activity 

of the silsesquioxane complexes. The degree of CO2 incorporation remains high compared to their 

homogeneous analogues. 

Zinc glutarates can be synthesized from relatively inexpensive ingredients without any complex 

procedures. They require a relatively low pressure and high reaction temperature for the 

copolymerization of CO2 and CHO compared to propylene oxide, but result in similar TON and only 

slightly lower TOF values. The choice of the zinc oxide grade appears not to significantly influence 

the performance of the glutarates.  
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5 
 

Design of a Tubular Reactor for 
Cyclohexene Oxide Carbon Dioxide 

Copolymerization 

ABSTRACT1 

Rules for the design of a continuous reactor for the production of poly(cyclohexene carbonate) from 

carbon dioxide and cyclohexene oxide are provided. An analysis of literature data on �-diiminate zinc 

complexes shows that the catalyst monomer-dimer equilibrium has to be taken into account for a good 

description of reaction kinetics. Equilibrium constants, propagation rate coefficients and a suitable rate 

equation are provided for some of these complexes. The phase behavior of this system indicates that 

the polymerization is best performed in an excess of CHO and at a pressure above the vapor pressure 

of the reaction mixture. The rheological behavior of this system has been characterized and correlated 

using the Cross model combined with the Martin equation. A laminar flow reactor is expected to 

provide sufficient control of molecular weight and molecular weigh distribution. 

                                                      

This chapter is based on Van Schilt, M.A., Van Iersel, M.M., De Bock, J.J.I., Kemmere, M.F., De Loos, Th.W., 
Keurentjes, J.T.F. Design of a tubular reactor for cyclohexene oxide carbon dioxide copolymerization. In 
preparation. 
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5.1 INTRODUCTION 

Carbon dioxide (CO2) is a potential starting material for the synthesis of a wide range of materials and 

chemical intermediates currently produced from fossil fuels. Capitalization on this potential would 

significantly increase the sustainability of existing production processes [1-7]. Industrially significant 

examples for this type of CO2 utilization include the production of urea, salicylic acid and various 

carbonates. The present work focuses on the production of polycarbonates from CO2. In this process, 

CO2 is used as an alternative to phosgene for the introduction of the carbonate functionality.  This 

route for the synthesis of aliphatic polycarbonates via the copolymerization of epoxides with CO2 has 

been discovered in the 1960’s [8]. Further developments in this field have resulted in a broad range of 

catalytic systems for this reaction. Most of them are organometallic complexes based on transition 

metals with an emphasis on zinc, chromium and aluminum [9-13]. In this study the alternating 

copolymerization of CO2 and cyclohexene oxide (CHO) into poly(cyclohexene carbonate) (PCHC) 

(Figure 5.1) is studied.  

OO

O

.
.

n

O

CO2  + nn

 
Figure 5.1: Reaction scheme for the copolymerization of CO2 and cyclohexene oxide 
(CHO) into poly(cylohexene carbonate) PCHC. 

For this reaction, catalysts with a very high activity and selectivity have been reported recently [11, 

14-15]. These catalysts are claimed to enable the living polymerization of CHO and CO2 and thereby 

control the molecular weight of growing chains via monomer conversion and the catalyst-to-monomer 

ratio. From a processing point of view this is important because there is a relationship between the 

mechanical properties of the polymers and their molecular weight. Therefore, molecular weight and 

molecular weight distribution play a prominent role in the design of polymerization reactors. 

However, realization of a narrow residence time distribution is difficult for viscous media and most 

tubular polymerization reactors are laminar flow reactors. The residence time in these reactors depends 

strongly on the rheological behavior of the medium and is therefore influenced both by convective and 

diffusive transport mechanisms. 

The objective of this work is to provide design rules for a continuous reactor for the polymerization of 

CO2 and CHO. These rules are based on the thermodynamic, kinetic and rheological behavior of this 
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system. Therefore, the phase behavior and rheology of this system are experimentally studied and an 

analysis is made of existing kinetic data in the literature. An important design criterion is the control of 

the molecular weight distribution. Other criteria are the production capacity of the reactor, the degree 

of monomer conversion and the polymer molecular weight at the end of the reactor. The relation 

between the system behavior, design criteria, process and operating parameters are schematically 

outlined in Figure 5.2. The distinction between process and operating parameters is made because the 

latter can be adjusted to comply with changes in product and process requirements without changing 

the reactor design. The relation between the design and operating parameters is indicative of the width 

of the operating window of the final process. 
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Figure 5.2: Schematic outline of this reactor design study, indicating the relation 
between the system behavior, design criteria, process and operating conditions. 
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5.2 PHASE BEHAVIOR 

The miscibility of reactants and the solubility of the produced polymer and catalyst can indicate the 

possible advantages of one particular mode of polymerization, e.g. solution or precipitation versus 

emulsion polymerization. In Chapter 3 it was demonstrated that extremely high pressures are required 

to dissolve PCHC in CO2; pressures in excess of 100 MPa are required to dissolve 1 wt. % of PCHC 

(25 kg/mol) in CO2 containing 24 wt. % CHO [16]. It is therefore to be expected that polymer 

precipitates during a polymerization in supercritical CO2. This can cause inhomogeneity of the 

reaction mixture as well as reactor fouling. Moreover, a local decrease of the accessibility of the active 

sites of the catalyst occurs. As a result, the rate of polymerization is affected.  

Conversely, polymerization in an excess of CHO is an interesting option, as CHO is a good solvent for 

PCHC. Although CO2 is known to have a negative effect on solvent strength, the effect of CO2 on the 

solubility of PCHC in CHO has not been reported yet. In binary CHO-CO2 systems, the liquid phase 

composition is known to develop approximately in a linear fashion with pressure [17, 18]. 

Consequently, a trade-off is expected for the effect of CO2 pressure between the availability of CO2 

and the solvent properties of the reaction medium. Therefore, the effect of CO2 pressure on the 

solubility of PCHC in CHO is experimentally determined in this study. 

5.2.1 Experimental Method for Determination of Phase Behavior 

Cyclohexene oxide (minimum 98% purity, GC) was obtained from Aldrich and was dried by refluxing 

overnight with calcium hydride under argon and subsequent distillation. CO2 grade 4.5 from Messer-

Griesheim was used as received. PCHC was synthesized from CO2 and CHO with a β-diiminate (BDI) 

zinc catalyst [HC(C(CH3)N-2,6-Et-C6H3)2]Zn-OMe according to literature procedure [15], resulting in 

a number average molecular weight and polydispersity of 21 kg/mol and 1.2, respectively. 

The phase behavior of mixtures containing up to 33 wt. % PCHC was studied at temperatures and 

pressures from 323 to 423 K and 1.6 to 12 MPa, respectively, using a Cailletet tube. This glass 

capillary tube was filled first with PCHC powder and then with liquid CHO from a micrometer 

syringe. The exact amount of PCHC and CHO was determined gravimetrically. Subsequently, gasses 

were removed from the sample by three repetitive cycles of freezing, vacuum and heating. Then CO2 

was transferred from a calibrated volume to the tube at room temperature. The exact amount of CO2 

was determined from the temperature, pressure and volume using the second order virial equation. The 

resulting overall accuracy in sample composition was better than 0.1 wt. %.  
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For the measurements, the tube was placed in a temperature-controlled environment (0.03K). The 

mixtures were pressurized and mercury acted as a pressure intermediate between the samples and a 

hydraulic pressure generating system. A dead weight gauge allowed for pressure determination with 

an accuracy of 5 kPa. The temperature was measured with a platinum resistance thermometer with an 

accuracy of 0.01 K. For the determination of the liquid density the height of a sample inside the 

Cailletet tube was measured with a cathetometer. From the height of the sample the volume was 

calculated by using a calibration curve. A more detailed description of the Cailletet set-up and sample 

preparation is given in reference 19. 

5.2.2 Experimental Results for Determination of Phase Behavior 

All phase transitions are identified as bubble points similar to the bubble points observed in the 

polymer-free binary system [17, 18]. The measurements indicate that the presence of PCHC in 

mixtures of CHO and CO2 has a relatively small effect on the phase behavior. Apparently, the vapor 

pressure is primarily determined by the CHO to CO2 ratio. The detailed results of the phase behavior 

experiments are presented in Appendix A. In Figure 5.3 all experimental vapor pressure isotherms are 

plotted as a function of the wt. % CO2 calculated on a polymer-free basis. The lines in this figure 

represent the calculated vapor pressure (Pcalc) based on an interpolation of only binary CHO-CO2 data 

in the same experimental range [17]: 

2
210calc 22
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This interpolation describes the binary and ternary data as a function of the molar fraction of CO2 

(
2COx ) and temperature (T) with an r2 of 0.9999 and 0.99, respectively. For this purpose the molar 

fraction of CO2 in the ternary system is taken on a polymer-free basis. The data points in Figure 5.3 

are labeled with the corresponding PCHC mass fraction in the samples. 
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Figure 5.3: Experimental bubble point pressures (�) in the ternary system PCHC-
CHO-CO2 plotted as a function of wt.% CO2 (on a polymer-free basis). The labels 
indicate the PCHC mass fraction in the samples. Lines are calculated from an 
interpolation of binary data [17]. 

The possibility to estimate the vapor pressure of ternary mixtures from the CHO-CO2 ratio using 

Equation 1-3 is demonstrated in Figure 5.4. In this figure the calculated vapor pressure is plotted 

versus the corresponding experimentally determined values. The deviation between the two can be 

attributed to the presence of PCHC and is in all cases less than 5% but significantly smaller at lower 

pressures. 
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Figure 5.4: Calculated versus experimentally determined vapor pressures (�) of 
mixtures of PCHC, CHO and CO2. The calculations are based on the correlation of 
binary (CHO-CO2) data [17]. 

These results show that in reacting systems a relatively high PCHC concentration can be obtained in 

CHO without precipitation. In addition, the change of composition due to the consumption of 

monomer does not induce bubble formation under isobaric conditions, as the CO2 to CHO ratio and 

the bubble point pressure decrease. However, if the local pressure in a reactor subceeds the bubble 
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point pressure this can happen. Therefore, the pressure should always be higher than the local vapor 

pressure, which is related to the extent of monomer conversion. Like polymer precipitation, formation 

of bubbles induces non-uniform behavior and poor controllability of the reactor. In addition, bubble 

formation decreases the average density of the reactor content, which requires an increase of the 

reactor volume.  

The results of the saturated liquid density measurements are presented in Table 5.1. These results 

indicate that the change in liquid density during a polymerization with up to 40% CO2 conversion is 

approximately 0.1 kg/L. Comparison with liquid density data of pure CHO [17] shows that the effect 

of pressurization with CO2 has a similar effect on liquid density as the increase of polymer 

concentration during a reaction. 

Table 5.1: Saturated liquid densities from visual determination of the sample volume at vapor-
liquid equilibrium. Compositions are given in wt. %. 

PCHC CO2 T (K) P (MPa) ρρρρ    (kg/L) 

0% 26.01% 323.19 4.77 1.044 
  353.22 7.00 0.998 
  383.12 9.28 0.949 
     

4.17% 24.73% 323.19 4.68 1.051 
  353.21 6.89 0.996 
  383.22 9.23 0.955 
     

8.31% 23.50% 323.19 4.64 1.061 
  353.23 6.88 1.030 
  383.23 9.21 0.972 
     

33.10% 15.79% 323.23 4.15 1.164 
  353.24 6.23 1.124 
  383.20 8.51 1.098 

 

5.3 REACTION KINETICS 

Since Inoue’s discovery of catalysts for the copolymerization of CO2 and epoxides [8], many 

organometallic systems have been developed that effectively catalyze this type of reaction [9-13]. 

Recently, pseudo living single-site zinc complexes based on bulky β-diiminate (BDI) ligands have 

proved to be very effective for the copolymerization of CHO and CO2 under relatively mild conditions 
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[14-15]. Steric and electronic modifications of these BDI ligands have resulted in highly active 

systems, based on an unsymmetrical ligand geometry with electron-withdrawing cyano substituents. 

These BDI zinc methoxide complexes [(BDI)ZnOMe] demonstrate the highest reported catalytic 

activity for this reaction. Therefore, these systems are used as model catalysts for this study. An 

analysis has been made of existing literature data that describes the kinetic behavior in these systems. 

5.3.1 Relevant Kinetic Data 

The general overall rate equation for this reaction can be expressed as follows: 

[ ] [ ] [ ] [ ]wvu
p catCOCHOkdtCHOd 2=−       (4) 

In this equation kp is the intrinsic reaction rate constant, [cat] represents the molarity of the 

catalytically active species and u, v and w are the reaction rate orders in CHO, CO2 and the catalytic 

species, respectively. Rate studies have shown this reaction to be initially first order in CHO, and 

zeroth order in CO2 [20]. At constant catalyst concentration, the overall rate equation for the 

copolymerization of CHO and CO2 thus reduces to: 

[ ] [ ]CHOkdtCHOd obs=−         (5) 

The observed rate constant, kobs, has been defined as follows by Coates et al. [20]:  

[ ]z
totpobs Znkk "=          (6) 

In this equation, k"p is a pseudo rate-coefficient and [Zntot] represents the total molarity of zinc. This 

rate study has demonstrated first order behavior for complexes with sterically unhindered ligands and 

higher order dependencies for ligands containing more bulky substituents. Experimental variation of 

catalyst concentration has resulted in a linear dependence between ln kobs and ln [Zntot] with a slope 

between 1.0 and 1.8. The exact value of the exponent z has proved to depend on temperature and 

catalyst type [20]. 

Dynamic solution studies using 1H NMR spectroscopy in toluene-d8 have revealed a monomer-dimer 

equilibrium for these complexes. X-ray crystallography has revealed that some BDI zinc-acetate, -

methoxide and -isopropoxide species are also dimeric in the solid state. Therefore, a bimetallic 

mechanism has been suggested to explain the kinetic behavior [20]. 
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5.3.2 Parameter Determination for Reaction Kinetics 

The aim of this work is to propose a kinetic scheme that is consistent with the reported experimental 

observations. Therefore, the possibility to accurately describe these experimental observations by the 

proposed bimetallic mechanism has been explored. The assumption of equilibrium between the 

monometallic (Zn1) and bimetallic (Zn2) state of the BDI zinc complexes gives the following relation 

between the concentrations of the two species: 

[ ]
[ ]2

1

2

Zn

Zn
K eq =           (7) 

The mass balance for zinc shows a non-linear relation between the concentration of the active species 

and the total catalyst concentration: 

[ ] [ ] [ ]1
2

12 ZnZnKZn eqtot +⋅⋅=         (8) 

[ ] [ ] [ ]
eq

tot K
Zn

ZnZn 2
22 +⋅=         (9) 

Consequently, the reaction order for total zinc, as expressed by exponent z in equation 6, is not always 

an integer. Although [Zn1] and [Zn2] cannot be explicitly expressed as a function of [Zntot] and the 

equilibrium constant (Keq), an exponential approximation can be given that is valid for a relatively 

small range of [Zntot]:  

[ ] [ ] ib
totii ZnBZn ⋅≈  i = 1,2        (10) 

Furthermore, the possible solutions for bi are limited to values between 0.5 and 2 because of the 

restrictions imposed by the equilibrium condition: 

2lim
1

ibi
Keq

→
>>

  ibi
Keq

→
<< 1

lim  i = 1,2             (11a,b) 

Unfortunately, the reported values of the equilibrium constants do not correspond to the observed 

dependence of kobs on [Zntot]. Therefore, the possibility has to be considered that the values of the 

equilibrium constants during 1H NMR analysis differ from the ones in the presence of CO2 and CHO.  
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As Bi and bi are only constant in a relatively small range of [Zntot], equation 6 should not be used to 

extrapolate the relation between kobs and [Zntot]. However, equation 6 and 10 can be combined into a 

rate equation that is based on the molar concentration of the species Zn1 and Zn2. Because both the 

original (equations 5 and 6) and the new rate equation (equations 5 and 12) should result in similar 

values for kobs for all values of [Zntot], all remaining parameters can be determined from the literature 

relations using the following approximation: 

 [ ] [ ] iiii yb
tot

y
iip

y
iipobs ZnBkZnkk ⋅⋅⋅≈⋅= ,,       (12) 

In this equation kp,i and yi are the intrinsic rate coefficient and order of reaction in Zni, respectively, for 

both i=1 and i=2. The product of bi and yi should equal z, the experimentally observed reaction order 

in total zinc, and the product of kp,i and Byi should equal the observed pseudo rate coefficient, k"p. All 

sets of possible solutions for the reaction orders, the equilibrium constants and the rate coefficients 

have been determined using equations 10 and 12 for all complexes reported in reference 20. This 

reference has also been used to determine the chain-to-catalyst ratio in these systems.  

5.3.3 Results of Parameter Determination for Reaction Kinetics 

When the range of observed reaction orders in total zinc (1.0-1.8) is considered, as well as the 

mathematical restrictions set to yi and bi by equations 11a and b, it appears that there are only 4 valid 

alternatives. First and third order kinetics in the monometallic complex (y1 = 1,3) give a good 

correlation for the experimentally observed behavior of [(BDI-2)ZnOAc] at 323 K and [(BDI-

5)ZnOAc], respectively. The two remaining options are a second order dependence in the monomeric 

form of the complex (y1 = 2) and a first order dependence in the dimeric form of the complex (y2 = 1). 

Both are mathematically equivalent (see equation 7) and provide a good correlation for the 

experimentally observed behavior of all complexes in the entire range of reaction orders in total zinc 

(1.0-1.8). Therefore, these solutions are selected to describe the reaction order in terms of catalyst 

concentration: 

[ ] 2

11, Znkk pobs ⋅=  or [ ] 1

22, Znkk pobs ⋅=              (13a,b) 

The calculated values for kp,1 and kp,2 are presented in Table 5.2. This Table also contains the values 

for Keq and in the case that multi-temperature data are available, estimates for the activation energy, 

Eact, ∆H and ∆S are given. Although the implication of equation 13a and 13b is mechanistically 

different, from a kinetic point of view they are equivalent because [Zn1] and [Zn2] are related via the 
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equilibrium condition (equation 7). Consequently, the rate coefficients kp,1 and kp,2 are related to each 

other according to: 

eqpp Kkk ⋅= 2,1,          (14) 

Table 5.2: Calculation results for the rate coefficients kp,1 (L2/min·mol2) and kp,2 (L/min·mol), and 
the equilibrium constants Keq for the BDI zinc complexes b) compared with original literature 
valuesa) [20]. 

BDI 
Ligand 

T 
(K) 

Keq 
(L/mol) 

∆∆∆∆H 
(kJ/mol) 

∆∆∆∆S 
(J/mol⋅⋅⋅⋅K) 

kp,1  
Eact,1 

(kJ/mol) kp,2  
Eact,2 

(kJ/mol) 

303 134 - - - - 1 
a) 

323 44.1 
-45.2 -108 

- - - - 
303 384 - - - - 6 

a) 

323 90.5 -58.9 -146 - - - - 
303 100.78 35.7 0.354 1 

b) 

323 15.868 
-75.3 -210 

42.2 
6.79 

2.66 
82.1 

2 
b) 323 29405 - - 1.62×104 - 0.549 - 

303 250.53 448 1.79 5 
b) 323 16.418 -111 -320 469 1.79 28.5 113 

7 
b) 323 290.82 - - 953 - 3.28 - 

 

The recalculated values of ∆H and ∆S suggest that the dimerized complexe BDI-1 is enthalpically 

more stable under reaction conditions relative to the conditions used in the dynamic solution study. 

This is possibly due to the presence of CO2 and the increased molecular weight. The activation energy 

Eact,1 appears to be very low, while Eact,2 is in the range of reported values for copolymerization of 

CHO and CO2 by chromium salen complexes [21]. 

Figure 5.5 graphically presents a comparison between the reported linear relation for ln kobs and 

ln [Zntot] and the new relation that takes the monomer-dimer formation of the catalyst into account. In 

the experimental range, indicated by thicker lines, both relations agree with each other as well as the 

reported experimental behavior. At increased catalyst concentrations, however, the deviation between 

the two expressions becomes significant.  
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Figure 5.5: Relation between ln kobs and ln [Zntot]. The lines represent a previously 
reported linear correlation of experimental results in the range indicated by thick 
lines. 20 Symbols represent the results of the calculations presented in this work (Table 
5.2). For ease of comparison [Zntot] and kobs are expressed in mmol/L and min-1, 
respectively. 

The calculated effect of temperature on the equilibrium concentrations, propagation rate and the 

observed reaction rate is graphically presented in Figure 5.6 for [(BDI-1)ZnOAc] and 

[(BDI-5)ZnOAc] in case i=1 or i=2. For both complexes and both cases, the increase of kobs with 

temperature becomes limited above 300 K. This is either due to the dissociation of the dimeric 

complex for case i=2 or to the low activation energy of the propagation step for case i=1. This analysis 

does not exclude the possibility nor confirm the validity of either of the two cases. 

Because both cases are equivalent from a kinetic point of view and they agree well with the reported 

experimental behavior, the rate equation as it is further used in this work becomes: 

[ ] [ ] [ ] [ ]12
0

2
1

2, ZnCOCHOkdtCHOd p ⋅⋅⋅=−       (15) 

Assuming that the liquid density does not change significantly, the required time (tr) to obtain a certain 

conversion (X) can be obtained from integration of equation 15: 
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Figure 5.6: Effect of temperature on the observed reaction rate, kobs (min-1), the 
propagation rate coefficients, kp,1 (L2/min·mol2) and kp,2 (L/min·mol), and the 
equilibrium concentrations, [Zn1] and [Zn2], for [(BDI-1)ZnOAc] and [(BDI-
5)ZnOAc] [20], at a total zinc concentration of 10 mM. 

In Figure 5.7 the chain-to-catalyst ratio is plotted relative to [Zn1], [Zn2] and [Zntot] for complexes 1 to 

7 from Table 5.2. There is no general correlation between the number of polymer chains and the 

concentration of Zn1 and Zn2. However, the number of chains per total number of zinc atoms is 

relatively constant for all complexes. Apparently, the monomer-dimer equilibrium has no effect on the 

number of chains. This observation is only used to relate the molecular weight (MW) to the degree of 

monomer conversion (X), because it does not provide any additional mechanistic information: 

 
[ ]

[ ]tot

init

Znf
CHO

⋅
= XMM unitW,W         (17) 

In this equation f represents the number of chains per zinc atom, which ranges from 1.5 to 2.1 for the 

catalysts in Table 5.2. 
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Although more active catalysts have been reported, [(BDI-5)ZnOAc] is used in this work as a model 

system, because more data are available for this complex. Values for kp,2 and Keq for calculation of 

[Zn2] are taken from Table 5.2.  
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Figure 5.7: Chain-to-catalyst ratio for the BDI complexes as calculated using 
literature data [20], for which the concentration of polymer chains has been calculated 
from the reported TON and Mw and values for [Zn1] and [Zn2] have been calculated 
with Equation 7 and Keq from Table 5.2. 

5.4 RHEOLOGICAL BEHAVIOR 

For an accurate control and description of the residence time distribution in a reactor, the rheology and 

reactor configuration have to be known. Usually, flow of polymer solutions in tubes is assumed to be 

laminar due to the relatively high viscosity, although this effect is somewhat counteracted by the shear 

thinning behavior, observed in most polymer solutions. Reed and Metzner have proposed an 

expression for the Reynolds number (ReRM) of power law fluids [22]: 
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nn
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n
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vd

�
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4
13

8

Re
1

2ρ
        (18) 

In this equation d, ρ, v, K and n represent the tube diameter, density, average velocity, consistency 

factor and flow index, respectively. If diffusive mass transport can be neglected relative to convective 

mass transport, the assumption of segregated transport can be made. This depends on the diffusion 

coefficient (D), the tube length (L), diameter and the axial velocity. For non-reactive systems this 

assumption is valid if the mass transport equivalent of the Graetz number (Gz) is smaller than 0.05: 
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vd
DL

Gz 2=           (19) 

This criterion may also be used as a limiting case for systems with an extremely fast reaction (DaII = k 

d 2/D <<1). For real reactive systems, the criterion value is expected to increase because the time scale 

for diffusion increases for a finite concentration gradient. In addition, a decrease in reactant 

concentration is equivalent to an increase in polymer concentration and consequently decreases the 

diffusion coefficient. Therefore, this criterion can be used to determine if mass transport is segregated 

in this system. 

Under conditions of laminar flow, segregation implies that there is no intermixing of fluid elements 

that travel at different axial velocities. In fully developed, incompressible flow, the axial velocity only 

depends on the radial position and is inversely proportional to the residence time of the fluid element 

in the reactor. Consequently, the residence time distribution can be calculated. For an accurate 

description of this profile, the rheological behavior of the system needs to be characterized 

quantitatively. A major complication in reactor design for polymerizations is that the rheological 

parameters (and therefore the residence time distribution) depend both on polymer concentration and 

local shear rates in the reactor. 

5.4.1 Cross Model and Martin Equation 

For dilute polymer solutions a constant viscosity is often observed at relatively high and low shear 

rates with an intermediate shear thinning regime. This can be explained by a decrease of the friction 

when the chains stretch from a randomly coiled configuration to a more aligned configuration. Outside 

this regime polymer coils remain relatively undisturbed by shear forces. Consequently, viscosity is no 

longer a function of shear rate (γ� ). For most systems this behavior can be adequately described by the 

model proposed by Cross [23]: 

mK −
⋅

∞

∞

+
=

−
−

10 )'(1

1

γηη
ηη

        (20) 

In this equation 0η and ∞η are the limiting values of the apparent viscosity at low and high shear rates, 

respectively. K’ and m have a meaning similar to the consistency factor (K) and the flow index (n), 

respectively, in power law fluids. The effect of polymer concentration (cPCHC) on zero-shear viscosity 

can be expressed well into the coil overlap region with The Martin equation [24]: 
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        (21) 

Experimentally, the intrinsic viscosity [ ]η is known to depend on the polymer molecular weight and the 

polymer-solvent pair. A first order Taylor expansion of equation 21 results in the Huggins equation 

and k in equation 21 is equivalent to the Huggins constant. This constant depends on polymer-solvent 

interactions and can be interpreted in terms of the effect of solvent on the hydrodynamic radius of a 

polymer chain. Therefore, k depends both on the solvent quality and the shear forces acting on a coiled 

chain. The explanation for this dependence is that shear forces induce stretching of randomly coiled 

macromolecules. Ultimately, chains become fully stretched, which reduces the friction between the 

polymer chains and its surroundings. Consequently, the viscosity of the medium decreases. 

Outside this shear thinning regime the hydrodynamic radius is not expected to change due to shear 

forces and the solution behaves like a Newtonian fluid. Two different Huggins constants, k0 and k∞, are 

used in this work to describe the Newtonian behavior at low and high shear rates, respectively: 

[ ] [ ] )1( 0
0

kc
PCHCS

PCHCec ηηηη +=        (22) 

[ ] [ ] )1( ∞+=∞
kc

PCHCS
PCHCec ηηηη        (23) 

As solvent viscosity and intrinsic viscosity are assumed to be independent of shear rate, equations 22 

and 23 can be implemented in equation 20 to give a combined expression for the apparent viscosity of 

polymer solutions over a relatively wide range of shear rates and polymer concentrations.  

5.4.2 Experimental Method for Rheological Measurements 

For the experimental determination of the rheological behavior of mixtures of PCHC and CHO a 

Brookfield LV Digital Viscometer, Model-II was used to measure the apparent viscosity as a function 

of shear rate. Measurements were performed using two different combinations of sample holders and 

spindle types (SC4-31 and UL). All measurements were done at 323 K using PCHC samples with a 

weight average molecular weight (Mw) of 18, 19 and 33 kg/mol, respectively, and a PDI of 1.2 and at 

concentrations up to 516 g/L. The majority of the measurements were performed using PCHC with an 

Mw of 18 kg/mol. A schematic overview of the measurements is given in Table 5.3. The accuracy of 

these measurements depends on the spindle type, the torque and the speed. In general, the 

measurements become more accurate at higher shear rates. The parameters in equation 20, 22 and 23 
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were determined by minimization of the sum of weighted squared residuals between experimental data 

and calculations. For all regressions, the inverse of the squared absolute error was used as weight (Wi) 

for the individual measurements. The quality of the regression was expressed by r 2 as defined by 

equation 24: 
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        (24) 

In this equation iη̂ andη represent the calculated viscosity and the average viscosity, respectively. 

Table 5.3: Overview of rheological measurements. 

Dataset I II III CHO 

Mw (kg/mol) 18 19 33 - 
PDI 1.2 1.2 1.2 - 
cPCHC (g/L) 3-369 482-516 163-355 0 
Shear rate (s) 0.1-73 0.1-4 2-20 0.4-73 
Number of measurements 95 12 13 8 

 

5.4.3 Experimental Results Rheological Behavior 

All results of the rheology measurements are presented in Appendix B. Only measurements with a 

relative uncertainty smaller than 1 are reported. As expected, an increase of polymer molecular weight 

results in a higher viscosity. An increase in polymer concentration results in a higher viscosity as well 

as shear-thinning behavior. At shear rates above 10 s-1, however, the effect of shear rate on the 

apparent viscosity decreases significantly and ultimately vanishes. Consequently, an elevated PCHC 

concentration in combination with a high shear rate can result in an apparent viscosity lower than that 

of solutions with a lower PCHC concentration at a low shear rate. 

The measured viscosity of pure CHO is 1.3 mPa·s. In Figure 5.8 the ratio of specific viscosity (ηsp) 

over polymer concentration at relatively high shear rates is plotted versus polymer concentration for 

PCHC with an Mw of 18 kg/mol. From this figure the intrinsic viscosity [η] of PCHC in CHO is 

determined to be approximately 9 mL/g. The lack of sufficient accurate measurements at low 

concentrations prohibits the determination of the intrinsic viscosity as a function of molecular weight.  
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Figure 5.8: Ratio of specific viscosity over polymer concentration for PCHC with a 
weight of 18 kg/mol at shear rates of 20 and 73 s-1, respectively. 

The results of the data regression are summarized in Table 5.4. The parameters have been determined 

by simultaneous regression of dataset I and pure CHO data. These parameters give a correlation of all 

experimental data with an r2 of 0.9999. All but two estimates are inside the boundaries set by the 

experimental uncertainty. It should be noted that the intrinsic viscosity is known to depend on 

molecular weight according to the Mark-Houwink relation. Ideally, this value is determined at low 

shear rates and low polymer concentrations. Nevertheless, individual regression of datasets II and III 

results in an estimate for the intrinsic viscosity of 5.43 mL/g at 19 kg/mol and 6.47 mL/g at 33 kg/mol, 

respectively.  

Table 5.4: Parameters describing the rheological behavior of PCHC in CHO solutions obtained 
from regression of rheological data (Table 5.3). 

 I II III  

ηS 0.00133   Pa·s 
[η] 5.89 5.43 6.47 mL/g 
k0 4.10   - 
k∞ 1.90   - 
K’ 0.0309   s 
M -0.377   - 
r2 0.999999 0.99999 0.999 - 

 

The estimated value of ηS is in good agreement with the viscosity that is measured for pure CHO. The 

estimate of the intrinsic viscosity results in a value similar to the one that is determined from 
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Figure 5.8. An intrinsic viscosity of 5 to 9 mL/g indicates that coil overlap considerations are expected 

to become important at a PCHC concentration of 110-180 g/L. Only at concentrations that are one 

order of magnitude higher, entanglement effects start to dominate. 

As mentioned earlier, K’ and m can be interpreted in terms of power law parameters. At any point the 

tangent to the viscosity as a function of shear rate as described by equations 20, 22, 23 and Table 5.4 is 

defined by the following concentration and shear-rate dependent power law parameters: 
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Substitution of these expressions for the flow index (n) and the consistency factor (K) in equation 18 

results in an expression for the concentration and shear rate dependence of the Reynolds number. In 

this system, ReRM never exceeds Re as long as the ratio of residence time over aspect ratio is larger 

than 1.44 ms. This means that the Reynolds number in such a reactor does not increase as a result of 

the shear thinning behavior at elevated polymer concentrations and is therefore at a maximum at the 

entrance of the reactor. At a lower ratio of residence time over aspect ratio, the effect of shear thinning 

can result in elevated ReRM numbers due to an increase in polymer concentration and cause 

turbulences. Consequently, tubular reactors with an annual production capacity of more than 0.15 ×105 

kg PCHC have decreasing Reynold numbers along the length of the reactor. 

5.5 REACTOR DESIGN 

As presented in the previous sections, the experimentally determined phase behavior, the rheology and 

the kinetic data result in a number of restrictions to the design of a tubular reactor. From the main 

operating parameters, i.e. production capacity, reactor volume, conversion, residence time, catalyst 

concentration and polymer molecular weight, only three parameters can be chosen independently. The 

aspect ratio further determines the velocity profile in the reactor from which the pressure profile can 

be calculated. If the system can be considered as segregated, the molecular weight distribution can 
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also be calculated from the velocity profile. In this section, a tubular reactor which produces 5 kt/y 

PCHC with an average molecular weight of 100 kg/mol at a conversion of 50% is evaluated. Reaction 

rates are based on [(BDI-5)ZnOAc] and temperature, liquid density and initial CHO concentration are 

fixed at 323 K, 1044 kg/m3 7.35 mol/L, respectively. In the case of plug-flow behavior this requires a 

reactor with a volume of 2.92 m3, a residence time of 2.60 h and 1.65 kg/h of catalyst. The actual 

residence time distribution in a laminar flow reactor can be calculated with the kinetic and rheological 

parameters from Tables 2 and 4, respectively. For this purpose, radial velocities are neglected and the 

axial velocity (vx) is assumed to depend only on the radial position (r). Consequently, the reaction time 

(tr) depends both on the axial (l) and radial position according to equation 29. The local polymer 

concentration and viscosity are related to the time of reaction according to equation 30. 

)(
),(t r rv

l
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=          (29) 

)1(][M),( ),(t
0unitw,

r rlk
PCHC

obseCHOrlc ⋅−−⋅⋅=      (30)  

If the region of low shear rates in the proximity of the tube center is disregarded, viscosities can be 

approximated by �� (equation 23). The momentum balance (equation 31) can thus be solved to 

determine velocity profiles and pressure gradients along the length of a reactor applying the boundary 

condition of a constant mass flux throughout the reactor. In Figure 5.9 velocity profiles are presented 

for a tube with a length of 80 m and a radius of 0.2 m. 
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        (31) 

These calculations indicate that the low axial velocities near the tube wall result in extremely high 

local residence times and a maximum in polymer concentration and viscosity. As a result, an 

apparently stagnant layer of polymer builds-up from the reactor wall, which reduces the effective 

reactor volume and elongates the velocity profile. This phenomenon, which is known as velocity 

elongation, is common in bulk polymerizations. As large pressure gradients result in steeper velocity, 

conversion and viscosity gradients, this effect can accelerate up to the point of hydrodynamic 

instability. Although the occurrence of this phenomenon can be demonstrated using these assumptions, 

a better approximation of the velocity profiles can be obtained if a radial component is included in the 

momentum balance. 
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Figure 5.9: Calculated velocity profiles in a tubular reactor with a length of 80 m and 
a radius of 0.2 m, designed for 5 kt/y PCHC with an Mw of 100 kg/mol at 50% 
conversion. 

The velocity profiles presented in Figure 5.9 are used to calculate the pressure, PCHC flow rate, 

weight average molecular weight and polydispersity index as a function of axial position in this 

reactor (Figure 5.10). 
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Figure 5.10: Development of weight average molecular weight (Mw) of PCHC, 
polydispersity index (PDI), PCHC flux and pressure along the reactor. 

Figures 5.9 and 5.10 demonstrate that the pressure gradient for these operating conditions has to be 

very low to avoid hydrodynamic instabilities. In order to prevent bubble formation, the pressure is 

required to be above the local vapor pressure, which is mainly determined by the CO2 content. As 

CHO is to be in excess, the vapor pressure is limited to 5.3 MPa, which can be used as standard inlet 

pressure at 323 K. In order to ensure stable operation, the flow at the end of the reactor should be 

restricted. 
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5.6 CONCLUSIONS 

A number of criteria are formulated for the design of a reactor for the continuous production of 

poly(cyclohexene carbonate) from carbon dioxide and cyclohexene oxide. To this end, the phase and 

rheological behavior have been studied experimentally. In addition, an analysis has been made of 

available kinetic data. The phase behavior experiments show that PCHC is soluble in CHO pressurized 

with CO2 at concentrations, temperatures and pressures between 2 and 33 % by weight, 323 and 424 K 

and 8 and 12 MPa, respectively. In view of other experimental observations these results indicate that 

the best option for a continuous production process is polymerization in an excess of CHO at a 

pressure higher than the vapor pressure of the reaction medium.  

An analysis of literature data indicates that two rate equations can be used to describe the kinetic 

behavior of β-diiminate zinc complexes in this reaction. For both rate equations a monomer-dimer 

equilibrium of the catalytic complex has to be taken into account. Appropriate equilibrium constants 

and reaction rate coefficients are presented.  

Tubular reactors with a designed annual production capacity of more than 1.5 ×104 kg PCHC are 

expected to have a maximum Reynolds number at the entrance of the reactor. For higher capacities, 

laminar flow at the beginning of the reactor ensures laminar flow throughout the reactor. Application 

of the suggested rate equations and the observed rheological behavior for a tubular reactor (80×0.2 m) 

with a capacity of 5 kt/y at 50% conversion, demonstrates that elongation of the velocity profile 

occurs. In order to prevent hydrodynamic instabilities the pressure gradient should be restricted 

considerably in the reactor. These calculations suggest that the weight average molecular weight in 

such a reactor is close to its maximum at the beginning while the polydispersity index decreases 

significantly along the reactor. 
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6 
 

Preliminary Process Design for the 
Continuous Production of 

Polycarbonate from CO2 and CHO 

ABSTRACT1 

A number of options to chemically convert CO2 into commercially interesting products or 

intermediates are being intensively studied. One of those options is the copolymerization of CO2 with 

epoxides to produce aliphatic polycarbonates. In this paper a preliminary process design is presented 

and evaluated for the solvent-free continuous production of poly(cyclohexene carbonate) PCHC from 

cyclohexene oxide (CHO) and CO2. The design is based on a plant capacity of 10 kt/year and consists 

of a pre-polymerization stage in a laminar-flow reactor, followed by post-polymerization and a 

countercurrent CHO-removal step in an extruder. The main result of the economic analysis of this 

process design is that continuous PCHC production is commercially feasible at a market price of 

3�/kg. The capital investment for construction, engineering and commissioning for this process is 

between 17 and 30 M� and the required selling price is relatively sensitive to changes in prices for 

CHO, which makes up approximately 41% of the price. 

                                                      

This chapter is based on Van Schilt, M.A., Blanco, M., Wildenberg, S., Kemmere, M.F., Keurentjes, J.T.F. 
Preliminary process design for the continuous production of aliphatic polycarbonate from carbon dioxide and 
cyclohexene oxide. In preparation. 
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6.1 INTRODUCTION 

Carbon dioxide is a potential starting material for the synthesis of a wide range of materials and 

chemical intermediates currently produced from fossil fuels. Industrially significant examples for this 

type of carbon dioxide utilization include the production of urea, salicylic acid and various carbonates 

[1-7]. Inoue et al. [8] discovered the possibility to use CO2 as a monomer in combination with 

epoxides to synthesize aliphatic polycarbonates. Subsequent developments in this field have resulted 

in a broad range of catalytic systems for this type of reaction [9-13]. Currently, poly(ethylene 

carbonate) and poly(propylene carbonate) are industrially produced as ceramic binder material and 

polymer modifier. The present work focuses on the copolymerization of cyclohexene oxide and CO2. 

In previous publications we reported on the phase behaviour of this system [14, 15] and proposed 

some design rules for a tubular reactor for the continuous production of poly(cyclohexene carbonate) 

[16]. In this work a preliminary process design is presented for the solvent-free continuous production 

of poly(cyclohexene carbonate) (PCHC) from CO2 and cyclohexene oxide (CHO). Based on technical 

considerations a design is proposed for a production facility with an annual capacity of 10 kt PCHC. 

6.2 EQUIPMENT SELECTION AND PROCESS 

CONFIGURATION 

Up to intermediate conversions, the reaction is preferably performed in a tubular laminar flow reactor 

using an excess of CHO and �-diiminate zinc complexes as catalysts [16]. These zinc complexes 

demonstrate the highest catalytic activity for this reaction and allow controlling the molecular weight 

and molecular weight distribution [17, 18]. At intermediate conversion, reaction rates are expected to 

decrease and become controlled by diffusion. This is caused by a decrease in monomer concentration 

and a simultaneous increase in viscosity. Increasing the reaction temperature, which is often done in 

bulk polymerizations, is not possible as this promotes the formation of cyclic carbonates, polyether 

and other by-products. A suitable alternative is the intensification of micromixing, which can be done 

in a static mixer or extruder. In reactive extrusion, micromixing is enhanced by the reduction of the 

striation thickness due to deformation. In general, single-screw extruders enable high shear levels and 

the formation of continuous channels, which can be used for the removal of traces of CHO by counter-

current extraction with supercritical CO2. Alsoy and Duda [19] have demonstrated that devolatilization 

of polymer melts with supercritical CO2 combines the advantages of an enhanced driving force with 

increased mobility. If the rate of CHO removal by extraction can be higher than the rate of CHO 
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conversion, the former has to be considered as an alternative to attain complete CHO conversion. Both 

processes can occur simultaneously in a single-screw extruder. 
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Stage 3

Stage 4

Stage 5

Extruder Extraction Zone

Tubular Reactor

Polycarbonate

Catalyst

HEX 1

CHO/CO2 Recycle

CHO

Flash Drum

Compressor HEX 2

Static Mixer / Extruder

CO2

Pump

 
Figure 6.1: Flow sheet for the production of PCHC from CHO and CO2. 

Therefore, we propose a process for this reaction with a structure as schematically presented in Figure 

6.1. In the first stage of the process reactants, catalyst and a recycle stream are pre-treated and mixed. 

In the second stage CHO and CO2 are copolymerized in a tubular reactor without internals up to 50 % 

conversion of CHO. At that point the reaction medium is either fed to a static mixer or to an extruder 

(stage 3). At a conversion of 86%, the CHO concentration is further decreased by supercritical 

extraction in a single-screw extruder (stage 4). After the extraction step, the CHO containing CO2 

stream is separated in a flash-drum (stage 5). The CHO-rich bottom-stream is recycled to the 

beginning of the process and the CHO-lean top-stream is recompressed and recycled to the extraction 

stage. In this process, CO2 is completely introduced to the process via the extraction step instead of via 

the tubular reactor. The need for the recycle from the extraction zone and the flash-drum, depends on 

the CO2 demand in the extraction step. 
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6.3 EXPERIMENTAL 

6.3.1 Materials 

Carbon dioxide (HoekLoos, 99.995%), cyclohexene oxide (Aldrich, 98%) methanol (Merck, 99.9%) 

and 1-butanol (Merck, 99.5%) were all used as received. Poly(cyclohexene carbonate) was 

synthesized according to literature procedure [18]. The number average molecular weight and 

polydispersity index of PCHC were 25 kg/mol and 1.8, respectively. 

6.3.2 Partitioning of CHO over PCHC and Supercritical CO2 

Partition coefficients of CHO over CO2 and PCHC as defined in equation (1) were measured by batch-

wise impregnation experiments in a set-up a schematically presented in Figure 6.2. 

CHOPCHC

CHOCO

C

C
K

,

,2=         (1) 

In a typical experiment, the 2.6 mL high pressure cell (V2) was loaded with a PCHC cylinder (0.8 g) 

and CHO (0.08 g). Subsequently, both cells (V1 and V2) were heated to the desired temperature and 

pressurized with CO2. After 100 h the CO2 phase was partially depressurized via two tubes containing 

chilled methanol and 1-butanol as internal standard. 

 

CO2

P

V2

V1

Heating Cooling
 

Figure 6.2: Experimental set-up for the determination of CHO partitioning over CO2 
and PCHC. High-pressure cell 2 (V2) contains a PCHC cylinder (P). 
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The CHO concentration in MeOH in the first tube was determined by GC/FID. MeOH from the 

second tube was checked for traces of CHO in order to verify that CHO was completely absorbed by 

the MeOH in the first vessel. From these analyses the CHO concentration in the CO2 phase 

( CHOCOC ,2
), the CHO concentration in the polymer phase ( CHOPCHCC , ) and the partition coefficient (K) 

were determined. 

6.3.3 Equipment sizing and costs 

A so-called order of magnitude estimate was used to determine the required total capital investment 

and operating costs for this process. These estimates are generally used for feasibility studies and 

allow for an estimate of the capital investment with a typical accuracy of + 40% to - 20%. From these 

costs the required selling price for PCHC was calculated. The structure and assumptions for these 

calculations are summarized in Table 6.1. The installed costs for infrastructure and equipment inside 

the battery limits (ISBL) were estimated from the total purchased costs of all major equipment. Their 

capacity, dimensions and purchased costs were estimated with AspenPlus and Icarus. 

Table 6.1: Summary of assumptions and structure for calculation of cost factors. 

New Technology on Developed Site 

Total Capital Investment   
Fixed Capital ISBL 4.74 × Purchased Costs Major Equipment 
 OSBL 20% of ISBL 
Start-up Capital 3 months Operating Costs 
Working Capital 1 month Utilities and Fixed Costs 
 3 months Raw Materials 
   
Operating Costs   
Raw Materials Capacity 10 kt/year 
Utilities ” ” 
Fixed Costs Labor 5 Shifts (14600 h/year) 
 Maintenance 5% ISBL + 3% OSBL 
 Plant Overhead 120% Labor + 25% Maintenance 
Taxes & Insurances  2% Fixed Costs 
   
Required Selling Price   
Operating Costs   
Capital Charges 3 years Development & Construction 
 10 years Capital Depreciation 
 15% Return on Investment 
SG&A Expenses 15% Required Selling Price 
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For the sensitivity analysis, the relationship between equipment costs and their capacity was estimated 

using the so called six-tenths rule. This rule states that equipment costs increase by 52% as their 

capacity doubles. Only for the calculation of the tubular reactor, compressor and heat exchangers 

specific cost exponents of 0.40, 0.70 and 0.44, respectively, were used instead. As suggested by Lang 

[20], the total equipment costs were multiplied with a factor of 4.74, which is a typical value for fluid 

processing plants. This resulted in the total fixed capital costs inside battery limits (ISBL).  

Simmonds [21] has estimated the price of essentially pure CO2 from standard amine scrubbing of flue 

gas, at $50 to $60 per ton of CO2. The costs of CHO were estimated from a cyclohexene bulk price of 

� 1000 per ton increased by 75% to account for the costs of epoxidation. The costs of catalyst 

synthesis were based on the synthesis of the �-diiminate ligand from 2,6-diisopropylaniline (44 �/kg) 

and 2,4-pentanedione (7.8 �/kg) and synthesis of the corresponding zinc methoxy �-diiminate catalyst 

from diethyl zinc (1157 �/kg) and methanol (126 �/t) in accordance with literature procedure [18]. 

Equipment costs were estimated at 120% of personnel costs (1720 h/yr), which is a common factor for 

the production of fine chemicals.  

6.4 RESULTS AND DISCUSSION 

6.4.1 Partition coefficient of CHO between PCHC and CO2 

The measured partition coefficients as defined in Equation (1) are presented in Table 6.2. They are 

relatively low and increase with pressure. The effect of temperature varies at different pressures. If the 

temperature increase results in a strong decrease of density (10 MPa), the partition coefficient 

decreases. If the change in CO2 density is limited (15 MPa), however, a temperature increase results in 

an increase of the partition coefficient.  Although the solvent strength of CO2 is known to increase 

with density, the density change of CO2 does not completely account for the behavior of the partition 

coefficient. Table 6.2 also presents partition coefficients calculated using the PC-SAFT equation of 

state based on the appropriate parameters for this system [14]. At elevated pressures, the model under-

predicts both the partition coefficient and the density of CO2. 
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Table 6.2: Measured and calculated partition coefficients for CHO over CO2 and PCHC. a) CO2 
densities are calculated using the modified Benedict-Web-Rubin equation of state [22]. 

Measurements T(K) P (MPa) � a) (kg/m3) K 

1 298 10.0 819 0.049 
1 298 15.0 878 0.038 
2 313 13.5 756 0.058 
2 323 7.6 199 0.001 
2 323 10.0 388 0.043 
2 333 15.0 608 0.073 
     

Calculations     
 323 5.0 108 9.1×10-4 
 323 7.0 182 8.4×10-4 
 323 10.0 182 8.4×10-4 
     

 

The same model can also be used to predict the effect of pressure, temperature and residual CHO 

content on the degree of CO2 sorption in PCHC (Figure 6.3). The CO2 content mainly depends on 

pressure and temperature, while the amount of CHO has a smaller effect. At 330 K and 10 MPa, CO2 

sorption in PCHC is 20 wt% in the presence of 10 wt% CHO and 16% wt% in the absence of CHO. 

This indicates that a significant loss of CO2 is likely to occur in the final stage of the production 

process. 
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Figure 6.3: Sorption isotherms for CO2 in PCHC and the effect of residual CHO on 
sorption pressure calculated with PC-SAFT [14]. 
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6.4.2 Extraction model for CHO from PCHC with CO2 

A simple extraction model is used to describe the mass transfer from PCHC to CO2 in the single-screw 

extruder. The two parallel-plates model is used for the description of the melt flow, which is induced 

as a result of frictional forces between the polymer melt and the wall of the extruder. As a result, all 

fluid elements follow a helical path throughout the extruder channel. The mass transport model that is 

used here is based on this rotating flow in the cross channel direction (Figure 6.4). 

 

CCHO

CCHO

CCHO

PCHC CO2

PCHC CO2

NCHO

NCHO

 
Figure 6.4: Schematic representation of polymer flow in an extruder channel. The 
extruder barrel is represented as a flat surface (top) moving across a partially filled 
channel. 

The channels are partially filled and mass transfer is assumed to be determined by the resistance in the 

polymer phase. Due to the continuous rotation of the melt, the polymer interface is continuously 

refreshed. After a fluid element moves across the interface, it is mixed with the polymer bulk. Because 

the time of contact (τ) between polymer and CO2 is relatively short, the average of the instantaneous 

transport coefficient over this period is used as the transport coefficient (kt): 

τπ ⋅
= CHO

t

D
k           (2) 

Alsoy and Duda [19] demonstrated that Vrentas-Duda free-volume theory [23, 24] can be used to 

estimate diffusion coefficients for residual solvents in CO2-plasticized polymers. This method has 

been successfully used to describe the behavior the diffusion coefficient (D) of benzene in polystyrene 

at various levels of CO2 concentration. The same method is adopted here to estimate the diffusion 

coefficient of CHO in PCHC at 330 K and 10 MPa. The CO2 content is assumed to range from 16% to 

20% by weight, as is indicated by PC-SAFT. Suitable corrections are made for the difference in molar 

volume between benzene and cyclohexene oxide and the difference in glass transition temperature 

between the two polymers resulting in an estimated diffusion coefficient of 1×10-11 m2/s. The surface 
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concentration of CHO in PCHC is assumed to be in equilibrium with the bulk concentration of CHO 

in CO2. In the extraction model this equilibrium is characterized by the partition coefficient, which is 

fixed at a value of 0.05. Consequently, the molar flux of CHO (NCHO,x) from polymer to CO2 phase can 

be calculated from the local CHO concentration (CCHO,x) in the two phases:  

�
�

�

�

�
�

�

�
−⋅

⋅
=

K

C
C

D
N CHOCO

CHOPCHC
CHO

xCHO
,

,,
2

τπ
      (3)  

This mass transfer model is used to determine the required dimensions of the counter-current 

extraction zone. 

6.4.3 Equipment sizing and costs 

In Table 6.3 the costs, characteristic dimensions and process parameters for major equipment are 

summarized. These are determined using AspenPlus in combination with Aspen Icarus based on a 

production capacity of 10 kt/year. The design and sizing of the extraction zone is based on the mass 

transport model as discussed in the previous section. The product stream contains 100 ppm CHO and 

16 wt% CO2 after the extraction step. The concentration of CHO in PCHC at the entrance of the 

extraction zone is 10 wt% and the required CO2 recycle to the extraction zone is 7.0 kg/s. According to 

the extraction model this can be done in a single-screw extruder with an extraction length of 5.8 m, 10 

parallel channels at a screw angle of 10º and a speed of 500 rpm. These calculations indicate that the 

process in Figure 6.1 is technically feasible. As is evident from Table 6.3, the costs for the compressor 

represent 58% of the major equipment costs. The total costs can therefore be significantly reduced by 

replacing the compressor with a liquid pump. However, this requires the installation of a condenser 

between the flash-drum and the pump. This is estimated to reduce the costs of the pump by a factor of 

50 and the total major equipment costs and total fixed capital by 58%. Alternatively, supercritical CO2 

can be regenerated using a membrane which considerably reduces the pressure drop in the CO2 

regeneration step [25-28]. 
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Table 6.3: Characteristic dimensions and purchased costs of major equipment (ISBL). 

Capacity: 10 kt/year 

Tubular Reactor   Compressor  
Length (m) 80  Total power (kW) 2.8 
Radius (m) 0.2  Purchased price (k�) 1321 
Pressure (MPa) 6    
Temperature (K) 323  Pump  
Purchased price (k�) 13  Driver power (kW) 0.6 
   Pressure (MPa) 1.0 
Extruder (Reaction)   Liquid flow rates (L/s) 0.2 
Length (m) 4  Purchased price (k�) 3.9 
Radius (m) 0.1    
   Heat Exchanger 1  
Extruder (Extraction)   Duty (kW) 12 
Length (m) 5.8  U (W/m2 K) 0.12 
Radius (m) 0.1  A (m2) 2810 
Purchased price (k�) 500  Purchased price (k�) 401 
     
Separator   Heat Exchanger 2  
Height (m) 1.1  Duty (kW) 1.0 
Radius (m) 0.6  U (W/m2 K) 0.3 
Wall thickness (m) 0.01  A (m2) 9.3 
Purchased price (k�) 10  Purchased price (k�) 16 
     
Streams (kg/h): CHO PCHC      CO2  
Stage 1: CHO Feed 863 -       -  
Stage 2: Feed to Tubular Reactor 1002      387  
Stage 3: Feed to Extruder (Reaction) 501 726     162  
Stage 4: Feed to Extruder (Extraction) 139 1250       -  
Stage 4: Product Stream  - 1250     238  
Stage 5: Feed to Separator 139 - 2.52×104  
Stage 5: Recycle to Extruder (Extraction) - - 2.52×104  
Stage 5: Recycle to Tubular Reactor 139 -    1387  
    

 

 

6.4.4 Economic evaluation 

The economic evaluation results in an estimate for a total required capital investment between 17 and 

30 M� for the construction and engineering of a plant with an annual production capacity of 10 kt. The 

costs for large-scale synthesis of the catalyst are estimated at 240 �/kg, including labor, equipment and 

ingredients. The total operating costs are estimated to be 19 M� per year, which results in a predicted 

required selling price of 3 �/kg. The contribution of the various factors to the required selling price and 

operating costs are presented in Figure 6.5.  
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Figure 6.5: Composition of the a) required selling price and b) operating costs. 

Figure 6.5 indicates that 65% of the required selling price is determined by the operating costs. As 

63% of the operating costs are determined by the costs of CHO, these costs make-up 41% of the total 

required selling price. This is explained by the relatively high price for CHO (1750 �/t) compared to 

bulk prices for other epoxides as ethylene oxide (1400 �/t) and propylene oxide (1500 �/t). 

Table 6.4: Results of economic evaluation for different plant capacities. 

Annual Capacity and Costs: 2.5 10 40 kT 

Total Capital Investment     
Fixed Capital 5.43 12.9 31.0 M� 
Working Capital 1.21 3.94 14.8 M� 
Start-up Capital 1.88 4.82 16.3 M� 
 8.52 21.6 32.1 M� 
     
Operating Costs     
Cyclohexene Oxide 3.02 12.1 48.3 M� 
Carbon Dioxide 69.9 0.28 1.12 M� 
Catalyst 0.41 4.65 6.61 M� 
Utilities 0.22 0.87 3.47 M� 
Fixed Costs 3.80 4.38 5.80 M� 
 7.52 19.3 65.3 M� 
     
Capital Charges 2.44 5.76 15.9 M� 
Required Selling Price 4.69 2.94 2.39 �/kg 
  

 

 

 

 

In Table 6.4 the results of the economic evaluation are presented for three different plant capacities. 

Only for the 40 kt/year plant, the working capital is slightly above the typical range of 15 to 20% of 

fixed capital. The dependence of the required selling price and the total capital investment on the 
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capacity is also graphically demonstrated in Figure 6.6. As CHO represents a large fraction of the 

costs, the effect of a 25% decrease and a 25% increase of the CHO bulk price are indicated by the 

dotted lines. 
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Figure 6.6: Effect of production capacity on the total capital investment and required 
selling price of PCHC. The dashed lines indicate the effect of a 25% change of the 
price of CHO. 

6.5 CONCLUSIONS 

The partition coefficient for CHO over supercritical CO2 and PCHC has been experimentally 

determined. The calculations based on the mass transport model for counter-current extraction in a 

single-screw extruder suggest that extraction of CHO with supercritical CO2 is technically feasible. 

The model estimates a required extraction length of approximately 6 m in an extruder with 10 parallel 

channels operating at a speed of 500 rpm. The total capital investment for construction, engineering 

and commissioning for this process is between 17 and 30 M� and the required selling price is 

relatively sensitive to changes in CHO costs, which makes-up approximately 41% of the price. The 

economic analysis reveals that continuous PCHC production is commercially feasible at a market 

price of 3�/kg. 
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ABSTRACT 

In retrospect to the previous chapters, this final chapter further elaborates on the development of a 

production process for aliphatic polycarbonates from CO2. Based on the findings described earlier in 

this thesis, a perspective is given on some opportunities and challenges in the fields of equilibrium 

thermodynamics, polymer reaction engineering, polymer processing and sustainable process 

development.  
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7.1 PHASE BEHAVIOR 

As our understanding of supercritical CO2 phase behavior is continuously improving and the 

availability of CO2-philic catalysts and surfactants increases, the potential of CO2 as a replacement for 

conventional solvents grows [1-3]. However, the study of the phase behavior of systems containing 

both high-molecular weight molecules such as polymers and compressible gasses such as CO2 is 

complex from both a theoretical as well as a practical point of view [4]. Currently, the methods for the 

prediction of the behavior of these systems based on structural information are unreliable and limited 

in number. In the following two paragraphs the complexity of the mechanisms that dominate polymer-

SCF phase behavior is discussed in relation to the ability of existing models to account for these 

mechanisms. 

7.1.1 Molecular Thermodynamics of Polymer-SCF Systems 

On a molecular level, polymer-solvent miscibility can be explained by considering how the enthalpy 

and entropy of a system change upon mixing. The enthalpy of mixing is mainly determined by the 

type and range of molecular interactions (dispersive, polar or complexing) between segments, solvents 

and segment-solvent pairs. The effect of polar interactions and complex formation decreases at 

elevated temperatures as the thermal energy disrupts the alignment of the polar moments. On the other 

hand, the entropy of mixing depends both on the combinatorial effect of mixing (increase in the 

number of possible arrangements) and the change of volume upon mixing. The connectivity of 

segments in polymers severely restricts the type and number of interactions as well as the 

combinatorial effect of mixing. Because pressure has a significant effect on the density and polarity of 

supercritical fluids, it influences both the enthalpy (quantity and distance of interactions) and entropy 

(volume change) of mixing and can dramatically alter the phase behavior of polymer-SCF systems. 

Consequently, the effect of temperature on phase transitions in polymer-SCF systems can be opposite, 

depending on the mechanism of phase separation. If enthalpic interactions determine the conditions for 

phase transitions, a temperature rise increases the relative contribution of dispersive interactions, 

which can enhance miscibility. On the other hand, if free-volume effects become dominant, an 

increase in temperature results in reduced miscibility. In both cases an increase in pressure enhances 

solubility, although the effect of pressure on the free volume difference is significantly larger 

compared to its effect on enthalpic interactions. 
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7.1.2 Equations of State for Polymer-SCF Systems 

The correlation and prediction of the phase behavior of SCF-polymer systems require models that 

combine a good description of the density and temperature dependence of polymer-solvent 

interactions, the effect of chain connectivity and the effect of pressure and temperature on density. The 

application of equations of state for the correlation and prediction of high-pressure phase behavior of 

systems containing compressible fluids is well established [5]. Equations of state (EOS) that also 

allow the description of polymers are either based on lattice theory or perturbation theory. The 

Sanchez-Lacombe EOS is a well-known representative of lattice based theories where unoccupied 

lattice sites are used to account for compressibility of the fluid [6, 7]. SL uses a Van der Waals-type 

mean field attraction term and assumes a random distribution in mixture composition. In general, 

calculated cloud-point curves are very sensitive to values assigned to the binary parameters. As it 

remains unclear how to extrapolate these parameters from one system to another, the Sanchez-

Lacombe equation of state does not provide a sound basis for predicting polymer-SCF phase behavior. 

In addition, the mean-field approach to attractive interactions and the assumption of spatially random 

mixture composition disqualifies it to model the phase behavior of systems where non-dispersive 

interactions are important. 

Perturbation theories, on the other hand, are based on the calculation of the excess energy of an 

appropriate reference fluid to which additional, smaller attractive energy contributions are added. The 

attractive contributions are considered as perturbations to the reference fluid and can account for 

dispersive and specific interactions as well as for the shape of molecules. Different models, based on 

different reference systems and perturbation terms have been developed. The well-known Statistical 

Associating Fluid Theory (SAFT) [8-10] is based on a reference fluid of hard spheres, with 

perturbation terms accounting for the effect of chain formation and both dispersive and associative 

interactions between the spheres. However, SAFT and related approaches fail to account for the chain-

like structures of polymers in the reference fluid. Contrary to SAFT, Perturbed-Chain SAFT (PC-

SAFT) is based on a hard chain reference system and allows accounting for repulsive and dispersive 

interactions between chain-like molecules [11, 12]. PC-SAFT has proved to provide an effective 

framework for correlating a variety of polymer-SCF systems. It has been successfully applied to 

systems with branched polymers [13], copolymers [14], associating molecules [15], dipoles [16] and 

quadrupoles [17].  

However, simultaneous correlation of the two types of phase separation (see 7.1.1) remains 

challenging. Low-temperature demixing, which is dominated by enthalpic interactions, is difficult to 

model, as is illustrated in Chapter 3. In this case, PC-SAFT fails to sufficiently account for the low-
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temperature favorable interactions between PCHC and CO2. These interactions are probably specific 

short-range polar interactions with the quadrupole moment of CO2, as have been spectroscopically 

observed in polymers containing carbonyl groups [18]. Addition of perturbation terms that account for 

this type of interaction may partially overcome the discrepancy between model and experiments, but it 

also increases the number of adjustable parameters. Alternatively, introduction of a temperature 

dependent binary interaction parameter is a practical solution, but is of limited physical meaning. 

Recently, a promising contribution term has been proposed to account for the quadrupole moment and 

which can be based on tabulated values [17]. 

The developments in the field of SAFT and PC-SAFT illustrate that equations of state are becoming 

increasingly successful in correlating polymer-SCF phase behavior. As no more than three physically 

meaningful pure component parameters are required to model simple non-associative systems, chances 

of reliable predictive models for the near future are substantial. However, the development of the 

predictive capability of these models relies for a significant part on the availability of reliable 

experimental data.  

7.2 TUBULAR POLYMERIZATION REACTORS 

The analysis in Chapter 5 illustrates how velocity profiles in laminar flow reactors can become 

significantly elongated. This commonly observed phenomenon in polymerization reactors may 

become critical, as it can lead to hydrodynamic instability [19]. Temperature control may become 

complicated as a result of heat transfer limitations. However, this is not likely to be a problem in this 

case as the heat of polymerization is relatively low. In this section, more detail is provided on the 

interaction between the mechanisms that determine the behavior of the tubular reactor described in 

Chapter 5.  

7.2.1 Rheology, Reaction Kinetics and Hydrodynamic Stability 

Basically, the cause of velocity elongation is the infinitely small axial velocity close to the wall under 

laminar flow conditions. This is not the case for extremely shear-thinning fluids, for which the 

velocity gradient is restricted to the vicinity of the tube wall. As polymerization times are inversely 

proportional to this velocity, the conversion and hence the viscosity close to the wall increases several 

orders of magnitude over a short distance. At the same time the increase in viscosity at the center of 

the tube is significantly lower, which results in a strong divergence of the viscosity within the reactor. 



Carbon Dioxide in Polycarbonate Synthesis: Challenges and Opportunities 

91 

This results in an even stronger decrease of velocities at the tube wall and a simultaneous increase of 

the velocities in the center of the tube.  

Figure 5.9 clearly illustrates how an apparently stagnant polymer layer builds up from the tube wall, 

which decreases the effective cross sectional area of the tube. As the bulk of the medium has to pass 

through an increasingly smaller part of the reactor cross section, the average residence time and degree 

of monomer conversion are significantly reduced. Moreover, an analysis has been made of the 

influence of the pressure gradient at the reactor exit on the conversion, flow rate and the velocity 

profile (see Chapter 5). The results of this analysis indicate that operation in this regime is relatively 

unstable (Figure 7.1 ands Table 7.1). 
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Figure 7.1: Velocity profiles based on the reactor exit pressure gradient as indicated 
(Pa/m).  

Table 7.1: Effect of pressure gradient at the reactor exit on conversion, polymer production and 
velocity elongation (� as defined in Equation 1).  

dP/dx (Pa/m) Conversion Polymer Formation (kg/h) � 
    

-140 99.4% 343 0.522 
-170 98.5% 422 0.564 
-190 97.3% 479 0.632 
-200 96.3% 512 0.701 
-210 94.7% 548 0.861 
-213 93.9% 563 1.00 
-215 93.2% 571 1.129 
-216 92.7% 576 1.307 

    

 

There are a number of practical solutions to these problems. All of them are aimed at smoothing the 

radial viscosity profiles. 1) Application of internals such as static mixers promotes plug flow behavior. 
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2) Reduction of the effect of monomer conversion to the total viscosity by using solvents, limits the 

radial viscosity gradient. 3) A high degree of monomer conversion prevents large viscosity differences 

at the exit of the tube as it creates a dynamic plug. All these solutions have their specific advantages 

and disadvantages. Internals increase the resistance to flow, but can also reduce the required reactor 

length. Solvents allow reduction of the maximum polymer concentration and therefore viscosity. If 

solvents cannot be added, an excess of either CHO or CO2 can be used to reduce the melt viscosity or 

enhance shear thinning behavior. The effect of a high monomer conversion on the reduction of flow 

elongation can be evaluated using the same approach as used for the design of the tubular reactor in 

Chapter 5. For that purpose the degree of flow elongation at the reactor exit is expressed by a 

dimensionless parameter �, defined as: 

Rr

x

x dr
dv

v
R

=

−⋅=
)0(

/1 ξ          (1) 

This parameter is 0.5 in case of Poiseuille flow, 1 at the onset of flow-elongation (profile indicated 

with arrow in Figure 7.1) and increases to infinity. The effect of the reactor dimensions on this 

parameter is demonstrated in Figure 7.2 for reactors with a fixed production capacity of 1250 kg/h.  
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Figure 7.2: Degree of flow elongation for various tubular reactors with a capacity of 
150 kg/h. 

This Figure is indicative for the dependence of the minimum reactor radius and length for stable 

laminar flow (� = 1). This analysis also indicates that the minimum conversion for stable laminar flow 

is 95% and does not depend on the aspect ratio. The reactor volume, however, should be larger than 

12 m3. This analysis suggests that flow elongation in a tubular reactor can be effectively controlled 

using a dynamic polymer plug, resulting in the stable operation of such a reactor. 
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7.3 POLYMER PROCESSING 

The high-pressure polymerization of ethylene is a good example of the potential of high-pressure 

technology for the production of bulk chemicals [20]. This process has shown that high-pressure bulk 

polymerization processes are both technically and economically feasible. Furthermore, it illustrates 

how specific polymer-SCF phase behavior can be taken advantage of on an industrial scale, both 

during the reaction and in post-processing. Although the phase behavior of the PCHC-CHO-CO2 

system indicates that a low pressure process is preferred, a high-pressure process should not be 

excluded as an option. Using CO2 as a reactant for polymer production makes supercritical fluid 

technologies relatively accessible without the introduction of auxiliary fluids. Supercritical CO2 

technology offers a wide range of potential advantages in polymer processing [21]. The basis for 

polymer-scCO2 technology is predominantly the plasticization of CO2 saturated polymers and the 

specific behavior of scCO2 as a solvent. Therefore, these two phenomena are discussed with respect to 

the production of aliphatic polycarbonates. 

7.3.1 Effect of CO2 on Polymer Melt Viscosity 

Although CO2 is known to reduce the viscosity of polymer melts and solutions, this effect has been 

neglected in Chapters 5, 6 and in the previous section. This was done because the range of available 

data is rather limited and it would make solution of the momentum and mass balances very complex. 

Besides data from rheological characterization of PCHC solutions in CHO as described in Chapter 5, 

only data on PCHC melt rheology are available [22]. These data demonstrate that PCHC at 483 K has 

a zero-shear viscosity of 2 MPa·s and becomes shear thinning at a shear rate of approximately 

1×10-3 s-1 with a melt-flow index decreasing from 0.5 to 0.0.  Experimental data suggest that the 

relation between CO2 sorption and viscosity reduction is predominantly attributed to free volume 

effects. Therefore, free-volume theory can be used to define scaling laws for the effect of solute 

concentration on viscosity similar to time-temperature superposition. The William-Landel-Ferry 

equation for temperature scaling [23] can be combined with the Chow model that predicts the glass 

temperature (Tg) depression due to the presence of diluents [24] in order to reduce the rheological 

behavior of polymer melts to a single master curve. This approach was demonstrated to be successful 

for the description of the rheological behavior of polystyrene and poly(methyl methacrylate) 

pressurized with CO2 using only pure component properties of these polymers and a master curve [25, 

26]. Because of a lack of experimental data on PCHC, the Tg depression due to CO2 sorption has to be 

estimated by the assumption that the value of �Cp of polystyrene is similar to that of PCHC. The 
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results are presented in Figure 7.3. If PC-SAFT is used to estimate the degree of sorption in PCHC, 

these estimates indicate that PCHC is well above its glass transition temperature at 330 K and 10 MPa. 
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Figure 7.3: Tg depression of PCHC and polystyrene due to CO2 sorption, calculated 
using the Chow model. �Cp is estimated from polystyrene. 

Recently, it has been shown that the viscosity of pure n-alkanes, mixtures thereof and CO2-alkane 

mixtures can be derived from friction theory [27] using the repulsive and attractive pressure terms 

from PC-SAFT [28-30]. As the scaling parameters in these models are linearly dependent on 

molecular weight, this approach can in theory be extended to larger molecules. Provided that a suitable 

estimate can be made for the critical parameters and the dilute gas limiting viscosity of PCHC, this 

approach has the potential to be extended to PCHC-CO2 and PCHC-CHO-CO2 systems. 

7.3.2 Polymer Fractionation and Purification 

Another interesting aspect is the tunability of the solvent strength of SCFs and CO2 in particular. The 

strong interdependence between polymer solubility and polymer molecular weight allows fractionation 

of polymers with a high polydispersity by stepwise pressure reduction [31, 32]. In Figure 7.4 the 

cloud-point pressures of PCHC with different molecular weights in CO2 are plotted as a function of 

temperature. In Chapter 3 it was demonstrated that the presence of CHO in this system can 

significantly enhance the solubility of PCHC in CO2. This allows using lower pressures and higher 

polymer concentrations during fractionation than indicated in Figure 7.4. An additional advantage is 

that this allows integration of the fractionation and purification step. In a process as schematically 

presented in Figure 7.5, a gradient in both pressure and CHO concentration can be applied by 

controlled redistribution of the CO2 recycle to the separators. CHO can be separated from the CO2 

recycle in a flash drum at the end of the cascade of separators. 
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Figure 7.4: Cloud-point curves for PCHC in CO2 at various molecular weights. 
Calculations are based on the PC-SAFT parameters from Chapter 3. 

It should be noted that polymers with a broad polymer molecular weight distribution are multi-

component systems. The low molecular weight fractions have a higher solubility and act as co-

solvents, as a result of which the solubility of the high molecular weight fraction increases. 

Fortunately, PC-SAFT allows dealing with polymers with a broad polydispersity by treating it as a 

number of pseudo components [33]. This allows predicting the relation between process parameters 

and the molecular weight distribution of the precipitated fractions. 
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Figure 7.5: Schematic representation of integrated CHO removal and SCF polymer 
fractionation in a cascade of separators. 
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7.4 PRODUCT PROPERTIES AND APPLICATIONS 

Currently, aromatic bisphenol-A based polycarbonates together with polyesters and thermoplastic 

polyamides belong to the top-3 of engineering thermoplastics [34]. The production capacity of 

polycarbonates by manufacturers in the United States, Western Europe, and Japan reached 2.2 million 

metric tons at the end of 2001 [35]. The commercial success of Bisphenol-A polycarbonate (BPA-PC) 

is due to its unique combination of properties: good thermal resistance, extreme toughness, 

outstanding transparency, high impact strength and good electric and thermal insulating properties. 
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Figure 7.6: Relative contribution of some industrial sectors to the use of 
polycarbonates [34]. 

As a result, the area of application of traditional aromatic polycarbonates is relatively broad 

(Figure 7.6).  As the commercial success of new materials ultimately depends on their specific 

properties, possible applications and costs, aliphatic polycarbonates should be considered as new 

materials, rather than as an extension of the current range of commercially produced polycarbonates. 

7.4.1 Aliphatic Polycarbonates; Properties and Opportunities 

The properties of aliphatic polycarbonates in general and PCHC in particular have not yet been 

extensively researched. Nevertheless, PCHC is known to be a very brittle polymer with a very low 

strain at break (1-2%) and a tensile modulus of 2.5-3.6 GPa [22, 36]. Glass transition temperatures 

have been reported in the range of 105 to 117ºC [22, 36, 37] and thermal stability tests indicate initial 

decomposition temperatures of approximately 570 K and thermal stability up to 500 K [22, 37, 38]. 
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Although this low thermal stability may be considered disadvantageous for its commercial application, 

it allows PCHC to be used as polymeric sacrificial material. Conventional polymeric sacrificial 

materials involve either lengthy immersion in solvents or the creation of special irrigation holes to 

dissolve and remove the material in a reasonable amount of time. As PCHC completely decomposes 

into volatile components at temperatures above 600 K, removal of the sacrificial layer is readily 

facilitated. PCHC has proved to be a suitable material for electron beam lithography to construct sub-

micron fluid handling devices [38]. Furthermore, addition of UV activated acid-catalysts to aliphatic 

polycarbonates has allowed fabrication of buried photo patterned air-channels at reduced temperatures 

[39]. These examples illustrate the potential of PCHC as a thermo-degradable sacrificial material for 

the lithographic fabrication of microelectromechanical systems, microfluidic devices and micro-

reactors. Contrary to PCHC, poly(ethylene carbonate) and poly(propylene carbonate) are already 

commercially produced and marketed as ceramic binders because of their relatively low 

decomposition temperatures. 

7.4.2 Aromatic Polycarbonates from CO2 

Serious attempts have been made to improve the material properties of aliphatic polycarbonates with 

the intention to synthesize commercially interesting polycarbonates from CO2. These efforts have 

predominantly focused on the variation of the epoxide which has resulted in polymers with product 

properties similar to those of PCHC [40-42]. These properties are in striking contrast with those of the 

commercially successful aromatic polycarbonates (mainly from bisphenol A) that are predominantly 

produced via interfacial polycondensation [35]. In this process a sodium salt of bisphenol reacts with 

phosgene in a two-phase mixture consisting of an aqueous, alkaline phase and an immiscible organic 

phase, which generally consists of chlorinated hydrocarbons (e.g. dichloromethane). The major 

disadvantages of this process are the need for large amounts of phosgene and chlorinated solvents as 

well as the stoichiometric formation of salt as by-product. An alternative route relies on the 

transesterification of diphenyl carbonate with a bisphenol. In this process phenol is split off and 

removed by distillation. Interest in this melt process has recently increased as a result of the demand to 

develop sustainable, phosgene-free production processes. Furthermore, diphenyl carbonate is readily 

produced from phenol and dialkyl carbonates [44], while the latter are currently produced from carbon 

monoxide and alcohols. Alternatively, dialkyl carbonates such as dimethyl carbonate (DMC) can be 

synthesized by condensation of methanol and CO2 in the absence of solvent [45]. This route enables 

the utilization of CO2 for the phosgene-free production of aromatic polycarbonates (Figure 7.7). 
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Figure 7.7: Alternative pathway for synthesis of PBA from CO2. 

A major challenge for the development of such a process is to optimize the DMC yield in the first step. 

The conversion of methanol is limited by an unfavorable thermodynamic equilibrium and several 

methods have already been addressed to overcome these limitations. In order to enhance the feasibility 

of such a process, efforts should focus on methods that allow in-situ removal of one or both products 

while maintaining a high hydrostatic pressure and high reactant concentrations. 

7.5 SUSTAINABILITY 

During the past few decades, the concept of sustainable development has gained considerable 

authority as a directive principle in the scientific community. The 1987 WCED report “Our Common 

Future”, better known as the Brundtland Report, defines sustainable development as development that 

meets the needs of the present without compromising the ability of future generations to meet their 

own needs [46]. This concept of sustainability dictates that not only the availability of natural 

resources and the resilience of the environment to cope with human activities should be taken into 

account. Also the limitations set by the current state of technology and the future developments thereof 

are an essential part in the realization of the concept of sustainable development. From that point of 

view chemical engineering and process technology are key-disciplines at the interface of an expanding 

and demanding market of consumers on the one side of the interface and a concerned and suspicious 

society on the other. This implies that both scientists and engineers should focus on the development 

of innovative technologies and processes that contribute to sustainable development and at the same 

time satisfy and anticipate the needs of present and future generations. In that respect the process 

discussed in this thesis contributes to sustainable development for three different reasons. 1) The 

chemistry of this process allows production of polycarbonates without requiring hazardous chemicals 

such as phosgene and without producing by-products. 2) Carbon dioxide, a renewable resource that is 
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often treated as waste, is effectively converted into a useful product. 3) The suggested production 

process does not require solvents and, consequently, prevents the possibility of solvent losses to the 

environment. The contribution of this process to sustainable development can even be further 

increased by expanding the currently limited range of applications of these polymers. Possibly, herein 

lies a major challenge and most promising opportunity. 
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Appendix A 

Experimentally determined bubble point pressure (Pb) of PCHC+CHO+CO2 isopleths at various 

temperatures (T) and liquid phase composition. PCHC with a number average molecular weight and 

polydispersity index of 21 kg/mol and 1.2, respectively, as determined by size exclusion 

chromatography. 

 
PCHC 
wt.% 

CO2 
wt.% 

T 
(K) 

Pb 
(MPa) 

T 
(K) 

Pb 
(MPa) 

3.58% 17.36% 323.20 3.479 383.25 6.769 
  333.31 3.999 393.26 7.329 
  343.25 4.534 403.15 7.864 
  353.33 5.094 413.22 8.379 
  363.30 5.654 423.20 8.889 
  373.29 6.209   

11.95% 14.39% 323.23 3.204 383.27 6.209 
  333.20 3.674 393.21 6.734 
  343.27 4.164 403.12 7.254 
  353.35 4.669 413.19 7.729 
  363.33 5.179 423.20 8.204 
  373.31 5.699   

23.76% 10.71% 323.19 2.664 383.24 5.289 
  333.26 3.074 393.50 5.759 
  343.23 3.489 403.11 6.209 
  353.31 3.929 413.19 6.659 
  363.29 4.374 423.19 7.099 
  373.28 4.834   

2.14% 10.60% 323.23 2.234 383.26 4.304 
  333.31 2.554 393.22 4.654 
  343.28 2.894 403.20 5.004 
  353.23 3.244 413.16 5.344 
  363.33 3.599 423.17 5.684 
  373.30 3.949   

3.65% 10.10% 323.19 2.171 383.24 4.176 
  333.27 2.491 393.21 4.516 
  343.24 2.816 403.19 4.856 
  353.23 3.151 413.16 5.186 
  363.30 3.491 423.14 5.511 
  373.28 3.836   

14.58% 6.67% 323.21 1.613 383.20 3.128 
  333.29 1.843 393.16 3.393 
  343.25 2.088 403.07 3.653 
  353.23 2.343 413.14 3.918 
  363.31 2.555 423.14 4.178 
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  373.28 2.863   
8.88% 8.44% 323.22 1.903 383.22 3.688 

  333.30 2.183 393.21 3.993 
  343.27 2.473 403.19 4.298 
  353.27 2.768 413.26 4.603 
  363.33 3.078 423.27 4.903 
  373.31 3.378   

4.17% 24.73% 333.29 5.420 383.22 9.230 
  343.26 6.155 393.18 9.965 
  353.25 6.920 403.15 10.680 
  363.32 7.700 413.18 11.370 
  323.16 4.680 423.17 12.025 
  373.27 8.470   

8.31% 23.50% 323.19 4.640 323.24 4.675 
  333.27 5.365 333.31 5.400 
  343.25 6.110 343.28 6.150 
  353.23 6.875 353.26 6.925 
  363.30 7.650 363.33 7.705 
  373.28 8.440 373.31 8.480 
  383.23 9.210 383.19 9.245 
  393.24 9.975 393.20 9.950 
  403.22 10.705 403.20 10.730 
  413.30 11.420 413.27 11.435 
  423.31 12.090 423.27 12.105 

33.10% 15.79% 323.23 4.151 323.23 4.186 
  333.29 4.816 333.29 4.856 
  343.26 5.506 343.26 5.551 
  353.24 6.226 353.23 6.276 
  363.31 6.976 363.29 7.026 
  373.29 7.736 373.26 7.781 
  383.20 8.506 383.22 8.536 
  393.21 9.276 393.21 9.296 
  403.19 10.036 403.20 10.046 
  413.29 10.796 413.29 10.796 
  423.28 11.526 423.28 11.521 

11.62% 14.42% 323.26 3.225 373.35 5.796 
  323.28 3.261 383.24 6.326 
  333.34 3.716 383.30 6.371 
  343.31 4.242 393.24 6.851 
  343.31 4.256 403.22 7.366 
  353.30 4.731 403.25 7.406 
  363.23 5.311 413.32 7.881 
  363.37 5.266 423.31 8.376 

23.38% 10.81% 323.23 2.730 383.25 5.390 
  333.31 3.145 393.26 5.885 
  343.27 3.575 403.18 6.310 
  353.26 4.015 413.29 6.770 
  363.32 4.470 423.29 7.225 
  373.30 4.930   
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Appendix B 

Experimentally determined apparent viscosity (η) of PCHC-CHO mixtures at 323 K and various shear 

rates (γ� ) and PCHC weight fraction (wt.%). The uncertainty of the measurements is not constant and 

is also represented (Eη). 

 
PCHC        

Mw wt.% γ�   ηηηη Eηηηη  γ�  ηηηη Eηηηη 
(g/mol)  (s-1) (mPa⋅⋅⋅⋅s) (mPa⋅⋅⋅⋅s)  (s-1) (mPa⋅⋅⋅⋅s) (mPa⋅⋅⋅⋅s) 

- 0% 73 1.3 0.1  15 1.4 0.5 
  37 1.3 0.2  7.3 1 1 

18×103 0.3% 73 1.3 0.1  15 1.5 0.5 
  37 1.4 0.2  7.3 1.5 0.1 
 0.6% 73 1.4 0.1  15 1.6 0.1 
  37 1.4 0.2  7.3 1.6 0.2 
 1.3% 73 1.5 0.1  15 1.7 0.1 
  37 1.5 0.2  7.3 1.9 0.2 
 17% 20 11 5  10 12 10 
 25% 20 28 5  4.1 34 25 
  10 29 10     
 30% 20 59 5  4.1 68 25 
  10 60 10  2.0 70 50 
 35% 20 105 5  1.0 150 100 
  10 106 10  0.51 280 200 
  4.1 117 25  0.20 1150 500 
  2.0 127 50  0.10 2600 1000 
 39% 21 185 5  1.0 305 100 
  10 192 10  0.51 500 200 
  4.1 228 25  0.20 1250 500 
  2.0 265 50  0.10 3800 1000 

19×103 55% 4.1 2335 25  0.51 7150 200 
  2.0 3100 50  0.20 14500 500 
  1.0 4125 100  0.10 29000 1000 
 51% 4.1 1475 25  0.51 4800 200 
  2.0 2150 50  0.20 12500 500 
  1.0 3225 100  0.10 18000 1000 

33×103 38% 20 237 5  2.0 296 50 
  10 250 10  1.0 340 100 
  4.1 267 25     
 27% 20 104 5  4.1 103 25 
  10 103 10  1.0 100 100 
 17% 20 27 5  4.1 28 25 
  10 26 10     
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