
HAL Id: hal-04337624
https://normandie-univ.hal.science/hal-04337624v1

Submitted on 16 Dec 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Kinetics and reactor modelling of a complex three-phase
system: Carbonation of epoxides on grafted catalysts

Tapio Salmi, Wander Perez-Sena, Fabrizio Ciccarelli, Kari Eränen, Ananias
Medina, Tommaso Cogliano, Martino Di Serio, Johan Wärnå, Sébastien

Leveneur, Vincenzo Russo

To cite this version:
Tapio Salmi, Wander Perez-Sena, Fabrizio Ciccarelli, Kari Eränen, Ananias Medina, et al.. Kinetics
and reactor modelling of a complex three-phase system: Carbonation of epoxides on grafted catalysts.
Chemical Engineering Science, 2023, pp.119578. �10.1016/j.ces.2023.119578�. �hal-04337624�

https://normandie-univ.hal.science/hal-04337624v1
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Chemical Engineering Science 285 (2024) 119578

Available online 9 December 2023
0009-2509/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Kinetics and reactor modelling of a complex three-phase system: 
Carbonation of epoxides on grafted catalysts 

Tapio Salmi a, Wander Y. Perez-Sena a,b, Fabrizio Ciccarelli c, Kari Eränen a, Ananias Medina a, 
Tommaso Cogliano a,c, Martino Di Serio c, Johan Wärnå a, Sébastien Leveneur a,b, 
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c Università di Napoli Federico II, Chemical Sciences Department, IT-80126 Napoli, Italy   

A R T I C L E  I N F O   

Keywords: 
Carbonation 
Cycloaddition 
Fatty acid 
Carbon dioxide 
Grafted catalyst 
Kinetics 
Three-phase reactor 
Mathematical modelling 

A B S T R A C T   

Fatty acid epoxides are obtained by epoxidation of fatty acids and esters with hydrogen peroxide. Carbonation of 
fatty acid epoxides with CO2 is an important topic in the development of environmentally friendly technologies 
for the production of chemical intermediates, polymers and fuel components. Very precise kinetic and mass 
transfer studies on the carbonation of a tall-oil model component, epoxidized methyl oleate were carried out in 
an autoclave operating at 20–60 bar CO2 and 100–160 ◦C. SBA-15(0.12)-4PPI was used as the grafted hetero-
geneous catalyst. The reaction times were 0–23 h and the stirring rates were varied between 200 and 1000 rpm to 
study the gas–liquid mass transfer of CO2. The main reaction product was the carbonate, while some amounts of 
ketone were formed as a side product via the Meinwald rearrangement. Five rival reaction mechanisms were 
considered, based on the concept of interaction between the Lewis and nucleophilic sites on the catalyst surface. 
A multiphase reactor model including the interaction of intrinsic kinetics and gas–liquid mass transfer effects was 
developed to determine the parameters from the experimental data. The model reproduced the experimental data 
very well, giving a perspective for process scale-up.   

1. Introduction 

Cyclic carbonates are used as polymer precursors, fuel additives and 
solvents (Saptal and Bhanage, 2017). Cyclic carbonates provide an 
environmentally friendly and non-toxic pathway to the production of 
polyurethanes, which are unfortunately still made from polyols and di- 
isocyanates (Kreye et al., 2013; Petrović, 2008; Saptal and Bhanage, 
2017). The currently applied isocyanate based synthesis route involves 
the use of the very toxic compound, phosgene (LC50 500 ppm, human, 1 
min) (National Center for Biotechnology Information, 2023) so the need 
for a new and green technology is urgent. It is well known that cyclo-
addition of carbon dioxide to epoxides in the presence of homogeneous 
and heterogeneous catalysts gives cyclic carbonates (Webster, 2003). 
The entire process can be sketched as follows, 

Unsaturated fatty acid → Epoxide → Carbonate → Polymer 
Epoxides can be obtained from the reaction between unsaturated 

fatty acid or fatty acid ester with hydrogen peroxide (Alves et al., 2015). 
Several technologies exist for the epoxidation of unsaturated fatty acids, 
such as the classical indirect process discovered originally by Prilezhaev 
in the presence or absence of an added acid catalyst (e.g. mineral acid, 
acidic ion exchange resin) as well as direct enzymatic and 

heterogeneously catalyzed process (Freites Aguilera et al., 2020; Vanags 
et al., 2023; Wikström et al., 2023). 

Unsaturated fatty acids and their esters are found in several edible 
and non-edible oils, such as soybean, palm, rapeseed, linseed, corn, 
sunflower, cardoon, castor, jathropha, cottonseed, grapeseed and canola 
oils and they are reactive in epoxidation with hydrogen peroxide. In the 
Northern hemisphere, the epoxides obtained from tall oil fatty acids are 
of particular interest, because large amounts of non-edible tall oil are 
obtainable as side streams from the Kraft pulping process, i.e. from 
cellulose production Studies concerning the epoxidation of vegetable 
oils were mainly performed using first generation biomass. Fortunately, 
in the last decade, the trend has changed, focusing mainly on either 
second or third generation biomass as the raw material. The dominant 
chemical compounds in tall oil are oleic (48 %) and linoleic (35 %) acids. 
All these acids and their esters contain double bonds, which in principle 
can be epoxidized either by using the classical Prilezhaev concept, 
heterogeneous catalysts or enzymatic technology. For instance, Freites 
Aguilera et al. (2020) studied both tall oil fatty acids and distilled tall oil 
in the epoxidation reaction via the Prilezhaev concept. Amberlite IR120 
and other acidic ion exchange resins (AIERs) were used as heteroge-
neous acid catalysts and the traditional semibatch reactor configuration 
was compared with an improved loop reactor configuration by the use of 
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microwave irradiation. It was noticed that the physicochemical prop-
erties of the distilled tall oil, such as the higher amount of rosin acids and 
the higher viscosity, had promoted the ring opening reactions and 
limited the interfacial mass transfer, resulting in lower yields of the 
reaction products. Wikström et al. (2023) investigated the tall oil fatty 
acid epoxidation in the presence of Candida Antartica B lipase immobi-
lized on Novozym 435 in batch and semibatch reactor configurations. 
Vanags et al. (2023) studied the chemo-enzymatic epoxidation of tall oil 
fatty acids in the presence of six different lipase enzymes. Antartica 
lipase B immobilized on Novozym 435 performed better than all the 
other unsupported lipases. The reaction system was also studied in a 
continuous reactor configuration, where a continuous stirred thank 
reactor was connected to a tubular reactor equipped with several layers 
of a solid catalyst, namely Antartica lipase B immobilized on Novozym 
435. Despite the results in the batch configuration gave good results 
under solvent-free conditions, so in the continuous configuration the 
presence of a solvent, toluene, improved the performance by decreasing 
the viscosity of the reaction mixture. From the viewpoint of process 
engineering, esters of fatty acids are favorable epoxidation reagents, 
because they have lower viscosity than the fatty acid itself and its 
epoxidation products (Cai et al., 2019; Pérez-Sena et al., 2021). 

On paper, carbonization of an epoxide is a straightforward process – 
the epoxide reacts in the liquid phase with dissolved carbon dioxide – 
but the reaction rate and the product selectivity are still the major 
challenges. The carbonation, the cycloaddition reaction between the 
epoxide and carbon dioxide leading to the carbonated product requires 
the presence of a catalyst. Several homogeneous and heterogeneous 
catalysts have been screened and the cycloaddition kinetics and product 
selectivities have varied a lot, depending on the catalyst and the reaction 
conditions (Decortes et al., 2010; Lu and Darensbourg, 2012; Honda 
et al., 2014; Luo et al., 2014; Su et al., 2014; Alves et al., 2015; Com-
erford et al., 2015; Kohrt and Werner, 2015; Sankar et al., 2015; Huang 

et al., 2016; Liu et al., 2016; Zhang et al., 2016; Liang et al., 2018; 
Longwitz et al., 2018; Zhao et al., 2019; Hu et al., 2020). Extensive re-
views on various carbonation catalysts have been provided by North 
et al. (2010) and Calabrese et al. (2019). Compared to smaller mole-
cules, the carbonation of fatty acid epoxidesis more demanding, because 
the larger molecule size as such implies a suppressed reactivity and an 
increasing steric hindrance. However, high efficiency and carbonate 
selectivity has been reported, e.g. for fatty acid carbonation in the 
presence of a homogeneous al complex (Pena Carrodeguas et al., 2017). 

The use of heterogeneous catalysts instead of homogeneous ones has 
a great advantage from the viewpoint of process engineering: the sep-
aration of solid heterogeneous catalysts from the reaction mixture is 
straightforward compared to the separation and recycling of homoge-
neous catalysts. Two main trends are visible in the contemporary liter-
ature: heterogenization of efficient and selective homogeneous catalysts 
or direct use of a heterogeneous catalyst. Examples of heterogenization 
are organocatalysts on silica gel (Kohrt and Werner, 2015), and ionic 
liquid based catalysts on solid supports (Sankar et al., 2015; Zhang et al., 
2016). Particularly graphene oxide has been successfully used as a solid 
matrix for heterogenization (Zhang et al., 2016). Several heterogeneous 
catalysts have been screened, for instance cobalt (Lu and Darensbourg, 
2012), zinc (Luo et al., 2014), magnesium and cerium oxides (Zhao 
et al., 2019; Honda et al., 2014), LiBr/γ-Al2O3 (Liang et al., 2018) and 
graphitic carbon nitride (Su et al., 2014; Huang et al., 2016), but in 
general, the homogeneous catalysts have shown a better performance 
concerning the epoxide conversion. Heterogenization of active and se-
lective homogeneous catalysts by grafting can provide a way to combine 
the benefits of homogeneous and heterogeneous catalysis; for example 
Bähr and Mülhaupt (2012) report the use of TBAB on silica for the 
epoxidation of soybean and linseed oils: a complete conversion of the 
epoxides was obtained within 20 h. TBAB was confirmed to be an active 
catalyst in the carbonation of castor oil, too (Ruiz et al., 2017). Motokura 

Nomenclature 

A gas–liquid interfacial area 
A, B parameters in cubic equation of state 
a,b parameters in Peng-Robinson equation of state 
aL gas–liquid interfacial area-to-liquid volume ratio 
aG gas–liquid interfacial area-to-gas volume ratio 
c concentration 
K equilibrium constant 
k rate constant 
kL liquid-phase mass transfer coefficient 
m mass 
N diffusion flux 
n amount of substance 
n flow of amount of substance (molar flow) 
P pressure 
Q objective function in regression analysis 
R reaction rate 
R2 degree of explanation 
RG general gas constant, 8.314 J/(Kmol) 
r rate 
T temperature 
t time 
V volume 
y dimensionless epoxide concentration 
Z compressibility factor 
z transformed variable 
α, α’ merged parameters 
β, β’ merged rate parameter 
γ merged kinetic parameter 

δ dimensionless adsorption parameter 
κ dimensionless adsorption parameter 
λ merged parameter 
ρ density 
ω, ω’ combined adsorption and rate parameters 

Subscripts and superscripts 
B bulk quantity 
cat catalyst 
exp experimental quantity 
G gas phase 
i component index 
L liquid phase 
t time 
0 initial value or total amount 
* surface site, saturation state 

Abbreviations 
C carbon dioxide 
E epoxide 
CMO carbonated methyl oleate 
EMO epoxidized methyl oleate 
EoS equation of state 
IVP initial value problem 
ODE ordinary differential equation 
P1 product 1, epoxide 
P2 product 2, ketone 
PR Peng-Robinson 
MCMC Markov Chain Monte Carlo 
TEOS tetraethyl orthosilicate  
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and co-workers (2009) used silica supported aminopyridium halides in 
the epoxidation of styrene oxide and high yields of cyclic carbonate were 
obtained for this kind of crafted catalyst. A characteristic feature for the 
previous carbonation studies is that very precise kinetic modelling is 
missing, even though excellent kinetic data have been obtained with a 
high precision and using the most sophisticated techniques, such as 
NMR and infrared spectroscopy. 

In the previous work, we focused on the heterogenization of homo-
geneous catalysts for the carbonation process (Perez Sena et al., 2022). 
Several active species were successfully anchored to SiO2 and SBA-15 as 
illustrated in Fig. 1. The catalysts were used in the carbonation of 
epoxidized methyl oleate (EMO) with carbon dioxide in an isothermal 
and pressurized reactor autoclave. In this article, we report new results 
on carbonation kinetics for the SBA-15 supported 4-pyrrolidinopyridi-
nium (SBA-15-4PPI) catalyst. EMO was used the substrate and exten-
sive kinetic and mass transfer experiments were conducted in a 
pressurized autoclave operating under isothermal conditions. Kinetic 
models based on presumed molecular mechanisms for the cycloaddition 
of carbon dioxide to epoxides are presented and the modelling results 
are discussed from the viewpoints of reaction mechanisms and reactor 
technology. 

2. Experimental section 

2.1. Materials and chemicals 

The following chemicals were used in catalyst preparation and in 
kinetic experiments: tetraethyl orthosilicate (TEOS, ≥98 %), PEG-PPG- 
PEG (pluronic123), (3-iodopropyl)trimethoxysilane (≥95 %), 4-pyrroli-
dinopyridine (≥98 %), toluene (≥99.8 %), methanol (≥99.9 %), ethyl 
acetate (≥99.9 %), oleic acid (≥90 %), sulfuric acid (95–97 %), formic 
acid (≥98 %) were all purchased from Sigma Aldrich. Hydrogen 
peroxide solution (≥30 %) were provided by Fisher Scientific, zinc ni-
trate (≥99 %) by Fluka and dichloromethane (DCM) (≥99.9 %) by 
Honeywell. Carbon dioxide (99.995 %) was obtained from Woikoski Oy. 
The commercial materials and chemicals were used as received. The 
methyl ester of oleic acid was prepared in laboratory from oleic acid and 
methanol in the presence of sulfuric acid as the homogeneous catalyst. 
The methyl ester was epoxidized with hydrogen peroxide according to 
the Prilezhaev concept. Formic acid was used as the reaction carrier in 
the epoxidation. The synthesis was carried out in semibatch mode by 
adding gradually hydrogen peroxide to the reaction mixture. The 
preparation of the methyl ester and its epoxide followed exactly the 
procedures given in our previous publications (Perez Sena et al., 2022; 
Guzmán Agudelo et al., 2020). 

2.2. Catalyst preparation 

The catalytic material used in the carbonation experiments was 
prepared following a well-established multi-step synthesis procedures 
described below. The solid mesoporous material was prepared and pre- 

functionalized, after which the active catalyst component was grafted to 
it. 

2.2.1. SBA-15 synthesis 
The SBA-15 mesoporous material was prepared as follows: 2 g of 

PEG-PPG-PEG copolymer were dissolved in 75 mL of 1.6 M HCl solution 
for 4 h at 40 ◦C. Once a completed dissolution was achieved, 4.0 g of 
TEOS were gradually added to the solution. Thereafter, the solution was 
maintained under vigorous stirring at 40 ◦C for 24 h. The resultant 
mixture was transferred into a Teflon liner and kept under static con-
dition at 100 ◦C for additional 24 h. Following this, the mixture was 
filtered, yielding a white solid. This solid material was then subjected to 
calcination at 550 ◦C, employing a heating rate of 1 ◦C min− 1, for a total 
period of 6 h. The obtained SBA-15 material was stored in a desiccator, 
ensuring optimal conditions for future functionalization. 

2.2.2. Iodine pre-functionalization of SBA-15 
The previously synthesized SBA-15 (10.0 g) was dispersed in a 500 

mL toluene solution containing 3-iodopropyltrimethoxysilane (50.0 
mmol). The resulting solution was subjected to refluxing under an inert 
atmosphere for 24 h. After this reflux, the mixture was allowed to cool, 
and the solid material was recovered by filtration. The solid was washed 
three times with fresh toluene, followed by washing with ethanol in a 
Soxhlet extractor for 24 h, ensuring a complete removal of free species 
from the surface. After the purification steps, the solid material was 
subjected to drying at 70 ◦C overnight. The dried material was stored 
appropriately for future functionalization. 

2.2.3. Preparation of SBA-15 supported 4-pyrrolidinopyridinium (SBA-15- 
4PPI) 

The synthesis of the catalytic material SBA-15-4PPI was conducted as 
follows. Initially, Iodine pre-functionalized SBA-15 (10.0 g) and 4-pyrro-
lidinopyridinium (60.0 mmol) were combined in a toluene solution 
(500 mL). This mixture was subjected to reflux conditions under an inert 
atmosphere for 24 h. Following this period, the mixture was cooled 
down, and the resulting solid was collected by filtration. Thereafter, the 
solid was washed three times with toluene, water and dichloromethane, 
followed by an additional wash with ethanol in a Soxhlet extractor for 
24 h. The catalytic material was dried overnight at 70 ◦C and appro-
priately stored for future use. 

2.3. Carbonation experiments 

Kinetic and mass transfer experiments were carried out in a 300 mL 
autoclave reactor equipped with mechanical stirring. In typical 
carbonation experiment, 50 g of epoxidized methyl oleate and 4 g of the 
synthesized SBA-15-4PPI catalyst were mixed in the reactor vessel. The 
reactor was sealed and purged with nitrogen three times. Thereafter, the 
reaction mixture was heated to the target temperature, and once ach-
ieved, pure CO2 was fed continuously into the system at a constant 
pressure. The reactor pressure was regulated by a pressure controller so 

Fig. 1. Heterogenized cycloaddition catalysts prepared in our previous work (Perez Sena et al., 2022).  
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Fig. 2. Rival reaction mechanisms investigated in this work.  
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Fig. 2. (continued). 
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that the CO2 pressure remained constant during the experiment. The 
pressure was monitored continuously and the pressure data were stored 
on a PC. To ensure excellent gas–liquid mixing, a gas-entrainment 
impeller was used at 800 rpm. 

Samples were withdrawn periodically from the reactor to follow the 
progress of the reaction. The epoxide concentration was analyzed by the 
oxirane titration method of Jay (1964) following the standard ASTM D 
1652-04, 2004. Perchloric acid is added to tetraethylammonium chlo-
ride (TEAB) to generate in situ hydrogen bromide, which titrates the 
epoxy groups in the stoichiometric ratio 1:1. The progress of titration 
was followed by a potentiometric titrator. The accuracy of the method 
was approx. 5 %. The carbonate concentration was measured using a 
combination of 1H NMR and FTIR spectroscopy. The FTIR analysis was 
based on the carbonate group absorbance at 1800 cm− 1 as described in 
our previous publications (Perez Sena et al., 2022; Guzmán Agudelo 
et al., 2020). 

2.4. Gas-liquid mass transfer experiments 

Gas-liquid mass transfer experiments were conducted in the same 
reactor vessel, which was utilized for the kinetic studies. Both the 
reactant (epoxidized methyl oleate, EMO) and the product (carbonated 
methyl oleate, CMO) were employed in these experiments. 

In a typical mass transfer experiment, either epoxidized methyl 
oleate or carbonated methyl oleate was introduced into the reactor 
vessel and the reactor was sealed and purged several times with nitrogen 
before heating it to a predefined temperature under gentle stirring. Once 
a stable temperature was achieved, the stirring was switched off, and 
CO2 was introduced until the desired pressure was reached in the reactor 
vessel. Then the feed was closed off, and the CO2 transfer from the gas 
phase to the liquid phase was initiated by starting the mechanical stir-
ring. The gas-phase pressure and temperature, and the liquid phase 
temperature were continuously recorded throughout during the exper-
iment. The amount of CO2 (in mol) transferring into the liquid phase was 
calculated from the decrease of the CO2 concentration in the gas phase. 

Prior to the mass transfer experiments, the total volume of the sealed 
reactor vessel was determined by interconnecting the empty reactor 
vessel to a reservoir of a known volume. The temperature and pressure 

of both the reservoir and the reactor vessel were monitored. The reser-
voir was initially filled with either CO2 or N2, and subsequently, the total 
amount of gas contained in the reservoir was distributed between the 
two vessels by adjusting a valve. The volume of the reactor was calcu-
lated by using a gas law. The Peng-Robinson equation of state (Reid 
et al., 1988) was used to estimate the compressibility factor of the 
employed gas during the determination of the reactor volume and 
during the mass transfer experiments. 

3. Reaction mechanism and kinetic model 

3.1. Overview of presumed reaction mechanisms 

The main reaction, the carbonation of epoxidized fatty acid ester 
follows the stoichiometry 

Epoxide + CO2 → Carbonated product 
The experimental data however revealed that besides the epoxidized 

product, a ketone was formed, according to the simple the stoichiometry 
Epoxide → Ketone 
The ketone formation was irreversible and essentially parallel with 

the epoxide formation. The crucial issue is the path of this side reaction, 
particularly on which active sites, the Lewis sites or the nucleophilic 
sites, are involved in this side reaction. Several possible pathways were 
considered, by detailed kinetic analysis of the experimental data and by 
separate experiments conducted in the absence of carbon dioxide. In 
total, five alternative reaction mechanisms were compared, as displayed 
in Fig. 2. 

The essential features and basic hypotheses of the investigated 
mechanisms are summarized below. 

Mechanism 1. Carbonation is initiated on the Lewis site, and adsorbed 
epoxide interacts with the nucleophilic site forming an intermediate, 
which reacts with dissolved CO2 to the carbonated product, which de-
sorbs from the surface. The ketone formation is presumed to take place 
on the Lewis site. 

Mechanism 2. Carbonation takes place directly on the nucleophilic 
site, while the ketone formation proceeds on the Lewis site. 

Mechanism 3. Carbonation proceeds similarly to mechanism 1, via 
the interaction of Lewis and nucleophilic sites, whereas the ketone is 

Fig. 2. (continued). 
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formed on the nucleophilic site. 
Mechanism 4. The reaction is initiated on the Lewis site, the reaction 

intermediate is shifted to the nucleophilic site, where the carbonated 
product and the ketone are formed in parallel. 

Mechanism 5. This mechanism is based on the single site concept, i.e. 
both the carbonization and the ketone formation take place in parallel 
on the nucleophilic site. 

The common feature for these mechanisms is that the reactant (E =
epoxide) and the product (P1 = carbonated product, P2 = ketone) 
adsorption is included, whereas CO2 reacts from the bulk liquid. In this 
sense, the mechanisms follow the Eley-Rideal concept. The adsorption 
and desorption steps are presumed to be rapid compared to the surface 
reaction steps. Consequently, the quasi-equilibrium hypothesis is 
applied to the adsorption and desorption steps. For the surface in-
termediates, the quasi-steady state hypothesis is used, in order to reduce 
the number of adjustable parameters in the rate equations. The rate 
determining steps are regarded as irreversible. The elementary steps 
included in mechanisms 1–5 are summarized in Table 1. 

3.2. Rate equations 

Based on the mechanisms and the hypotheses presented above, we 
arrive at the following rate equations (RI = carbonation rate, RII = ke-
tone formation rate); the details of the derivations are provided in 
Supplementary Information. 

Mechanism 1 

RI =
kCCECC

1 + αCE + βCECC + KP1CP1 + KP2CP2
(1)  

RII =
kKCE

1 + αCE + βCECC + KP1CP1 + KP2CP2
(2) 

Mechanism 2 

RI =
kCCECC

1 + KE1CE + KP1CP1
(3)  

RII =
kKCE

1 + KE2CE + KP2CP2
(4) 

Mechanism 3 

Table 1 
Elementary steps in mechanisms 1–5.  

Mechanism 1 (*1 = Lewis site, *2 = nucleophilic site) 

1 E + *1 = E*1 
2 E*1 + *2 → F*2 + *1 
3 F*2 + C → P1*2 
4 P1*2 = P1 + *2 
5 E*1 → P2*1 
6 P2*1 = P2 + *1  

Mechanism 2 

1 E + *1 = E*1 
2 E + *2 = E*2 
3 E*2 + C → P1*2 
4 P1*2 = P1 + *2 
5 E*1 → P2*2 
6 P2*2 = P2 + *2  

Mechanism 3 

1 E + *1 = E*1 
2 E + *2 = E*2 
3 E*1 + *2 → F*2 + *1 
4 F*2 + C → P1*2 
5 P1*2 = P1 + *2 
6 E*2 → P2*2 
7 P2*2 = P2 + *2  

Mechanism 4 

1 E + *1 = E*1 
2 E*1 + *2 = F*2 
3 F*2 + C → P1*2 
4 P1*2 = P1 + *2 
5 F*2 → P2*2 
6 P2*2 = P2 + *2  

Mechanism 5 

1 E + *2 = E*2 
2 E*2 + C → P1*2 
3 P1*2 = P1 + *2 
4 E*2 → P2*2 
5 P2*2 = P2 + *2  

Fig. 3. Schematic view of the carbonation reactor system.  
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RI =
kCCECC

(1 + KE1CE)(1 + KE2CE + KP1CP1 + KP2CP2)CC + αCE
(5)  

RII =
kKCECC(1 + KE1CE)

(1 + KE1CE)(1 + KE2CE + KP1CP1 + KP2CP2)CC + αCE
(6) 

Mechanism 4 

RI =
kCCECC

1 + αCC + γCE + βCECC + KP1CP1 + PP2CP2
(7)  

RII =
kKCE

1 + αCC + γCE + βCECC + KP1CP1 + KP2CP2
(8)  

Model 1 is mathematically a special case of Model 4, by setting α = 0 in 
Model 4, Model 1 is obtained. 

Mechanism 5 

RI =
kCCECC

1 + KE1CE + KP1CP1 + KP2CP2
(9)  

RII =
kKCE

1 + KE1CE + KP1CP1 + KP2CP2
(10)  

3.3. Generation rates of components 

The consumption and production rates of the components are ob-

tained from the reaction stoichiometry in a very straightforward way, 

rE = − RI − RII (11)  

rC = − RI (12)  

rP1 = RI (13)  

rP2 = RII (14)  

These generation rate expressions are implemented in the component 
mass balances for the reactor autoclave and they are useful in the 
product distribution analysis based on the models. 

4. Reactor model 

4.1. Basic principles 

The basic principles of the reactor model can be understood by 
looking at the schematic view of the experimental device displayed in 
Fig. 3. New CO2 was continuously fed into the vigorously stirred liquid 
phase, where the solid catalyst particles were immersed. In this way, the 
pressure of CO2 in the gas phase was maintained constant throughout 
the experiment. From the modelling viewpoint, the system can be 
considered as a three-phase semibatch reactor: the solid catalyst and the 
liquid phases were in batch, while the gas phase was in semibatch mode. 
Because of vigorous stirring, the concentration and temperature gradi-
ents in the liquid phase vanished. Small catalyst particles were used and 
the reaction itself was slow, which implies that the external and internal 
mass transfer resistances around and inside the catalyst particles were 
suppressed. In this sense, the system worked under the conditions of 
intrinsic kinetics, but one question still remains: did the gas–liquid mass 
transfer resistance of CO2 have an impact on the observed experimental 
results? To elucidate this very important issue, a series of experiments 
were conducted with different stirring rates. The experimental matrix is 
provided in Table 2. The experimental procedure and analytical 
methods are described in detail in our previous article (Perez Sena et al., 
2022). 

4.2. Component mass balances 

The isothermal reactor model is written in such a way that the 
gas–liquid mass transfer effect is included in the balance equation of 
CO2. The primary form of the gas-phase mass balance is (C––CO2) 

n′
0GC = NCA+

dnGC

dt
(15)  

where n = inlet molar flow of CO2, NC = diffusion flux of CO2 into the 
liquid phase, A = gas–liquid surface area, nGC = amount of CO2 in the 
gas phase, t = time. Pure (99.995 %) CO2 was used and the gas-phase 
volume and pressure were constant, because CO2 was continuously 
added to the system and the total pressure was regulated. 

For the liquid phase, the mass balance of CO2 is written as 

NCA+ rCmcat =
dnC

dt
(16)  

where rC = consumption rate of CO2, mcat = mass of catalyst, nC =

amount of CO2 in the liquid phase. The description of the diffusion flux is 
an issue as such. A simple approach is to use the law of Fick along with 
the double-film (coupled gas and liquid films) theory for the modelling 
of the diffusion flux. This approximation is usually good enough to 
describe the diffusion of sparingly soluble gases in solvents (Salmi et al., 
2019). Because the gas phase consisted always of pure CO2, the diffusion 
resistance of CO2 in the gas film did not exist. Based on this discourse, 
the flux expression for CO2 in the liquid film is 

Table 2 
Experimental matrix for the carbonation of EMO.  

Reactor volume 0.327 L 
Liquid Volume 0.055 L 
Catalyst bulk density 27–110 g•L-1 

Stirring rate 800 rpm 
Temperature 373–443 K 
CO2 pressure 20–60 bar  

Table 3 
Experimental matrix: gas–liquid mass transfer for EMO.  

Exp No P 
(bar) 

T 
(K) 

Stirring speed 
(RPM) 

1 30 323.15 800 
2 30 373.15 800 
3 30 413.15 800 
4 30 443.15 800 
5 40 323.15 800 
6 40 373.15 800 
7 40 413.15 800 
8 40 443.15 800 
9 20 323.15 800 
10 20 373.15 800 
11 20 413.15 800 
12 20 443.15 800 

Notes: Substrate = EMO, No catalyst, VG = 0.055 L, VL = 0.274 L. 

Table 4 
Experimental matrix: gas–liquid mass transfer for CMO.  

Exp No P 
(bar) 

T 
(K) 

Stirring speed 
(RPM) 

1 30  323.15 800 
2 30  373.15 800 
3 30  413.15 800 
4 30  443.15 800 
5 40  323.15 800 
6 40  373.15 800 
7 40  413.15 800 
8 40  443.15 800 

Notes: Substrate = CMO, No catalyst, VG = 0.051 L, VL = 0.277 L. 
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NC = kLC(c*C − cC) (17)  

where c*C denotes the saturation concentration of CO2 at the gas–liquid 
interphase. For sparingly soluble gases, the law of Henry is applied for 
the gas solubility (Fogg and Gerrard, 1991; Salmi et al., 2019), 

KH =
p*GC

c*C
(18)  

from which the saturation concentration of CO2 in the liquid phase (c*C) 
can be solved; p*CO2 = P in this case (pure gas), 

c*C =
P

KH
(19)  

The flux expression (40) becomes 

NC = kLC(
P

KH
− cC) (20)  

The amount of substance is related to the concentration and the liquid 
volume, 

nC = cCVL (21)  

and the surface area-to-volume ratio (aL) and the catalyst bulk density 
(ρB) are defined as follows, 

aL =
A
VL

(22)  

ρB =
mcat

VL
(23)  

After inserting these quantities in Eq. (16), the mass balance of CO2 gets 
the form 

dcC

dt
= kLCaL(

P
KH

− cC)+ rCρB (24)  

For the non-volatile liquid-phase components, the epoxide (E) and the 
carbonated product (P1) and the ketone (P2), the gas–liquid flux is zero 
and the balance equations become 

rimcat =
dni

dt
(25)  

where i = E or i = P1, P2. For a constant liquid-phase volume, the 
balance equation can be simplified to 

dci

dt
= riρB (26)  

The model Eqs. (24) and (26) form a system of ordinary differential 
equations (ODEs), an initial value problem (IVP) which has the 
following initial conditions at t = 0, 

ci = c0i (27)  

where i = C, E, P. 

4.3. Gas-liquid mass transfer mass balance 

The mass transfer parameter kLaL and Henry’s constant KH can be 
obtained by performing individual experiments in the absence of the 
catalyst, i.e. in the absence of chemical reactions. In this case, the mass 

Fig. 4. Gas-liquid modelling results for epoxidized methyl oleate (EMO) at 800 rpm.  

Table 5 
Parameter estimation results: gas–liquid mass transfer for EMO.  

Exp No kL•aL 

(min− 1) 
KH 

(bar•L•mol− 1) 
R2 

1  3.78  17.47  0.98 
2  7.74  31.83  0.99 
3  9.90  42.43  0.99 
4  12.12  53.85  0.97 
5  3.89  18.11  0.99 
6  7.38  33.75  0.98 
7  10.19  44.95  0.99 
8  11.84  51.99  0.99 
9  4.25  16.78  0.99 
10  7.37  30.24  0.99 
11  9.22  42.56  0.99 
12  9.80  55.55  0.98  

T. Salmi et al.                                                                                                                                                                                                                                   



Chemical Engineering Science 285 (2024) 119578

10

balances of the components in the system become 

dcC

dt
= kLCaL(

P
KH

− cC) (28)  

dci

dt
= 0 (29)  

where i refers to the liquid-phase components. The parameters kLaL and 
KH can be obtained from Eq. (28) if the concentration of CO2 in the 
liquid phase is followed. Otherwise, during the experiments, the CO2 
pressure and temperature are accurately monitored in the gas phase, 
therefore, the gas phase mass balance is preferred for the task, 

dcGC

dt
= − kLCaG(

P
KH

− cC) (30)  

The main differences between Eqs. (28) and (30) is that aG = A/VG. 
Multiplication by VG/VL can easily transform the kLaG parameter to kLaL, 
which is more practical in the estimation of the kinetic parameters, 
where the liquid-phase mass balances (24) and (26) are used. 

The gas-phase concentration of CO2(cGC) is obtained from an equa-
tion of state (EoS), a non-ideal gas law, 

Fig. 5. Gas-liquid mass transfer modelling results for carbonated methyl oleate (CMO) at 800 rpm.  

Table 6 
Parameter estimation results for gas–liquid mass transfer of CMO.  

Exp No kL•aL 

(min− 1) 
KH 

(bar•L•mol− 1) 
R2 

1  2.52  20.74  0.98 
2  6.21  36.13  0.99 
3  7.53  48.93  0.99 
4  9.73  52.09  0.99 
5  2.92  22.08  0.98 
6  6.11  37.34  0.98 
7  8.18  45.23  0.99 
8  11.41  49.25  0.91  

Fig. 6. Saturation concentration (solubility) of CO2 in the liquid phase as a function of pressure and temperature: a) EMO and b) CMO.  
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Fig. 7. Fit of the model to the experimental data for the mechanism 1: a) temperature, b) pressure and c) catalyst bulk density.  

Fig. 8. Fit of the model to the experimental data for the mechanism 2: a) temperature, b) pressure and c) catalyst bulk density.  
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Fig. 9. Fit of the model to the experimental data for the mechanism 3: a) temperature, b) pressure and c) catalyst bulk density.  

Fig. 10. Fit of the model to the experimental data for the mechanism 4: a) temperature, b) pressure and c) catalyst bulk density.  
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cGC =
P

ZRT
(31)  

and the compressibility factor Z is estimated by using Peng-Robinson 
(PR) equation of state in its very compact cubic form (Reid et al., 1988), 

Z3 − (1 − B)Z2 +(A − 2B − 3B2)Z − (AB − B2 − B3) = 0 (32)  

where A and B are 

A =
aP

(RGT)2 (33)  

B =
bP

RGT
(34)  

Parameters α, a and are dependent on the physical properties of the gas 
(Reid et al., 1988), Eq. (32) can be solved relatively rapidly and it 
provides a very satisfactory prediction for CO2 at the investigated 

Fig. 11. Fit of the model to the experimental data for the mechanism 5: a) temperature, b) pressure and c) catalyst bulk density.  

Table 7 
Parameter estimation results for mechanism 1.  

Parameter Unit Value Est. relative Std Error (%) 

kC L2⋅mol− 1⋅g− 1⋅min− 1 2.06E− 05 23.9 
kK L⋅g− 1⋅min− 1 8.75E− 06 23.5 
α L⋅mol− 1 1.38E− 07 >100 
β L2⋅mol− 2 1.00E− 03 >100 
KP1 L⋅mol− 1 7.78E− 01 43.9 
KP2 L⋅mol− 1 1.18E+00 69.3 
Eakc J⋅mol− 1 5.72E+04 5.2 
Eakk J⋅mol− 1 7.94E+04 5.9  

Table 8 
Correlation matrix of the kinetic parameters for mechanism 1.   

kc kk А β KP1 KP2 Eakc Eakk 

kc  1.000        
kk  0.970  1.000       
α  − 0.018  − 0.030  1.000      
β  0.955  0.943  − 0.151  1.000     
KP1  0.275  0.240  − 0.135  0.215  1.000    
KP2  0.805  0.799  0.033  0.755  − 0.305  1.000   
Eakc  0.135  0.155  0.150  0.038  − 0.571  0.563  1.000  
Eakk  0.176  0.059  0.143  0.087  − 0.304  0.401  0.430  1.000  

Table 9 
Parameter estimation results for mechanism 2.  

Parameter Unit Value Est. relative Std Error (%) 

kc L2⋅mol− 1⋅g− 1⋅min− 1 1.62E− 05 >100 
kk L⋅g− 1⋅min− 1 8.57E− 04 29 
KE1 L⋅mol− 1 1.15E− 05 >100 
KE2 L⋅mol− 1 1.39E− 05 >100 
KP1 L⋅mol− 1 7.92E− 01 >100 
KP2 L⋅mol− 1 4.60E+02 29.5 
Eakc J⋅mol− 1 5.18E+04 5.5 
Eakk J⋅mol− 1 8.87E+04 6.3  
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operation conditions. 
A critical remark is however necessary: the change of the physical 

properties during the reaction, especially the liquid viscosity might in-
fluence the diffusion coefficient – and consequently, the mass transfer 
coefficient of CO2 in the liquid phase during the reaction. The mass 
transfer parameter kLaL most probably decreases during the experiment 
and also the solubility constant KH might be influenced by the gradual 
chemical changes in the reaction milieu. For this reason, two sets of mass 
transfer experiments were carried out using epoxidized methyl oleate 
and previously synthesized carbonated methyl oleate. The experimental 
matrices are displayed in Tables 3 and 4, respectively. 

4.4. Product distribution analysis 

Before taking the big leap to parameter estimation by nonlinear 
regression, a product distribution analysis is useful to gain additional 
understanding on the reaction system. In this sense, the rate equations 
belong to two categories, models with common denominators for the 
product formation (models 1, 4 and 5) and models with different de-
nominators in the rate equations (models 2 and 3). The basic assumption 
in the product distribution analysis is that the system operates under 
kinetic control and under constant carbon dioxide pressure, which 
means that the mass balance of carbon dioxide can be discarded. 

The general liquid-phase mass balance Eq. (26) is valid for the re-
action products (P1 and P2); taking into account the generation rate Eqs. 
(13) and (14), we get 

dcP1

dt
= RIρB (35)  

dcP2

dt
= RIIρB (36)  

Elimination of the reaction time gives 

dcP1

dcP2
=

RI

RII
(37)  

For models 1, 4 and 5, equation (37) becomes 

dcP1

dcP2
= α′cCO2 (38)  

where α’ is a merge of fundamental model parameters, i.e. rate and 
equilibrium constants. The detailed content of α’ depends on the 
particular model. In general, α’ is temperature dependent, but for one 
temperature and carbon dioxide pressure, a lump can be used, 

ω′ = α′cCO2 (39)  

Separation of variables and integrating Eq. (38) with the limits [0, cP1] 
and [0,cP2] gives a linear relationship 

cP2 = cP1/ω′ (40) 

Table 10 
Correlation matrix of the kinetic parameters for mechanism 2.   

kc kk KE1 KE2 KP1 KP2 Eakc Eakk 

kc 1        
kk − 0.54 1       
KE1 0.998 − 0.53 1      
KE2 − 0.056 0.222 − 0.056 1     
KP1 0.997 − 0.542 0.992 − 0.046 1    
KP2 − 0.549 0.972 − 0.55 0.106 − 0.544 1   
Eakc − 0.676 0.478 − 0.679 0.106 − 0.66 0.482 1  
Eakk 0.4 − 0.881 0.387 − 0.324 0.401 − 0.815 − 0.649 1  

Table 11 
Parameter estimation results for mechanism 3.  

Parameter Unit Value Est. relative Std Error (%) 

kc L⋅g− 1⋅min− 1 3.10E− 04 49.1 
kk L⋅g− 1⋅min− 1 4.84E− 05 24.8 
α L⋅mol− 1 1.70E+00 52.7 
KE1 L⋅mol− 1 2.04E+00 57.3 
KE2 L⋅mol− 1 3.37E− 08 >100 
KP1 L⋅mol− 1 2.38E− 03 >100 
KP2 L⋅mol− 1 1.65E+01 60.7 
Eakc J⋅mol− 1 6.69E+04 13.8 
Eakk J⋅mol− 1 9.52E+04 9.8 
Eaα J⋅mol− 1 4.96E+04 26.2  

Table 12 
Correlation matrix of the kinetic parameters for mechanism 3.   

kc kk α KE1 KE2 KP1 KP2 Eakc Eakk Eaα 

kc 1          
kk 0.29 1         
α 0.951 0.505 1        
KE1 0.871 − 0.214 0.713 1       
KE2 0.093 0.163 0.064 0.012 1      
KP1 0.136 − 0.686 0.008 0.487 − 0.046 1     
KP2 0.09 0.89 0.252 − 0.366 0.126 − 0.933 1    
Eakc 0.014 0.837 0.181 − 0.417 − 0.001 − 0.909 0.954 1   
Eakk 0.081 0.806 0.231 − 0.342 0.027 − 0.845 0.915 0.964 1  
Eaα 0.043 0.539 0.13 − 0.24 − 0.312 − 0.612 0.639 0.816 0.832 1  

Table 13 
Parameter estimation results for mechanism 4.  

Parameter Unit Value Est. relative Std Error (%) 

kC L2⋅mol− 1⋅g− 1⋅min− 1 6.24E− 05 47 
kK L⋅g− 1⋅min− 1 3.55E− 05 46.9 
α L⋅mol− 1 1.87E− 02 >100 
γ L⋅mol− 1 3.99E− 05 >100 
β L2⋅mol− 2 6.77E− 01 86.3 
KP1 L⋅mol− 1 2.60E+00 75.4 
KP2 L⋅mol− 1 6.96E+00 95.6 
Eakc J⋅mol− 1 6.74E+04 22.4 
Eakk J⋅mol− 1 8.13E+04 18.7 
Eaα J⋅mol− 1 2.26E+05 >100 
Eaγ J⋅mol− 1 1.39E+05 >100 
Eaβ J⋅mol− 1 1.71E+04 >100  
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By plotting cP2 vs cP1 it can be checked, whether the proposed rate 
equation can be valid. Moreover, the reaction order with respect to CO2 
can be investigated by plotting the ω’-values as a function of the CO2 
concentration (or partial pressure) separately at different temperatures. 
In this way, a preliminary estimation of the merged parameter α’ can be 
obtained. 

Model 3 is a very interesting case. Division of the balance equations 
of P1 and P2 gives 

dcP2

dcP1
= ω(1 + KEcE) (41)  

The total balance of the species is 

c0E = cE + c P1 + cP2 (42)  

assuming that the amount of adsorbed species is small compared to the 
amount of substance in the liquid phase. The concentration of cE is 
solved from equation (42) and inserted in Eq. (41). The differential 
equation 

dcP2

dcP1
= (kK/kC)(1 + KE(c0E − c P1 − cP2)) (43)  

gives the relation between the product concentrations. A substitution z 
= cP1 + cP2 is introduced, which implies that 

dz
dcP1

= 1+
dcP2

dcP1
(44)  

This relation is inserted in Eq. (43) giving 

dz
dcP1

− 1 = α′ − β′z (45)  

Separation of variables and integration with the limits [0,z] and [0,cP1] 

Table 14 
Correlation matrix of the kinetic parameters for mechanism 4.   

kc kk α γ В KP1 KP2 Eakc Eakk Eaα Eaγ Eaβ 

kc 1            
kk 0.997 1           
α − 0.083 − 0.086 1          
γ 0.098 0.1 − 0.227 1         
β 0.944 0.943 − 0.383 0.063 1        
KP1 − 0.49 − 0.5 − 0.253 0.39 − 0.438 1       
KP2 0.965 0.966 − 0.037 − 0.034 0.912 − 0.685 1      
Eakc 0.388 0.388 0.329 − 0.166 0.287 − 0.579 0.462 1     
Eakk 0.394 0.385 0.33 − 0.165 0.288 − 0.559 0.46 0.984 1    
Eaα 0.1 0.103 − 0.986 0.218 0.4 0.21 0.058 − 0.19 − 0.194 1   
Eaγ 0.004 0.005 − 0.19 − 0.209 0.061 0.111 0.013 − 0.728 − 0.71 0.032 1  
Eaβ 0.252 0.252 − 0.038 − 0.186 0.288 − 0.443 0.321 0.897 0.883 0.186 − 0.729 1  

Table 15 
Parameter estimation results for mechanism 5.  

Parameter Unit Value Est. relative Std Error (%) 

kC L2⋅mol− 1⋅g− 1⋅min− 1 0.163E− 04 2.3 
kK L⋅g− 1⋅min− 1 0.775E− 05 5.9 
KE1 L⋅mol− 1 0.377E− 09 >100 
KP1 L⋅mol− 1 0.426E+00 42.2 
KP2 L⋅mol− 1 0.682E+00 35.5 
Eakc J⋅mol− 1 0.551E+05 2.6 
Eakk J⋅mol− 1 0.746E+05 4.8  

Table 16 
Correlation matrix of the kinetic parameters for mechanism 5.   

kc kk KE1 KP1 KP2 Eakc Eakk 

kc 1       
kk 0.631 1      
KE1 0.359 0.241 1     
KP1 0.297 0.068 0.029 1    
KP2 0.269 0.239 0.19 − 0.81 1   
Eakc 0.364 0.278 0.377 − 0.488 0.749 1  
Eakk 0.011 − 0.416 0.178 − 0.011 0.036 0.422 1  

Fig. 12. Product distribution analysis: the effect of carbon dioxide pressure 
(upper) and the effect of the catalyst bulk density (lower). 
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gives the analytical solution 

− ln
1 + α′ − β′(cP1 + cP2)

1 + α′ = β′cP1 (46)  

i.e. 

cP2 =
(1 + α′)(1 − exp(− β′cP1))

β′ − cP1 (47)  

For the limit case, β’=0, and by applying the rule of L’Hȏpital it can be 
shown that Eq. (47) shrinks to the simple linear expression (40). 

4.5. Analytical solution of the epoxide mass balances 

A very interesting special case appears when the carbonation reac-
tion is carried out under vigorous stirring and the CO2 concentration in 
the liquid phase is kept constant by continuous and regulated addition. 
This implies that the mass balance equation of the epoxide species can be 
written in the general form for all the kinetic models 1–5, 

dcE

dt
= − (

α1

1 + β1cE
+

α2

1 + β2cE
)cE (48)  

where the merged parameters depend on the specific case. Eq. (48) can 
be used for all the mechanisms presented, but α2 = 0 for mechanisms 1, 
3, 4 and 5. The differential Eq. (48) is solved analytically with respect to 
the epoxide concentration (cE) and the reaction time (t). 

Separation of the variables gives the integration problem 
∫ c0E

cE

(1 + β1cE)(1 + β2cE)dcE

cE(α1(1 + β2cE) + α2(1 + β1cE))
=

∫ t

0
dt (49)  

The left-hand side of Eq. (49) is developed to partial fractions and in-
tegrated within the limits [0, t] and [cE, c0E]. The solution becomes 
(Supplementary information) 

α
ω (c0E − cE)+ (

β − ω − α/ω
ω )ln(

1 + ωc0E

1 + ωcE
)+ ln(

c0E

cE
) = (α1 + α2)t (50)  

Introduction of the dimensionless concentration y = cE/c0E gives 

αc0E

ω (1 − y)+ (
β − ω − α/ω

ω )ln(
1 + ωc0E

1 + ωc0Ey
) − lny = (α1 + α2)t (51)  

Eq. (51) can be written in a very compact parametric form 

κ(1 − y)+ λln(
1 + δ
1 + δy

) − lny = γt (52)  

where 

α = β1β2 (53)  

β = β1 + β2 (54)  

ω =
α1β2 + α2β1

α1 + α2
(55)  

κ =
αc0E

ω (56)  

λ =
β − ω − α/ω

ω (57)  

δ = ωc0E (58)  

γ = α1 + α2 (59)  

The model parameters δ, κ, and λ are dimensionless, while γ has the 
dimension of reciprocal time (min− 1). 

Some limit cases of the general solution (51) are of interest. For only 
one type of active sites, the model is simplified. For instance, if α2 = 0, 
then ω = β2, κ = β1c0E, λ = 0, γ = α1 and equation (52) shrinks to 

κ(1 − y) − lny = γt (60)  

In case of weak adsorption of the components, κ and λ in Eq. (52) are 
zero and a simple exponential function is obtained. 

Eqs. (52) and (60) can be used to investigate the parameter estima-
tion results: a plot of the left-hand side of these equations versus the 
reaction time (t) should give a straight line if the model is valid. 

4.6. Summary of model equations and numerical strategies 

The mathematical model consists of the rate Eqs. (1)–(10), the 
component generation rate expressions (11)–(14) and the mass balances 
(24) and (26) along with the initial conditions (27). This system of 
coupled ordinary differential equations (ODEs) was solved numerically 
as an initial value problem (IVP) with a stiff ODE solver implemented in 
the software package ModEst (Haario, 2014). The values of the rate and 
adsorption parameters were varied systematically to obtain the best 
possible fit of the model to the experimental data. The search for the 
optimal parameter values was done with the aid of a hybrid simplex- 
Levenberg-Marquardt algorithm implemented in the software ModEst. 
The ODE solver worked under the optimization routine to provide the 
model predictions, i.e. the concentration curves at different parameter 
values. As the best fit of the model to the experimental data, the mini-
mum of the residual sum of squares (Q) was accepted, 

Q =
∑

(ci,t − ciexp,t)
2 (61)  

where the subscript exp,t refers to the experimentally recorded con-
centrations of E and P at different reaction times. The concentrations ci,t 
were provided from the model predictions, from Eq. (26). Besides the 
standard statistical analysis, i.e. the errors of the parameters and the 
correlation matrices, a Markov Chain Monte Carlo (MCMC) method was 
used to investigate the probability distributions of the estimated pa-
rameters (Haario et al., 2001). 

5. Modelling results and discussion 

5.1. 1 Gas-liquid mass transfer 

The results from the gas–liquid mass transfer experiments of CO2 into 
epoxidized methyl oleate (Table 3) are shown in Fig. 4. An excellent fit 
of equation (30) was achieved for all the experiments performed. The 
results displayed in Fig. 4 suggest that the gas–liquid mass transfer 

Fig. 13. Ketonisation efficiency of different catalysts.  
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proceeds very rapidly; after two minutes, the liquid phase was saturated 
with CO2. The estimated volumetric mass transfer coefficient and Hen-
ry’s constant are given in Table 5. 

Additional gas–liquid mass transfer experiments (Table 4) were 
conducted using a previously synthesized carbonated methyl oleate 
(CMO) as the liquid phase to obtain a better estimation of the volumetric 
mass transfer coefficient and Henry’s constant during the course of the 
reaction. Fig. 5 shows the fit of the model to the CO2 concentration in the 
gas phase. The CMO mass transfer results displayed in Fig. 5 exhibit very 
a similar behavior to the EMO mass transfer results, reaching the near- 
saturation concentration of CO2 after two minutes. The estimated 
mass transfer parameters for CMO are listed in Table 6. 

It is worth mentioning that the volumetric mass transfer coefficient 
and the Henry’s constant are known to depend strongly on the physical 
properties of the liquid, in which the gas diffuses and dissolves (i.e. 
viscosity, density), and these properties are influenced by the temper-
ature and pressure as clearly indicated by the varying results of both 
parameters under different experimental conditions and compositions of 
the liquid phases (Tables 5 and 6). Therefore, it is necessary to introduce 
weighted averages for the mass transfer coefficient and the Henry’s 
constant to account for their changes during the experiment (i.e. EMO 
→ CMO), 

(kLaL)mix = (kLaL)EMO⋅xEMO +(1 − xEMO)⋅(kLaL)CMO (62)  

(KH)mix = (KH)EMO⋅xEMO +(1 − xEMO)⋅(KH)CMO (63)  

The solubility of CO2 in epoxidized methyl oleate and carbonated 
methyl oleate was calculated from the change of the CO2 concentration 
in the gas phase during the mass transfer experiment. The effect of 
temperature and pressure on the solubility is displayed in Fig. 6. As 
expected, a very pronounced temperature effect on the solubility is 
observed in both cases, EMO and CMO, while a less pronounced impact 
is observed with the change of the pressure. Based on the results shown 
in Fig. 6, the solubility of CO2 in EMO and CMO can be expressed as a 
function of temperature and pressure, 

C*CO2 (EMO) = 6.34253+ 0.11011P − 0.03269T + 4.23904e− 5T2

− 2.22456e− 4PT(mol/L)
(64)  

C*CO2 (CMO) = 8.66014+ 0.06587P − 0.04358T + 5.41e− 5T2

− 1.02809e− 4PT(mol/L)
(65)  

5.2. Kinetic modelling results and discussion 

The experimental results and the model predictions for mechanisms 
1–5 are collected in Figs. 7–11. Some typical features can be seen in 
these figures. A profound effect of the reaction temperature and the 
catalyst amount is visible in the results, while the effect of carbon di-
oxide concentration is rather minor, but observable. However, thanks to 
the many experiments and repetition of them, it is undeniable that a 
pressure effect exists: an increase of the carbon dioxide pressure gives a 
slight enhancement of the carbonation rate. 

In the comparison of the rival models, the following characteristics 
can be considered: residual sum of squares (Q), degree of explanation 
(R2), parameter errors, and correlation between the parameters. In the 
final stage, the MCMC analysis gives indication on the probability dis-
tributions of the estimated parameters. In general, the kinetic models for 
all the mechanisms gave a rather good description of the experimental 
data with a degree of determination (R2) around 99 %, as can be 
confirmed by looking at the fit of the predicted concentrations to the 
experimental data. An essential feature is the adsorption of the reaction 
products (P1 and P2) on the catalyst. If these adsorption parameters are 
discarded, the model fit is clearly impaired in most cases. The carbon 
dioxide pressure effect was explained well by proposed the models 
except model 3. The rapid decrease of the epoxide concentration was 

described well by all the models. The parameter values along with the 
estimation statistics are given in Tables 7–16. The number of adjustable 
parameters differs from model to model: models 1 and 2 have 8 pa-
rameters, model 3 has 10 parameters, model 4 has 12 parameters, while 
model has 7 parameters. The increase of the number of adjustable pa-
rameters did not bring any essential improve of the fit, but it impaired 
the estimation statistics, i.e. the standard errors of the parameters as 
well the mutual correlations. 

The MCMC plots (Supplementary Information) reveal the probability 
distributions of the individual parameters. Model 5 has the smallest 
number of parameters and this fact is demonstrated in the MCMC 
analysis: all the parameters of model 5 have a probability with a well- 
defined maximum. 

The product distribution analysis was applied on the primary con-
centration data as described in Section 4.3. The plots of the carbonated 
(P1) versus the ketone (P2) product are shown in Fig. 12. The plots are 
rather linear and dependent on the carbon dioxide pressure, as predicted 
by equations (39)-(40), which gives support to the proposed mecha-
nisms 1, 4 and 5. Fig. 12 shows that the plots are independent of the 
mass of catalyst, which confirms the operation within the regime of 
intrinsic kinetics. The product distribution was practically constant 
during the experiments with different catalyst amounts as depicted in 
Fig. 12, thus confirming that Eq. (40) can be used to describe the product 
distribution at a constant carbon dioxide pressure. The selectivity of the 
carbonate product was around 63 % (Fig. 12, lower image). 

The general conclusion is that all the models presented can well be 
used for engineering purposes. To advance in the chemical under-
standing of the system, additional experiments were conducted in the 
absence of carbon dioxide. In this way, the carbonation path is elimi-
nated, but the formation of ketone is expected. A comparison of the 
ketone formation on different catalysts is provided in Fig. 13. The results 
are unequivocal: the catalyst with nucleophilic sites is superior (catalyst 
SBA-15-4PPI-21 h), which gives a very strong indication that the ketone 
is predominantly formed on the nucleophilic site. Thus, from the 
chemical viewpoint, models 3–5 should be preferred to models 1 and 2. 
From the viewpoint of pure statistics, model 5 could be favored, because 
it has the lowest number of adjustable parameters. On the other hand, 
considering the interaction between the Lewis and nucleophilic sites, 
model 4 can be regarded more probable from the chemical viewpoint. 

6. Conclusions 

An extensive experimental and modelling effort of epoxide carbon-
ization was carried out in a laboratory-scale semibatch reactor. The 
catalyst contained both Lewis and nucleophilic sites, which gave inspi-
ration for a detailed study of these sites and their mutual interaction. 
Experimental data were produced, describing the carbon dioxide solu-
bility and mass transfer, the carbonation kinetics and the product dis-
tribution. Five rival reaction mechanisms were compared by nonlinear 
regression analysis and the formation of the side product, the ketone was 
studied in separate experiments in the absence of carbon dioxide. The 
results indicated that the dominant path to the ketone proceeds via the 
nucleophilic sites. As a final conclusion, it can be stated that the 
carbonation requires an interaction of the Lewis sites and the nucleo-
philic sites, while the ketone formation can proceed in the absence of the 
Lewis sites. For practical engineering purposes, the model which as-
sumes a parallel formation of the epoxide and the ketone on the 
nucleophilic sites (model 5) is very useful, even though it can be 
regarded as an approximation from the strictly chemical viewpoint. The 
work could in future be expanded to other model molecules and mix-
tures of epoxides. 
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