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Abstract 

Carbonation of epoxidized vegetable oils is a crucial step in the preparation of non-isocyanate 

polyurethane. Several research groups have screened homogeneous catalysts such as tetra-

n-butylammonium bromide for this reaction, but the research devoted to the use of 

heterogeneous catalysts and on the application of kinetic modeling is rare. Hence, to develop 

this process in industrial scale, an appropriate heterogeneous catalyst should be found and a 

kinetic model developed. A catalyst consisting of an ionic liquid supported on carboxymethyl 

cellulose has been proved to be a suitable heterogeneous catalyst for this carbonation reaction.  

A catalyst based on 1-hydroxypropyl-3-n-butylimidazolium chloride and niobium (V) chloride 

supported on protonated carboxymethyl cellulose (HBimCl-NbCl5/HCMC) was synthesized 

and tested for the carbonation of epoxidized fatty acid methyl ester. Effects of the catalyst 

particle size, agitation speed, catalyst loading and reaction temperature on the reaction kinetics 

were investigated. The carbonation reaction proceeded efficiently at a temperature of 443.15 

K, agitation speed of 500 rpm, and using native catalyst particles with a median diameter of 

652 μm. A kinetic model was developed to simulate the conversion of the epoxide group with 

time.  

Keywords: Epoxidized Vegetable Oil; Carbonation; Heterogeneous Catalyst; Kinetic Modeling.  
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Highlights 

 

1. Development of a process for the production of carbonated vegetable oils.  

2. Shift from homogeneous to heterogeneous catalyst by using HBimCl-NbCl5/HCMC. 

3. Catalyst characterization of HBimCl-NbCl5/HCMC. 

4. Development of a kinetic model for the heterogeneously catalyzed carbonation. 
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1 Introduction 

Global warming has become a serious political, societal and environmental issues. One of the 

main reasons is the well-known excess of carbon dioxide (CO2) in the atmosphere due to 

exponentially increased human activities since the industrial revolution. The rapid development 

of human society has driven the massive demand for limited fossil resources. If the raw 

materials derived from fossil resources can be substituted for renewable ones such as biomass, 

some of the most severe environmental problems could be surmounted.1,2 From a chemical 

viewpoint, CO2 can be considered as a renewable and safe raw material. Carbon dioxide can 

be transformed industrially to value-added chemicals, such as urea, methanol, cyclic 

carbonates and some other hydrocarbon products.3 Among all these chemicals, cyclic 

carbonates derived from epoxides and CO2 are regarded as promising and feasible chemicals 

because they are non-toxic, eco-friendly and biodegradable. Cyclic carbonates can be used in 

a wide range of applications, for instance, as intermediates for polycarbonates,4 as monomers 

for non-isocyanate polyurethanes,5,6 as electrolytes for lithium ion batteries7,8 and as synthesis 

materials for the manufacture of environmental polymeric coatings and resins.9,10 Therefore, in 

recent years, the reaction of CO2 with epoxidized vegetable oils (soybean oil, cottonseed oil, 

linseed oil, etc.), followed by the aminolysis reaction with amines to prepare non-isocyanate 

polyurethane, has become a highly attractive research field.5,11,12 Carbonated vegetable oils 

are promising alternatives for fossil resources and have attracted particular attention. The 

production process is a combination of CO2 capture and biomass valorization, both essential 

elements for global sustainability.13 However, most of the research on carbonation reaction is 

still in laboratory-scale, rather than in industrial-scale production. The main challenge is to 

develop efficient catalysts and technologies to promote the carbonation reaction under 

moderate process conditions.14 During the past decades, several research groups have 

dedicated their work to develop homogeneous and heterogeneous catalysts for the 

carbonation reaction. For instance, quaternary ammonium,15 ionic liquid,16,17 organocatalysts18 

and crown ether complexes19 have been investigated as homogeneous catalysts. Meanwhile, 
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heterogeneous catalysts such as silica supported ionic liquid,5 metal-organic frameworks,15,20–

22 and some other novel catalysts such as 2D Cu(II)-based metal-organic framework,23 ceria-

lanthana-zirconia graphene oxide (Ce-La-Zr/GO) nanocomposite catalysts,24 carboxymethyl 

cellulose supported 1-hydroxypropyl-3-n-butyl limidazolium chloride and niobium (V) chloride 

(HBimCl-NbCl5/HCMC) have been developed and tested. 22 By comparing homogeneous and 

heterogeneous catalytic systems, homogeneous catalysts are generally considered to have a 

higher catalytic activity and a higher efficiency for this reaction. Needless to say, the 

disadvantages of homogeneous catalysts are the complicated purification steps and 

insufficient catalyst recyclability, which make heterogeneous catalysts more appealing.25 

Therefore, the current research focuses on shifting from homogeneous to heterogeneous 

catalysts. For instance, in 2012, Wang et al.21 developed a solid acid catalyst H3PW12O40/ZrO2 

for the carbonation of epoxidized soybean oil. This catalyst showed excellent efficiency but low 

reusability. The addition of Pt was found to improve the reusability of the catalyst. Bähr and 

Mülhaupt studied the carbonation of epoxidized linseed oil and epoxidized soybean oil. A 

homogeneous catalyst, tetra-butylammonium bromide (TBABr), and a heterogeneous catalyst, 

silica-supported 4-pyrrolidinopyridinium iodide (SiO2-(I)), were applied for the reaction. It was 

demonstrated that a complete conversion was reached using  30 bar,140°C and 45 hours with 

SiO2-(I) and 20 hours with TBABr, respectively.5 

Cellulose is one of the most commonly used polymeric raw material because it is eco-friendly, 

biodegradable, sustainable and renewable.26 Cellulose has been reported as a suitable 

supporting material for heterogeneous catalysts,22,27–29 and carboxymethyl cellulose-supported 

ionic liquid seems to be promising as a heterogeneous catalyst. In 2012, Roshan et al.30 

reported the use of carboxymethyl cellulose supported imidazolium-based ionic liquid catalyst 

for the carbonation of propylene oxide. During the carbonation reaction, the catalyst displayed 

high activity, selectivity and excellent reusability. It was pointed out that the carboxyl and 

hydroxyl groups on the carboxymethyl cellulose play a synergistic role with the halide ions 

during the carbonation process. The carboxyl group on the carboxymethyl cellulose might 
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stabilize the product and promote the reaction through hydrogen bonds.30 In 2012, Sun et al.31 

studied the carbonation of epoxides catalyzed by chitosan functionalized 1-ethyl-3-methyl 

imidazolium halides. As a result, the carbonation reaction achieved a high yield and a high 

selectivity, and the catalyst showed excellent recyclability and reusability.31 In 2013, Tharun et 

al.32 studied the carbonation of epoxides in the presence of a chitosan catalyst. The 

microwave-quaternized catalyst showed an excellent activity and a high selectivity (＞99 %) 

during solvent-free carbonation. It was also reported that a shorter alkyl chain length and more 

nucleophilic anion gave a higher activity.32 In 2016, Wu et al.22 prepared a heterogeneous 

catalyst, consisting of an imidazolium-based ionic liquid and Lewis acid supported on 

carboxymethyl cellulose. They found out that this kind of immobilized catalyst on 

carboxymethyl cellulose was very resistant towards leaching and showed good catalytic 

properties, such as excellent stability, high activity and selectivity.  

Although cellulose-supported heterogeneous catalysts have been reported to catalyze the 

carbonation reaction, this kind of catalyst has been investigated only for epoxides of small 

molecular size, such as propylene oxide and styrene oxide. Reports on the use of cellulose 

supported heterogeneous catalysts for the carbonation of epoxidized vegetable oil are rare.  

In this work, the heterogeneous catalyst HBimcl-NbCl5/HCMC (carboxymethyl cellulose 

supported 1-hydroxypropyl-3-n-butylimidazolium chloride and niobium (V) chloride) was 

selected and synthesized following the guidelines of Wu et al.22 Epoxidized fatty acid methyl 

ester derived from cottonseed oil was investigated for the carbonation kinetics. Cottonseed oil 

was chosen because it is seen as a by-product of the cotton industry and can also be upgraded 

to biodiesel.33  

 The influences of internal and external mass transfer on the reaction kinetics were evaluated 

by using different catalyst particle sizes and agitation speeds. A kinetic model was developed 

to estimate the rate constants of carbonation. 
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2 Material and methods 

2.1 Materials and chemicals  

Refined cottonseed oil, formic acid (purity > 99 %), acetic acid (purity > 99 %), 

tetraethylammonium bromide (TEAB, 98 %), solution of 0.1 mol.L-1 of sodium thiosulfate, 1-

butylimidazole, 3-chloro-1-propanol, sodium hydroxide, phosphoric acid (purify≥ 85 wt. % in 

water), sodium carboxymethyl cellulose (NaCMC) with a degree of substitution of 1.2 and 

niobium (V) chloride were purchased from Sigma-Aldrich (Sigma Aldrich Chemical Co, USA). 

Hydrogen peroxide (30 wt. % in water) solution and 0.1 mol.L-1 of iodine (HANUS solution) 

were obtained from EMSURE (Darmstadt, Germany). Standardized perchloric acid solution of 

0.1 mol.L-1 in acetic acid was obtained from VWR International SAS (Fontenay-sous-Bois, 

France). Chloroform, ethyl acetate and anhydrous ethyl ester were purchased from Honeywell 

Riedel de Haën (Seetze, Germany). Hydrochloric acid was obtained from VWR International 

SAS (37 %, Fontenay-sous-Bois, France). 

2.2 Synthesis of HBimCl-NbCl5/HCMC 

The heterogeneous catalyst HBimCl-NbCl5/HCMC was prepared according to the procedure 

of Wu et al.,22 with slight modifications. The procedure is described in detail here. 

2.2.1 Preparation of protonated carboxymethyl cellulose (HCMC) 

NaCMC (4 g) was added into 200 mL of isopropanol solution (75 vol. % in water). Then, 20 mL 

of HCl (37%) was added and mixed through stirring for three hours. The product was filtrated 

and washed with an isopropanol solution (65 vol. % in water) until no Cl- was left in the washing 

solution. The Cl- in the washing solution was tested by a silver nitrate test in a clean test tube, 

where 2-3 drops of silver nitrate solution (0.1 mol.L-1 in distilled water) were added. Then, the 

mixture was shaken to mix and placed in the dark place for 10 minutes before close 

observation. The disappearance of white precipitate indicated no Cl- residue. After that, the 

solution was heating up to evaporate isopropanol and water. Compared to Wu et al.,22 

isopropanol was chosen instead of ethanol to decrease the side reaction of esterification. 
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2.2.2 Preparation of 1-hydroxypropyl-3-n-butylimidazolium chloride (HBimCl) 

1-chlorobutane (1.29 g, 13.6 mmol) and 1-butylimidazole (98 % purity, 1.69 g, 13.6 mmol) were 

weighted out and mixed in a three-necked glass reactor at 100 °C for 20 hours under argon 

atmosphere. The product was washed three times with ethyl acetate to remove the unreacted 

reactant, following by evaporation to remove ethyl acetate. 1H NMR was used to characterize 

the final product as desired (Figures S4-S5). 1H NMR (500.20 MHz, CDCl3, 25 °C): δ = 10.34 

(s, 1 H, H-2), 7.71 (d, 1 H, JH-5, H-4 = 1.2 Hz, H-5), 7.40 (d, 1 H, H-4), 5.17 (bs, 1 H, 3’-OH), 4.54 

(t, 2 H, JH-1ʹ, H-2ʹ = 6.2 Hz, H-1ʹ), 4.31 (t, 2 H, JH-1ʹʹ, H-2ʹʹ = 7.3 Hz, H-1ʹʹ), 3.61 (t, 2 H, JH-3ʹ,H-2ʹ = 5.2 

Hz, H-3ʹ), 2.11 (tt, 2 H, H-2ʹ), 1.91 (tt, 2 H, JH-2ʹʹ, H-3ʹʹ = 7.7 Hz, H-2ʹʹ), 1.39 (tq, 2 H, JH-3ʹʹ, H-4ʹʹ = 7.4 

Hz, H-3ʹʹ), 0.97 (t, 3 H, H-4ʹʹ) ppm. 13C NMR (125.8 MHz, CDCl3, 25 °C): δ = 137.6 (C-2), 122.9 

(C-5), 121.7 (C-4), 58.9 (C-3ʹ), 49.9 (C-1ʹʹ), 46.9 (C-1ʹ), 32.8 (C-2ʹ), 32.1 (C-2ʹʹ), 19.5 (C-3ʹʹ), 

13.5 (C-4ʹʹ) ppm. 

2.2.3 Preparation of HBimCl-NbCl5/HCMC 

The chemicals HBimCl (1.088 g, 4.88 mmol) and niobium (V) chloride (0.6704 g, 2.48 mmol) 

were co-dispersed in 20 mL of dimethylformamide at 100 °C for 5 hours under argon 

atmosphere. Then, the mixture was cooled down to 70 °C, after which 2 g of HCMC was added 

and stirred overnight. The resulting mixture was heating up to evaporate the solvent, followed 

by washing with anhydrous ethyl ether and evaporated to obtain the purified HBimCl-

NbCl5/HCMC.  

2.2.4 Catalyst characterization  

Fourier-transform infrared spectra (FTIR) were obtained by a Bruker IFS 66/s spectrometer 

(Bruker, Germany) in the spectroscopic range of 4000-400 cm−1 at 4 cm−1 of resolution 

averaging 31 scans. Thermogravimetric analysis (TGA) was performed on Cahn D-200 

microbalance (Thermo Cahn, America) with a sensitivity of 1 μg within a temperature range of 

20-700 °C. The heating rate was 10 °C.min-1 under argon atmosphere. Scanning electron 

microscopy (SEM, JEM 1400 plus, JEOL Ltd., Japan) coupled with an energy dispersive X-ray 
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analyzer was used to describe the surface topography of the sample. Inductively coupled 

plasma mass spectrometry (ICP-MS) was used to quantify the amount of niobium on the fresh 

and spent catalyst. 1H and 13C NMR were applied to characterize the functional groups for the 

catalyst and for the substances prepared during the different synthesis steps. Liquid state NMR 

spectra were recorded on a Bruker (Bruker BioSpin GmbH, Rheinstetten, Germany) AVANCE 

III spectrometer operating at 500.20 MHz (1H) and 125.8 MHz (13C) equipped with a Prodigy 

BBO CryoProbe. Characterization of small molecular compounds was carried out by a 

standard set of experiments, 1H, 13C, DQF-COSY (Double-Quantum Filtered COrrelation 

SpectroscopY) HSQC (Heteronuclear Single-Quantum Coherence, multiplicity edited) and 

HMBC (Heteronuclear Multiple-Bond Correlation). Chemical shifts are reported in ppm, with 

two decimals in 1H and one decimal in 13C, and referenced to an internal standard (TMS, δ1H 

= δ13C = 0 ppm). Coupling constants are reported in Hz with one decimal. Solid state NMR 

spectra were recorded on a Bruker AVANCE III spectrometer operating at 399.75 MHz (1H) 

and 100.5 MHz (13C) equipped with a CP-MAS probe. A spin-rate of 14 kHz and a contact time 

of 2 ms was used, and 20 k or 40 k transients were acquired for each sample. 

The particle size distribution of the catalyst was measured by a Malvern Mastersizer 3000. 

2.3 Preparation of fatty acid methyl ester (FAME): transesterification of cottonseed oil 

The FAME was prepared, as described in the previous work.34 The transesterification was 

performed in a double-jacketed glass reactor equipped with a mechanical stirrer and a reflux 

condenser. For that, 200 mL of methanol and 8.4 g of base catalyst sodium hydroxide were 

well mixed and preheated before adding into 800 mL of cottonseed oil at a constant 

temperature of 70 °C. The reaction lasted for one hour. After that, the glycerol phase in the 

lower layer was removed, while the fatty acid methyl ester left in the top layer was washed with 

preheated distilled water (800 mL) containing one drop of phosphoric acid (0.5 mL), and finally 

with pure distilled water. The purified product was heating up by an IKA RV10 control vacuum 

rotary evaporator at 70 °C and then dried over anhydrous magnesium sulfate followed by 

filtrated in a Buchner funnel through filter paper with a pore size of 25 µm. 
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2.4 Preparation of epoxidized fatty acid methyl ester (EFAME) 

FAME (100.0 g), water (20.0 g) and H2O2 (150.0 g) were well mixed under 40 °C in the glass-

jacketed reactor. After that, formic acid was added continuously with a feeding rate of 2.1 

mL.min-1 for 20 minutes. The overall reaction lasted for 2 hours. The organic phase was then 

separated and washed with 5 wt. % of Na2CO3 aqueous solution followed by purification with 

distilled water to remove the remained acid and salt. The purified product was heated at 60 °C 

and dried using anhydrous magnesium sulfate. 

2.5 Carbonation of epoxidized fatty acid methyl ester (CFAME) 

Carbonation experiments were conducted in a 300 mL high-pressure stainless-steel autoclave, 

as described in the previous work.34 The reactor was equipped with a hollow-shaft gas 

entrainment impeller (diameter 2.5 cm), a temperature control system, gas feed and monitoring 

system. The accuracy given by the recorder was 0.01 bar for the pressure probe and 0.1 °C 

for the temperature probe. Figure 1 shows a simplified scheme of the reaction setup. 

Figure 1. Simplified scheme of the reaction setup 

2.6 Analysis method  

Evolutions of functional groups (double bond, epoxide and carbonate group) were 

characterized by FTIR and by titration measurements during reaction steps.  

Concentration of epoxide group  

The epoxide content was determined by potentiometric titration as described by Maerker.35 An 

oil sample (0.100 g) was weighted out and dissolved in 10 mL of chloroform, and then mixed 

with 10 mL of 20 wt. % TEAB in acetic acid. Then, the mixture was titrated by a standard 

solution (0.1 mol.L-1) of perchloric acid in acetic acid. The concentration of the epoxide group 

was calculated from 

[Epoxide group] (mol. L−1) =
0.1∙Vtitration

msample/𝜌sample
                                                                       (1) 
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where Vtitration is the titration volume of the oil sample in L; msample is the mass of the measured 

sample in g and ρ is the oil density of the sample in g.cm-3. More information was provided in 

Figure S1. The experimental error was measured via the standard deviation of replicate value, 

and was calculated to be lower than 0.15 mol/L.  

Concentration of double bonds  

The double bond content was titrated as described by Paquot.36 An oil sample (0.200 g) was 

weighted out and dissolved in 10 mL of chloroform, followed by adding 10 mL of Hanus solution 

(0.1 mol.L-1, iodine solution), and kept in darkness for 1 h to complete the reaction. Then, 10 

mL of 10 wt. % potassium iodide solution and 100 mL of water were added and mixed before 

titration with 0.1 mol.L-1 sodium thiosulfate solution (Figure S2). The double bond concentration 

was calculated from 

[Double bond] (mol. L−1) =
0.1∙(Vblank−Vtitration)

(msample/𝜌sample)∙2
                                                                   (2) 

where, Vblank is the titration volume of blank in L; Vtitration is the titration volume of the oil sample 

in L; msample is the mass of measured sample in g, and ρ is the oil density of the sample in g.cm-

3, 2 is the associate coefficient. 

2.7 Kinetic and mass transfer experiments  

The experimental matrix for kinetic modeling is displayed in Table 1. The terms [Ep], [DB] and 

[Cat.]0 stand for the initial concentrations of epoxide group, double bond and catalyst, 

respectively.  

During the kinetic study, 45.0 g of EFAME and the desired amount of catalyst were weighted 

out in the autoclave reactor. Then, the mixture was mixed and preheated under nitrogen 

atmosphere, followed by being purged with CO2 for two times. Samples were withdrawn during 

the reaction via the sampling port, which was equipped with a 7 μm stainless filter and 

immersed in the reaction mixture.  

Before the experiments, the catalyst was manually pressed and crushed and then sieved 

mechanically to the fractions 355-500 μm, 125-355 μm and 63-125 μm. For each fraction, the 
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effect of the particle size on the kinetics of carbonation was evaluated. Tables 1 and 2 display 

the experimental matrices for the carbonation reaction and mass transfer study, respectively. 

The term [Cat.]0 is the amount of active site on the solid catalyst per volume of the reaction 

mixture.  

 

Table 1 Experimental matrix for kinetic modeling 

 

The mass transfer experiments were conducted as described in the previous work of 

our group.34 During the mass transfer study, 90.0 g of oil sample was weighted out and 

preheated up to the desired temperature under nitrogen atmosphere. The reactor was 

purged two times with CO2 and kept for 2-3 minutes for stabilization. As the CO2 

pressure was stabilized, the agitation was started at 500 rpm. The CO2 pressure and 

temperature in the gas reservoir and the reactor were recorded. A pressure regulator 

was used to maintain the CO2 pressure constant. The experimental matrix displayed 

in Table 2 was designed to estimate the mass transfer coefficients and Henry’s 

constant at different temperatures and composition. 

 

Table 2 Experimental matrix for mass transfer modeling with initial concentrations 

2.8 Kinetic modeling 

Based on the literature,22 the mechanism of carbonation of EFAME can be illustrated by four 

steps, as shown in Figure 2.  

Figure 2. Simplified mechanism of carbonation of EFAME by HBimCl-NbCl5/HCMC 

The overall reaction can be described as: 
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The third reaction step (iii) of the reaction was assumed to be the rate-determining. Thus, the 

carbonation reaction kinetics can be written as  

𝑅Carbonation = 𝑅3 = 𝑘3 ∙ [𝐼2] ∙ [CO2 ]liq                                                                                  (3) 

The quasi-equilibrium approximation was applied to steps 1 and 2, 

𝐾1 =
[𝐼1]

[𝐸𝑝]∙[∗]
                                                                                                                          (4) 

𝐾2 =
[𝐼2]

[𝐼1]
                                                                                                                               (5) 

where, [I1] and [I2] are the concentrations of intermediate 1 and intermediate 2, respectively 

and [∗] is the concentration of active sites at time t.  

By combining Eq.(4) and Eq.(5), the concentration of the intermediate 2 can be expressed as 

[𝐼2] = 𝐾1 ∙ 𝐾2 ∙ [𝐸𝑝] ∙ [∗]                                                                                                       (6) 

Thus, the carbonation reaction kinetic becomes: 

𝑅Carbonation = 𝑘3 ∙ 𝐾1 ∙ 𝐾2 ∙ [𝐸𝑝] ∙ [∗] ∙ [CO2 ]liq                                                                    (7) 

Therefore, mass balance applied to the surface species leads to  

[𝐶𝑎𝑡. ]0 = [∗] + [𝐼1] + [𝐼2] + [𝐼3]                                                                                         (8) 

where, [𝐶𝑎𝑡. ]0 is the initial catalyst concentration and [𝐼3] is the concentration of intermediate 

3.  

By assuming that [𝐼3]~0,  the concentration of active sites at time t is  

O

R1

R2

C OO

O

O

O

R2 R1

Cat, P, T
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[∗] =
[𝐶𝑎𝑡.]0

1+𝐾1∙[𝐸𝑝]∙(1+𝐾2)
                                                                                                         (9) 

The following notations are introduced: kcarbonation=K1K2K3. and ∝= 1 + 𝐾1 ∙ (1 + 𝐾2). Eq.(7) 

then becomes  

𝑅Carbonation = 𝑘Carbonation ∙
[𝐸𝑝]∙[𝐶𝑎𝑡.]0∙[CO2]liq

1+∝∙[𝐸𝑝]
                                                                      (10) 

All the associated parameters were estimated during the kinetic modeling stage. 

The material balances of the different components in this reaction system can be described 

by the following ordinary differential equations: 

d[𝐸𝑃]

d𝑡
= −𝑅Carbonation                                                                                                         (11) 

d[𝐶𝑎𝑟𝑏]

d𝑡
= 𝑅Carbonation                                                                                                        (12) 

d[CO2]

d𝑡
= −𝑅Carbonation + (𝑘𝐿.𝑎) ∙ ([CO2]liq

∗ − [CO2]liq)                                                       (13) 

where, (𝑘𝐿.𝑎) ∙ ([CO2]liq
∗ − [CO2]liq)is the gas-liquid mass transfer of CO2, mol.L-1.s-1; kL.a is the 

overall mass transfer of CO2 in the liquid phase and [CO2]liq
∗  is the equilibrium concentration of 

CO2 in the gas-liquid phase, mol.L-1. The estimation of kL.a was done in the same way as in 

the previous articles of our group.34,37 The details of the modeling results can be found in the 

Supporting Information (Figures S8-S9 and Table S1).  

During the kinetic modeling stage, the concentration of the epoxide group was used as 

observable. The modeling was performed by using ModEst software, written in Fortran 90.38 

The system of ordinary differential equations (ODEs) was solved by the ODESSA algorithm, 

which is a package of Fortran routines based on backward difference method.39  

The coefficient of determination θ2 is one of the most common measures to evaluate the 

goodness of a data fitting and is defined as: 

θ2 = 1 −
(𝑦𝑖−�̂�𝑖)2

(𝑦𝑖−�̅�)2                                                                                                                (14) 
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where,  �̂�𝑖 is the observable simulated by the model, �̅� is the mean value of the experimental 

observables and 𝑦𝑖  is the experimental observable. The standard error of the estimated 

parameter represents 95 % of the confidence interval. The objective function 𝑓 was  

𝑓 = ∑(𝑦𝑖 − �̂�𝑖)2                                                                                                                (15) 

The objective function was firstly minimized by the simplex algorithm,40 using arbitrary initial 

guess values when the knowledge of the initial guess values was unknown. After that, the 

Levenberg-Marquardt algorithm  was used to improve the parameter estimation.41  
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3 Results and discussion 

3.1 Catalyst characterization 

Figure 3 shows the solid state 13C NMR spectra of the three polymeric compounds NaCMC 

(A), HCMC (B) and HBimCl-NbCl5/HCMC (C). The carboxyl peak at 176 ppm in NaCMC shifted 

to 172 ppm in HCMC as expected.22 The peaks at 125 ppm and 135 ppm were from the 

imidazole moiety,42 and the signals between 10 and 50 ppm assigned to aliphatic chains 

connected to the imidazole,43 where peaks did not appear in NaCMC (A) and HCMC (B) due 

to the fact that the functionalized imidazole was not present. The peaks between 50 and 110 

ppm assigned to the cellulose backbones, and the peaks between 160 to 175 ppm correspond 

to the carboxylic acids. 

The content of carboxyl groups in the final protonated carboxymethyl cellulose was calculated 

as 4.88 ± 0.01 mmol.g-1. The details are reported in the Supporting Information.  

Figure 3. 13C CP-MAS spectra of NaCMC (A), HCMC (B) and HBimCl-NbCl5/HCMC (C) 

Figure 4 shows the catalyst particle size distribution before and after the carbonation at 170 °C. 

According to measurement results, the median particle size diameter of the fresh catalyst was 

larger than that of the spent catalyst. The particle size of catalyst with 50 vol. % of distribution 

(D50, median diameter) was 652 μm for fresh catalyst and 432 μm for spent catalyst. This 

could be explained by the mechanical breakdown by stirring during the carbonation reaction.  

Figure 4. Particle size distributions of fresh catalyst (D) and spent catalyst at 170 °C (E) 

measured by Malvern Mastersizer 3000 

The SEM spectra (Figure 5) indicates that the catalyst morphology changes after the 

carbonation reaction. No significant difference between the fresh catalyst and the first round 

recycled catalyst was noticed by the FTIR analysis (Figure S6), which has been pointed out 

over previous literature.22 The content of NbCl5 immobilized on the HBimCl-NbCl5/HCMC was 

further examined by elemental analysis (Figure S3), which indicated that loss of niobium 
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occurred during the catalytic reaction due to the leaching of NbCl5. The number of moles of 

NbCl5 detected in per gram of catalyst was calculated from 

n′NbCl5
(mol. g−1) = n′Nb(mol. g−1) =

CNb∙Vsample

MNb∙mcatalyst
                                                               (16) 

where, n′Nb  is the number of moles of Nb in per gram of catalyst in mol.g-1; CNb  is the 

concentration of Nb detected by ICP-MS in mol.L-1; Vsample is the total volume of measurement 

sample in L and mcatalyst is the mass of the tested catalyst in g. In this work, the average number 

of moles of NbCl5 immobilized on the fresh catalyst was characterized as 8.089×10-4 mol per 

gram of catalyst. Meanwhile, the carbon contents slightly increased after the catalytic reaction, 

because of the possible adsorption of the carbonated product on the surface of the catalyst.22  

Figure 5. SEM images of fresh catalyst (A) and spent catalysts at 130 °C (B1), 150 °C (B2), 

170 °C (B3) 

 

Figure 6. TGA analyses for HCMC (F), fresh catalyst (G) and spent catalyst (H) 

Figure 6 shows the TGA curves, representing a mass loss as a function of the temperature. 

for HCMC (F), fresh catalyst (G) and spent catalyst (H). The results revealed that fresh catalyst 

has lower initial weight loss temperature than that of HCMC at 220 °C and that of spent catalyst 

exceeding 220 °C. For this reason, the carbonation reaction was carried out below 220 °C. 

3.2 Mass transfer study 

During the carbonation reaction, the same reactor system was employed as described in the 

previous work.34 We used the same methodology to estimate the mass transfer coefficient 

during the modeling stage (Table S1).  

Henry’s constant (Eq.(17)) and van’t Hoff law (Eq.(18)) were used to estimate the absorption 

enthalpy of CO2 in the FAME, EFAME and CFAME solutions  

[CO2]liq
∗ = 𝐻𝑒 ∙ 𝑃CO2

                                                                                                            (17) 
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𝐻𝑒(𝑇)

𝐻𝑒(𝑇𝑟𝑒𝑓)
= 𝑒𝑥𝑝 (

−∆𝐻𝑎𝑏𝑠

𝑅
∙ (

1

𝑇
−

1

𝑇𝑟𝑒𝑓
))                                                                                     (18) 

where, He is Henry’s constant in mol.L-1.bar-1; P is the CO2 pressure in bar; [CO2]liq
∗  is the 

solubility of CO2 in the solution, mol.L-1; T is the temperature in Kelvin, Tref  is the reference 

temperature, 130 °C, R is the gas constant, J.K-1.mol-1 and ∆𝐻𝑎𝑏𝑠 is the absorption enthalpy, 

J.mol-1. 

From Figure 7, it can be seen that the absorption enthalpies of CO2 in FAME, EFAME and 

CFAME solutions are ∆𝐻 CFAME = -13 345 J.mol-1, ∆𝐻 EFAME = -16 400 J.mol-1 and ∆𝐻 CFAME = -

14 627 J.mol-1, respectively.  

Figure 7. Van’t Hoff curve for Henry’s constants 

A mass transfer study was performed in the absence of catalyst, thus the carbonation rate was 

equal to 0 mol.L-1.s-1.  

3.3 Kinetic experiments 

The effects of the reaction parameters such as the particle size distribution of the catalyst, the 

agitation speed, the reaction temperature and the catalyst loading on the carbonation kinetics 

were investigated.  

3.3.1 Internal and external mass transfer 

Three different stirring velocities (500, 1000 and 1500 rpm) were used in the carbonation 

experiments to reveal the effect of external mass transfer on the overall kinetics. Figure 8 

compares the influence of different agitation speeds on the carbonation kinetics. The results 

indicate that the influence of the agitation speed is practically insignificant within the range 500-

1500 rpm. Hence, experiments were performed using an agitation of 500 rpm. 
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Figure 8. Effect of agitation speed on the kinetics of carbonation reaction at 170 °C, 30 bar 

with [EFAME]Initial= 2.61-2.99 mol.L-1, native particle size of catalyst and catalyst loading=0.32 

mol.L-1 

The conversion of the epoxide groups with the reaction time is plotted for different catalyst 

particle sizes in Figure 9. A significant increase in the reaction rate was observed with the 

decrease of particle size fraction from 500-355 μm to 125-63 μm. This could be explained by 

the larger reaction surface area available for epoxide groups and CO2 when smaller catalyst 

particles are used. It was found that the kinetics of carbonation using the native particle size 

distribution is faster. This might be due to the fact that there is a significant fraction of particles 

with a diameter lower than 63 μm for experiments carried out with native particle size 

distribution.  

Figure 9. Effect of the particle size distribution of catalyst on the kinetics of carbonation 

reaction at 170 °C, 30 bar with [EFAME]Initial= 2.61-2.99 mol.L-1, catalyst loading= 0.32 mol.L-1 

and agitation speed of 500 rpm 

3.3.2 Effect of reaction temperature  

Figure 10 presents the effect of the reaction temperature (130, 150 and 170 °C) on the 

carbonation kinetics. As the temperature increases from 130 to 170 °C, the conversion rate of 

the epoxide group increases significantly. This accelerating temperature effect has also been 

mentioned in the literature.38, 44 

Figure 10. Effect of reaction temperature on the kinetics of the carbonation reaction at 30 bar 

with [EFAME]Initial= 2.61-2.99 mol.L-1, native particle size of catalyst, catalyst loading= 0.32 

mol.L-1 and agitation speed of 500 rpm 

3.3.3 Effect of catalyst loading 

Three different catalyst loadings (0, 0.42, 0.71 mol.L-1) were investigated for the carbonation 

process. The experiments were performed at 170 °C. It can be seen that the carbonation 
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reaction with a higher catalyst loading is more rapid than the ones with a lower catalyst loading.  

The conversion reached a maximum of 90 % after 240 min (Figure 11).  

Figure 11. Effect of catalyst loading amount on the kinetics of carbonation reaction at 170 °C, 

30 bar with [EFAME]Initial= 2.61-2.99 mol.L-1, native particle size of catalyst and agitation 

speed of 500 rpm 

3.4 Characterization of carbonated products 

FTIR spectra of the EFAME before carbonation reaction and CFAME after 23 hours of reaction 

at 170 °C and 30 bar are displayed in Figure S7 in the Supporting Information. After the 

carbonation, the peaks at 842 cm-1, 821 cm-1, which are attributed to the epoxide group (C-O-

C) stretch, disappeared, while a new peak was observed at 1807 cm-1 due to the carboxylic 

group (C=O) stretch of the carbonate group. 

3.5 Kinetic model 

Figure 12 shows an example of the model fitting to the experimental data for Exp 2. One can 

notice that the model prediction is lower than the experimental concentrations after 300 

minutes. This difference might be due to the fact that the model did not consider the slight 

catalyst deactivation. The experimental data shows an induction period in the first 90min. As 

mentioned in the previous work,37 this phenomenon might be due to the reaction conditions 

(low catalyst loading and low reaction pressure) and the structural features (limited active sites) 

of the catalyst. The reaction substrate has not been previously allosterically controled by the 

catalytic site, and the potential nonspecific binding of the reaction mediums to the catalyst may 

result in restrict availability of the epoxide group to the catalyst’s active site during the reaction. 

 Figure 13 displays the overall parity plot of the experimental data and the simulated values. 

From this figure, one can notice that the proposed kinetic model could simulate the 

experimental data. The coefficient of determination was equal to 96.4 %, showing the good 

reliability of the model. 
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Figure 12. Fitting of the model to the experimental data for Exp 2 

Figure 13. Overall parity plot of experimental versus simulated values for the epoxide value 

Table 3 gives the estimated and statistical data for the carbonation of EFAME with HbimCl-

NbCl5 /HCMC.  

Table 3 Estimated And Statistical Data At Tref = 150 °C For The Carbonation Of EFAME 
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4. Conclusions 

A heterogeneous catalyst HBimCl-NbCl5/HCMC was synthesized and characterized for the 

carbonation of epoxidized fatty acid methyl esters originating from cottonseed oil. The 

carbonation reaction of epoxidized fatty acid methyl ester was carried out effectively in a 

laboratory-scale autoclave by using HBimCl-NbCl5/HCMC as the catalyst under isothermal and 

isobaric conditions. The effects of external and internal mass transfer were found out to be 

negligible on the carbonation reaction. The carbonation kinetics were enhanced by increasing 

the reaction temperature from 130 to 170 °C. A kinetic model was proposed to simulate the 

carbonation process and kinetic constants were estimated with nonlinear regression analysis. 

We conclude that HBimCl-NbCl5/HCMC can be used as a heterogeneous catalyst for the 

carbonation reaction. However, more investigations on the catalyst deactivation need to be 

carried out to improve the catalyst reusability.  
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Notation 

Carb carbonated group 

Ep epoxidized group 

DB double bond 

Cat. catalyst 

He Henry’s constant [mol.L-1.bar-1] 

ΔH absorption enthalpy [J.mol-1]  

I1, I2, I3 intermediates 1, 2, 3 

r rate of formation or disappearance of intermediate [mol.L-1.s-1] 

P pressure [bar]  

R reaction rate [mol.L-1.s-1] 

R gas constant [J.K-1.mol-1] 

R2 coefficient of explanation [%] 

T temperature [°C]  

𝑦𝑖  experimental observable 

�̅� mean value of the experimental observables   

�̂�𝑖 observable simulated by the model 

[CO2]liq solubility of CO2 in the solution [mol.L-1] 

[CO2]liq
∗  equilibrium concentration of CO2 in the gas-liquid phase [mol.L-1] 

𝑛liq
∗   moles of CO2 in the solution [mol] 

𝑛liq  moles of CO2 in the solution [mol] 

𝑁CO2
 interfacial component flux [mol.m-2.s-1] 

kL mass transfer coefficient of CO2 in the solution 

a ratio of surface area of gas-liquid mass transfer to volume [m-1] 

(kL.a)’ 
modified volumetric mass transfer coefficient 

 [(K.Pa-1.s-1) -0.5. (kg.m-3. Pa-1.s-1) -0.25.s-1] 

D50  median diameter [µm] 
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Subscripts and superscripts 

Carbonation carbonation reaction 

liq liquid  

org organic 

ref reference 

i component i 

 

Greek letters 

𝑓 objective function  

θ
2
 coefficient of determination 

 

Abbreviation 

TEAB tetraethylammonium bromide 

HCMC protonated carboxymethyl cellulose 

HBimCl 1-hydroxypropyl-3-n-butylimidazolium chloride 

FAME fatty acid methyl ester 

EFAME epoxidized fatty acid methyl ester 

CFAME carbonated fatty acid methyl ester 
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Table 1 Experimental matrix for kinetic modeling 

Exp 
Nature of 

organic phase 

[Ep]org 

/ mol.L-1 

[DB]org 

/ mol.L-1 

[Cat.]0a 

/ mol.L-1 

PCO2 

/ bar 

T 

/ °C 

Agitation speed 

/ rpm 

1 EFAME 2.30 0.914 0.37 30.00 130 500 

2 EFAME 2.40 0.839 0.71 30.09 170 500 

3 EFAME 2.56 0.737 0.61 29.70 170 500 

4 EFAME 2.52 0.914 0.34 30.00 150 500 

5 EFAME 2.17 1.223 0.39 30.00 170 500 

a Catalyst loading (mol.L-1) = mass of catalyst in grams  8.089  10-4 mol of NbCl5 per gram 

of catalyst. 0.0008089 is the number of moles of NbCl5 detected in per gram of fresh catalyst 

by ICP-MS. 

 

Table 2 Experimental matrix for mass transfer modeling with initial concentrations 

Exp Preactor 

/ bar 

Treactor 

/ °C 

FAME 

/ wt. % 

EFAME 

/ wt. % 

CFAME 

/ wt. % 

Agitation speed 

/ rpm 

6 30 130 50 50 0 500 

7 30 150 50 50 0 500 

8 30 170 50 50 0 500 

9 30 130 0 0 100 500 

10 30 150 0 0 100 500 

11 30 170 0 0 100 500 

12 30 130 0 100 0 500 

13 30 150 0 100 0 500 

14 30 170 0 100 0 500 

15 30 150 100 0 0 500 

16 30 170 100 0 0 500 
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Table 3 Estimated and statistical data at Tref = 150 °C for the carbonation of EFAME 

 Estimated Standard error Standard error % 

(kcarbonation)EFAME / L2.mol-2.s-1 0.251×10-2 0.952×10-3 37.9 

(Eacarbonation)EFAME / J.mol-1 100 000 6980 7.0 

α / L.mol-1 1.17 0.621 53.0 
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Fig.1. Simplified scheme of the reaction setup. 
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(1)  

 

(2)  

 

(3)   

 

(4) 

 

 

Fig.2. Simplified mechanism of carbonation of EFAME by HBimCl-NbCl5/HCMC. 
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Fig.3. 13C CP-MAS spectra of NaCMC (A), HCMC (B) and HBimCl-NbCl5/HCMC (C). 
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Fig.4. Particle size distributions of fresh catalyst (D) and spent catalyst at 170 °C (E) 

measured by Malvern Mastersizer 3000. 
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Fig.5. SEM images of fresh catalyst (A) and spent catalysts at 130 °C (B1), 150 °C (B2), 

170 °C (B3). 
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Fig.6. TGA analyses for HCMC (F), fresh catalyst (G) and spent catalyst (H). 
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Fig.7. Van’t Hoff curve for Henry’s constants. 
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Fig.8. Effect of agitation speed on the kinetics of carbonation reaction at 170 °C, 30 bar with 

[EFAME]Initial= 2.61-2.99 mol.L-1, native particle size of catalyst and catalyst loading=0.32 

mol.L-1. 

  

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500

C
o
n
v
e
rs

io
n
 o

f 
e
p
o
x
id

e
 g

ro
u
p
 /

 %

Time / min

1500 rpm

1000 rpm

500 rpm



41 

 

 

Fig.9. Effect of the particle size distribution of catalyst on the kinetics of carbonation reaction 

at 170 °C, 30 bar with [EFAME]Initial= 2.61-2.99 mol.L-1, catalyst loading= 0.32 mol.L-1 and 

agitation speed of 500 rpm. 
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Fig.10. Effect of reaction temperature on the kinetics of the carbonation reaction at 30 bar 

with [EFAME]Initial= 2.61-2.99 mol.L-1, native particle size of catalyst, catalyst loading= 0.32 

mol.L-1 and agitation speed of 500 rpm. 
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Fig.11. Effect of catalyst loading amount on the kinetics of carbonation reaction at 170 °C, 30 

bar with [EFAME]Initial= 2.61-2.99 mol.L-1, native particle size of catalyst and agitation speed 

of 500 rpm. 

  

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500 600

C
o
n
v
e
rs

io
n
 o

f 
e
p
o
x
id

e
 g

ro
u
p
 /

 %

Time / min

0.71 mol/L

0.42 mol/L

0.00 mol/L

0.71 mol.L-1

0.42 mol.L-1

0.00 mol.L-1



44 

 

 

Fig.12. Fitting of the model to the experimental data for Exp 2. 
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Fig.13. Overall parity plot of experimental versus simulated values for the epoxide value. 
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