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Abstract 

Nowadays, biomass and carbon dioxide valorization are considered as a helpful solution to 

the environmental issues of global warming and the depletion of petroleum reserves. Thus, 

vegetable oils have attracted increasing attention of academic and industrial communities, as 

one of the potential renewable biomass that can be applied to the production of fossil 

substitute for sustainable development, owning to their advantages of renewable, sustainable, 

biodegradable, and universally available with huge feedstock. Among decades of researches, 

epoxidation and carbonation processes are two popular application methods for vegetable oil 

valorization.  

The conversion of vegetable oils into epoxidized ones is defined by a conversion of 

unsaturated compound into an epoxide group. So far, the potential application for the 

production of epoxidized oil in the industrial is the Prileschajew oxidation, which is a well-

known conventional way to be used as the commercial production process. This type of 

epoxidation uses percarboxylic acid as an oxygen carrier, which is formed in situ in the 

aqueous phase, and then epoxidize the unsaturated groups on the vegetable oils into epoxide 

groups. During the process, however, this method presents side reaction of ring-opening of 

the epoxide group. Therefore, the selective epoxidation process conditions need to be 

optimized in order to minimize the ring-opening reactions. In this study, process parameters 

including the concentration of acid catalyst (sulfuric acid), reactants (water, epoxide group, 

hydrogen peroxide, acetic acid) and the reaction temperature have been discussed for the 

epoxidation and ring opening of vegetable oils. During the kinetic modeling stage, the related 

kinetic constants for the ring opening reactions were estimated. Based on this model, the ring 

opening by acetic and peracetic acids was found to be faster than by water and hydrogen 

peroxide. A semibatch reactor, where hydrogen peroxide and sulfuric acid were added, was 

found to be the most suitable configuration.  

To determine the optimum operating conditions and scale up the epoxidation or carbonation 

processes, it requires the database of different physicochemical properties, i.e. viscosity, 

density, refractive index, or specific heat capacity and the evolutions of these properties with 

the temperature. However, this information is absent in the literature. For this study, the 

evolution of these properties with temperature and compositions (double bond, epoxide and 

carbonated groups concentration) was determined for three vegetable oils and their 
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corresponding epoxidized and carbonated forms (cottonseed oil, linseed oil and soybean oil). 

Density and refractive indices of these oils were found to vary linearly with temperature. 

Based on the measurement of changes in viscous stresses with shear rates, these oils were 

found to be Newtonian fluids. It was demonstrated that specific heat capacity follows a 

polynomial equation of second order with temperature. Based on these results, it was 

demonstrated that some correlations could be used to predict the evolutions of these 

physicochemical properties at different composition and temperature based on the 

knowledge of the property of the pure compounds. 

Carbonation of epoxidized vegetable oil is a promising way to prepare bio-based polyols for 

the production of polyurethane by non-isocyanate route. To promote the use of these 

feedstocks in industrial scale, kinetic and thermodynamic data are needed for better energy 

integration and cost optimization. The kinetics of the carbonation of epoxidized cottonseed 

oil by tetra-n-butylammonium bromide, a homogeneous catalyst, was studied. Reaction 

parameters, i.e. reaction temperature (110-140°C), reaction pressure (20-50 bar), 

concentration of catalyst (0.06-0.30mol.L-1) and epoxides (1.67-3.80mol.L-1) were investigated. 

A kinetic model was developed and the rate constant and activation energy were estimated. 

The reliability of the kinetic constants was further verified by using Markov chain Monte Carlo 

method. 

In order to investigate the correlation between the reactivities of vegetable oil and its fatty 

acid building-blocks concerning carbonation reaction, we have compared the kinetics of 

carbonationof epoxidized cottonseed oil (ECSO) and its epoxidized fatty acid methyl ester 

(EFAME). Mass transfer and physicochemical properties of these reactions were determined 

and further applied to estimate the intrinsic rate constants during the kinetic modeling stage. 

Epoxidized fatty acid methyl ester was found to have higher carbonation reactivity than the 

one of epoxidized vegetable oil. The rate constant of carbonation of fatty acid methyl ester 

was estimated to be 1.4 times higher than the one of ECSO. A linear relationship between the 

carbonation rate constant of epoxidized vegetable oil and its fatty acid methyl ester with 

temperature was found. 

A brief summary of the research strategy is given in the diagram below. 
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摘  要 

当前，生物质和二氧化碳的废物利用被认为是解决全球变暖和石油储备枯竭的环境问

题的有效方法之一。作为潜在的可再生的生物质之一，植物油可用于生产可持续发展

的化石替代品。因其具有可再生，可持续，可生物降解特性以及储量巨大且普遍可用

的优势，因此越来越受到学术界和工业界的关注。在过去数十年的研究中，环氧化和

碳酸化过程是植物油的两种常用应用方法。 

Prileschajew 环氧化过程是目前常规的商业生产环氧化植物油的方法。该方法以在水相

中原位生成的过氧羧酸为氧载体，将植物油的不饱和基团氧化成环氧基团。但是，该

方法的缺点是环氧化过程中存在环氧基团开环的副反应，在一定程度上会降低环氧化

反应的效率。因此，有必要对环氧化工艺条件进行选择性优化以降低开环副反应。因

此，该课题研究了环氧化工艺参数，包括酸催化剂（硫酸）的浓度，反应物浓度（水，

环氧基团，过氧化氢，乙酸）和反应温度，对环氧化和开环反应的影响。在此基础上，

建立反应动力学模型，模拟开环反应的过程并评估相关动力学常数。结果表明，乙酸

和过乙酸的开环速度比水和过氧化氢快， 而且，通过加入过氧化氢和硫酸的半间歇反

应方式是最合适环氧化过程。 

为了进一步确定最佳的环氧化植物油加工工艺条件且其实现规模化生产，需要不同植

物油的理化性质的数据库，即充分了解粘度，密度，折射率，比热容以及这些数据随

温度的变化情况，等等。然而，相关的数据尚且需要补充和完善。鉴于此，本论文初

步选择了三种主要植物油（棉籽油，亚麻子油和大豆油）作为研究对象，对这些理化

性质随着温度和官能团组分（双键，环氧化基团，碳酸化基团）的变化进行测定和模

拟。结果表明，以牛顿流体形式存在的油样，其密度和折射率随温度呈现线性变化，

而粘度与温度则为指数函数关系。与此同时，比热容与参考温度下的比热容的比率和

温度遵循二阶多项式方程关系。该研究结果为进一步通过相关性来预测理化学性质在

不同组成和温度下的演变提供了参考性依据。 

环氧化植物油的碳酸化是制备生物基多元醇的最具前景的方法。该产物可以进一步通

过非异氰酸酯途径生产聚氨酯。为了促进环氧化植物油的工业规模碳酸化的过程，同

样需要相关动力学和热力学数据，以实现更好的能源一体化和优化生产成本。因此，

本课题以环氧化棉籽油为代表，采用四丁基溴化铵作为均相催化剂，研究了在均相催

化剂催化作用下的碳酸化动力学。根据对碳酸化反应参数，即反应温度（110-140℃），

反应压力（20-50bar），催化剂浓度（0.06-0.30mol.L-1）和环氧基浓度（1.67-3.80mol.L-
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1）的研究，提出了碳酸化反应动力学模型，并估算了反应速率常数和活化能。利用

Markov chain Monte Carlo 方法进一步验证了动力学参数的可靠性。 

为了进一步研究植物油与其对应的脂肪酸结构单元之间在碳酸化反应活性的相关性，

本课题对比研究了环氧化棉籽油及其环氧化脂肪酸甲酯对碳酸化反应活性。基于前期

研究过程，对碳酸化反应的传质过程和反应物及产物的理化学性质进行了测定，并进

一步用于估计动力学反应速率常数。结果显示，环氧化脂肪酸甲酯具有比环氧化植物

油更高的碳酸化反应活性，其碳酸化速率常数比后者快 1.4 倍。同时，粘度指标的差异

证明了其对二氧化碳在油相中的溶解度发挥重要的作用。 

下图简要概述了本课题研究思路。 

 

 

反应因素对环氧化植物油

加工工艺的影响研究

理化性质表征

均相催化剂催化环氧化植物油的碳酸化

反应动力学研究及模拟

化学结构与反应活性

关系表征

非均相催化剂催化环氧化植物油的碳

酸化反应动力学研究

下一步 
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Résumé 

La valorisation de la biomasse et du dioxyde de carbone est à présent considérée comme une 

solution aux problèmes environnementaux du réchauffement climatique et l'épuisement des 

réserves de pétrole. Ainsi, les huiles végétales ont attiré l'attention croissante des milieux 

universitaires et industriels, comme une source de biomasse potentielle renouvelable qui peut 

être appliquée à la production de substitut fossile pour un développement durable, due à 

leurs caractères renouvelables, durables, biodégradables. De plus, cette biomasse est 

disponible avec une énorme quantité. Durant des décennies de recherches, les processus 

d'époxydation et de carbonatation sont deux méthodes d'application populaires pour la 

valorisation des huiles végétales. 

La conversion des huiles végétales en huiles époxydées est définie par une conversion d'un 

composé insaturé en un groupe époxyde.  Jusqu'ici, l'oxydation de Prileschajew est la 

méthode de synthèse plus efficace pour la possible industrialisation du processu 

d’époxydation de huiles végétales, qui est une manière conventionnelle bien connue à utiliser 

comme processus de production commerciale. Ce type d’époxydation utilise l’acide 

percarboxylique comme transporteur d’oxygène qui est formé in situ dans la phase aqueuse, 

et ensuite époxyde les groupes insaturés des huiles végétales en groupes époxyde. Cependant, 

cette méthode présente une réaction secondaire d’ouverture du cycle du groupe époxyde au 

cours du processus. Donc, les conditions du procédé d'époxydation doivent être optimisées 

afin de minimiser les réactions d'ouverture de cycle. Des paramètres de réaction, y compris la 

concentration en catalyseur acide (acide sulfurique), réactifs (eau, groupe époxyde, peroxyde 

d'hydrogène, acide acétique) et la température de réaction, ont été discutés dans cette étude 

pour l'époxydation et réaction d’ouverture de cycle des huiles végétales. Au cours de la 

modélisation cinétique, les constantes cinétiques associées pour les réactions d'ouverture du 

cycle ont été estimées. En se basant sur ce modèle, les réactions d'ouverture du cycle époxyde 

par les acides acétique et peracétique sont plus rapides que celles de l'eau et du peroxyde 

d'hydrogène. Un réacteur en mode semi-fermé, avec addition du peroxyde d'hydrogène et de 

l'acide sulfurique, est la configuration la plus appropriée pour la production d’huiles végétales 

époxydées. 

Pour déterminer les conditions optimales et passer à échelle industrielle dans les procédés 

d’époxydation et de la carbonation, il faut connaître différentes propriétés physicochimiques 
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telles que la viscosité, la densité, l'indice de réfraction, la capacité thermique spécifique et les 

évolutions de ces données avec la température. Cependant, aucune information sur ces 

propriétés est disponible dans la littérature. Pour cette étude, l'évolution de ces propriétés 

ont été déterminées pour trois huiles végétales et leurs dérivés époxydées et carbonates 

(l'huile de coton, l'huile de lin et l'huile de soja) avec la température et leur composition. La 

densité et l'indice de réfraction ont été trouvé linéairement dépendant de la température 

pour les huiles étudiées. La relation entre la contrainte de cisaillement et le taux de 

cisaillement dans l’étude de viscosité, indique que ces huiles sont des fluides newtoniens. Il a 

été démontré que la capacité thermique spécifique suit une équation polynomiale du second 

ordre avec la température. 

Sur la base de ces résultats, il a été démontré que certaines corrélations pourraient être 

utilisées pour prédire les évolutions de ces propriétés physicochimiques à différentes 

compositions et températures. 

Carbonation de l'huile végétale époxydée est une méthode prometteuse pour préparer des 

polyols biosourcés et ensuite appliquée à la production de polyuréthane par méthode non-

isocyanate. Pour promouvoir l'utilisation de ces matières premières dans l'industrie, les 

données cinétiques et thermodynamiques sont nécessaires pour une meilleure intégration 

énergétique et une optimisation des coûts. Un etude cinétique de la carbonatation de l'huile 

de coton époxydée a été mené en presence d’un catalyseur homogène: le bromure de tétran-

n-butylammonium. Des paramètres de réaction comme la température de réaction (110-

140 °C), la pression de réaction (20-50 bars), la concentration de catalyseur (0.06- 0.30mol.L-

1) et d'époxydes (1.67-3.80 mol.L-1) ont été étudiés. Un modèle cinétique a été proposé. La 

constante cinétique et l'énergie d'activation ont été estimées. La fiabilité des paramètres 

cinétiques a ensuite été vérifiée en utilisant la méthode de Monte Carlo à chaîne de Markov. 

Afin d'étudier la corrélation entre la réactivité d'huile végétale et sa forme estérifiée par le 

méthanol, nous avons comparé la réactivité de carbonatation de l'huile de coton époxydée et 

de son ester méthylique d'acide gras époxydé. Transfert de masse et propriétés 

physicochimiques de ces réactions ont été déterminés, et ensuite, appliqué pour estimer les 

constantes cinétiques intrinsèques pendant la phase de modélisation cinétique. L'ester 

méthylique d'acide gras époxydé s'est avéré avoir une réactivité de carbonatation supérieure 

à celle de l'huile végétale époxydée. La constante de vitesse de carbonatation de l'ester 
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méthylique d'acide gras a été estimé à 1.4 fois plus grande que celle de l'huile de coton 

époxydée. Une relation linéaire a été trouvée entre la constante de vitesse de carbonatation 

de l'huile végétale époxydée et de son ester méthylique d'acide gras avec la température. 

Un bref résumé de la stratégie de recherche est donné dans le diagramme ci-dessous. 

 

Paramètres influençant la cinétique de 

production d'huiles végétales époxydées

Caractérisation 

physicochimique 

Modélisation cinétique de la carbonatation 

d'huiles végétales époxydées avec 

catalyseur homogène

Caractérisation de la 

structure et de la réactivité 

Modélisation cinétique de la 

carbonatation d'huiles végétales 

époxydées avec catalyseur hétérogène

Etape suivante 
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1. Introduction 

Dans la première section de ce travail, des études cinétiques de l'époxydation et d'ouverture du cycle 

oxirane ont été effectués pour optimiser la production d'huile de coton époxydée. L'époxydation 

d'huile de coton par l'acide peracétique a été étudiée dans un réacteur discontinu. Les constantes 

cinétiques pour la réaction d'ouverture du cycle oxirane par l'eau, peroxyde d'hydrogène, acide 

acétique et acide peracétique ont été estimées. Une stratégie adéquate de modélisation pour 

l'ouverture du cycle oxirane a été bien développé. 

 Dans la deuxième section, propriétés physicochimiques (viscosité, masse volumique, indice réfraction, 

capacité calorifique spécifique) ont été mesuré pour trois huiles végétales (huile de soja et de coton et 

de lin) et des formes modifiées. Des solutions d'huile végétale frais, d’huiles végétales époxydées et 

d'huiles végétales carbonées ont été synthétisées afin d’évaluer l'effet des groupes de fonctionnel. Il a 

pu être montré que la masse volumique et l’indice de réfraction de ces huiles varie linéairement avec 

la température. La viscosité de ces huiles, dont se sont révélés des fluides newtoniens, suit une 

fonction exponentielle de la température. 

Puis, la cinétique de la carbonatation d’huiles végétales époxydées a été exploré afin de déterminer 

l’effet des différents paramètres de la réaction, comme la pression, la température et la concentration 

du groupe époxyde. En plus, un modèle cinétique, y compris le transfert massique pour le 

carbonatation d’huiles végétales époxydées, a été construit. 

Dénièrent, des huiles végétales et leurs ester méthylique ont été sélectionnée comme sujet de 

recherche pour faire une enquête de la relation entre la structure et la réactivité chimique dans des 

réactions de carbonatation. La relation entre les constantes cinétiques de deux substances différents 

en structure dans la réaction de carbonatation ont estimées en tenant en compte les propriétés 

physicochimiques et les paramètres de transfert de masse. 

2. Objectif 

Cette thèse doctorale est centrée sur les réactions d'époxydation et carbonatation des huiles végétales. 

L'objectif de ce travail a été divisé en quatre parties: 

1) Une étude cinétique de l'époxydation et l'ouverture du cycle oxirane d'huile végétale; 

2) Une enquête préliminaire sur les propriétés physicochimiques des huiles végétales (huile de 

soja, de coton et de lin) et leurs formes modifiées (huiles végétales époxydées et carbonnées). 
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3) Une étude cinétique de la carbonatation des huiles végétales époxydées avec un catalyseur 

homogène, à savoir bromure de tétra-n-butylammonium (TBABr); 

4) Une étude de la relation entre la structure et la réactivité chimique dans la réaction de 

carbonatation des huiles végétales et leurs ester méthylique.  

3. Résultats et Discussion 

3.1 Influence des reactions d'ouverture du cycle oxirane sur les cinétiques de l'époxydation d’huile 

de de coton biologique  

L'époxydation d'huile de coton par l'acide peracétique a été étudiée dans un réacteur discontinu.   En 

développant une stratégie de modélisation appropriée, les constantes cinétiques pour la réaction 

d'ouverture du cycle oxirane par l'eau, peroxyde d'hydrogène, acide acétique et acide peracétique ont 

été estimées. Le principal objectif de ce travail est de minimiser les réactions secondaires à réaction 

d'ouverture du cycle oxirane, pour trouver la configuration du réacteur qui convient le mieux. Le 

présent travail fournit une base pour l'optimisation de technique du traitement d’époxydes à l'avenir. 

Ce chapitre est divisé en trois parties: étude cinétique pour l'ouverture du cycle oxirane, modélisation 

cinétique et la discussion du les distributions de produits d'ouverture du cycle oxirane.   

3.1.1 Expériences d'étude cinétique 

Dans cette rubrique, les effets des concentrations d'acide sulfurique, le peroxyde d'hydrogène, acide 

acétique et acide peracétique ont été enquêté sur la cinétique de la réaction d'ouverture du cycle 

oxirane. On pourrait conclure: 

(1) L'influence de concentration d'acide sulfurique sur la réaction d'ouverture du cycle oxirane 

implique que la cinétique est plus rapide quand la concentration d'acide sulfurique augmente. 

(2) L'influence de concentration du peroxyde d'hydrogène sur la réaction d'ouverture du cycle oxirane 

suggère que la cinétique augmente légèrement avec la concentration du peroxyde d'hydrogène.  

(3) L'influence de concentration d’acide acétique sur la réaction d'ouverture du cycle oxirane suggére 

que la cinétique accélère quand la concentration d'acide acétique augmente. 

3.1.2 Modélisation cinétique 

La section comporte quatre parties: la détermination des coefficients de distribution, la cinétique de 

différentes réactions, stratégie de bilan de masse et de la modélisation cinétique. 
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(1) Détermination des coefficients de distribution 

Le Tableau 1 présente le coefficient de distribution calculé d’acide acétique avec différentes 

concentrations en double liaison, groupes époxyde et produits d'ouverture du cycle oxirane. 

Table 1. Coefficient de distribution calculé d’acide acétique KAA 

 

Concentration [mol.L-1] Acide acétique [mol.L-1] KAA 

T (°C) [DB]org [Ep]org [RO]org [AA]org [AA]aq 

 
60 4.00 0.00 0.00 0.408 6.048 14.83 

50 4.00 0.00 0.00 0.420 6.233 14.83 

60 2.33 1.27 0.40 0.507 6.513 12.83 

60 2.00 2.00 0.00 0.613 6.730 10.99 

 

Les coefficients de distribution dépendent fondamentalement de la concentration d’époxyde, de 

double liaison et d'ouverture du cycle oxirane, qui est souvent décrite comme:  

 ��� = A × �Ep	
�� + B × �DB	
�� + C × �RO	
��                                                        (3) 

Selon le coefficient de distribution calculé d’acide acétique avec différentes concentrations en double 

liaison, groupes époxyde et produits d'ouverture du cycle oxirane, les valeurs d’A, B et C sont estimés, 

respectivement, à 0.8938, 3.7075 et 6.875.  

Selon Wu et al. (Wu Zhenyu et al., 2016), l'acide performique a été constaté d’être trois fois plus soluble 

que l’acide formique dans l’époxydation de l'huile de soja. Par analogie, la même logique s'applique 

pour l'acide acétique et acide performique dans cette étude, donc, KPAA=0.33×KAA. 

(2) Cinétiques de la réaction d'ouverture du cycle oxirane 

les taux de la réaction d'ouverture du cycle oxirane par différents nucléophiles sont calculée comme 

suit : 

���	��	�� = ���	��	��� × �Ep	
�� × ���	����� × � !�"	��� #�	��                                                         (4) 

���	��	$�� = ���	��	$��� × �Ep	
�� × �$��	���%�� × � !�"	��� #�	��                                                         (5) 

���	��	& = ���	��	&� × �Ep	
�� × �H(O)	*+                                                                       (6) 

���	��	 $ = ���	��	 $� × �Ep	
��. �HO	*+ × � !�"	��� #�	��                                                         (7) 
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ici que, ���	��	��� , ���	��	$��� 	, ���	��	&� 	 et ���	��	 $�  sont égaux à
."/.0/ . 12#312!3" , ."/.0/ . 12#312!3" , 

	."/.0/ . 12#312!3" . 415 et  
."/.0/ . 12#312!3" . 412%, respectivement.  

Selon Leveneur et al. (Leveneur et al., 2008), la concentration d'ions d'hydroxonium peut être estimer 

à partir des concentrations d’acide acétique et d'acide sulfurique, comme : 

�H(O)	*+ = 4 × �HSO7	*+ +
8� #9�:	��#7 + 2 × �<<= × �HSO7	*+ × �W	*+ + �??@ABCC.= × �AA	*+ × �W	*+	                                      (8) 

ici que, �<<=  est la deuxième dissociation de l'acide sulfurique (Knopf et al., 2003) and �??@ABCC.=  est la 

dissociation de l’’acide acétique (Sue et al., 2004). 

 

 (3) Bilan de masse 

Si on suppose que le transfert de masse est très rapide par rapport à la réaction chimique, le bilan de 

masse de composés en phase aqueuse (acide acétique, peroxyde d'hydrogène, acide peracétique et 

eau) et en phase organique (double liaison, groupes époxyde et groupes d'ouverture du cycle oxirane) 

est défini comme : 

En phase aqueuse, 

D���	��DE = Fα + 4@H���I@4 × F−α × �$K�L + M1 − αO × P�QR − ���	��	��SI                  (9) 

D� $	��DE = −�$K�L − M4@HOH × ���	��	 $                                                            (10) 

D�$��	��DE = Fα + 4@H1%��I@4 × Fα.�$K�L + M1 − αO × P−�QR − ���	��	$��SI                                      (11) 

D� #�	��DE = �$K�L − M4@HOH × ���	��	 #�                                                                          (12) 

En phase organique, 

D�TU	VWXDE = −�QR                                                                            (13) 

D�Q%	VWXDE = �QR − ���	��	 $ − ���	��	& − ���	��	�� − ���	��	$��                             (14) 

D���	VWXDE = ���	��	 $ + ���	��	& + ���	��	�� + ���	��	$��                                                        (15) 
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(4)  Modélisation cinétique et stratégie 

Sur la base de cette étude cinétique,  dix constantes cinétiques ont été estimées pour la réaction 

d'ouverture du cycle oxirane ; les constantes cinétiques de l’ouverture du cycle oxirane par l’eau  

(���	��	&�  & Ea��	��	&� ), la constante cinétique de l’ouverture du cycle oxirane par le peroxyde 

d'hydrogène (���	��	 $�  & Ea��	��	 $� O, la constante cinétique de l’ouverture du cycle oxirane par 

l'acide acétique (���	��	���  & Ea��	��	��� O, la constante cinétique de l’ouverture du cycle oxirane par 

l'acide peracétique (���	��	$���  & Ea��	��	$��� O  et la constante cinétique de l'époxydation par l'acide 

peracétique (�QR�  & EaQR� O. Figure 3 montre une stratégie de la modélisation cinétique. Tableau 2 est 

la matrice de corrélation pour tous les constantes cinétiques de l'époxydation à Tref = 330 K. 

 

Figure 3. Stratégie de la modélisation cinétique. 

 

 

 

 

 

Ring-opening of 
epoxide group by water
Estimated parameters: k��	��	&� & Ea��	��	&�

Ring-opening of 
epoxide group by 

hydrogen peroxide
Estimated parameters: k��	��	 $� & Ea��	��	 $�

Ring-opening of 
epoxide group by 

acetic acid
Estimated parameters: k��	��	��� & Ea��	��	���

Ring-opening of 
epoxide group by 

peracetic acid
Estimated parameters: k��	��	$��� & Ea��	��	$���

Epoxidation by 
peracetic acid

Estimated 
parameters: [\]� & \^\]�



 

vi 
 

Table 2. Constantes cinétiques estimées et données statistiques de l'époxydation de Tref = 330 K. 

      Paramètres estimés Erreur type (%)   

  k��	��	&�  [L.mol-1.s-1] 9.10E-06 19   

  Ea��	��	&�  [kJ.mol-1] 75200 19.9   

  k��	��	 $�  [L.mol-1.s-1] 1.10E-04 27.9   

  Ea��	��	 $�  [kJ.mol-1] 104000 22   

  k��	��	���  [L.mol-1.s-1] 3.69E-03 9   

  Ea��	��	���  [kJ.mol-1] 53400 20.6   

 k��	��	$���  [L.mol-1.s-1] 1.51E-02 11.4  

 Ea��	��	$���  [kJ.mol-1] 51400 26.2  

  kQR�  [L.mol-1.s-1] 3.97E-03 10.2   

  EaQR�  [kJ.mol-1] 84200 7.9   

            

En general, les corrélations entre les constantes cinétiques sont négligeables. Toutefois, les 

corrélations entre les constantes cinétiques de l’ouverture du cycle oxirane par l’eau et le peroxyde 

d'hydrogène (k��	��	&�  &	Ea��	��	&�  and k��	��	 $�  &	Ea��	��	 $� ) sont élevés. Cette étroite correlation 

signifie que la cinétique de l’ouverture du cycle oxirane par ces nucléophiles est plus complexe. Dans 

le modèle, nous avons supposé que le transfert en masse est rapide, qui pourrait ne pas être le cas 

pour ces deux molécules.     

Afin de déterminer la configuration la plus adaptée pour minimiser les produits de l’ouverture du cycle 

oxirane. Différentes configurations ont été testées: réacteur discontinu (Batch), réacteur semibatch où 

le peroxyde d'hydrogène (SemiBatch HP), l'acide acétique (SemiBatch AA), l'acide acétique et l'acide 

sulfurique sont ajoutées (SemiBatch AA SA), le peroxyde d'hydrogène et l'acide sulfurique (SemiBatch 

HP SA) sont ajoutées séparément. Selon les constantes cinétiques estimées lors de l’étape de 

modélisation, la concentration maximale du groupe époxyde, le temps associé (tmax), et les 

distributions de produits de l’ouverture du cycle oxirane à cette durée ont été déterminés pour chaque 

configuration. 

Sur la base du modèle cinétique bien construites, l’ouverture du cycle oxirane par l'acide acétique et 

l'acide peracétique a été trouvé plus rapide que par l’eau et le peroxyde d'hydrogène. Un réacteur 

semi batch où le peroxyde d'hydrogène et l'acide sulfurique sont ajoutées, a été désignée la 

configuration la mieux adaptée. 
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3.2 Interactions entre groupes fonctionnels et propriétés physicochimiques: une application pour 

huiles végétales et leurs formes modifiées (huiles végétales époxydées et carbonnées) 

L'évolution des différentes propriétés physicochimiques a été examiné, comme l'indice de réfraction, 

la viscosité dynamique, la masse volumique et la capacité calorifique spécifique des huiles végétales, 

des huiles végétales époxydées et des huiles végétales carbonnées à différentes températures et 

concentrations des groupes insaturés, époxydées et carbonnées. Trois types des huiles végétales 

différents ont été sélectionnés: l'huile de coton, l'huile de lin et l'huile de soya. Afin de prédire 

l'évolution de ces propriétés à différentes concentrations des groupes fonctionnels, nous avons 

mesuré les propriétés physicochimiques pour différents mélanges d'huile de soja avec ses produits 

dérivés (huile de soja époxydées et carbonnées). 

3.2.1 Indice de réfraction 

À l'évolution des l'indice de réfractiono des huiles végétales différents et de leurs dérivés époxydées 

et carbonnées, il a suggéré que la valeur de l'indice de réfraction dépendent des concentrations des 

liaisons doubles, groupes insaturés, époxydées et carbonnées. En effet, l'indice de réfractiono d'huile 

de lin et ses dérivés sont supérieurs à l'huile de coton et l'huile de soya et ses dérivés.  

3.2.2 Masse volumique 

La valeur de la masse volumique s'avère être sensible aux concentrations des doubles liaisons, des 

groupes époxydées et carbonnées. La masse volumique des huiles végétales est inférieure à celle de 

leur formes époxydées et carbonnées. La masse volumique de l'huile de lin a été trouvée supérieure à 

celle de l'huile de coton et l'huile de soya à des températures variant entre 283.15 K et 353.15 K. Cette 

tendance était observée aussi pour l'espèce époxydées.   

3.2.3 Viscosité 

Les groupes fonctionnels exercent une forte influence sur les valeurs de viscosité. L'évolution de la 

viscosité dynamique est dans l'ordre suivant : µ(huile végétale) < µ(huile végétale époxydée) < µ(huile 

végétale carbonnée) a une même température.  À 283.15 K, la viscosité de l'huile de lin est 80 mPa.s 

si l'on compare avec celui de l'huile de coton (120 mPa.s) et l'huile de soya (100 mPa.s). La viscosité 

d'huile de lin a été observée inférieur que celle des huiles de soya et de coton. De la même façon, on 

a pu constater que les valeurs de viscosité augmentent considérablement quand le nombre de groupe 

carbonate augmente. 

3.2.4 Capacité calorifique spécifique 
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Selon les résultats trouvés de l'évolution de capacité calorifique spécifique des huile végétales et 

leursformes époxydées et carbonées avec la température. les valeurs des capacité calorifique 

spécifique ont été constatées les mêmes pour les trois composés à des températures variant entre 

313.15 K et 383.15 K. Basé sur la variation du Cp avec la température, qui peut être décrite par une 

équation polynomiale  de deuxième ordre: (Stoessel, 2008) 

=_M`Oa%P`bcdS = e × f +g × f + h                                                                                         (16) 

ici que,  T est la temperature; Tref est la température de référence en Kelvin. Les coefficients A, B et C 

sont constants. Pour cette étude, la température de référence est 313.15 K.  

Les valeurs des coefficients A, B et C pour les huiles végétales ont été estimées, comme il est indiqué 

au tableau 3. Le coefficient de détermination est plus élevé de 95% ce qui assure la fiabilité de cette 

étude. 

Table 3. L’évolution des coefficients d’A, B et C de Eq. (16) pour l'huiles végétales et de leurs dérivés 

Cp(T) / Cp(Tref=313.15 K)=AT2 + BT + C 

  
A / K-2 

× 10-6 
B / K-1 C 

CSO -20.00 0.0149 -1.7740 

ECSO -10.00 0.0118 -1.3279 

CCSO -10.00 0.0093 -0.8714 

SBO -10.00 0.0086 -0.6907 

ESBO -3.00 0.0034 0.2521 

CSBO -8.00 0.0066 -0.2973 

LSO -5.00 0.0049 -0.0552 

ELSO -10.00 0.0091 -0.6965 

CLSO -4.00 0.0043 0.0688 

3.2.5 Effets de groupes fonctionnels sur les propriétés physico-chimiques  

Afin de voir s'il est possible de prédire l'évolution de ces paramètres à différentes concentrations des 

liaisons doubles, des groupes époxydées et carbonnées, nous avons utilisé des solutions mixtes d’huile 

végétale frais, huile végétale époxydée et des huiles végétales carbonée. L'huile de soja et ses formes 

modifiées ont été fixés comme l’objet de la recherche. Le Tableau 4 indique trois solutions différentes 

utilisé pour ces expériences.   
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Tableau 4. Composants de solutions  

 Pourcentage de poids w (% fraction massique) 

Solution SBO ESBO CSBO 

S1 49.80 50.20 0.00 

S2 19.78 19.98 60.24 

S3 39.12 31.41 29.47 

 

Les corrélations suivantes sont testées:  

�iMSXO = kMlgmO × �iMlgmO + kMnlgmO × �iMnlgmO + kMhlgmO × �iMhlgmO                    (17) 

oMSXO = kMlgmO × oMlgmO + kMnlgmO × oMnlgmO + kMhlgmO × oMhlgmO                            (18) 

pqμMSXO = kMlgmO × pqμMlgmO + kMnlgmO × pqμMnlgmO + kMhlgmO × pqμMhlgmO             (19) 

hsMSXO = kMlgmO × hsMlgmO + kMnlgmO × hsMnlgmO + kMhlgmO × hsMhlgmO                  (20) 

ici que, SX est le solution de S1, S2 ou S3. 

Les figures 4-7 présentent des exemples de validation des corrélations 17-18 pour l'indice de réfraction 

(RI), la masse volumique (ρ), le logarithme de la viscosité (pqμ) et la capacité calorifique spécifique (Cp) 

des différentes solutions de S1, S2 et S3. 
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Figure 4. Ajustement du modèle aux données expérimentales sur l'indice de réfraction de solution 

S1.  ●, Données expérimentales; ━, Données du modèle. 

 

Figure 5. Ajustement du modèle aux données expérimentales sur la densité de solution S3. 

●, Données expérimentales; ━, Données du modèle. 
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Figure 6. Ajustement du modèle aux données expérimentales sur la viscosité de solution S1.  

●, Données expérimentales; ━, Données du modèle. 

  

Figure 7. Ajustement du modèle aux données expérimentales sur la capacité calorifique spécifique de 

solution S2.  ●, Données expérimentales; ━, Données du modèle. 
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les données expérimentales (l’indice de réfraction, la densité et la capacité calorifique spécifique) 

peuvent être précitées fructueusement avec une valeur moyenne globale de l'erreur relative 

statistique inférieure à 2.5 %. Cependant, la valeur moyenne globale de l'erreur relative statistique de 

lnµ est supérieur dû au fait que Eq. (19) ne prend pas en compte l'interaction entre les groupes 

fonctionnels.   

3.3 Carbonation des huiles végétales époxydées 

Dans cette section, un modèle cinétique de la réaction de carbonatation d'huile de coton époxydée 

catalysée par TBABr a été proposée. Dans un système de gaz-liquide, il convient de prendre en 

considération le transfert de masse.  

Dans un premier temps, un modèle de transfert massique a été construit afin de pouvoir prédire 

l’évolution des coefficients de transfert massique volumétrique, des coefficients de Henry, 

l'avancement de réaction et la température. Ensuite, un modèle cinétique a été proposée à différents 

niveaux de température, de catalyseur, de concentrations des groupes époxyde et de pression du CO2. 

3.3.1 Étude cinétique de réaction carbonatation 

L’influence de la pression du CO2 (20-50bar), la température (110-140°C), la concentration initiale de 

groupes époxyde (1.67-3.80 mol.L-1) et la concentration en catalyseur (0.06-0.3 mol.L-1) sur la cinétique 

de la carbonatation ont été examinées. Les expériences ont été conduites dans des conditions 

isobarique et isotherme.  

(1) Effets de la pression du CO2 

La figure 8 montre l'influence de la pression du CO2 sur la conversion des groupes époxyde à 120 °C. 

La présence d’une période d'induction est observée lorsque la pression est moins de 30 bar. Ce 

phénomène avait été observés par North et Pasquale (North and Pasquale, 2009) durant la réaction 

carbonatation d'oxyde de styrène avec TBABr. Cependant, ils ont remarqué cette période d'induction 

à basses concentrations de TBABr.   
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Figure 8. Effets de la pression du CO2 sur la cinétique de carbonatation à 120°C,  

[TBABr] = 0.13 mol.L-1, [ECSO]0= 3.4-3.5 mol.L-1 et une vitesse de rotation de 500 rpm 

 

 (2) Effets de température 

La figure 9 montre l'influence de la température sur la cinétique de carbonatation. Comme prévu, le 

taux de réaction augmente avec la température.  

 

Figure 9. Effets de température sur la cinétique de carbonatation à une concentration de [TBABr]= 

0.13 mol.L-1, de [ECSO]0=  3.4-3.5 mol.L-1, 50 bar et une vitesse de rotation de 500 rpm 
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 (3) Effets de la concentration initiale de groupes époxyde 

 

Figure 10. Effets de la concentration initiale de groupes époxyde de ECSO sur la cinétique de 

carbonatation à la concentration de [TBABr] à 0.13 mol.L-1, 110 °C et une vitesse de rotation de 500 

rpm 

La figure 10 révèles l'influence de la concentration initiale des groupes époxyde de ECSO à 47 bar et à 

110 °C. Pour faire varier la concentration des groupes époxyde, l'huile pure de coton a été mélangé 

avec ECSO à différents taux. Lorsque la concentration de ECSO est entre 2.47 et 3.40 mol.L-1, le 

comportement cinétique est similaire. Cependant, la cinétique de carbonatation est plus rapide 

lorsque la concentration de ECSO est à 1.72 mol.L-1.  
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(4) Effets de la concentration de catalyseur 

 

Figure 11. Effets de la concentration de catalyseur sur la cinétique de carbonatation à la 

concentration de [ECSO]0 à 3.2-3.4 mol.L-1, 50 bar, 140 °C et une vitesse de rotation de 500 rpm 

La figure 11 montre l'influence de la concentration de catalyseur sur la cinétique de carbonatation à 

48 bar. Quand la concentration de catalyseur augmente, la vitesse de réaction améliore. L'association 

de catalyseur dans le groupe oxirane comprend plusieurs étapes qui affectent l’ordre de réaction. 

En traçant le logarithme de la vitesse initiale de réaction du (ln(RCarbonatation,0) versus le logarithme de la 

concentration de catalyseur (Figure 11),  

La figure 12 montre que l’ordre de réaction par rapport au catalyseur est probablement égal à 0.5. Le 

paramètre n a été estimée lors de la modélisation cinétique dans le but de valider l'observation. 

Sur la base des expériences cinétiques, on peut remarquer que la pression du CO2, les groupes époxydé 

et la concentration de TBABr, ainsi que la température de réaction jouent un rôle important sur la 

cinétique de réaction.  
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Figure 12. ln(RCarbonatation,0) versus ln([TBABr]) à la concentration de [ECSO]0 =3.2-3.4 mol.L-1, 50 bar, 

140 °C et une vitesse de rotation de 500 rpm 

3.3.2 Étude de transfert massique de CO2 

Un des objectifs de cette section est la détermination des coefficients de transfert massique entre les 

phases gazeux et liquide, ainsi comme la solubilité du CO2 dans le mélange de réaction. Il est important 

aussi de vérifier Les variations de ces paramètres en fonction de conversion.  

(1) Effets de la pression du CO2 

 

Figure 13. Effet de la pression du CO2 sur l'absorption cinétique du CO2 dans la solution ECSO à 130 °C 

et une vitesse de rotation de 500 rpm 
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La figure 13 présente l'évolution du nombre de moles du CO2 dans la phase à 130 °C. On a observé qu’à 

mesure que la pression de CO2 augmente, la cinétique de carbonatation devient plus rapide. 

(2) Effet de la température 

Lorsque la température du liquide augmente, l'absorption du CO2 est plus rapide mais le nombre de 

moles du CO2 absorbé est inférieur (Figure 14).  

Pendant la réaction de carbonatation, le transfert massique de CO2 est affecté par l'évolution de la 

viscosité du liquide lors de l'augmentation de la concentration de CCSO (Figure 15). Afin de mesurer 

cette phénomène, une série d'expériences d'absorption du CO2 a été faite avec CSO, ECSO, CCSO et un 

mélange de ECSO à 70 wt.% et de CCSO à 30 wt.%.   

 

Figure 14. Effet de la température du CO2 sur l'absorption cinétique du CO2 dans la solution de ECSO 

à 20 bar et une vitesse de rotation de 500 rpm 
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(3) Effet de les composantes 

 

Figure 15. Effet des composantes sur l'absorption cinétique du CO2 dans la solution à 20 bar, 120 °C 

et une vitesse de rotation de 500 rpm 

Le figure 15 révèle que l'absorption du CO2 augmente dans l'ordre suivant: CSO>ECSO> Mélange (70 

wt.% ECSO + 30 wt.% CCSO)>CCSO. On peut remarquer que le nombre de moles du CO2 absorbé dans la 

phase liquide à l'équilibre augmente dans l'ordre suivant: CSO>CCSO>Mixture>ECSO. 

La solubilité de CO2 [ ]*2 liq
CO  dans la phase liquide peut être associés à la pression du CO2 dans la phase 

gazeuse par le coefficient de Henry (He). Ce coefficient dépend des propriétés de la phase liquid et 

température, et on peut le décrire comme suit: 

[ ]
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2liq
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*

2 CO
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2 CO

*

2 CO

CO .

CO .

CO .

ECSO

CCSO

CSO

He P

He P

He P

=

=

=

                                                   (21) 

ici que, HeECSO, HeCCSO et HeCSO représentent les coefficients de Henry pour l'huile de coton époxydée, 

l'huile de coton carbonnée, et huile de coton pure. 

L'évolution de la concentration du CO2 dans la phase liquide de CSO, ECSO, CCSO suit la loi de Henry à 

des températures différentes.  
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Figure 16. L'évolution de coefficient de Henry versus températures 

Le figure 16 montre que la solubilité du CO2 est plus élevée dans la solution de CSO que la solution de 

CCSO ou la solution de ECSO à des températures entre 110°C et 120°C. Cependant, à une température 

supérieure à 130°C, la solubilité du CO2 augmente dans l'ordre suivant: CCSO>CSO≥ECSO. 
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Figure 17. Courbe de Van’t Hoff pour coefficients de Henry de l'huile de coton (CSO), l'huile de coton 

époxydée (ECSO) et l'huile de coton carbonnée (CCSO) 

Le figure 17 montre que la dissolution du CO2 est plus exothermique dans la solution de CSO (∆H= -

40.406 kJ.mol-1) que dans la solution de ECSO (∆H= -29.03 kJ.mol-1) et que dans la solution de CCSO 

(∆H= -11.52 kJ.mol-1). 

(4) Modèle du transfert massique 

Au cours de l’étape de modélisation du transfert massique, le nombre de moles de CO2 absorbé dans la 

phase liquide a été utilisé comme la valeur observable. Les coefficients de transfert massique modifié 

( )'.akL
 pour CSO, ECSO et CCSO ont été estimées par une analyse de régression. 

L'incertitude du modèle proposé aux données expérimentales est en général satisfaisante. Le 

coefficient de l’explication dépasse 90%. Le modèle décrit bien les données expérimentales pour 

l'absorption ci du CO2 dans l'huile de coton pure, l'huile de coton époxydée et l'huile de coton 

carbonnée.  Le figures 18 montre un exemple des résultats de la modélisation. 
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Figure 18. Ajustement du modèle du transfert massique aux observations expérimentales d'absorption 

du CO2 dans la phase liquide (huile de coton) à 30 bar, 110 °C et une vitesse de rotation de 500 rpm  

Le tableau 5 présente les valeurs estimées pour les coefficients du transfert massique modifié ( )'.akL . 

Les erreurs types concernant les paramètres estimés sont inférieures à 2%, ce qui montre la fiabilité 

du modèle. La matrice de corrélations ne montre pas des corrélations entre les paramètres estimés 

(Tableau 6). 

Tableau 5. Données estimatives et statistiques pour les coefficients du transfert massique modifié  

 Unité Valeur estimée Erreur type Erreur type % 

Mkz. aO′aa9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 3.03E-06 4.78E-08 1.6 

Mkz. aO′Qa9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 1.23E-05 2.30E-07 1.9 

Mkz. aO′a9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 2.57E-05 4.22E-07 1.6 
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Tableau 6. Matrice de corrélation 

 Mkz. aO�aa9�	 Mkz. aO′Qa9� Mkz. aO′a9� 

Mkz. aO′aa9� 1   

Mkz. aO′Qa9� -0.007 1  

Mkz. aO′a9� x x 1 

 

3.3.3 Modèle cinétique 

Au cours de l’étape de modélisation cinétique, la concentration du groupe époxydée a été utilisée 

comme la valeur observable. 

Les constantes cinétiques estimées sont le taux constant (kcarbonatation) et l’énergie d'activation pour la 

réaction de carbonatation (EaCarbonatation) et le réaction d’ordre (n) sur catalyseur.  

Le modèle reproduit les données expérimentales avec efficacité. Le coefficient de l’explication dépasse 

95%. Le figure 19 montre que le modèle reproduit les données expérimentales et l'évolution des 

concentrations du groupe carboné et du CO2 dans la phase liquide.  

 

Figure 19. Ajustement du modèle cinétique aux expériences et simulation de l’absorption [CO2]liq 

pour la carbonatation de l'huile de coton époxydée à [Ep] de 3.6 mol.L-1, [TBAB] de 0.13 mol.L-1 et à  

30.6 bar, 120 °C et une vitesse de rotation de 500 rpm  
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Le Tableau 7 présente les données cinétiques estimées pour la carbonatation de l'huile de coton 

époxydée. Les écarts-types des constantes de vitesse, d'énergie d'activation et l'ordre de réaction sont 

inférieur de 20%.  Les écarts-types des paramètres cinétiques γ et α sont relativement élevée. C'est 

peut-être dû au fait que ces paramètres sont très sensibles à la température.   

Tableau 7. Données estimatives et statistiques pour la réaction de carbonatation à Tref de 403 K  

  
Estimé Erreur type Erreur type % 

kCarbonatation [L2.mol-2.s-1] 1.85E-04 2.94E-05 15.9 

EaCarbonatation [J.mol-1] 5.16E+04 3.05E+03 5.9 

n 5.83E-01 5.19E-02 8.9 

α  [s-2] 3.26E-01 9.56E-02 29.3 

γ [mol.L-1] 8.12E-02 5.02E-02 61.8 

 

 Tableau 8 présente la matrice de corrélation pour les paramètres cinétiques. On peut remarquer que 

les corrélations entre les divers paramètres cinétiques sont d’ordre moyenne. Ceci est dû aux 

différentes hypothèses formulées.   

 

Tableau 8. Matrice de corrélation 

 

  kCarbonatation EaCarbonatation n α   γ  

kCarbonatation 1     

EaCarbonatation 0.56 1    

n 0.734 0.196 1   

α   0.67 0.603 0.021 1  

γ  -0.639 -0.561 -0.444 -0.314 1 
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3.4 Structure et réactivité: Comparaison entre l’huiles végétales et esters méthyliques d'huiles 

végétales 

L'objectif de la présente étude est de mesurer l'effet de l'obstacle stérique sur la cinétiques de la 

carbonatation de l'huile de coton, où les centres réactionnels sont situées sur les fragments d'esters 

méthyliques. A cette fin, une comparaison entre la réactivité de l'huile de coton et ses contreparties 

des esters méthyliques seront effectués. Afin de mener cette étude, Il est obligatoire de tenir compte 

des phénomènes de transfert de masse de CO2 lors du passage d'une phase gazeuse à une phase 

aqueuse. Ce phénomène est perturbé par les propriétés physico-chimiques du solvant utilisé. La 

réaction de carbonatation effectuée par avec un catalyseur homogène comme le bromure de tétra-n-

butylammonium (TBABr) a été examiné. 

3.4.1 Comparaison des propriétés physico-chimiques 

(1) Comparaison de la masse volumique 

 

Figure 20. Rapport entre le
FAME

CSO

ρ
ρ

, 
EFAME

ECSO

ρ
ρ

 et 
CFAME

CCSO

ρ
ρ

 en fonction de la température 

Figure 20 montre l'évolution des rapports de densité: 
FAME

CSO

ρ
ρ

, 
EFAME

ECSO

ρ
ρ

et 
CFAME

CCSO

ρ
ρ

 en fonction de la 

température. Il est remarquable que les rapport de 
FAME

CSO

ρ
ρ

et de 
EFAME

ECSO

ρ
ρ

 sont similaires et sont égaux 
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à 1.05, tandis que les rapport de 
CFAME

CCSO

ρ
ρ

 est inférieur et egal à 1.02 a des températures variant entre 

100°C et  150°C. Donc, quand le groupe fonctionnel est plus grand, La différence de densité entre l'huile 

végétale et les esters méthyliques est inférieur.  

(2) Comparaison de la viscosité 

 

Figure 21. Rapport entre  
FAME

CSO

µ
µ

, 
EFAME

ECSO

µ
µ

et 
CFAME

CCSO

µ
µ

 en fonction de la température 

Figure 21 montre l'évolution des rapports de viscosité: 
FAME

CSO

µ
µ

, 
EFAME

ECSO

µ
µ

et 
CFAME

CCSO

µ
µ

 en fonction de la 

température. À différence de la densité, la différence de viscosité entre l'huile végétale et les esters 

méthyliques est inférieur est plus prononcé. Nous avons remarqué que les viscosités des l'huile 

végétale et les esters méthyliques peut être de 20 à 40 fois plus élevée que l'ester méthylique 

correspondant et ses dérivés. Cette différence illustré le bénéfice d’utiliser l'ester méthylique d'acide 

gras plutôt que l’huile végétale d’un point de vue de mélange. 
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3.4.2 Comparaison du transfert en masse 

Figure 22 montre l'évolution des rapport entre coefficients de Henry:
FAME

CSO

He

He , 
EFAME

ECSO

He

He et 
CFAME

CCSO

He

He  en 

fonction de la température. Figure 22 montre que le coefficient de Henry est raisonnable à l'utilisation 

de CSO/ECSO/CCSO ou FAME/EFAME/CFAME. D'un point de vue thermodynamique, la solubilité du 

CO2 dans les dérivés de FAME est plus élevé que les dérivés de CSO, ce qui est à d’avantage cinétique. 

 

Figure 22. Ratio entre le 
FAME

CSO

He

He , 
EFAME

ECSO

He

He et 
CFAME

CCSO

He

He
 en fonction de la température 

Les valeurs estimées et leurs erreurs-types sont présentés au tableau 9. On peut voir que leurs erreurs-

types sont faibles. Les paramètres de transfert de masse modifiés sont presque les mêmes pour le 

CFAME et le CCSO, mais ceux des EFAME et FAME sont à 100 fois plus bas que le ECSO et CSO.  

Tableau 9. Données statistiques estimés pour les coefficients de transfert de masse modifiés 

 
Unité 

Valeur estimée 

(×10-6) 

Erreur type  

(×10-8) 

Erreur type  

 / % 

Mkz. aO′a���Q 
| KPa. s�

@�.u ∙ �kg.m@(Pa. s �
@�.u s@4 

1.11 3.0 2.7 

Mkz. aO′Q���Q 
| KPa. s�

@�.u ∙ �kg.m@(Pa. s �
@�.u s@4 

2.59 8.3 3.2 

Mkz. aO′���Q 
| KPa. s�

@�.u ∙ �kg.m@(Pa. s �
@�.u s@4 

1.14 4.3 3.8 
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3.4.3 Comparaison de cinétiques 

Durant l’étape de modélisation cinétique, nous avons estimé la constante de vitesse de la 

réaction de carbonatation kcarbonatation et l'énergie d'activation Eacarbonatation pour FAME. La 

concentration de groupe époxydé a été sélectionné comme la valeur observable. 

Figures 23 montre une comparaison entre l'ajustement des modèles cinétique de la 

carbonatation pour ECSO et EFAME. On peut remarquer que les données d'expérimentation 

correspondirent très bien aux prévisions des modèles cinétiques. Les deux coefficients 

explication de la réaction de carbonatation cinétique sont supérieure 95%. 

 

Figure 23. Ajustement des modèles cinétiques de la carbonatation pour ECSO et EFAME à 

110°C, 30 bar, à [TBABr]0 de 0.13 mol.L-1 et une vitesse de rotation de 500 rpm 

Table 10. Données statistiques estimés à Tref  de 403 K pour la carbonatation de EFAME 

 

Valeur estimée Erreur type Erreur type % 

(kCarbonatation)EFAME [L2.mol-2.s-1] 2.57×10-4 5.15×10-6 2.4 

(EaCarbonatation)EFAME [J.mol-1] 47200 2580 6.4 

(kCarbonatation)ECSO [L2.mol-2.s-1] 2.07×10-4 3.35×10-5 16.2 

(EaCarbonatation)ECSO [J.mol-1] 50700 2930 5.8 

n 0.584 0.0518 8.9 

α  [s-2] 0.318 0.0924 29 

γ [mol.L-1] 0.078 0.0502 64.3 
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Le Tableau 10 indique les données cinématiques estimées pour la carbonatation de EFAME. 

On peut noter que la cinétique de la réaction de carbonatation de EFAME et ECSO sont 

également du même ordre de grandeur.   

 

Figure 24. La variation de 
( )
( )EFAMEncarbonatio

ECSOncarbonatio

k

k
 en fonction des différentes températures de 

réaction 

Le Figure 24 montre la variation du rapport de constante de vitesse de la réaction de 

carbonatation de EFAME à différentes températures de réaction. On peut cependant 

remarquer que il existe une corrélation linéaire entre la ratio de 
( )
( )EFAMEncarbonatio

ECSOncarbonatio

k

k
et la 

température. À basses températures, La vitesse de carbonatation de EFAME est à 1.4 fois plus 

élevée que la vitesse de carbonatation de ECSO, alors que cette différence est plus basse 

lorsque la température augmente. Donc, on y suggère que il est souvent possible de prévoir 

la cinétique de la réaction de carbonatation d'huile végétale si les cinétiques de la réaction de 

carbonatation d’ester méthylique d'acide gras sont connus. Ce résultat montre que l'obstacle 

stérique joue aussi un rôle lors de la réaction de carbonatation d'huile végétale. Il est possible 

de trouver la corrélation linéaire entre le rapport de la vitesse de carbonatation et de la 

température. 
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4. Conclusion 

Cette recherche a été concentrée sur quatre aspects pour la valorisation des huiles végétales: 

Premièrement, époxydation cinétiques pour l'époxydation et l'ouverture du cycle oxirane 

d'huile végétale ont été étudiés dans un réacteur discontinu. En développant une stratégie 

adaptée de modélisation, les constantes cinétiques ont été estimées pour les réactions de 

l'ouverture du cycle oxirane par l'eau, le peroxyde d'hydrogène, l'acide peracétique et l'acide 

acétique. En guise de conclusion, il ressort que l'ouverture du cycle oxirane par l'acide 

peracétique et l'acide acétique est plus rapide que celles par l'eau, le peroxyde d'hydrogène. 

Un réacteur semibatch où le peroxyde d'hydrogène et l'acide sulfurique sont constamment 

ajoutées a été jugéet une configuration optimale pour maximiser la concentration du groupe 

époxyde et réduire la concentration de produits d'ouverture du cycle oxirane.  

Deuxièmement, les interactions entre les groupes fonctionnels (double liaison, groupe 

époxydée et groupe carbonnée) et les propriétés physicochimiques ont été examinées pour 

les huiles végétales et leurs dérivés époxydées et dérivés carbonnées. L'influence de la 

température sur les propriétés physicochimiques comme la densité, l'indice de réfraction, la 

viscosité et la capacité calorifique spécifique ont été discutées.  En conclusion, l'indice de 

réfraction et la densité diminue linéairement lorsque la température augmente. La viscosité 

de ces huiles est proportionnel à la température. La capacité calorifique spécifique a été jugé 

relativement constant avec la température. La conversion des groupes époxydées et des 

groupes carbonnées contribue à une augmentation de la viscosité, ce qui suggère que les 

composants huileux affectuer les paramètres physicochimiques, qui influencent le transfert 

de masse dans les milieux eau/gaz pendant la réaction de carbonatation. Donc, en s'appuyant 

sur les évolutions du des composés purs correspondants, les propriétés physicochimiques 

comme la densité, l'indice de réfraction, la viscosité et la capacité calorifique spécifique des 

huiles végétales pourrait être prédite.  

Ensuite, un modèle de la cinétique pour la carbonatation de l'huile de coton avec un catalyseur 

homogène du bromure de tétra-n-hexylammonium (TBABr) a été développé. Pendant une 

étude de cinétique, le phénomène de transfert de masse du CO2 a également été pris en 

compte et l'évolution des paramètres de transfert de masse en fonction de la température et 

des composants ont été estimées lors d’étape de modélisation pour transfert de masse du 

CO2. Une expression cinétique pour la carbonatation de l'huile de coton époxydée est dérivé 

en supposant que la réaction de carbonatation est statique. Les résultats de transfert de 

masse montrent que la dissolution du CO2 est exothermique dans la phase huileuse.  
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À la dernière étape, une comparaison entre les cinétiques de carbonatation intrinsèques sur 

l'huile de coton époxydée et les esters méthyliques d'acide gras correspondant a été exécutée 

avec un catalyseur homogène du bromure de tétra-n-hexylammonium (TBABr). Selon la 

comparaison des les propriétés physicochimiques, on observe un forte influence des groupes 

fonctionnels (double liaison, groupe époxydée et groupe carbonnée) sur la viscosité, qui est 

probablement liée à l'obstacle stérique. Les résultats de la comparaison de transfert de masse 

a démontré que la solubilité du CO2 dans la phase des dérivés de FAME est plus élevée que 

des dérivés de CSO, indiquant que le groupe époxyde de FAME époxydée est plus accessible 

que ceux d’huiles végétales époxydées. Une relation linéaire a été établi entre la constante de 

vitesse de la reaction de carbonatation d'huile de coton époxydée et de la reaction de 

carbonatation d'esters méthyliques d'acide gras époxydée. Il suggérait un moyen possible de 

prédire la cinétique de la réaction de l'huile végétale sur la cinétique de la réaction d'ester 

méthylique d'acides gras.   

La continuation de cette thèse de doctorat pourraient être: 1) Pour la procédé d'époxydation, 

une approche fondamentale sont nécessaires pour estimer l'évolution de la période 

d'induction avant la réaction d’époxydation et la réaction d’ouverture du cycle oxirane; 2) 

solutions huileuses avec compositions différentes de taux de conversion, qui sont obtenus par 

la reaction d’époxydation et la reaction de carbonatation, pouvaient être utilisés à la place 

des solutions mélangées pour examiner l'interaction entre les groupes de fonctions et les 

propriétés physicochimiques; 3) pour le processus de carbonatation, plus d'huiles végétales 

devront être testés de voir si le ratio de 
( )
( )EFAMEncarbonatio

EVOsncarbonatio

k

k
 est toujours semblable. 
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Chapter I  Literature review 

1.1 Introduction 

Nowadays, due to increasing standards of global environmental awareness, sustainable 

industrialization based on the renewable resources becomes increasingly popular. It was 

reported that, 90% of global organic chemicals will come from renewable materials by 2090 

(Eissen et al., 2002).   

Thus, renewable materials like plant fiber (Ramesh et al., 2017), fat (Alptekin and Canakci, 

2010), vegetable oils (Tan and Chow, 2010), wood (Goldstein, 2018), polysaccharides (Kikuchi 

and Komatsu, 2017) and microspheres (Hossain et al., 2015) are being investigated instead of 

fossil fuels. Plenty of bio-based products are developed and commercialized, such as alcohols 

(polyols, glycols, etc.) (Meylan et al., 2015), lubricant (Mikkelsen et al., 2010), stabilizer and 

plasticizer for polymers (Aresta et al., 2014; Cuéllar-Franca and Azapagic, 2015; Jones et al., 

2014; Markewitz et al., 2012; Yang et al., 2012), toughener (Clark et al., 2016), epoxy blends 

(Cheali et al., 2014) and so on.  Among these bio-based green materials, vegetable oils are 

very popular, due to their huge global feedstock, advantages of renewability, biodegradability, 

low toxicity and comparably lower cost. During the past decades, these oils have attracted 

much attention from researchers and chemical industrialists, who have found them to be a 

renewable source of material for eco-friendly bio-based articles synthesis (Tan and Chow, 

2010; Zhang et al., 2017).  

Epoxidation and carbonation of vegetable oils were proved to be a good approach to combine 

biomass and carbon dioxide valorization.  Moreover, the capture and utilization of carbon 

dioxide (CCU) in the chemical field is a promising solution with respect to the global warming 

issue (Martens et al., 2017). However, to promote the use of vegetable oil and carbon dioxide 

feedstocks at industrial scale, it is compulsory to gather physicochemical, kinetic and 

thermodynamic data for better integration and cost optimization.  

In this chapter, different species of vegetable oils commonly applied in industry and 

valorization approaches of carbon dioxide were summarized. It is aimed to give a 

comprehensive understanding to research background on the application of vegetable oils 

and valorization of carbon dioxide. Besides, the review mainly focuses on the research 

advances in epoxidation and carbonation of vegetable oils in terms of chemical structure, 

preparation, characterization and physicochemical properties.  
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1.2 Vegetable oils 

Vegetables oils, known as fats or lipids, are predominantly the mixtures of triglycerides which 

is the ester derived from glycerol and three fatty acids. Fatty acids can be classified into two 

species, which are the saturated fatty acids and unsaturated fatty acids. The unsaturated fatty 

acids consist of monounsaturated fatty acid (myristoleic acid, palmitoleic acid, oleic acid, 

gadoleic acid, etc.) and polyunsaturated fatty acid (linoleic acid, linolenic acid, stearidonic acid, 

mead acid, etc.), while the saturated fatty acids comprise of palmitic acid, stearic acid, 

arachidic acid, behenic acid and lignoceric acid. The majority of vegetable oils are made up of 

fatty acids with chain length containing more than 16 carbon atoms (Abdullah and Salimon, 

2010). Table 1.1 and Table 1.2 present the fatty acid components of vegetable oils which are 

commonly applied in the industrial areas. 

CH O C

O

O

O

C

C

O

O

R1

R3

R2

R1, R2, R3: different carbon chains
 

Figure 1.1 General structure of triglyceride of vegetable oil 

Vegetable oils are abundant with various resources. Also, advantages of worldwide availability, 

biodegradability and competitive cost make vegetable oils more attractive. Among all 

vegetable oils, soybean oil, sunflower oil, rapeseed oil and palm oil are well known as the most 

common plant oils worldwide, while linseed oil and soybean oil are the most common 

commercially used oils for chemical industrial productions (Bähr and Mülhaupt, 2012; 

Fernandes et al., 2018; Fox and Stachowiak, 2007; Saurabh et al., 2011; Sawpan, 2018; Tan 

and Chow, 2010; Zhang et al., 2017). Furthermore, palm oil was reported to have more 

benefits than soybean oil for its huge second-world production with competitive price, long 

shelf life and some other properties (high melting point, slow crystallization properties, 

oxidation resistance, etc.) (Edem, 2002; Tan and Chow, 2010). However, instead of using 

edible oils in chemical industry, the non-edible vegetable oils are more attractive alternatives 

for the future industrial development.  
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Cottonseed oil refers to the oil extracted from cottonseed kernel. As a by-product of cotton 

industry, it has around 177 million metric tons of global storages as ending stocks according 

to the market researchers in 2016/2017 by USDA (United States Department of Agriculture) 

(USDA, 2010). Also, it is termed as ‘heart oil’ among the most unsaturated oil, which is 

composed of more than 70 wt% of unsaturated fatty acid compounds (Dinesh K. Agarwal et 

al., 2003). The fatty acid components are illustrated in Table 1.1. Thus, it is a promising bio-

base material which is potential for chemical structure functionalization and easily accessible 

and cheap for industrialization. 

The advanced oleo-chemistry technologies make it possible by chemically modifying the 

vegetable oils into polymerizable materials. The modification of vegetable oil can be divided 

into two distinct ways: the chemical modification of double bonds and the modification of 

carboxylic acid groups. Double bonds can be modified through epoxidation (Saurabh et al., 

2011), metathesis (Meier, 2009), acylation of epoxies (Wu et al., 2018), carbonation (Zheng et 

al., 2018) or polymerization processes (Pfister et al., 2011), while the fatty acid ester groups 

can be modified by hydrocracking, saponification or transesterification (Huber and Corma, 

2007; Leung et al., 2010). Among these reactions, epoxidation is one of the most significant 

ones for organic synthesis, since the highly reactive epoxy-containing products formed can 

also be used as intermediates for other reactions further down the process (acylation of 

epoxies, carbonation and polymerization processes).  

The synthesis approaches and applications of vegetable oils are shown in Figure 1.2 (Behr et 

al., 2008; Desroches et al., 2014; Rokicki et al., 2015). So far, the potential application of 

several vegetable oils, like soybean oil, linseed oil, have started to be realized in industrial 

production (Boyer et al., 2010).  
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Table 1.1. Chemical structures of mainly fatty acid species 

Fatty acid names IUPAC namea Molecular Formula Abbreviationsb 

Butanoic acid Butanoic acid C4H8O2 4:0 

Hexanoic acid Hexanoic acid C6H12O2 6:0 

Octanoic acid Octanoic acid C8H16O2 8:0 

Decanoic acid Decanoic acid C10H20O2 10:0 

Dodecanoic acid Dodecanoic acid C12H24O2 12:0 

Tetradecanoic acid Dodecanoic acid C14H28O2 16:0 

Palmitoleic acid 9-Hexadecenoic acid C16H30O2 16:1 

Palmitic acid Hexadecanoic acid C16H32O2 16:0 

Stearic acid Octadecanoic acid C18H36O2 18:0 

Dihydroxystearic acid 9,10-Dihydroxystearic acid C18H36O4 18:0 

Oleic acid 9-Octadecanoic acid C18H34O2 18:1∆9 

Ricinoleic acid 
12-Hydroxyoctadec-9-enoic 

acid 
C18H34O3 18:1∆12 

Linoleic acid 9,12-Octadecenoic acid C18H32O2 18:2∆9, 12 

Linolenic acid 9,12,15-Octadecenoic acid C18H30O2 18:3∆9, 12, 15 

Arachidic acid Icosanoic acid C20H40O2 20:0 

Paullinic acid 13-Eicosenoic acid C20H38O2 20:1∆13 

Erucic acid 13-docosenoic C22H42O2 22:1∆13 

aIUPAC:  International Union of Pure and Applied Chemistry 

bThe ratio of the total amount of carbon atoms to the number of double bond; C, Carbon 

atoms; D, Double bond. 
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Figure 1.2 Typical reaction pathways for vegetable oils application (R1, R2, R3 represent different fatty acids; R4, R5, R6 represent different carbon chains) 
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Table 1.2. Fatty acid components of common industrial vegetable oils 

 (Baker and Grant, 2018; Lee et al., 1998; Mardhiah et al., 2017; Orsavova et al., 2015; Ramos et al., 2009; Saurabh et al., 2011; Singh et al., 2016) 

Major fatty acid 

components ( wt %) 

Non-edible oil Edible oil 

 
Jatropha 

Curcas 

Rubber 

seed 
Castor Karanja Soybean Linseed Palm Corn Sunflower Rapeseed Olive Cottonseed 

16:0 14.2 10.2 1.0 3.7-7.9 10.0 5.0 45.0 6.5 6.2 3.5 16.5 21.4-26.4 

16:1 - - - - - - - 0.6 0.12 0.1 1.8 0.0-1.2 

18:0 6.9 8.7 1.7 2.4-8.9 4.0 2.0 5.0 1.4 2.8 0.9 2.3 2.1-3.3 

18:1 43.1 24.6 92.5 44.5-71.3 23.0 20.0 40.0 65.6 28.0 64.1 66.4 14.7-21.7 

18:2 34.3 39.6 4.2 10.8-18.3 51.0 18.0 10.0 25.2 62.2 22.3 16.4 46.7-58.2 

18:3 - 16.3 0.3 - 7.0 55.0 - 0.1 0.16 - 1.6 - 

20:1 - - 0.3 9.5-12.4 - - - 0.1 0.18 - 0.3 - 

Other 1.5 0.6 0 0 5 0 0 0.5 0.34 9.1 0 0 

Iodine numberc 110-113 134.5 82-90 80-90 120-136 136-178 44-51 109-133 118-144 94-120 80-88 100- 117 
cIodine number:  the number of grams of iodine consumed by 100g of oil sample.
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1.3 Biomass and CO2 valorization 

The chemical structure modifications of vegetable oils are effective way to achieve the 

biomass valorization. Transesterification of vegetable oils (soybean oil, palm oil, cottonseed 

oil, sunflower oil, rapeseed oil, etc.) is the most promising way to produce biodiesel fuels (Kim 

et al., 2004; Pinzi et al., 2009; Singh and Singh, 2010). For the production of biodiesel fuels by 

the transesterification of soybean oil is already industrialized (Fukuda et al., 2001; Körbitz, 

1999), and polymerization of vegetable oils, which consists of epoxidation, carbonation and 

polymerization processes, has been considered as a potential way to produce polyols and 

polyurethanes (Petrović, 2008). Also, diverse applications from vegetable oil and its 

epoxidized, carbonated derivatives were made in industry, e.g., epoxidized and carbonated 

vegetable oils can be used as precursor of lubricant (Panchal et al., 2017) and plasticizer 

(Thakur et al., 2017), thermoplastic elastomers and thermosetting polymers (Fernandes et al., 

2018; Islam et al., 2014).  

Carbon dioxide is an example of chemically quite stable waste products. The annual 

anthropogenic production of CO2 is 32 Gt, but only 0.2 Gt of CO2 is used as raw materials in 

industry (de Haro et al., 2016). The high stability of the carbon dioxide molecule makes its 

chemical conversion very difficult. How CO2 should be valorized to be economically and 

environmentally viable?  

Fortunately, carbon dioxide can be used as a reagent in some industrial processes such as 

production of urea, methanol and inorganic carbonate (Lathi and Mattiasson, 2007). 

Academic and industrial communities are working on this molecule to turn it into an attractive 

raw material. Then, it will be possible to develop a circular consumption of CO2 at industrial 

scale. The use of CO2 is well perceived from public (Rodis et al., 2002), and the not-in-my-

backyard syndrome could be avoided.  

Review articles seem to favor the Carbon Capture and Utilization (CCU) instead of Carbon 

Capture and Storage (CCS) (Carbonell-Verdu et al., 2016; Jin and Park, 2007; Kolanthai et al., 

2015; Rodis et al., 2002; Xia and Larock, 2010). From an economic viewpoint, CCU activities 

lead to the production of chemicals/fuels which can generate profit. Such business activities 

could lead to a circular economy based on CO2. The only storage of CO2 in different kinds of 

reservoir does not generate profit, but the injection of CO2 to recover oil like in the process of 

Enhanced Oil Recovery (EOR) might be profitable. From an environmental viewpoint, it is 

important to store the captured CO2 for a long-term, CCS technology could overcome this 
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problem but the risk of leakage is still under debate. The challenge for CCU activity is the 

development of process with low environmental impact. As noticed by Cuéllar-Franca and 

Azapagic (Cuéllar-Franca and Azapagic, 2015), CCU technology should privilege the 

development of materials and products with longer lifetimes, such as polymers 

(polycarbonate or polyurethane).  

The promotion of biomass or/and CO2 valorization processes involves the knowledge of the 

kinetics and the thermodynamics of the chemical transformations (Cheali et al., 2014). Indeed, 

these data are needed for the process design and early conception stages for energy 

integration and cost evaluation (Souza et al., 2014). Processes based on biomass or CO2 can 

be highly energy-demanding, thus one should have a synthetic view on the processes to 

diminish the energy consumption.  

1.4 Epoxidation of vegetable oils 

During the past decades, the use of epoxidized vegetable oils has been popular and more 

desirable for industrial development (Abdullah and Salimon, 2010; Desroches et al., 2014; Fox 

and Stachowiak, 2007). They have been widely used in chemical industry, such as plasticizers 

and stabilizers for environmentally friendly polymers, additives for lubricant, and precursors 

or intermediates for urethane and so on (Carbonell-Verdu et al., 2016; Chandrasekara et al., 

2011; Saurabh et al., 2011; Tan and Chow, 2010). Figure 1.4 illustrates typical products derived 

from epoxidized vegetable oils, like ring opening products, aminolysis products, hydrolysis 

products, carbonation products, which could be  further used as starting materials for the 

production of bio-lubricants or additives for lubricants (Karmakar et al., 2017). 
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Figure 1.3 Typical epoxidized vegetable oil derivatives as additive materials for biolubricants  

The epoxidation reaction refers to the functionalization of unsaturated group (double bonds) 

into epoxide group by using pure oxygen or by using hydrogen peroxide. Chemoenzymatic 

epoxidation and Prileschajew epoxidation are two main epoxidation processes applied, which 

are illustrated in Figure 1.5 and Figure 1.6. In this doctoral thesis, I have focused my effort on 

the Prileschajew method.  
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Figure 1.4 General structure of epoxidized vegetable oil 

According to the related literatures, epoxidation methods can be distinguished by the type of 

catalyst (homogeneous or heterogeneous catalyst), solvent and Prileschajew method using in-

situ or preformed peroxyacids (Goud et al., 2007). Conventional epoxidation (Prileschajew-

epoxidation process), chemo-enzymatic epoxidation, metal-catalyzed epoxidation and acidic 

ion-exchange-resin epoxidation are four main methods used in process (Tan and Chow, 2010).  

Of all the epoxidation methodologies, Prileschajew epoxidation is the most extensively 

studied method, which is the reaction of epoxidizable unsaturated group with percarboxylic  

acid formed in situ (Tan and Chow, 2010). Since this method is clean and effective, especially 

since the percarboxylic acid is easily prepared and is inexpensive, this method has been the 

commercial applied method to produce epoxides from the corresponding olefins (French, 

1967; Turco, 2011). Firstly, percarboxylic acid (formic acid or acetic acid) was produced in situ 

from carboxylic acid and hydrogen peroxide in the aqueous phase with or without catalyst 

(H2SO4, HNO3, H3PO4, etc.), and then the percarboxylic acid transfers into the organic phase to 

epoxidize the unsaturated groups on the olefins and release the carboxylic acid. One of the 

main drawbacks for this epoxidation approach is that the epoxidized group is highly reactive 

and can undergo ring opening side reactions by different nucleophiles (Cai et al., 2018). Also, 

the kinetics of ring opening reaction is dependent to the pH of the reaction mixture. When pH 

is low, the protonation of epoxide group favors ring opening reaction (Campanella and 

Baltanás, 2005). It is essential to investigate the different ring opening reaction kinetics in 

order to minimize the ring opening. However, researches concerning this part are relatively 

scarce. 
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Figure 1.5 Prileschajew epoxidation mechanisms of vegetable oil 

Chemoenzymatic epoxidation is defined as ‘self-epoxidation’, which is referring to the double 

bonds in unsaturated fatty acid is epoxidied with the enzymatically self-formed peroxy acid 

(Tan and Chow, 2010; Tiran et al., 2008; Warwel and Rüsch gen. Klaas, 1995), as shown in 

Figure 1.6.  

 

Figure 1.6 Chemoenzymatic epoxidation mechanisms of vegetable oil 

Candida antarctica lipase enzyme (Novozym 435) is the mostly used enzymatic catalyst during 

this kind of epoxidation. It works efficiently with high yield of epoxides because of the lower 

side reaction of ring opening and the simplified separation process for products. However, 

besides of less than 2% of byproduct (peracids), this process is limited to the type of 

unsaturated fatty acid (internal or terminal position of carboxylic acid) (Warwel and Rüsch gen. 

Klaas, 1995). It was reported that epoxidation of double bonds existing in unsaturated fatty 

acids with internal carboxylic acid are supposed to be more efficient than the ones with 

terminal carboxylic acid. Because of the low stability of the lipase catalyst, either hydrogen 

peroxide or alcohol could inactive the lipid catalyst during the catalytic procedure (Abdullah 

and Salimon, 2010).  

Metal-catalyst epoxidation is the epoxidation of olefins with hydrogen peroxide under the 

existence of metal catalyst, such as  titanium, tungsten, molybdenum, rhenium and also the 

metal-based nanocatalysts (Blanckenberg and Malgas-Enus, 2018; Sheldon and Van Doorn, 

1973). Compared to the Prileschajew epoxidation, chemoenzymatic epoxidation reaction 

system could be conducted under mild conditions (room temperature) with high selectivity 

and achieves almost quantitative yield.  For example, it was mentioned that the selectivity of 

epoxidized unhindered alkenes can be achieved over 90% after 3 hours of epoxidation, which 

is faster than the other epoxidation reactions. Also, heterogeneous catalytic system simplifies 
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the separation issue of catalyst. Catalysts like Ti(IV)-grafted silica catalysts, Tungsten-based 

catalyst, transition metal complexes, amorphous TiSiO2 and alumina are currently developed 

to be efficient alternative to improve epoxidation process (Abdullah and Salimon, 2010; 

Campanella and Baltanás, 2004; Di Serio et al., 2012; Santacesaria et al., 2011; Saurabh et al., 

2011; Sepulveda et al., 2007). 

Acidic ion-exchange-resin epoxidation is the epoxidation of olefins using in-situ generated 

peroxyacid (peroxyacetic acid or peroxyformic acid) and in the presence of ion exchange resin. 

Amberlite IR 120H is commonly used acidic ion exchange resin to catalyze the  kinetics of 

perhydrolysis, which is the reaction between H2O2 and carboxylic acid. Investigations on the 

epoxidation approach shows that the efficiency of transferring unsaturated groups into 

epoxides varies from the types of feed stock (Saurabh et al., 2011), and the ring opening side 

reactions can be reduced by using this epoxidation process (Goud et al., 2007; Petrović et al., 

2002).  

Among these four epoxidation methods mentioned above, Prileschajew epoxidation is the 

most widely used process, which has already achieved commercial importance, for example, 

the production of epoxidized soybean oil with percarboxylic acid has already achieved the 

industrial production scale and the product is significantly to be used as bio-based poly(vinyl 

chloride) (PVC) plasticizer (Hosney et al., 2018; Turco, 2011). A number of vegetable oils listed 

in Table 1.2 have already been well studied as the substrates for epoxidation, such as soybean 

oil (Bhalerao et al., 2018; Petrović et al., 2002), linseed oil (Ishimura and Yoshida, 2015) and 

cottonseed oil (Cai et al., 2018; Carbonell-Verdu et al., 2016; Dinda et al., 2008). The common 

feature of these oils is that they have high content of unsaturated bonds as indicated by iodine 

values in Table 1.2. Several typically literatures were discussed below, shown the influences 

of epoxidation factors on the epoxidation kinetics.  

Dinda, et al. (Dinda et al., 2008) investigated the epoxidation kinetics of cottonseed oil by 

peroxycarboxylic acid formed in-situ. It was reported that, under the experimental conditions, 

this reaction is exothermic with -11.04 kcal.mol-1 of reaction enthalpy. Also, sulfuric acid was 

proved to be the most effective catalyst among different inorganic acids. The catalytic 

effectiveness order for different catalysts is sulfuric acid> phosphate acid> nitric acid> 

hydrochloric acid. It was suggested that 60°C is the optimized temperature to perform 

epoxidation reactions. Besides, acetic acid was proved to be superior to formic acid because 

of its more effective oxygen carrier behavior than formic acid for the in-situ epoxidation of 

cottonseed oil. However, in the study of Petrović, et al. (Petrović et al., 2002), they have 
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pointed out an opposite opinion that formic acid works more efficient than acetic acid for the 

epoxidation of soybean oil at 40°C and 60°C.  

Cai et al. (Cai et al., 2008) worked on the epoxidation kinetics of different vegetable oils by 

peracetic acid generated in-situ with the existence of sulfuric acid as catalyst. The epoxidation 

effectiveness order for different vegetable oils is soybean oil> corn oil> sunflower oil. It was 

worth mentioning that the activation energy varies with fatty acid components in vegetable 

oil, higher linoleic acid content will limit the epoxidation reaction. Moreover, the optimized 

reaction temperature is 75°C, while 45°C is considered to be a temperature that helps stabilize 

the epoxide group. 

The effect of triacyl-glycerol components on epoxidation kinetics was investigated by Yan et 

al.  (Yan et al., 2018), in which they have prepared epoxidized vegetable oils with performic 

acid but without the inorganic acid catalysts. By testing the epoxidation of three vegetable oils 

(linseed oil, high-oleic form and commodity form of soybean oil), they found that linolenic acid 

can be epoxidized more rapidly than oleic acid. Moreover, the epoxidation of high-oleic 

soybean oil undergoes faster than the epoxidation of linseed oil, which has higher content of 

double bonds, suggesting that the epoxidation kinetics are also limited by diffusion aspect. 

Both Petrović et al. (Petrović et al., 2002) and Goud et al. (Goud et al., 2006) have studied the 

influences of factors, like reaction temperature, molar ratio of reactant, catalyst type and the 

mixing speed, on the epoxidation process by using in-situ formed percarboxylic acid. They 

have got the same conclusion that moderate temperature within 55-65°C is suitable for the 

epoxidation. What is more, Goud et al. have pointed out that higher temperature and catalyst 

concentration of sulfuric acid will shorten the reaction time to get higher epoxide contents 

with glycol due to cleavage. 

Zheng, et al. (Zheng et al., 2016) have studied the epoxidation of cottonseed oil using 

performic acid in a semi-batch reactor. They have proposed a kinetic model based on the 

kinetics of peroxidation of formic acid, epoxidation of cottonseed oil and ring opening of 

epoxidized oil. Also, during kinetic modeling stage, the epoxidation of oleic acid, linoleic 

contents have been considered. It was found that ring opening of epoxide group by performic 

acid is faster than formic acid and water.  

To produce the epoxidized vegetable oil, three-neck flask batch reactor and glass jacket 

reactor are commonly used to conduct the reaction and semi-batch process procedure is 
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favored, for which, there are three configurations to add the reactants during epoxidation 

reaction, as illustrated bellow: 

Configuration 1 is that vegetable oil, carboxylic acid (formic acid or acetic acid) with/without 

inorganic catalyst were mixed and preheated before aqueous H2O2 was added drop-wise 

(Dinda et al., 2008). 

 

Vegetable oil

Carboxylic acid

mix and preheated

Aqueous H2O2, dropwise

with /without cat.
COOH

H+

Reactor

Tank
Pump

 

Configuration 2 is that peroxyacid (performic acid or peracetic acid) was prepared with 

carboxylic acid (formic acid or acetic acid) and aqueous H2O2 in the presence of inorganic 

catalyst, and then being added in into the soybean oil slowly. (Cai et al., 2008) 

Vegetable oil

Carboxylic acid perhydrolysis

Aqueous H2O2 with /without cat.
Percarboxylic acid

add

COOOH

H+

COOH

H2O2

Reactor  
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Configuration 3 is that vegetable oil, aqueous H2O2 were mixed and preheated before acid 

(formic acid or acetic acid) was added drop-wise (Zheng et al., 2016). 

 

Vegetable oil

Aqueous H2O2

mix and preheated

Carboxylic acid, dropwise

with /without cat. H2O2

H+

Reactor

Tank
Pump

 

In our work, epoxidation of cottonseed oil using peracetic acid was studied. Based on the 

kinetic model developed, we found that semi-batch reactor where hydrogen peroxide and 

sulfuric acid were added is the most suitable configuration. Also, according to the estimated 

kinetic constants for the ring opening reactions by water, hydrogen peroxide, acetic acid and 

peracetic acid, ring opening by acetic acid and peracetic acid were found to be faster than by 

water and hydrogen peroxide. This part of work has been published in literature of Cai, et al. 

2018 (Cai et al., 2018). 

1.5 Carbonation of vegetable oils 

In recent decades, the growth emission of carbon dioxide in the atmosphere is still the main 

incentive to the ‘global warming’. Meanwhile, according to the situation of the modern 

consumption of petroleum, it was forecasted that the remaining petroleum reserves  will be 

exhausted in 2056 (Miloslavskiy et al., 2014). Thus, the pressure of world ecological legislation 

and the risk linked to petroleum consumption has forced industry to switch to “green 

technology” through using renewable raw materials such as vegetable oils (Adhvaryu and 

Erhan, 2002; Ogunniyi, 2006). Carbonated vegetable oils have attracted special attentions, 

because it is synthesized from carbon dioxide and vegetable oils. However, the carbonated 

product is still under its laboratory research stage, rather than at industrial scale production. 

The carbonation products are widely regarded as substitutes for fossil derivatives for the 

production of non-isocyanate polyurethanes and polyvinylchloride and so on (Mehta et al., 

2015; Rokicki et al., 2015; Sawpan, 2018).  
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Figure 1.7 General structure of carbonated vegetable oil 

Carbonation of vegetable oils is referring to the incorporation of carbon dioxide into the 

epoxide group with catalyst, thus to produce a five membered cyclic carbonates (as shown in 

Figure 1.8). According to the operating  conditions, the processing procedures can be classified 

into three categories: atmospheric pressure synthesis through coupling  carbon dioxide with 

epoxide oils (Z. Hu et al., 2018; Meléndez et al., 2007), pressurized synthesis in autoclaves (Cai 

et al., 2017; Zheng et al., 2018) and supercritical synthesis with supercritical carbon dioxide 

(M. Doll and Z. Erhan, 2005). According to catalytic system, carbonation can be classfied into 

homogeneous and heterogeneous reaction systems. During the past decades, various 

catalysts have been developed (Table 1.3). Several homogeneous catalysts have been used, 

such as quaternary ammonium (Li et al., 2008), ionic liquid (Bobbink and Dyson, 2016; Narra 

et al., 2016), organocatalyst (Büttner et al., 2017) and crown ether complexes (Desens and 

Werner, 2016). Several  heterogeneous catalysts have been used such as silica supported ionic 

liquid (Bähr and Mülhaupt, 2012), metal-organic frameworks (Babu et al., 2017; Y. L. Hu et al., 

2018; Li et al., 2008; Wang et al., 2012; Wu et al., 2016) and other novel catalysts (Onyenkeadi 

et al., 2018) have attracted significant attention due to its high catalytic activity and high 

efficiency. 
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Table 1.3. Literature review for the carbonation of epoxidized vegetable oils with catalysts 
 

Oil source Catalyst system Carbonation conditions Yield (%) References 

ESBO 
5% (mol percent per epoxide group) of 

tetrabutylammonium bromide (TBABr) 
Homogeneous 

110°C, atmosphere 
pressure, 70h 

94 (Tamami et al., 2004) 

ESBO 
5% (mol percent per epoxide group)  of 

tetrabutylammonium bromide (TBABr) 
Homogeneous 

100°C, 10.3 MPa of 
supercritical CO2, 40h 

100 
(M. Doll and Z. Erhan, 

2005) 

ESBO 
3% (mol percent per epoxide group)  of T 

tetrabutylammonium bromide / Tin(IV) 
chloride pentahydrate (TBABr/SnCl4·5H2O, 3:1) 

Homogeneous 
140°C, 1.5 MPa of CO2, 

30h 
98.6 (Li et al., 2008) 

ESBO 
5% (mol percent per epoxide group)  of 

tetrabutylammonium bromide / water 
(TBABr/H2O, 3:1) 

Homogeneous 
120°C, atmosphere 

pressure, 70h 
79 (Mazo and Rios, 2013) 

Epoxidized        
methyl 

ricinoleate 

32.55% (mol percent per epoxide group) of 
scandium (III) trifluoromethanesulfonate 

Homogeneous 
Room temperature, 

atmosphere pressure, 8h 
90 (Narra et al., 2016) 

1,2-butylene 
oxide 

2% (mol percent per epoxide group)  of 
1,3-Bis(2,6-diisopropylphenyl)imidazole-2-

ylidene/ potassium iodide /18-crown-6 (1:1:1) 
Homogeneous 100°C, 1.0 MPa of CO2, 3h 81 

(Desens and Werner, 
2016) 

ESBO 

3% (mol percent per epoxide group) of 
tetrabutylammonium bromide (TBABr) or silica 

supported 4-pyrrolidinopyridinium iodide 
(SiO2-4(I)) 

Heterogeneous 
140°C, 3.0 MPa of CO2,  

20h (TBABr), 48h (SiO2-(I)) 
100 

(Bähr and Mülhaupt, 
2012) 
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Oil source Catalyst system Carbonation conditions Yield (%) References 

ESBO Pt doped H3PW12O40/ZrO2 Heterogeneous 150°C, 1.0MPa of CO2, 30h 93 (Wang et al., 2012) 

Epoxidized SBO 
FAMEs  

Polyethylene glycol 400-embedded-potassium 
Bromide  

Heterogeneous 120°C, 3.0MPa of CO2, 20h  99 (Liu et al., 2018) 

ELSO 
5% (mol percent per epoxide group) of 

Ortho-hydroxy- triphenyl-phosphonium 
bromide 

Heterogeneous 80°C, 2.5MPa of CO2, 24h 88 
(Büttner et al., 

2017) 

Propylene oxide 

Carboxymethyl cellulose supported 1-
hydroxypropyl-3-n-buty limidazolium chloride 

and Niobium(V)  chloride (HBimCl-
NbCl5/HCMC) 

Heterogeneous 130°C, 1.5MPa of CO2, 3h 87.8 (Wu et al., 2016) 

Propylene oxide 
Zinc naphthalate (4,4’-Bipyridine)/ 

tetrabutylammonium bromide / water 
(Zn2(NDC)2(4,4’-bipy)/TBAB/H2O) 

Heterogeneous 
Room temperature, 

1.2MPa of CO2, 18h 
97 (Babu et al., 2017) 

Propylene oxide 
5.9% (mol percent per epoxide group) of 

[P12,4,4,4]Br/MIL-53(Cr) (MIL: Materials of 
Institut Lavoisier) ( 1:28) 

Heterogeneous 100°C, 1.0MPa of CO2, 2h 98 (Hu et al., 2018) 

Butylene oxide 
10% (w/w) of Ceria, lanthana and zirconia 

graphene oxide (Ce-La-Zr/GO) nanocomposite 
catalyst 

Heterogeneous 125°C, 7.5MPa of CO2, 20h 64 
(Onyenkeadi et al., 

2018) 

Epichlorohydrin 
0.75% (w/w) of Li-doped MgO catalyst (Li-

MgO) 
Heterogeneous 130°C, 4.0MPa of CO2, 4h 97 (Rasal et al., 2018) 
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Table 1.3 presents a literature review on the major development of catalytic synthesis of 

carbonated vegetable oils from epoxidized vegetable oils. Not all the reported catalyst 

systems are introduced below, but the ones showing greater potential. As we can see from 

Table 1.3, most studies were concentrated in the carbonation of epoxidized soybean oil, 

because of its readily availability and sufficient reserves, and in the carbonation of epoxidized 

linseed oil, because of its rich unsaturated fatty acid of linolenic acid (18:3) in linseed oil. 

Among the wide range of carbonation catalysts, TBABr has been widely applied for the 

synthesis of carbonated vegetable oils. The effort to discover new and more efficient catalysts 

is still going on (Alves et al., 2015; Jalilian et al., 2010; Li et al., 2008; Parzuchowski et al., 2006). 

 

Figure 1.8 Synthesis of carbonated vegetable oil  

In 2004, Tamami et al. (Tamami et al., 2004) firstly proposed the carbonation of epoxidized 

vegetable oils, and carbonation of soybean oil catalyzed by TBABr as homogeneous catalyst. 

The carbonated soybean oil was further proved to be a promising route for the non-isocyanate 

synthesis route for polyurethanes by Javni et al. (Javni et al., 2008).  

In 2013, Langanke et al. (Langanke et al., 2013) studied the formation of methyl oleate 

carbonate by organic halides and polyoxometalates. During the kinetics study, a pseudo-first 

order reaction was used, because CO2 was present in large excess.  

Also, during the past few years, the choices of cottonseed oil (Dinda et al., 2008) and vernonia 

oil (Mann et al., 2008) as raw materials seem to be interesting. Study of kinetic models 

including mass transfer parameters for the carbonation of epoxidized vegetable oils is 

relatively scarce. To the best of our knowledge, there is no kinetic model including mass 

transfer study for the carbonation of epoxidized vegetable oils.  

Because of that, in this work, the gas-liquid mass transfer phenomena for the carbonation of 

epoxidized cottonseed oil with the homogeneous catalyst of TBABr was studied (Cai et al., 

2017). The effects of different parameters, such as reaction temperature, pressure, catalyst 

loading and the stirring speed, on the kinetics were discussed. Based on the mass transfer 
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study, which was designed to predict the evolution of the volumetric mass transfer 

coefficients and Henry’s constants with reaction advancement and temperature, a kinetic 

model was further proposed for the carbonation of epoxidized cottonseed oil catalyzed by 

TBABr.  

1.6 Relationships of chemical structure and properties 

In case of vegetable oil, Yan et al. (Yan et al., 2018) proved that both the fatty acid components 

and function groups will affect physicochemical properties of the products and the 

corresponding reaction kinetics. Then, what is the specific nature of their constituting 

elements? What is the effect of their structures on their building-blocks? Is it possible to 

predict the reaction kinetics and mechanism through the establishment of a correlation 

between the chemical structure activity of these elements and their building-blocks? To reply 

such issues, the evaluation of chemical structure activity of the element and its corresponding 

compound is indispensable. However, researches concerning the relationships of chemical 

structure and properties are scarce. 

For the chemical structure activity evaluation, two aspects are necessarily investigated: the 

physicochemical properties (density, viscosity, refractive index, heat capacity) and the 

reactivity: kinetic and thermodynamic constants of a chemical reaction. 

 1.6.1 Chemical structure and physicochemical properties  

Numerous articles have reported the physicochemical properties of various triglycerides, fatty 

acids, and methyl esters.  

Demirbas (Demirbas, 2008) has investigated physical properties of 22 kinds of vegetable oils 

and 14 kinds of methyl esters. It was reported the viscosity of vegetable oil can be highly 

decreased after being transesterified into methyl ester form.  

Scala and Wool (Scala and Wool, 2005) pointed out that the chemical modification of 

triglycerides may change the interactions between molecules, thus resulting in a change in 

viscosity. For example, the viscosity of triglycerides increased as a result of slight polarity 

increase after being epoxidized.  

Miloslavskiy et al. (Miloslavskiy et al., 2014) have pointed that during carbonation process, 

viscosity of epoxidized vegetable oils increase by ten times. Thus, the properties of raw 

materials play important roles during chemical structure modifications, such as epoxidation 

and carbonation reactions.   
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Yan et al. (Yan et al., 2018) have studied the role of fatty acid profiles on the epoxidation 

kinetics of three different vegetable oils (commodity soybean oil, high-oleic soybean oil and 

linseed oil). Also, physicochemical properties of the epoxidized products, such as the viscosity, 

X-ray diffraction data and differential calorimetry were measured.  They pointed out that 

epoxidation process may increase the viscosity of oils during functionality, but with almost no 

effect on the melting temperature. Also, they mentioned that structural regularity can 

increase viscosity by improving molecular packing. Thus, with respect to triglycerides, when 

the double bonds increase, molecular packing will be reduced and viscosity will decrease.  

Also, in our previous work (Cai et al., 2018), different physicochemical properties such as 

viscosity, density, refractive index, and specific heat capacity for the epoxidized and 

carbonated forms of vegetable oils (soybean oil, linseed oil and cottonseed oil) were 

investigated. The evolution of these properties with temperature and components in double 

bond, epoxide, and carbonated groups were studied. We have found that some correlations, 

for example, density and refractive index of these oils vary linearly with temperature and the 

ratio of specific heat capacity at a temperature to the specific heat capacity at a reference 

temperature follows a polynomial equation of second order with temperature, could be used 

to predict the evolutions of these physicochemical properties at different components and 

temperatures based on the property knowledge of the pure compounds. 

1.6.2 Chemical structure and reactivity  

Quantitative structure-activity relationship (QSAR) (Chen et al., 2015; Cheng et al., 2018) and 

quantitative structure-property relationship (QSPR) techniques are used to link the chemical 

activities with the element and its building-blocks, while linear free-energy relationship (LFER) 

to predict the kinetic and thermodynamic constants (Leveneur, 2017). As to LFER description, 

two types of equations can be applied, i.e., the Hammett equation for aromatic systems, 

which takes into account the polar, steric and resonance effects, and the Taft equation for 

aliphatic systems, which takes into account polar, steric effects (Hancock, 1961; Lilja et al., 

2002).  

Several different research groups have tried to establish this kind of correlation for different 

reactions and pointed out that the correlation of intrinsic kinetic parameter between the 

constituting element and the building-blocks is important (Cheng et al., 2018; Leveneur, 2017).  
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In 1950, Bolland (Bolland, 1950) have investigated the influence of chemical structure on α-

methylenic reactivity of olefins.  He mentioned that the unsaturated group in the chemical 

structure of an olefin can determine the rate of its oxidation reaction. 

Hita, et al. (Hita et al., 2018) have studied the relationships between chemical structure of 

lignin and reactivity during iron catalytic hydrogenation process. The observed structure 

relationships show that higher concentrations of methoxy groups appear to promote lignin 

gas formation during hydro treatment. Also, aliphatic compound with low oxygen content and 

higher content of lignin are not favorable for obtaining phenolic compounds. 

Otto, et al. (Otto et al., 2018) have pointed out that all chemical reactions follow a pattern of 

associated activations, which are closely related to the steric effects in the chemical structure. 

As a chemical platform, vegetable oil can be valorized through chemical modification into 

variety of products or intermediate materials, including polymers, composites, emulsions, 

coatings, binders in ink formulations, gels (Murawski and Quirino, 2018). The epoxidized 

vegetable oils are widely applied as the stabilizers and plasticizers for polyvinyl chloride and 

rubber compounds (Bueno-Ferrer et al., 2010; Chandrasekara et al., 2011). Based on the 

epoxidized vegetable oils, carbonated vegetable oils have attracted much interest that it is 

the reactant for non-isocyanate polyurethanes (NIPUs) product (Maisonneuve et al., 2015). 

However, literature recording the correlation between the chemical structure activity of fatty 

acid and vegetable oils is yet scarce. 

Moreover, transesterification of vegetable oils (soybean oil, palm oil, cottonseed oil, 

sunflower oil, rapeseed oil, etc.) is the most common way to be used for biodiesel production 

(Fukuda et al., 2001; Leung et al., 2010). Several studies have proved that transesterification 

process helps to decrease the viscosity of vegetable oils, which is 9 to 17 times of fatty acid 

methyl esters and affects mass transfer and diffusion efficiency (Demirbas, 2008; Demirbaş, 

2002; Rastogi et al., 2002).  

In 2015, Huang et al. (Huang et al., 2015) have studied the epoxidation of different fatty acid 

methyl esters, and have demonstrated that the kinetics of epoxidation and ring-opening 

increases with the number of unsaturated groups. 

In 2016, Omonov et al. (Omonov et al., 2016) have compared the kinetics of epoxidation of 

canola oil and its transesterified form. They have found that the kinetics of epoxidation of the 

transesterified form was faster, but they did not take into account the mass transfer, 

difference of viscosity and different side reactions.  
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To the best of our knowledge, no one has performed a fair comparison, i.e., measuring 

intrinsic kinetic constant, between the kinetics of vegetable oil and their corresponding fatty 

acid methyl ester.  

1.7 Objective of the doctoral thesis 

As concerns this work, the thesis is made of seven chapters. Chapter II deals with a wide 

literature review of research advance on the methods for biomass and CO2 valorization 

through epoxidation and carbonation of vegetable oils. Chapter III presents a short 

explanation of the materials, setup and analysis methods that we used to carry out all the 

experiments. From Chapter IV to Chapter VII, these four chapters expose all experiment 

results obtained, in which Chapter IV is focused on the influence of ring opening reactions on 

the kinetics of bio-based cottonseed oil epoxidation; Chapter V is focused on the Interaction 

between functional groups and physicochemical properties of vegetable oils and their 

epoxidized and carbonated derivatives; Chapter VI is focused on the carbonation of epoxidized 

vegetable oils; Chapter VII is focused on the comparison of  chemical structure and reactivity 

between vegetable oils and fatty acid methyl ester. Chapter VIII provides a comprehensive 

summary of all the research content in this thesis. 

The aim of this doctoral thesis focuses on the epoxidation and carbonation of vegetable oils. 

The objective of this work was divided into four parts:  

- kinetics study of epoxidation and ring opening of vegetable oils by using acetic/peracetic 

acid in the presence of sulfuric acid;  

- investigation on the physicochemical properties of vegetable oils (soybean oil, cottonseed 

oil and linseed oil) and their modified counterparts (epoxidized and carbonated);  

- kinetics study of carbonation of epoxidized vegetable oils with homogeneous catalyst, 

namely Tetra-n-butylammonium bromide (TBABr); 

- study of structure-reactivity relationship between vegetable oil and its fatty acid methyl 

ester for the carbonation reaction.  

In the first part of work, kinetics studies of epoxidation and ring-opening were done to 

optimize the production of epoxidized cottonseed oil. Epoxidation of cottonseed oil by 

peracetic acid in a batch reactor was studied. The kinetic constants for the ring-opening 

reactions by water, hydrogen peroxide and acetic and peracetic acids were estimated. A 

suitable modeling strategy for ring opening was well developed. 
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For the second part, physicochemical properties (viscosity, density, refractive index, or 

specific heat capacity) were measured for three kinds of vegetable oils (soybean oil, 

cottonseed oil and linseed oil) and their modified forms. Solution of fresh vegetable oil, 

synthesized epoxidized vegetable oil and synthesized carbonated vegetable oil was made to 

investigate the effect of function groups. It was demonstrated that density and refractive 

index of these oils vary linearly with temperature. Viscosity of these oils, which were found to 

be Newtonian fluids, is an exponential function of temperature. In addition, these correlations 

could be used to predict the evolutions of these physicochemical properties at different 

components and temperatures based on the property knowledge of the pure compounds. 

Then, the carbonation kinetics of epoxidized vegetable oils were investigated for the effects 

of different reaction parameters, like reaction pressure, reaction temperature and epoxide 

group concentration on. Furthermore, a kinetic model including mass transfer phenomena for 

the carbonation of epoxidized cottonseed oil was built. 

At last, vegetable oil and its fatty acid methyl ester form were selected as research subject to 

investigate the relationship of chemical structure and reactivity via carbonation reactions. 

Relationship between the carbonation reaction kinetic constants of two substances was 

estimated by taking into account the physicochemical properties and mass transfer 

parameters. 
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Chapter II  Materials, setup and analysis 

Part of this chapter is adapted from the post print of the following articles: 

[1] X. Cai, J.L. Zheng, A.F. Aguilera, L. Vernières-Hassimi, P. Tolvanen, T. Salmi, S. Leveneur. 

Influence of ring-opening reactions on the kinetics of cottonseed oil epoxidation. International 

Journal of Chemical Kinetics, 2018, 1-16. 

Link: https://doi.org/10.1002/kin.21208 

Further permissions related to the material excerpted should be directed to the Wiley Online 

Library. Copyright © 2018 Wiley Periodicals, Inc. 

[2] X. Cai, K. Ait Aissa, L. Estel, S. Leveneur. Investigation of the Physicochemical Properties 

for Vegetable Oils and Their Epoxidized and Carbonated Derivatives. Journal of Chemical & 

Engineering Data, 63(2018) 1524-1533. 

Link: https://doi.org/10.1021/acs.jced.7b01075 

Further permissions related to the material excerpted should be directed to the ACS 

Publications. Copyright © 2018 American Chemical Society 

[3] X. Cai, J.L. Zheng, J. Wärnå, T. Salmi, B. Taouk, S. Leveneur. Influence of gas-liquid mass 

transfer on kinetic modeling: Carbonation of epoxidized vegetable oils. Chemical Engineering 

Journal, 313(2017) 1168-1183. 

Link: https://doi.org/10.1016/j.cej.2016.11.012 

Further permissions related to the material excerpted should be directed to the ScienceDirect. 

Copyright © 2019 Elsevier B.V. or its licensors or contributors. ScienceDirect® is a registered 

trademark of Elsevier B.V. 

2.1 Introduction  

In this chapter, all the materials and setup that we used for the experiments are presented. 

Section 2.2 is about the materials; Sections 2.3-2.5 describes the setups and Section 2.6 is 

about the analytical methods. Section 2.7 describes the numerical methods used to solve out 

the ODEs.  

2.2 Materials 

For synthesis procedure, refined cottonseed oil, linseed oil was purchased from ThermoFisher 

Scientific GmbH (Schwerte, Germany). Soybean oil was purchased from Sigma Company 

(Sigma, USA). Sulphuric acid (purity> 98 wt.%), formic acid (purity> 99 wt.%), acetic acid (purity> 

99 wt.%), hydrogen peroxide (33 wt.% in water) were obtained from VWR International SAS 

(Fontenay-sous-Bois, France). Tetra-n-butylammonium bromide (TBABr, purity>98wt.%) were 

purchased from Alfa Aesar (Alfa Aesar GmbH & Co., Ward Hill, MA, USA). 
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For analytical procedure, tetraethylammonium bromide (TEAB, 98 wt.%) and of perchloric 

acid standardized solution (0.1 mol.L-1 in acetic acid) were obtained from Alfa Aesar (Alfa 

Aesar GmbH & Co., Ward Hill, MA, USA). Hanus standard solution, 2-propanol, and chloroform 

were obtained from VWR International SAS (Fontenay-sous-Bois, France). The iodine solution 

(0.1 mol.L-1) was obtained from Chem-Lab NV (Chem-Lab, Belgium). Sodium thiosulfate 

solution (0.1 mol.L-1) and ammonium cerium (IV) sulfate solution were purchased from Sigma-

Aldrich (Sigma Aldrich Chemical Co, USA). 

2.3 Apparatus and experimental procedures for physicochemical properties measurements 

2.3.1 Refractive index measurement 

Refractive index was measured by using the Abbemat 300 refractometer (Anton Paar, Austria) 

with an accuracy of 0.0001 nD according to the manufacturer. Densities were measured by 

using DMA 4100 M (Anton Paar, Austria) with an accuracy of temperature of ±0.02°C and an 

accuracy of measurement of ±0.05 kg.m-3 according to the manufacturer.  

2.3.2 Density measurement 

Density was measured using a digital glass vibrating-tube densitometer (DMA5000, Anton 

Paar Ltd, Herts, UK) with an accuracy of ±0.001 kg.m-3 and ±0.001 K for the temperature 

according to the manufacturer.  

2.3.3 Viscosity measurement 

The dynamic viscosity of vegetable oil and its epoxidized and carbonated derivatives were 

measured by the Brookfield CAP2000+ viscometer (Brookfield Engineering Laboratories, Inc., 

Stoughton, MA). It is equipped with a cone plate geometry system and precise temperature 

control system. CAP spindle 01 was used during the viscosity measurement. The rotational 

speed of the cone was fixed at 20 RPM under high torque model. The shear rate was selected 

as 267 S-1. For each sample, the value of viscosity was obtained after 60 s of hold time for 

temperature stabilization and 60 s of recording time for criterion of stability. The accuracy of 

viscosity is ±2% of full scale range (FSR), and ±2 °C for the temperature according to the 

manufacturer. 

 The dynamic viscosity of fatty acid methyl ester and its epoxidized and carbonated derivatives 

were measured in a digital rolling-ball viscometer (Lovis 2000 MME, Anton Paar, Graz, Austria) 

with an accuracy of ±0.5 % and ±0.002 °C for the temperature according to the manufacturer. 

2.3.4 Specific heat capacity measurement 
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The specific heat capacities for vegetable oils and their derivatives were measured by using a 

Tian-Calvet calorimeter C80 (Setaram Instrumentation, Caluire, France). The accuracy of 

temperature is ±0.1°C and the accuracy of enthalpy is ±0.1% according to the manufacturer. 

Successive heating of 2 °C was applied to the samples in a stainless steel cell. 

2.4 Apparatus and experimental procedures for epoxidation and ring opening experiment 

Epoxidation and ring opening experiments were performed in a 500 mL glass water-jacketed 

reactor (Figure 2.1) equipped with a pitched blade impeller (diameter 3.8 cm and 4 blades), a 

reflux condenser and different temperature probes to measure the temperatures of reaction 

mixture, inlet and outlet of the jacket. A heating circulator was installed to keep the jacket 

temperature constant. A dosing pump was applied for solution injection. 
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Figure 2.1. Experimental apparatus: (a) epoxidation and ring opening reactor  

 (b) schematic view of epoxidation and ring opening setup 

2.4.1 Preparation of epoxidized vegetable oil  

Epoxidized cottonseed oil (ECSO), epoxidized linseed oil (ELSO) and epoxidized soybean oil 

(ESBO) were produced by using the protocol developed by our group (Ait Aissa et al., 2016; 

Zheng et al., 2016). Briefly, in a 500 mL jacketed-reactor, a mixture of vegetable oil, hydrogen 

peroxide and distilled water was stabilized at 60°C under 650 rpm. When the reaction 

temperature was stable, formic acid was added with a volumetric flow rate of 2.9 mL.min-1 for 

(a) (b) 
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25 min. The reaction of epoxidation for CSO, LSO and SBO lasted for one hour under these 

operating conditions. The molar ratios of reactants were 2:4:1:3 (double bond of 

oil/water/formic acid/hydrogen peroxide). Then, the organic phase was washed with a 10% 

(in mass fraction) aqueous solution of Na2CO3 to remove residual formic acid and then with 

distilled water for three times to remove the residual sodium carbonate. Furthermore, the 

purified organic phase was dried in a rotary evaporator and finally dried over anhydrous 

magnesium sulfate.  

2.4.2 Preparation of cottonseed oil fatty acid methyl ester  

Transesterification of cottonseed oil was carried out as described by Campanella, et al. 

(Campanella et al., 2008), with slight modification. The reaction stoichiometry is 6.6:1 

(methanol: cottonseed oil) in the presence of 1.0 wt.% of NaOH catalyst (cottonseed oil). The 

methanol-catalyst mixture was preheated before being fed and reacted with the cottonseed 

oil at 70 °C in the reactor. The transesterification reaction was done using 1 hour. After the 

reaction phase was stratified into two phases, the glycerol phase was removed. The methyl 

ester phase left in the reactor was washed with 600 mL of distilled water with one drop of 

phosphoric acid, then, washed three times with distillated water. The product was evaporated 

using an IKA RV10 control vacuum rotary evaporator (VWR, Darmstadt, Germany) at 60 °C and 

dried over magnesium sulfate. The resulting product was kept at 3 °C under an argon 

atmosphere.  

2.4.3 Preparation of epoxidized cottonseed oil fatty acid methyl ester (EFAME) 

Epoxidized fatty acid methyl ester (EFAME) was prepared as follows: 100.0 g of cottonseed oil 

fatty acid methyl ester (FAME), 33.0 g of formic acid were loaded into the 500 mL glass-

jacketed reactor at 40 °C. Then, hydrogen peroxide (33 wt. % in water) was introduced via a 

dosing pump at a volumetric flow rate of 5.1 mL.min-1 for 60 min. The reaction time was 3 

hours. After the reaction phase was stratified into two phases, the aqueous phase was 

removed. The organic phase left in the reactor was washed with distilled water for 3 times to 

remove the residual acid. The product was evaporated at 60 °C and dried over magnesium 

sulfate. The resulting epoxidized cottonseed oil fatty acid methyl ester was kept at 3 °C under 

an argon atmosphere.  
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2.5 Apparatus and experimental procedures for carbonation experiment 

A high-pressure stainless-steel autoclave (Parr Instrument Company, Moline, 300 mL) was 

used as the carbonation reactor (Figure 2.2). In this reaction system, a gas feed system 

including a CO2 bottle and a gas reservoir was connected to the reactor. A gas monitoring 

system equipped with temperature and pressure probes inside the gas reservoir was 

connected to a computer. A gas entrainment impeller (diameter 2.5 cm) with a hollow shaft 

was used. The uncertainty for the pressure probe was 0.01 bars and that for the temperature 

probe was 0.1 °C. The reactor was equipped with a temperature control system. 

The carbonation of epoxidized vegetable oil or fatty acid methyl ester was carried out as follow: 

briefly, the epoxidized cottonseed oil and the catalyst TBABr were weighted out in the reactor 

at 100 °C. Then, the reactor was heated to the designed temperature. The gas feed system 

was adjusted to desired value via the pressure regulator and remained open. The atmosphere 

inside reactor was purged with CO2 for two times via valve V3 and then remained open. The 

value (pressure, temperature) inside the gas reservoir and the temperature inside the reactor 

were simultaneously recorded. After the pressure and temperature were stabilized, the 

agitation was started at 500 rpm. Samples were withdrawn in one hour intervals via a valve 

and the epoxide content was determined by titration. 
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Figure 2.2. Experimental apparatus: (a) carbonation reactor (b) Schematic view of 

carbonation setup 

(a) (b) 
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2.6 Analysis method 

2.6.1 Determination of the fatty acid methyl ester components 

(1) Gas chromatography 

For determining the fatty acid methyl ester components, a Bruker Scion GC436 gas 

chromatography, equipped with a split injector and an elastic quartz capillary column (ZB-5, 

Phenomenex, 30 m × 0.32 mm i.d., 0.25 μm film thickness), was applied. Helium (99.99 %) was 

used as carrier gas at a constant flow rate of 1.0 mL.min-1. The temperature of the injector 

was 300 °C. The oven temperature was programmed as 40 °C for 2 min duration and then 

increased to 300 °C at 8.0 °C.min-1 heating rate and maintained for 34.5 min. The injection 

volume was 1.0 μL and the split mode was 30:1. All data acquisition and analysis were 

performed using the Compass CDS software (Agilent Technologies, version 3.0). 

The esterification of components in oil sample was performed as follows: 0.1 mL of the oil 

sample (4 mg.mL-1 in methanol) was sampling into a 10 mL glass vial. Then, 2.5 mL of toluene-

methanol mixture (volume fraction 20 %), 0.1 mL of C15 internal standard solution 

(pentadecanoic ethyl ester, 1 mg.mL-1 of in methanol) and 0.2 mL of acethyl chloride (purity > 

98 %) were added to the vial.  The mixture was pretreated at 80 °C for 1 hour before 4.0 mL 

of sodium carbonate solution (6 wt. % in water) and 2.0 mL of toluene were added. Finally, 

this mixture was vortexed for 5 minutes and further analyzed by GC. 

(2) Fourier-transform infrared spectroscopy 

1H NMR spectra were recorded on a Bruker 300 Fourier transform spectrometer at 300 MHz 

in CDCl3 solutions using tetramethylsilane (TMS) as internal standard. 

IR spectra were recorded on a FTIR spectrometer (Perkin-Elmer Spectrum 2000) equipped 

with a diamond ATR device (Attenuated Total Reflection). Spectra were obtained from 10 

scans in the (4000–500) cm−1 range. The enthalpies of reaction were measured using a Tian-

Calvet heat flow calorimeter C80 (Setaram, France). 

2.6.2 Concentration of epoxide content  

Epoxide content was titrated by the method of Jay (Maerker, 1965). Briefly, 0.100 g of oil 

sample or organic phase (±0.001 g) was weighted out and dissolved in 10 mL of chloroform, 

followed by addition of 20 wt. % (in acetic acid) tetraethylammonium bromide (10 mL). Then, 

the mixture was titrated by 0.1 mol.L-1 of perchloric acid (in acetic acid) standardized solution 

with a TIM-840 automatic titrator (Radiometer Analytical, France). The concentration of 

epoxide groups is calculated as  

�Ep	 = ����W���V�×�.4F�������� I 	                                                                                                                 (2.1) 
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where, 0.1 is the concentration of perchloric acid standardized solution, mol.L-1; Vtitration is the 

titration volume of sample, L; msample is the mass of measurement sample, g; ρ is the oil density 

of the sample, g.cm-3. 

2.6.3 Concentration of double bonds  

Double bonds were titrated as described in the Hanus iodine monobromide method (Paquot, 

2013), with some modifications. Briefly, 0.200 g of oil sample or organic phase (± 0.001g) was 

dissolved in 10 mL of chloroform and 10 mL of HANUS (0.1 mol.L-1, iodine solution according 

HANUS), followed by being kept in dark place for 1 h of reaction. Then, 10 wt. % (in water) 

potassium iodide (10 mL) and 100 mL of water were added for titration with 0.1 mol.L-1 sodium 

thiosulfate solution.  The concentration of double bond is calculated as  

�DB	 = M������@����W���V�O×�.4F�������� ×I 	                                                                                           (2.2) 

where, 0.1 is the concentration of sodium thiosulfate solution, mol.L-1; Vblank is the titration 

volume of blank, L; Vtitration is the titration volume of sample, L; msample is the mass of 

measurement sample, g; ρ is the oil density of the sample, g.cm-3. 

2.6.4 Concentration of hydrogen peroxide content 

Hydrogen peroxide content was titrated by the method of Greenspan and Mackellar 

(Greenspan and Mackellar, 1948). Briefly, 0.130 g of aqueous phase (±0.001 g) was weighted 

out and dissolved in 50 mL of 5 wt. % sulfuric acid-water solution with two drops of Ferroin 

indicator. The mixture was then titrated with 0.1 mol.L-1 of standard cerium (IV) sulfate 

solution to reach a pale blue endpoint. The concentration of hydrogen peroxide is calculated 

as 

�HO	 	= M����W���V�@������O×�.4×4.��4F(7×�������/.�� I 	                                                                           (2.3) 

where, 0.1 is the concentration of standard cerium (IV) sulfate solution, mol.L-1; Vblank is the 

titration volume of blank, L; Vtitration is the titration volume of sample, L; 1.701 is the equivalent 

weight constant; 34 is the molar mass of hydrogen peroxide, g.mol-1; msample is the mass of 

measurement sample, g; 1.09 is the density of the solution, g.cm-3. 

2.6.5 Concentration of acid 

This titration was performed to determine the concentration of acid in the aqueous and 

organic phases at the equilibrium. For the concentration in the aqueous phase, 0.300 g of 

aqueous phase was dissolved in 50 mL of distilled water, while, for the concentration in the 

organic phase 0.500 g of organic phase was dissolved in 50 mL of 2-propanol. Both samples 
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were titrated by 0.2 mol.L-1 of sodium hydroxide solution with an automatic titrator (TIM-840) 

separately. The concentration of acid is calculated as 

�H)	 	= ����W���V�×�.|�������
ρ

� 	                                                                                                                       (2.4) 

where, 0.2 is the concentration of sodium hydroxide solution, mol.L-1; Vsample is the titration 

volume of sample, L; msample is the mass of measurement sample, g; ρ is the density of the 

solution, g.cm-3. 

 

2.7 Modeling section 

During the kinetic modeling stage, the modeling was performed by using ModEst software, 

written in Fortran 90 (H. Haario, 2001). The system of ordinary differential Equations (ODEs) 

was solved out by the ODESSA algorithm, which is a package of Fortran routines based on 

backward difference method (Leis and Kramer, 1988).  

The coefficient of determination R2 is one of the most common measure to evaluate the 

goodness of a data fitting and is defined as: 

( )
( )2

i

2
ii2

yy

ŷy
1R

−
−−=

                                                                          (2.5)

 

where,  is the observable simulated by the model, y is the mean value of the experimental 

observables and yi is the experimental observable. The concentrations of double bond, 

epoxide group were used as observables. The standard error of the parameter estimated 

represents 95% of confidence interval. 

The objective function ω was  

( )∑ −=
i

2
ii ŷyω          (2.6) 

The objective function was firstly minimized by  the simplex algorithm (Spendley et al., 1962), 

using poor initial guess values when the knowledge of the initial guess values was not known. 

After that, the Levenberg-Marquardt algorithm (Marquardt, 1963) was used to improve the 

parameter estimation.  

iŷ
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Chapter III  Influence of ring opening reactions on the kinetics of bio-

based cottonseed oil epoxidation 

Part of this chapter is adapted from the post print of the following article: 

X. Cai, J.L. Zheng, A.F. Aguilera, L. Vernières-Hassimi, P. Tolvanen, T. Salmi, S. Leveneur. 

Influence of ring-opening reactions on the kinetics of cottonseed oil epoxidation. International 

Journal of Chemical Kinetics, 2018, 1-16. 

Link: https://doi.org/10.1002/kin.21208 

Further permissions related to the material excerpted should be directed to the Wiley Online 

Library. Copyright © 2018 Wiley Periodicals, Inc. 

3.1 Introduction 

In this chapter, epoxidation of cottonseed oil by peracetic acid in batch reactor was studied. 

By developing a suitable modeling strategy, the kinetic constants for the ring opening 

reactions by water, hydrogen peroxide, acetic and peracetic acids were estimated. The main 

goal of this part of work is to minimize the ring opening side reactions and to find the most 

suitable reactor configuration. This study provides a reference basis for the future 

optimization of epoxy processing technology. Section 3.2 gives details about the experimental 

procedure. Section 3.3 shows the experiment results and discussion. Section 3.4 gives the 

conclusion for this part of work. 
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3.2 Experimental section 

Epoxidized cottonseed oil (ECSO) was prepared as described in the Section 2.4.1.  

For the kinetic experiments, approximately 150 mL of epoxidized cottonseed oil was added 

into the reactor with specific amount of water to be fully mixed at the desired temperature. 

Then, depending on the type of ring opening reaction a designed amount of acetic acid (AA), 

sulfuric acid (H2SO4) or hydrogen peroxide (H2O2) were preheated and added into the reactor 

to start the ring opening reaction. To follow the concentration of epoxide and double bond 

groups, 6 mL of sample was taken at regular intervals, followed by centrifugation (5000 rpm, 

10 min) to separate the organic and aqueous phases. The two separated phases were then 

analyzed in the titration steps. Table 3.1 shows the ring opening experimental matrix. 

For the kinetic modeling, only the concentrations of double bond and epoxide groups were 

determined at different reaction time. The initial concentrations of hydrogen peroxide and 

acetic acid in the aqueous phase were determined. Some experiments to determine the molar 

equilibrium distribution were performed, and the equilibrium concentration of acetic acid in 

the aqueous and organic phases was measured.  

As shown in Table 3.1, the terms of Ep and DB represent the initial concentration of epoxide 

and double bond groups in the organic phase. Runs 1 to 6 are the set of experiments to study 

ring opening reaction by water. Runs 7 to 11 are the set of experiments to study the ring 

opening reactions by hydrogen peroxide. Runs 12 to 17 are the set of experiments to study 

the ring opening by acetic acid. Runs 18 to 25 represent the set of experiments to study the 

effect of peracetic acid on the ring opening reaction. Runs 26 to 29 are the set of experiments 

for the epoxidation reaction by PAA.  At time zero, no peracetic acid (PAA) was present. 
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Table 3.1. Experimental Matrix with an agitation velocity of 650 rpm 

 

 Initial concentration (mol.L-1)     

RUN [Ep]org [H2O2]aq [DB]org [AA]aq [PAA]aq [Water]aq [H2SO4]aq Vorg [L] Vaq [L] Temperature [°C]  

1 3.71 0.00 0.00 0.00 0.00 55.19 0.79 0.13 0.19 70.0  

2 3.28 0.00 0.00 0.00 0.00 55.50 1.15 0.13 0.19 70.0  

3 3.46 0.00 0.00 0.00 0.00 52.74 0.95 0.13 0.19 47.4  

4 3.57 0.00 0.00 0.00 0.00 52.70 0.91 0.13 0.19 69.1  

5 3.25 0.00 0.00 0.00 0.00 55.41 1.17 0.13 0.19 60.0  

6 3.19 0.00 0.00 0.00 0.00 55.09 0.82 0.13 0.19 70.0  

7 3.34 2.38 0.00 0.00 0.00 49.30 0.84 0.13 0.19 70.0  

8 3.26 4.44 0.00 0.00 0.00 48.86 0.82 0.13 0.19 70.0  

9 3.49 5.88 0.00 0.00 0.00 47.37 0.81 0.13 0.19 50.0  

10 3.21 4.10 0.00 0.00 0.00 48.43 1.06 0.13 0.19 60.0  

11 3.25 6.11 0.00 0.00 0.00 47.60 0.76 0.13 0.19 70.0  

12 2.10 0.00 1.80 6.25 0.00 35.66 0.00 0.13 0.19 60.0  

13 2.71 0.00 1.19 9.08 0.00 21.31 1.65 0.13 0.19 60.0  

14 3.53 0.00 0.00 6.27 0.00 33.38 1.51 0.14 0.25 60.0  

15 3.51 0.00 0.00 6.45 0.00 33.57 1.48 0.14 0.25 50.0  

16 3.57 0.00 0.00 7.00 0.00 33.54 1.48 0.14 0.25 70.0  

17 1.64 0.00 2.26 7.99 0.00 33.58 1.41 0.15 0.25 50.0  
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 Initial concentration (mol.L-1)     

RUN [Ep]org [H2O2]aq [DB]org [AA]aq [PAA]aq [Water]aq [H2SO4]aq Vorg [L] Vaq [L] Temperature [°C]  

18 3.62 5.75 0.00 8.08 0.00 28.76 0.00 0.13 0.19 60.0  

19 3.54 3.63 0.00 5.34 0.00 28.82 0.46 0.13 0.20 60.0  

20 3.38 2.49 0.00 6.56 0.00 29.57 0.24 0.15 0.21 60.0  

21 3.76 6.27 0.00 4.44 0.00 31.09 0.29 0.15 0.21 60.0  

22 3.86 6.59 0.00 4.58 0.00 31.53 0.23 0.15 0.20 50.0  

23 3.78 7.43 0.00 4.58 0.00 28.67 0.29 0.15 0.19 50.0  

24 3.88 7.59 0.00 2.63 0.00 38.12 0.22 0.15 0.20 50.0  

25 3.79 4.05 0.00 6.87 0.00 24.87 0.22 0.15 0.20 50.0  

26 0.18 10.14 3.37 1.97 0.00 34.05 0.18 0.17 0.13 60.0  

27 0.00 9.92 4.17 2.54 0.00 33.38 0.45 0.17 0.13 49.3  

28 0.23 10.89 3.90 2.25 0.00 34.05 0.17 0.17 0.13 40.0  

29 0.38 9.17 3.63 1.74 0.00 33.46 0.48 0.17 0.13 61.72  
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3.3 Results and discussion 

For the sake of clarity, this chapter was divided into three sections: one describing the results 

of kinetic experiments of ring opening, the second one describing the kinetic model and the 

last one is a discussion on the distribution of ring-opening products.   

 3.3.1 Kinetic study experiments  

In this section, the effect of sulfuric acid, hydrogen peroxide, acetic acid and peracetic acid 

concentrations on the kinetics of ring opening reaction was investigated.  

(1) Effect of sulfuric acid concentration  

 

Figure 3.1. Effect of sulfuric acid concentration on the kinetics of ring opening reaction at 

70 °C with [ECSO]org, initial=3.28-3.87 mol.L-1, [AA]aq, initial=0.00 mol.L-1,  

[H2O2]aq, initial=0.00 mol.L-1and rotating speed of 650 rpm 

Figure 3.1 shows the influence of sulfuric acid concentration on the ring opening of epoxide 

groups. The kinetics is faster when sulfuric acid concentration increases. This graph illustrates 

the catalytic effect of sulfuric acid on the kinetics of ring opening reaction.  
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(2) Influence of hydrogen peroxide  

 

Figure 3.2. Effect of hydrogen peroxide concentration on the kinetics of ring opening 

reaction at 70 °C with [ECSO]org, initial=3.19-3.54 mol L-1, [AA]aq =0.00 mol L-1, [H2SO4]aq=0.76-

0.82 mol L-1 and rotating speed of 650 rpm 

Figure 3.2 shows the influence of hydrogen peroxide concentration on the ring opening of 

epoxide groups. As it is shown in this figure, the rate of ring opening slightly increases with 

hydrogen peroxide concentration.  

Hydrogen peroxide could dissociate to provide protons as:  HO 	⇄ H) + HO@ 

The pKa for this dissociation is of 11.75 at 20°C (Evans and Uri, 1949). Thus, hydrogen peroxide 

is a very weak acid compared to acetic acid, whose pKa is equal to 4.73 at 20°C (Evans and Uri, 

1949; Sue et al., 2004), and compared to the second dissociation of sulfuric acid, whose pKa 

is equal to 1.88 at 20°C (Knopf et al., 2003).  Thus, the enhancement of reaction rate with 

hydrogen peroxide cannot be linked to the acidity of hydrogen peroxide but maybe on its 

nucleophile activity.   
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(3) Influence of acetic and peracetic acid 

 

Figure 3.3. Effect of acetic acid concentration on the kinetics of ring opening reaction at 

50 °C with [ECSO]org, initial=3.79-3.86 mol L-1, [H2O2]aq, initial=5.95-6.07 mol L-1, [H2SO4]aq=0.26 

mol L-1and rotating speed of 650 rpm 

Figure 3.3 shows the influence of acetic acid concentration on the ring opening of epoxide 

group. The kinetic of ring opening accelerates when the concentration of acetic acid increases.  

This rate enhancement with acetic acid can be explained by several factors:  

- The nucleophile activity of acetic acid towards ring opening reaction,  

- The increase of acetic acid concentration leads to the increase of peracetic acid production, 

who can open the epoxide group,  

- The catalytic effect of acetic acid on the perhydrolysis and ring opening reactions.  

For that reason, the kinetic model built in this study has taken into account these three factors. 

Kinetic results displayed in Figure 3.3 show the presence of an induction period. As the 

concentration of acetic acid increases, this induction period diminishes. Campanella and 

Baltanás (Campanella and Baltanás, 2005) have also observed this phenomenon for the ring 

opening of epoxidized soybean oil at medium pH value or low temperature. Based on their 

observation, this induction period seems to be linked to the polar effect of the aqueous phase.    
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To conclude, these experiments showed that the kinetic model should take into account the 

catalytic effect of sulfuric acid and acetic acid on the kinetics of perhydrolysis and ring opening 

reactions. The ring opening by water, hydrogen peroxide, acetic acid and peracetic acid should 

be included in the model.  

3.3.2 Kinetic model 

In this section, the description of the kinetic model is explained. This section is composed of 

four parts: determination of the distribution coefficients, kinetics of the different reactions, 

mass balance, and kinetic modeling and strategy.  

(1) Determination of distribution coefficients 

The distribution coefficient or equilibrium molar ratio of a compound j is defined as 

�� = ��	��∗��	VWX∗                                                  (3.1) 

where, ��	∗is the concentration at the interface. This value can be obtained experimentally by 

letting the experiments run for a long period of time and reach the equilibrium. Based on the 

article of Wu et al. (Wu Zhenyu et al., 2016), this distribution coefficient is temperature 

independent. This coefficient depends on the concentration of epoxide, double bond and ring 

opening concentrations as:  

 ��� = A × �Ep	
�� + B × �DB	
�� + C × �RO	
��                                      (3.2) 

Table 3.2 presents the calculated distribution coefficient of acetic acid with different 

concentrations of double bond, epoxide groups and ring-opening products.  

Table 3.2. Distribution coefficients of acetic acid KAA 

 

Concentration 
[mol.L-1] 

Acetic acid 
[mol.L-1] 

KAA 

T (°C) [DB]org [Ep]org [RO]org [AA]org [AA]aq 
 

60 4.00 0.00 0.00 0.408 6.048 14.83 

50 4.00 0.00 0.00 0.420 6.233 14.83 

60 2.33 1.27 0.40 0.507 6.513 12.83 

60 2.00 2.00 0.00 0.613 6.730 10.99 

The determination of A, B and C was estimated by a quasi-newton method. By using this 

method, the values of A, B and C were estimated to be 0.8938, 3.7075 and 6.875, respectively.  
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According to Wu et al. (Wu Zhenyu et al., 2016), the solubility of performic acid was found to 

be three times higher than formic acid for the epoxidation of soybean oil. By analogy, the 

same logic was applied for acetic acid and peracetic acid in this study, thus, KPAA=0.33×KAA. 

(2) Ring opening kinetics 

 

Figure 3.4. Epoxidation and ring opening mechanism for vegetable oil by using acetic acid 

 

Figure 3.4 presents the reaction scheme for the epoxidation of vegetable oil by peracetic acid. 

The perhydrolysis of acetic acid, i.e., step 1, produces peracetic acid. This reaction is reversible 

and occurs in the aqueous phase. The reaction rate can be demonstrated as:  

�$K�L = �$K�L × F�AA	*+ × �HO	*+ − 41� × �PAA	*+ × �W	*+I                             (3.3) 

KC is the equilibrium constant of the perhydrolysis reaction. In a former article of Leveneur et 

al. (Leveneur et al., 2009), they have demonstrated that this thermodynamic constant can be 

described by a van’t Hoff law and the non-ideality is proportional to the concentration of 

sulfuric acid.  

�=MT�O = δ × �HSO7	*+ +�`MT�O                                  (3.4) 

H
2
O

C
H
3 C
O
O
O
H
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where, δ is a parameter taking into account the non-ideality of the solution;  K�MT�O is the 

true thermodynamic constant following the van’t Hoff law and derived as 

�`MT�O = �`MT�K O × exp �@Δ £,%�W¤¥¦WV�¥���§ × F 4�£ − 4�£�¨I�                                (3.5) 

Solubility of peracetic and acetic acids in the organic phase is higher than hydrogen peroxide 

(Campanella et al., 2008; Santacesaria et al., 2011; Wu Zhenyu et al., 2016). Thus, peracetic 

acid, produced in the aqueous phase, migrates in the organic phase to epoxidize the 

unsaturated groups on the triglyceride. The rate of epoxidation can be explained as:  

�QR = �QR × �PAA	
�� × �DB	
��                      (3.6) 

One can assume that mass transfer kinetics is faster than reaction kinetics. Thus, the 

distribution coefficient KPAA was used to express the concentration of [PAA]org as a function of 

[PAA]aq.  

Eq. (3.6) becomes 

�QR = �QR × �$��	��1%�� × �DB	
��                                    (3.7) 

where, �$�� is the molar equilibrium ratio for PAA. 

Ring opening of epoxide group can be assumed to follow the mechanism illustrated in Figure 

3.5.  

 

Figure 3.5 Ring opening reaction by nucleophile NuH (water, hydrogen peroxide, acetic or 

peracetic acid) 

The quasi steady state approximation (Zheng et al., 2016) was applied on reaction 1, i.e., 

protonation of the oxirane group. Thus, the concentration of protonated epoxide group can 

be indicated as 
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�E$)	 = ."/×�QR	VWX×� !�"	VWX.0/×� #�	VWX                      (3.8) 

The rate determining step is reaction 2, and thus the reaction rate for the ring opening 

reaction by a nucleophile can be evaluated as 

���	��	©ª = ���	��	©ª × �E$)	
�� × �NuH	
�� 

																						= ���	��	©ª × ."/.�QR	VWX.� !�"	VWX.0/.� #�	VWX × �NuH	
��                                                 (3.9) 

The kinetics of mass transfer was assumed to be faster. Then, the concentrations of 

hydroxonium and water in the organic phase can be expressed by using the coefficients of 

distribution � !�" and � #�. 

Eq. (3.9) becomes 

���	��	©ª = ���	��	©ª × �E$)	
�� × �NuH	
�� 

																					= k��	��	©ª ′ × �Ep	
��. �H(O)	*+�HO	*+ × �NuH	
�� 

																						= k��	��	©ª ′ × �QR	VWX.� !�"	��� #�	�� × �©ª 	��1®2               (3.10) 

where, ���	��	©ª ′
 is a lump constant equal to 		 12#312!3". 

Hence, the rates of the ring opening reactions by different nucleophiles are 

���	��	�� = ���	��	��′ × �Ep	
�� × ���	����� × � !�"	��� #�	��               (3.11) 

���	��	$�� = ���	��	$��′ × �Ep	
�� × �$��	���%�� × � !�"	��� #�	��               (3.12) 

���	��	& = ���	��	&′ × �Ep	
�� × �H(O)	*+                (3.13) 

���	��	 $ = ���	��	 $′ × �Ep	
��. �HO	*+ × � !�"	��� #�	��               (3.14) 

where, ���	��	��′ , ���	��	$��′ 	, ���	��	&′ 	and ���	��	 $′
 are equal to   

."/.0/ . 12#312!3" , ."/.0/ . 12#312!3" , 
	."/.0/ . 12#312!3" . 415 and 

."/.0/ . 12#312!3" . 412%, respectively.  

According to Leveneur et al. (Leveneur et al., 2008), the concentration of hydroxonium ion 

can be derived by taking into account the concentration of acetic and sulfuric acids as  
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�H(O)	*+ = 4 × �HSO7	*+ +
8� #9�:	��#7 + 2 × �<<= × �HSO7	*+ × �W	*+ + �??@ABCC.= × �AA	*+ × �W	*+	               (3.15) 

where, �<<=  is the second dissociation of sulfuric acid (Knopf et al., 2003) and �??@ABCC.= is the 

dissociation of acetic acid (Sue et al., 2004). 

One can notice that the estimation of the kinetic constants for epoxidation, ring opening by 

water, hydrogen peroxide, acetic and peracetic acids is cumbersome. Indeed, the number of 

kinetic constants to estimate is 10. Thus, one should define a proper strategy to estimate them.  

(3) Mass balance 

Experiments were carried out in a batch reactor under isothermal mode.  

By assuming fast mass transfer compared to chemical reaction, mass balance of compounds 

in the aqueous and organic phases can be simplified to (Leveneur et al., 2014),  

Da¯,��DE = |α + 4@H�¯ �
@4 × Pα × ∑ν²� × �*+,² + M1 − αO × ∑ν²� × �
��,²S                            (3.16) 

Da¯,VWXDE = Pα × K� + 1 − αS@4 × Pα × ∑ν²� × �*+,² + M1 − αO × ∑ν²� × �
��,²S               (3.17) 

Solubility of water, hydroxonium ions and hydrogen peroxide was assumed to be negligible in 

the organic phase. Solubility of CSO, ECSO and RO products in the aqueous phase was assumed 

to be negligible. Hence, the distribution coefficients for water, hydroxonium ion, hydrogen 

peroxide, CSO, ECSO and RO products can be written   

�&; 	� !�"; 	� #�# →∞ and �a9�; 	�µ=¶·;	��� → 0 

Mass balances of acetic acid, hydrogen peroxide, peracetic acid and water in the aqueous 

phase can be derived as:  

D���	��DE = Fα + 4@H���I@4 × F−α × �$K�L + M1 − αO × P�QR − ���	��	��SI                (3.18) 

D� $	��DE = −�$K�L − P4@αS
α

× ���	��	 $       (3.19) 

D�$��	��DE = Fα + 4@H1%��I@4 × Fα.�$K�L + M1 − αO × P−�QR − ���	��	$��SI                (3.20) 

D� #�	��DE = �$K�L − M4@HOH × ���	��	 #�       (3.21) 
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 Mass balances of double bond, epoxide group and ring opening group in the organic phase 

can be derived as 

D�TU	VWXDE = −�QR                     (3.22) 

D�Q%	VWXDE = �QR − ���	��	 $ − ���	��	& − ���	��	�� − ���	��	$��               (3. 23) 

D���	VWXDE = ���	��	 $ + ���	��	& + ���	��	�� + ���	��	$��                 (3.24) 

   

(4)  Kinetic modeling and strategy 

  To estimate the 10 kinetic constants, the following methodology was used:  

-Step 1: kinetic constants of ring opening by water (���	��	&′
 & Ea��	��	&′

) were estimated by 

using Runs 1 to 6; 

-Step 2: kinetic constants of ring opening by hydrogen peroxide (���	��	 $′
 & Ea��	��	 $′ O were 

estimated by using Runs 7 to 11 and by using ���	��	&′
 & Ea��	��	&′

 from step 1; 

-Step 2’: this step was done in parallel than step 2, kinetic constants of ring opening by acetic 

acid (���	��	��′
 & Ea��	��	��′ O were estimated by using Runs 12 to 17 and by using k��	��	&′

 & 

Ea��	��	&′
 from step 1; 

-Step 3: kinetic constants of ring opening by peracetic acid (���	��	$��′
 & Ea��	��	$��′ O were 

estimated by using Runs 18 to 25 and by using ���	��	&′
 & Ea��	��	&′

 from step 1, ���	��	 $′
 & 

Ea��	��	 $′
 from step 2 and ���	��	��′

 & Ea��	��	��′
 from step 2’ ;  

-Step 4: kinetic constants of epoxidation by peracetic acid (�QR′  & EaQR′ O were estimated by 

using Runs 26 to 29 and by using ���	��	&′
 & Ea��	��	&′

 from step 1, ���	��	 $′
 & Ea��	��	 $′

 

from step 2, ���	��	��′
 & Ea��	��	��′

 from step 2’ and ���	��	$��′
 & Ea��	��	$��′

 from step 3 ;  
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-Step 5: Re-estimation of all the kinetic constants by using as initial guess ���	��	&′
 & 

Ea��	��	&′ 	from step 1, ���	��	 $′
 & Ea��	��	 $′

 from step 2, ���	��	��′
 & Ea��	��	��′

 from step 

2’, ���	��	$��′
 & Ea��	��	$��′

 from step 3 and �QR′  & EaQR′ 	from step 4. 

The last step is important to verify if this methodology is correct. Figure 3.6 illustrates the 

strategy of kinetic modeling.  

 

Figure 3.6. Strategy of kinetic modeling 

 

Based on the modeling method described in Section 2.7, Eqs (3.18) -(3.24) were solved out. 

The concentrations of double bond and epoxide group were used as observables.  

The coefficient of determination R2 was higher than 95%. 

Table 3.3 shows the estimated kinetic constants with their standard deviation. One should 

notice that all the standard errors are lower than 30% which means that the estimation is 

reliable. Ring opening by peracetic and acetic acid is faster than by water and hydrogen 

peroxide. One can notice that the activation energy for ring opening by hydrogen peroxide is 

Ring-opening of 
epoxide group by water
Estimated parameters: k��	��	&� & Ea��	��	&�

Ring-opening of 
epoxide group by 

hydrogen peroxide
Estimated parameters: k��	��	 $� & Ea��	��	 $�

Ring-opening of 
epoxide group by 

acetic acid
Estimated parameters: k��	��	��� & Ea��	��	���

Ring-opening of 
epoxide group by 

peracetic acid
Estimated parameters: k��	��	$��� & Ea��	��	$���

Epoxidation by 
peracetic acid

Estimated 
parameters: [\]� & \^\]�
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higher than the other ones. This high value of activation energy means that this reaction is 

less important than the other ring opening reactions.   

Table 3.3. Estimated kinetic constants and statistical data at Tref = 330 K for epoxidation. 

      Estimated parameters Standard error (%)   

  k��	��	&�  [L.mol-1.s-1] 9.10E-06 19   

  Ea��	��	&�  [kJ.mol-1] 75200 19.9   

  k��	��	 $�  [L.mol-1.s-1] 1.10E-04 27.9   

  Ea��	��	 $�  [kJ.mol-1] 104000 22   

  k��	��	���  [L.mol-1.s-1] 3.69E-03 9   

  Ea��	��	���  [kJ.mol-1] 53400 20.6   

 k��	��	$���  [L.mol-1.s-1] 1.51E-02 11.4  

 Ea��	��	$���  [kJ.mol-1] 51400 26.2  

  kQR�  [L.mol-1.s-1] 3.97E-03 10.2   

  EaQR�  [kJ.mol-1] 84200 7.9   

            

Table 3.4 is the matrix of correlation for all the kinetic constants. In general, the correlations 

between the kinetic constants are negligible. Nevertheless, the correlations between the 

kinetic constants of ring opening by water and hydrogen peroxide (k��	��	&�  &	Ea��	��	&�  and 

k��	��	 $�  &	Ea��	��	 $� ) are high. This high correlation might mean that the kinetics of ring 

opening for these nucleophiles is more complex. In the model, we have assumed that mass 

transfer is fast which might not be the case for these two compounds.     
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Table 3.4. Matrix of correlation 

  k��	��	&�  Ea��	��	&�  k��	��	 $�  Ea��	��	 $�  k��	��	���  Ea��	��	���  k��	��	$���  Ea��	��	$���  kQR�  EaQR�  

 k��	��	&�  1.00          

 Ea��	��	&�  -0.93 1.00         

 k��	��	 $�  -0.59 0.54 1.00        

 Ea��	��	 $�  0.52 -0.55 -0.87 1.00       

 k��	��	���  -0.34 0.31 0.21 -0.19 1.00      

 Ea��	��	���  0.18 -0.21 -0.10 0.11 -0.01 1.00     

 k��	��	$���  0.16 -0.15 -0.42 0.34 -0.48 -0.09 1.00    

 Ea��	��	$���  -0.06 0.07 0.14 -0.22 -0.09 -0.54 0.07 1.00   

 kQR�  -0.07 0.07 0.17 -0.14 0.03 -0.02 0.07 -0.02 1.00  

 EaQR�  -0.01 0.01 0.03 -0.02 0.00 -0.01 0.00 0.08 0.32 1.00 
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Figure 3.7 shows the fitting of the model to experimental data for Runs 6, 9, 14, 19, 27 and 

28. Generally, the model fits the experimental data fairly. Figure 3.8 shows the overall parity 

plot of experimental versus simulated values for the epoxide concentration. 

 

Figure 3.7A. Fit of the model to the experimental data for Runs 6 

 

Figure 3.7B. Fit of the model to the experimental data for Runs 9 
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Figure 3.7C. Fit of the model to the experimental data for Runs 14 

 

Figure 3.7D. Fit of the model to the experimental data for Runs 19 
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Figure 3.7E. Fit of the model to the experimental data for Runs 27 

 

Figure 3.7F. Fit of the model to the experimental data for Runs 28 
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Figure 3.8. Overall parity plot of experimental versus simulated values for the ring 

opening of ECSO. 
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3.3.3 Influence of the configuration on ring opening products distribution  

The goal of this section is to determine the best configuration to minimize the ring opening 

products. From the previous section, one can notice that it is not possible to avoid ring 

opening side reactions. The different configurations tested were: 

-Batch reactor (Batch),  

- Semi-batch reactor where hydrogen peroxide was added (SemiBatch HP), 

- Semi-batch reactor where acetic acid was added (SemiBatch AA),  

- Semi-batch reactor where acetic and sulfuric acid were added (SemiBatch AA SA),  

- Semi-batch reactor where hydrogen peroxide and sulfuric acid were added (SemiBatch HP 

SA).  

Based on the kinetic constants estimated during the modeling stage, the maximum 

concentration of epoxide group and its associated time (tmax), and the ring opening product 

distribution at this time were determined for each configuration. Table 3.5 presents the 

experimental conditions for each configuration under isothermal conditions. 
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Table 3.5. Initial experimental conditions for each configuration 

  Units Batch SemiBatch HP SemiBatch AA SemiBatch HP SA SemiBatch AA SA 
  

IN
IT

IA
L 

C
O

N
D

IT
IO

N
S 

(DB)org  mol.L-1 4.17 4.17 4.17 4.17 4.17 

(Ep)org  mol.L-1 0 0 0 0 0 

(RO by W)org  mol.L-1 0 0 0 0 0 

(RO by AA)org  mol.L-1 0 0 0 0 0 

(RO by PAA)org  mol.L-1 0 0 0 0 0 

(RO by HP)org  mol.L-1 0 0 0 0 0 

(AA)aq mol.L-1 2.61 13.44 0 13.75 0.00 

(H2O2)aq mol.L-1 9.19 0.00 10.82 0.00 10.87 

(PAA)aq mol.L-1 0 0 0 0 0 

(Water)aq mol.L-1 35.24 11.30 41.48 11.55 41.69 

(H2SO4)aq mol.L-1 0.08 0.41 0.09 0.00 0.00 

Vorg L 0.16 0.16 0.16 0.16 0.16 

Vaq L 0.13 0.02 0.11 0.02 0.11 

Temperature  °C 60 60 60 60 60 

Q ×10-4 L.min-1 0 8.93 9.52 8.93 9.52 

tadd min 0 128.00 20.00 128.00 20.00 

(AA)Feed mol.L-1 0 0 17.49 0 17.00 

(H2O2)Feed mol.L-1 0 10.87 0 10.81 0 

(H2O)Feed mol.L-1 0 41.69 0 41.47 0 

(H2SO4)Feed mol.L-1 0 0 0 0.09 0.52 
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The experimental conditions for these numerical experiments were designed to have the 

same number of moles of acetic acid, sulfuric acid, hydrogen peroxide or water at the end of 

the addition. The final concentration of sulfuric acid was fixed to ca. 0.08 mol.L-1 to limit the 

ring opening reactions. The reaction temperature was set to 60°C for all of them. Figure 3.9 

shows the distribution of the different compounds in the organic phase at the time tmax.  

 

Figure 3.9. Distribution of compounds in the organic phase for the numerical experiments: 

Batch, SemiBatch HP, SemiBatch AA, SemiBatch HP SA and SemiBatch AA SA. 

From Figure 3.9, one can notice that the optimal configuration to have the highest 

concentration of epoxide groups is the configuration of semi batch reactor where hydrogen 

peroxide and sulfuric acid solution is added. Furthermore, the time to reach this maximum is 

shorter than the other configuration, except the SemiBatch HP configuration.  

The other benefit of the configuration SemiBatch HP SA is the thermal safety issue. Indeed, 

epoxidation of vegetable oils can lead to thermal runaway situation (Casson Moreno et al., 

2017; Leveneur et al., 2015). Thus, by adding the oxidizing agent into the reaction mixture, it 

is easier to control this risk.   
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3.4 Conclusion 

The influence of ring opening reactions during the epoxidation of cottonseed oil by peracetic 

acid was investigated. In the first part, a kinetic study shown that all the nucleophiles, i.e., 

water, hydrogen peroxide, acetic and peracetic acids, can attack the epoxide groups.  An 

induction period was observed to be present when the concentration of sulfuric acid was low.  

Hence, a modeling strategy was developed to estimate the 10 kinetic constants of this system. 

A pseudohomogeneous model was used by taking into account the distribution coefficients 

of acetic and peracetic acids. These distribution coefficients were found to be dependent on 

the concentrations of epoxide groups, double bond and ring opening products. For that, the 

estimation of the ring opening reactions was done apart to get some reliable initial guess 

values during the last stage of the modeling. The correlation between the kinetic constants 

can be considered as negligible. It was found that ring opening by peracetic and acetic acid is 

faster than by water and hydrogen peroxide.  

Based on this model, the semi batch reactor, where hydrogen peroxide and sulfuric acid were 

added continuously, was found to be the optimal configuration to maximize the concentration 

of epoxide group and minimize the concentration of ring opening products.  
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Chapter IV  Interaction between functional groups and 

physicochemical properties: application to vegetable oils and their 

epoxidized and carbonated derivatives 

Part of this chapter is adapted from the post print of the following article: 

Cai, X., Ait Aissa, K., Estel, L., & Leveneur, S. (2018). Investigation of the Physicochemical 

Properties for Vegetable Oils and Their Epoxidized and Carbonated Derivatives. Journal of 

Chemical & Engineering Data, 63(5), 1524-1533. 

Link: https://pubs.acs.org/doi/pdfplus/10.1021/acs.jced.7b01075 

Further permissions related to the material excerpted should be directed to the ACS 

Publications. Copyright © 2018 American Chemical Society. 

4.1 Introduction  

The evolution of different physicochemical properties was investigated, such as refractive 

index, dynamic viscosity, density and specific heat capacity of vegetable oils, epoxidized 

vegetable oils and carbonated vegetable oils at different temperatures and concentrations of 

unsaturated, epoxide and carbonated groups. Three different types of vegetable oils were 

selected: cottonseed, linseed and soybean oils. We have chosen these vegetable oils because 

they are more representative since their components of unsaturated fatty acids and the iodine 

numbers are quite different (Table 4.1). The objective is to investigate the influence of the 

functional groups on the physicochemical properties, primarily because these functional 

groups change with the progress of the reaction. In order to predict the evolution of these 

properties at different concentrations of functional groups, we have measured the 

physicochemical properties of different mixtures of soybean oil and its derivatives. In this 

chapter, Section 4.2 gives detailed information about the experimental procedure. Section 4.3 

shows the experiment results and discussion. Section 4.4 gives the conclusion for this part of 

the work. 

Table 4.1. Components of vegetable oils in mass fraction 

 Palmitic Palmitoleic Stearic Oleic Linoleic Linolenic 
Iodine number 

 C16:0 C16:1 C18:0 C18:1 C18:2 C18:3 

Linseed oil 5.10 0.30 2.50 18.90 18.10 55.10 175.18 

Soybean oil 10.60 - 4.80 22.50 52.30 8.20 132.16 

Cottonseed oil 28.70 - 0.90 13.00 57.40 - 116.88 
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4.2 Experimental section 

Epoxidized cottonseed oil (ECSO), epoxidized linseed oil (ELSO) and epoxidized soybean oil 

(ESBO) were prepared as described in the Section 2.4.1. Epoxidized fatty acid methyl ester-

derived from cottonseed oil was prepared as described in Section 2.4.3. 

Carbonated cottonseed oil (CCSO), carbonated linseed oil (CLSO) and carbonated soybean oil 

(CSBO) were produced by using the protocol as described in the Section 4.5. Briefly, 

epoxidized vegetable oil (ca. 0.09 kg) and the catalyst tetra-n-butylammonium bromide 

(TBABr, ca. 0.0039 kg) were introduced into a high-pressurized reactor. The reaction 

temperature was kept at 140 °C and the pressure of CO2 was 50 bar. The reaction lasted for 

50 hours.  

In order to remove the TBABr catalyst, the carbonated product (CCSO, CLSO and CSBO) was 

diluted in ethyl acetate.  Then, the mixture was washed four times with distilled water before 

being evaporated at 343.15 K. The residual water and solvent were removed through 

nitrogen-blowing. 

Table 4.2 shows the molar fractions of double bonds (xDB), epoxide groups (xEp), ring opening 

groups (xRO) and carbonated groups (xCarb) for the different species. These molar fractions were 

determined as: 

xB = ¹º¹»¼	º½	¾¿                      (4.1) 

Where, qB is the number of moles of groups (double bonds, epoxide groups) and nDB in VO is the 

number of double bonds in the fresh vegetable oils.  

Table 4.2. Molar fractions: xDB, xEp, xRO, xCarb and iodine number for the different species  

 xDB xEp xRO xCarb Iodine value 

CSO 1.00 0.00 0.00 0.00 116.88 

SBO 1.00 0.00 0.00 0.00 132.16 

LSO 1.00 0.00 0.00 0.00 175.18 

ECSO 0.04 0.88 0.08 0.00 4.76 

ESBO 0.01 0.99 0.00 0.00 3.41 

ELSO 0.02 0.98 0.00 0.00 3.58 

CCSO 0.04 0.00 0.08 0.88 0.00 

CSBO 0.01 0.00 0.00 0.99 8.08 

CLSO 0.02 0.00 0.00 0.98 8.71 
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One can notice that the molar fractions for epoxide and carbonated groups are similar for the 

different vegetable oils (Table 4.2). Due to the presence of the ring-opening side reactions, 

the molar fractions of epoxide and carbonated groups were lower than 100% (Table 4.2).   

The physicochemical properties, as refractive index, density, dynamic viscosity, and the 

specific heat capacities for vegetable oils and their epoxidized and carbonated derivatives 

were measured as described in Section 2.3. 

4.3. Results and discussion 

4.3.1 Refractive index 

The use of refractive index for vegetable oil characterization is scarce. One can cite the work 

of Cho et al. (Cho et al., 2013), which has demonstrated that the refractive index is 

proportional to acid values of vegetable oil. Figure 4.1 shows the evolution of the refractive 

index (RI) for CSO, ECSO and CCSO. One can notice that the density is linear to the temperature, 

and this tendency was observed for the different vegetable oils and their corresponding 

epoxidized and carbonated forms. The coefficients of determination were higher than 95% for 

the different vegetable oils and their derivatives by using a linear correlation between 

refractive index and temperature. The variation of refractive index with temperature can be 

estimated as: 

RI = a × f + b                         (4.1) 

where, a and b are constants depending on the nature of the species; T is temperature, K.   

This value was measured three times for each sample. The standard deviation of the mean 

(SVmean%) for the refractive index measurement was 0.51%, showing the reliability of the 

measurement. Due to space limitation, only the results of cottonseed oil and its corresponding 

epoxidized and carbonated forms are presented in Figure 4.1, and the same tendency was 

observed for the other species (Appendix I). Refractive index linearly decreases when 

temperature increases. The refractive index for carbonated forms is higher than vegetable oils 

and epoxidized forms.  

Table 4.3 presents the different values of a and b for the evolution of the refractive index of 

the different vegetable oils and their derivatives. 
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Figure 4.1. Measured refractive index versus temperature for cottonseed oil, epoxidized 

cottonseed oil and carbonated cottonseed oil. ◆, CSO; ●, ECSO; ○, CCSO 

Table 4.3. Evolution of a and b for the refractive index. 

 Refractive index RI=a×T + b 

 a b 

CSO -0.0004 1.6041 

ECSO -0.0003 1.5713 

CCSO -0.0003 1.5745 

SBO -0.0004 1.5815 

ESBO -0.0003 1.5696 

CSBO -0.0003 1.5536 

LSO -0.0004 1.5944 

ELSO -0.0003 1.5790 

CLSO -0.0003 1.5570 
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The values of the refractive index depend on the concentrations of double bonds, epoxidized 

and carbonated groups. Indeed, the refractive index of linseed oil and its derivatives are higher 

than the two other vegetable oils and their derivatives. The concentrations of double bonds, 

epoxidized and carbonated groups are higher for linseed oil and its derivatives.   

The differences of refractive index values between the fresh vegetable oils, epoxidized and 

carbonated forms show that this physical data can be used as an online analytical method.  

4.3.2 Density 

The evolutions of density (ρ) of CSO, ECSO and CCSO with temperature are displayed in Figure 

4.2.  

There is a linear relationship between the density value and the temperature, which can be 

explained as:  

o = a′ × f + b′               (4.2) 

where, a’ and b’ are two constants depending on the nature of vegetable oil, T is temperature 

expressed in kelvin.  

This linear relationship is confirmed by the high values of determination coefficients, i.e., over 

than 99.9% for every vegetable oil and their derivatives.  Table 4.4 shows the values of these 

constants for the different vegetable oils and their derivatives.   

Table 4.4. Evolution of a’ and b’ for the density 

 a’ / g.cm-3.K-1 b’ / g.cm-3 

CSO -0.0007 0.93 

ECSO -0.0007 0.99 

CCSO -0.0007 1.05 

SBO -0.0007 0.94 

ESBO -0.0007 1.01 

CSBO -0.0007 1.09 

LSO -0.0007 0.95 

ELSO -0.0007 1.06 

CLSO -0.0008 1.11 
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Figure 4.2. Measured density versus temperature for cottonseed oil, epoxidized cottonseed 

oil and carbonated cottonseed oil. ◆, CSO; ●, ECSO; ○, CCSO 

As the temperature increases, the value of density decreases. Density of vegetable oil is lower 

than its epoxidized form than its carbonated form.  

Density was measured three times for each sample. The standard deviation of the mean 

(SVmean%) for the measurement of density was 0.07%. The evolution of soybean oil density 

with temperature is similar to the ones found by Esteban et al (Esteban et al., 2012).  

As the refractive index, density value is also sensitive to the concentrations of double bonds, 

epoxidized and carbonated groups. Density of LSO was found to be higher than CSO and SBO 

within the temperature range (283.15 to 353.15) K. This tendency was also observed for ELSO 

and CLSO (Appendix I).   

  

y = -0.0007x + 0.9329
R² = 1

y = -0.0007x + 0.9943
R² = 0.9999

y = -0.0007x + 1.0464
R² = 1

0.86

0.88

0.90

0.92

0.94

0.96

0.98

1.00

1.02

1.04

1.06

280 300 320 340 360

D
e
n

s
it

y
 o/ 

g
.c

m
-3

T / K



 

63 
 

4.3.3 Viscosity 

Viscosity (µ) study of vegetable oils at different temperatures has been done by some research 

groups (Esteban et al., 2012; Fasina et al., 2006). However, such study is rare for epoxidized 

and carbonated vegetable oils and sometimes different (Bähr and Mülhaupt, 2012; 

Campanella et al., 2010; Ishimura and Yoshida, 2015; Parzuchowski et al., 2006; Poussard et 

al., 2016; Zhang et al., 2014). For instance, viscosity of ESBO at 313.15 K was measured of 0.3 

Pa.s by Campanella et al. (Campanella et al., 2010), and of 0.036 Pa.s by Poussard et al 

(Poussard et al., 2016).   

Figures 4.3, I-3 and I-4 show the evolution of dynamic viscosity for cottonseed, linseed and 

soybean oils and their modified forms versus temperature. One can notice that the viscosity 

of linseed oil is higher than the other ones. Besides, as the number of carbonated groups 

increases, the viscosity values increase significantly.   

 

Figure 4.3. Measured dynamic viscosity versus temperature for cottonseed oil, epoxidized 

cottonseed oil and carbonated cottonseed oil. ◆, CSO; ●, ECSO; ○, CCSO 

From Figure 4.3, one can notice that the functional groups have a strong influence on the 

viscosity values. The evolution of dynamic viscosity is in the order of µ(VO)< µ(EVO)< µ(CVO). 
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For instance, at 283.15 K, viscosity of LSO is of 80 mPa.s compared to 100 mPa.s and 120 mPa.s 

for SBO and CSO, respectively.  

Viscosity measurement was done three times for each sample. The standard deviation of the 

mean (SVmean%) for the measurement of viscosity was 1.56%.  

Correlation between viscosity and temperature can be evaluated by an Arrhenius law  

RT

-Ea

eA ×=µ                     (4.3) 

Figure 4.4 illustrates this correlation, and due to space limitation, only the evolution of 

cottonseed oil and its derivatives are shown (Appendix I). The coefficients of determination 

were higher than 95% for the different vegetable oils showing the reliability of the exponential 

relationship between the viscosity and temperature.  

 

 

Figure 4.4. Linear correlation between the logarithm of viscosity and 1/RT.  

◆, CSO; ●, ECSO; ○, CCSO 
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Table 4.5. Arrhenius data for Eq. (4.3) 

  A / Pa.s Ea / J.mol-1 

CSO 8.0E-06 -9402.9 

ECSO 3.23E-04 -15979 

CCSO 1.90E-05 -27129 

SBO 2.96E-03 -8688.7 

ESBO 5.20E-07 -21482 

CSBO 1.70E-05 -28247 

LSO 5.34E-03 -6617.7 

ELSO 1.00E-04 -21986 

CLSO 1.80E-05 -30371 

 

Compared to the literature, the measured viscosities of the fresh vegetable oils are slightly 

higher. For example, the viscosity of SBO at 333.15 K was found to be 0.02 Pa.s by Campanella 

et al. (Campanella et al., 2010), Esteban et al. (Esteban et al., 2012), and Fasina et al. (Fasina 

et al., 2006), whereas we found 0.07 Pa.s.   

Based on our experimental data and Eq. (4.3), the viscosity of ELSO was found to be similar to 

the one measured at 298.15 K by Ishimura et al. for the ESBO (Ishimura and Yoshida, 2015), 

the viscosity was found to be 0.2 Pa.s in this work which is the same with the one measured 

by Campanella et al. (Campanella et al., 2010) but higher than the one measured by Poussard 

et al. (Poussard et al., 2016), i.e., 0.036 Pa.s. The study made by Zhang et al. (Zhang et al., 2014) 

shows similar viscosity values for the ECSO compared to our work. 

The viscosity data for carbonated vegetable oils in the literature varies. One can cite the 

following values: CSBO was found to be 2.5 Pa.s at 323.15 K (Bähr and Mülhaupt, 2012), 24.4 

Pa.s at 313.15 K (Poussard et al., 2016), and 30.2 Pa.s at 293.15 K (Parzuchowski et al., 2006). 

Compared to these values, our data are lower. Nevertheless, for the CCSO we have found 

similar values to the ones measured by Zhang et al (Zhang et al., 2014).  
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4.3.4 Specific heat capacity 

The evolutions of specific heat capacity (Cp) of vegetable oils with temperature are relatively 

rare in the literature (Fasina and Colley, 2008; Kowalski, 1988). The lack of this data is even 

more pronounced for the epoxidized and carbonated vegetable oils.  

This thermal parameter was measured by using C80-Setaram calorimeter. It is a twin 

calorimeter where the measuring cell was filled with the oils (ca. 1.0 g ± 0.0001 g) and the 

reference cell was kept empty. The cells were kept under isothermal conditions at the desired 

temperature for 140 minutes. Then, a temperature ramp of 0.5°C.min-1 was applied to 

increase the temperature by 2 °C. At that moment, the cells were again kept under isothermal 

conditions at this new temperature stage for 140 minutes. During the temperature increase, 

there was an endothermic phenomenon corresponding to the energy absorbed by the oils to 

increase its temperature by 2 °C.  

To determine the Cp values, one needs to take into account the energy absorbed by the 

system, i.e., with no chemicals in the measuring and reference cells.   

Hence, one can determine the values of the Cp at the certain temperature by using the 

following equation:  

hÂMfO = ÃbM`O@ÃÄM`OÅ×∆`                    (4.4) 

where, Qr(T) is the heat absorbed by the oils at the desired temperature, Qb(T) is the energy 

absorbed by the system in absence of oils, m is the mass of oils and ΔT is the temperature 

difference, i.e., 2°C.  

Figure 4.5 shows an example of measurement by C80-Setaram.  



 

67 
 

 

Figure 4.5. Illustration of Cp measurement with C80 for SBO  

●, Temperature_SBO; ▲, Temperature_Blank; ○, Heat_flow_SBO; △, Heat_flow_Blank. 

The standard deviation of the mean (SVmean%) for the measurement of Cp was 1.06%. 

Figure 4.6 shows the evolutions of Cp for LSO, ELSO and CLSO with temperature. One can 

notice that the values of this parameter are similar for these three compounds within the 

temperature range (313.15 to 383.15) K. We have also observed this tendency for the 

other two vegetable oils (Appendix I).  
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Figure 4.6. Evolution of specific heat capacity of cottonseed oil and its derivatives with 

temperature. ◆, LSO; ●, ELSO; ○, CLSO. 

The variation of Cp with temperature can be described by a polynomial equation of second 

order as: (Stoessel, 2008) 

=_M`Oa%P`bcdS = e × f +g × f + h                (4.5) 

where, T is the temperature and Tref is a reference temperature in kelvin. The coefficient A, B 

and C are constants. For this study, the reference temperature was fixed at 313.15 K.  

Figure 4.7 shows the fitting of the experimental data, i.e., 
=_M`O=_P`bcdÇ(4(.4u	1S  by using a 

polynomial equation for LSO, ELSO and CLSO. One can notice that the coefficient of 

determination was higher than 95% showing the reliability of this relationship. This 

observation was the same for CSO, SBO, ECSO, ESBO, CCSO and CSBO. Table 6 gives the values 

of the coefficients A, B and C for the oils.  
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Figure 4.7. Polynomial fitting for Cp(T) / Cp(313.15 K) for cottonseed oil and its 

derivatives. ◆, CSO; ●, ECSO; ○, CCSO. 
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4.3.5 Effects of functional groups in the mixing 

One can notice that the functional groups can have an important effect on refractive index, 

viscosity, density and specific heat capacity. Thus, can we predict the evolution of these 

parameters at different concentrations of double bonds, epoxide and carbonated groups?  

For that, we have used the solution of fresh vegetable oils, synthesized epoxidized vegetable 

oils and synthesized carbonated vegetable oils (Table 4.2). From these solutions, we prepared 

different solutions at different weight percentage of SBO, ESBO and CSBO.   

Table 4.7 shows the three different solutions used for these experiments.  

Table 4.7. Solution components  

 Weight percentage w (% in mass fraction) 

Solution SBO ESBO CSBO 

S1 49.80 50.20 0.00 

S2 19.78 19.98 60.24 

S3 39.12 31.41 29.47 

 

The following correlations have been tested:  

�iMSXO = kMlgmO × �iMlgmO + kMnlgmO × �iMnlgmO + kMhlgmO × �iMhlgmO       (4.6) 

oMSXO = kMlgmO × oMlgmO + kMnlgmO × oMnlgmO + kMhlgmO × oMhlgmO               (4.7) 

pqμMSXO = kMlgmO × pqμMlgmO + kMnlgmO × pqμMnlgmO + kMhlgmO × pqμMhlgmO(4.8) 

hsMSXO = kMlgmO × hsMlgmO + kMnlgmO × hsMnlgmO + kMhlgmO × hsMhlgmO    (4.9) 

where, SX is the solution S1, S2 or S3. 

Ramírez Verduzco (Ramírez Verduzco, 2013) has demonstrated that correlations Eqs (4.7) and 

(4.8) could be used for a mixture of vegetable oils and fatty acid methyl esters. For the specific 

heat capacity of a mixture, correlation (Eq. 4.9) is widely accepted (Stoessel, 2008).  

Figures 4.8-4.11 show the fittings of the correlation between the experimental data and the 

model data for refractive index (RI), density (ρ), lnµ and specific heat capacity (Cp) for the 
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different solutions S1, S2 and S3. Due to space limitation, the other fitting curves were put in 

Appendix I.  

To evaluate the reliability of these correlations towards experimental data, the overall 

average relative deviation of determination (OARD) was introduced: (Freitas et al., 2013) 

me�ÈM%O =Ê ËÌc0ÌÍcÌc ËÎ
ºÏ�Ð                                                                                                         (4.10) 

 Where, ÑK is the experimental value of the parameter, ÑÒÓ is the predicted value given by the 

correlation and N are experimental data points. The correlation results are shown in Table 4.8. 

Table 4.8. OARD of refractive index, density, lnµ and specific heat capacity 

 OARD / % 

Refractive index 0.14 

Density  0.33 

Lnµ 16.80  

Specific heat capacity 2.37 

 

Generally, one can notice that the experimental data (refractive index, density and specific 

heat capacity) can be successfully predicted with overall average relative deviation values less 

than 2.5 %. However, the overall average relative deviation value for lnµ is higher due to the 

fact that Eq. (4.8) does not take into account the interaction between the functional groups.   
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Figure 4.8. Fit of the model to the refractive index experimental data of solution S1.  

●, Experimental data; ━, Model data. 

 

Figure 4.9. Fit of the model to the density experimental data of solution S3. 

●, Experimental data; ━, Model data. 
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Figure 4.10. Fit of the model to the viscosity experimental data of solution S1.  

●, Experimental data; ━, Model data. 

  

Figure 4.11. Fit of the model to the specific heat capacity experimental data of solution S2.  

●, Experimental data; ━, Model data. 
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4.4. Conclusion 

This study proposed to investigate the influence of temperature on density, refractive index, 

viscosity and specific heat capacity for vegetable oils and their epoxidized and carbonated 

derivatives. Indeed, these data are missing in the literature.  

It was demonstrated that refractive index value decreases linearly as the temperature 

increases. This parameter could be used as an analytical method to segregate vegetable oils 

and their derivatives. Density of these oils decreases linearly as temperature increases. It was 

found that the viscosity of vegetable oils is exponentially proportional to the temperature. 

The values for the specific heat capacity were found to be relatively constant with 

temperature and did not change significantly between fresh vegetable oils and their 

derivatives. Nevertheless, the ratio  
=_M`O=_P`bcdS   follows a polynomial of second order with 

temperature allowing predicting the values of Cp for each oil. Hence, the functional groups 

have an effect on these parameters. The last part of this study demonstrated that it is possible 

to predict the values of these physicochemical parameters in case of mixture by knowing the 

evolutions of the pure compounds.  
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Chapter V  Carbonation of epoxidized vegetable oils 

Part of this chapter is adapted from the post print of the following article: 

X. Cai, J.L. Zheng, J. Wärnå, T. Salmi, B. Taouk, S. Leveneur. Influence of gas-liquid mass transfer 

on kinetic modeling: Carbonation of epoxidized vegetable oils. Chemical Engineering Journal, 

313(2017) 1168-1183. 

Link: https://doi.org/10.1016/j.cej.2016.11.012 

Further permissions related to the material excerpted should be directed to the ScienceDirect. 

Copyright © 2019 Elsevier B.V. or its licensors or contributors. ScienceDirect® is a registered 

trademark of Elsevier B.V. 

5.1 Introduction 

In this chapter, a kinetic model for the carbonation of epoxidized cottonseed oil catalyzed by 

TBABr was proposed. For gas-liquid reaction system, one should take into account the kinetics 

of mass transfer.  

In the first stage, a mass transfer model was built to predict the evolution of the volumetric 

mass transfer coefficients and Henry’s constants with reaction advancement and temperature. 

Then, a kinetic model was built at different reaction temperature, catalyst and epoxide 

concentrations and CO2 pressure.  

Section 5.2 gives the information about the experimental procedure. Section 5.3 shows the 

experiment results and the discussion. 

5.2 Experimental section  

5.2.1 Preparation of the epoxidized compound 

Epoxidized cottonseed oil (ECSO) was prepared as described in the Section 2.4.1 and Appendix 

II.  

5.2.2 Kinetic study of carbonation reaction 

Carbonation of epoxidized cottonseed (CCSO) oil was carried out by using the same protocol 

as described in the Section 2.5 according to the article of our group (Ait Aissa et al., 2016). 

Table 5.1 shows the experimental matrix for the different carbonation conditions.  

The conversion rate (%) of epoxide was selected as a response value for the carbonation 

evaluation. It was calculated as Eq. (5.1).   

Conversion	rate	M%O = F1 − �²E�*EKD	KR
Ù²DK	Ú
ÛEKÛEÜÛ²E²*Ý	KR
Ù²DK	Ú
ÛEKÛE I × 100                                                  (5.1) 
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Table 5.1 Experimental Matrix for carbonation reaction with an agitation velocity of 500rpm 

Run 
[Epoxidized group] 

(mol.L-1) 

[TBAB] 

(mol.L-1) 

[Double Bonds] 

(mol.L-1) 

Pressure 

(bar) 

Temperature 

(°C) 

1 3.60 0.13 0 30.6 120 

2 3.27 0.13 0 32.0 110 

3 3.38 0.13 0 21.1 140 

4 1.67 0.3 1.67 46.5 140 

5 3.36 0.1 0 48.2 140 

6 3.26 0.13 0 48.8 130 

7 3.41 0.06 0 45.8 140 

8 3.53 0.13 0 30.3 120 

9 3.34 0.13 0 45.9 140 

10 3.80 0.13 0 40.4 120 

11 3.44 0.13 0 49.7 120 

12 3.22 0.20 0 48.1 140 

13 3.40 0.13 0 46.8 110 

14 3.06 0.30 0 48.5 140 

15 3.29 0.13 0 52.0 120 

16 1.72 0.30 1.72 47.0 110 

 

5.2.3 Mass transfer study for CO2 

One of the goals of this section was to determine the gas-liquid mass transfer coefficients and 

the solubility of the CO2 in the reaction mixture. It was also important to check the variation 

of these parameters as a function of the conversion.  

During the mass transfer experiments, 90.0 g of oil sample (ECSO, CCSO or CSO) was weighted 

out and mixed in the reactor, then heated to a certain temperature. The atmosphere inside 

the reactor was purged with CO2 for two times. The CO2 pressure in the reactor was 

maintained constant by the pressure regulator. As the values had been stabilized, the 

agitation was started at 500 rpm. The values (temperature and pressure) inside the gas 

reservoir were simultaneously monitored. Table 5.2 shows the experimental matrix for the 

mass transfer study. 

  



 

77 
 

Table 5.2 Mass transfer experimental matrix 

Run 

Preactor 

(bar) 

Treactor 

(°C) 

CSO 

(wt.%) 

ECSO 

(wt.%) 

CCSO 

(wt.%) 

17 10 110 100 0 0 

18 10 120 100 0 0 

19 10 130 100 0 0 

20 10 140 100 0 0 

21 20 110 100 0 0 

22 20 120 100 0 0 

23 20 130 100 0 0 

24 20 140 100 0 0 

25 30 110 100 0 0 

26 30 120 100 0 0 

27 30 130 100 0 0 

28 30 140 100 0 0 

29 10 110 0 100 0 

30 10 120 0 100 0 

31 10 130 0 100 0 

32 10 140 0 100 0 

33 20 110 0 100 0 

34 20 120 0 100 0 

35 20 130 0 100 0 

36 20 140 0 100 0 

37 30 110 0 100 0 

38 30 120 0 100 0 

39 30 130 0 100 0 

40 10 110 0 78 22 

41 10 120 0 78 22 

42 10 130 0 78 22 

43 10 140 0 78 22 

44 20 110 0 78 22 

45 20 120 0 78 22 

46 20 130 0 78 22 

47 20 140 0 78 22 



 

78 
 

Run 

Preactor 

(bar) 

Treactor 

(°C) 

CSO 

(wt.%) 

ECSO 

(wt.%) 

CCSO 

(wt.%) 

48 30 110 0 78 22 

49 30 120 0 78 22 

50 30 130 0 78 22 

51 10 110 0 0 100 

52 10 120 0 0 100 

53 10 130 0 0 100 

54 10 140 0 0 100 

55 20 110 0 0 100 

56 20 120 0 0 100 

57 20 130 0 0 100 

58 20 140 0 0 100 

59 30 110 0 0 100 

60 30 120 0 0 100 

61 30 130 0 0 100 

62 30 140 0 0 100 

63 5 120 0 0 100 

64 5 130 0 0 100 

 

  



 

79 
 

5.3 Results and discussion 

5.3.1 Preliminary kinetic experiments 

In the previous article of our group (Zheng et al., 2015), it was shown that the formation rates 

of carbonated groups increase with temperature (110-130 °C), pressure (30-50 bar) and 

catalyst (0.05-0.36 mol.L-1). We have demonstrated that the optimum agitation rate was 500 

rpm.   

The goal of this section is to provide complementary data at lower CO2 pressures, higher 

temperatures, lower catalyst concentrations and different initial concentrations of ECSO. The 

experiments were conducted under isobaric and isothermal conditions.  

 

Figure 5.1. Effect of the CO2 pressure on the kinetics of carbonation at 120 °C, [TBABr] = 0.13 

mol.L-1, [ECSO]0= 3.4-3.5 mol.L-1 and rotating speed of 500 rpm 

 

Figure 5.1 shows the influence of CO2 pressure on the conversion of epoxidized group at 120 °C. 

The presence of an induction period is observed when the pressure is less than 30 bar. This 

phenomenon has been previously observed by North and Pasquale (North and Pasquale, 2009) 

during the carbonation of styrene oxide by TBABr. However, they have observed this induction 

period at low concentrations of TBABr.   

Figure 5.2 shows the influence of temperature on the kinetics of carbonation. As expected, 

the reaction rate increases with temperature.  
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Figure 5.2. Effect of temperature on the kinetics of carbonation at [TBABr] = 0.13 mol.L-1, 

[ECSO]0= 3.4-3.5 mol.L-1, 50 bar and rotating speed of 500 rpm 

 

 

Figure 5.3. Effect of initial concentration of ECSO on the kinetics of carbonation at  

[TBABr] = 0.13 mol.L-1, 110 °C and rotating speed of 500 rpm 
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Figure 5.3 reveals the influence of the ECSO concentration at 47 bar and 110 °C. To vary the 

concentration of ECSO, pure cottonseed oil with ECSO was mixed at different ratios. As the 

concentration of ECSO is within the range 2.47-3.40 mol.L-1, the kinetic behavior is similar. 

However, the kinetics of carbonation is faster when the concentration of ECSO is 1.72 mol.L-1. 

This effect might be linked to the viscosity of the reaction mixture which is higher at high 

concentration of ECSO (Figure 4.3) and could retard the mass transfer of CO2. Figure 4.3 shows 

that the viscosity increases in the order CCSO > ECSO > CSO.  

 

Figure 5.4. Effect of catalyst concentration on the kinetics of carbonation at [ECSO]0 = 3.2-3.4 

mol.L-1, 50 bar, 140 °C and agitation speed of 500 rpm 

 

Figure 5.4 shows the effect of the catalyst concentration on the kinetics of carbonation at ca. 

48 bar. As the catalyst concentration increases, the rate is enhanced. The association of the 

catalyst on the oxirane group can involve several steps affecting the reaction order. From 

Figure 5.4, it is possible to estimate the reaction order with respect to catalyst concentration 

by plotting the logarithm of the initial reaction rate (ln(RCarbonation,0) versus the logarithm of 

catalyst concentration (Figure 5.5).  
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Figure 5.5. ln(RCarbonation,0) versus ln([TBABr]) at [ECSO]0= 3.2-3.4 mol.L-1, 50 bar, 140 °C with 

agitation speed of 500 rpm 

 

Figure 5.5 shows that the reaction order with respect to catalyst is probably equal to 0.5. The 

parameter n was estimated during the kinetic modeling stage to validate this observation.  

Based on the kinetic experiments, it can be noticed that the CO2 pressure, the epoxidized 

group and TBABr concentrations as well as reaction temperature play an important role on 

the reaction kinetics.  
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5.3.2 Kinetic model principles 

According to related literatures (Lang, 2016; Langanke et al., 2013; North and Pasquale, 2009), 

mechanism illustrated by Figure 5.6 is proposed for the carbonation of the epoxidized groups 

of the vegetable oils.  
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Figure 5.6. Simplified mechanism of carbonation of epoxidized vegetable oils by TBABr 

 

The overall reaction is:  

O

R1 R2

+
TBABr

O C O O

R1 R2

O

O

 

The reaction rates of the different steps can be expressed as 

[ ] [ ] [ ]

[ ] [ ] [ ]

[ ] [ ] [ ]TBABrCarbkIkR

IkCOIkR

IkTBABrEpkR

3-233

22-liq2122

11-11

××−×=

×−××=

×−××= n

       (5.2) 

with [Ep] is the concentration of epoxidized group, [I1] is the concentration of the intermediate 

1, [I2] is the concentration of the intermediate 2, [Carb] is the concentration of carbonated 

group, n is the reaction order with respect to TBABr and [CO2]liq is the concentration of carbon 

dioxide dissolved in the liquid phase.  
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As demonstrated previously (Figure 5.5), the rate of carbonation is not first order with respect 

to TBABr concentration. For that reason, we have described the kinetics of reaction 1 as shown 

above. 

Steady-state approximation was applied to I1 and I2, 

0RRr 21I1
=−=                                      (5.3) 

0RRr 32I2
=−=                                                    (5.4) 

where, 
1I

r and 
2I

r are the rates of formation and disappearance of intermediates 1 and 2, 

respectively.  

We have assumed that the concentration of catalyst was constant during the reaction.  

Reaction 2 was assumed to be the rate determining step, the carbonation reaction kinetic can 

be written as 

[ ] [ ] [ ]22-liq2122nCarbonatio IkCOIkRR ×−××==     (5.5) 

Reaction 3 can be assumed to be irreversible, thus k-3→0. By rearranging Eqs (5.3) and (5.4), 

one can find the following expression for the concentrations of I1 and I2, 

[ ] ( ) [ ] [ ] [ ] [ ]
[ ][ ]liq23231-2-1-

32-132-
1 COkkkkkk

TBABCarbkkTBABEpkkk
I

××+×+×
×××+×××+=

nn

                (5.6) 

[ ] [ ] [ ]( ) [ ] [ ]( )
[ ][ ]liq23231-2-1-

32-1liq22
2 COkkkkkk

CarbkkEpkTBABCOk
I

××+×+×

××+××××
=

n

    (5.7) 

By inserting Eqs (5.5) and (5.6) into Eq. (5.7), the kinetic for carbonation rate becomes 

[ ] [ ] [ ] [ ] [ ]

[ ][ ]liq23231-2-1-

1

2
2

1

2-
liq2321

nCarbonatio COkkkkkk

Carb
k

k
Carb

k

k
EpTBABCOkkk

R
××+×+×














×−×+××××

=

−n

         (5.8) 

The reverse reaction of reaction 2, i.e., the release of CO2 from intermediate I2, can be 

assumed negligible in the temperature range 90-130°C. Then, the kinetic constant k-2 is low 

compare to kinetic constant k-1. The term 
1

2
2

k

k− can be assumed to tend to zero.  

The following notations were introduced: kCarbonation=k1×k2×k3, α= k-1×k-2+k-1×k3, β= k2×k3 and 

ϒ=
1

2

k

k− . Eq. (5.8) becomes 

[ ] [ ] [ ] [ ]( )
[ ][ ]liq2

liq2nCarbonatio
nCarbonatio CO

CarbEpTBABCOk
R

×+

×+×××
=

βα
γn

                   (5.9) 
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These parameters were estimated during the modeling stage. The value of β was fixed to 1 

L.mol-1.s-2 because the statistical results were better. 

The mass balances of the components can be described by the following system under 

isothermal and isobaric conditions, 

[ ]

[ ]

[ ]
a.N-R

dt

COd

R
dt

Carbd

-R
dt

Epd

2COnCarbonatio
liq2

nCarbonatio

nCarbonatio

+=

+=

=

       (5.10) 

where, NCO2×a represents the gas-liquid transfer of CO2.  

NCO2 is the interfacial component flux and can be explained by the law of Fick: 

[ ] [ ]( )CO2 Liq Liq

*

2 2N = . CO COLk − , where kL is the mass transfer coefficient of CO2 in the liquid 

phase and the asterisk represents the equilibrium concentration between the two phases. The 

term a is the mass transfer area-to-volume ratio (
liqV

A
), with A the gas-liquid surface area and 

Vliq the volume of the liquid phase.  

5.3.3 Mass transfer experiments 

During the mass transfer experiments, the amount of substance (in moles) absorbed in the 

reaction mixture was assumed to be the same as the number of moles disappearing from the 

reservoir.  

The Peng-Robinson equation of state was used to determine the number of moles (Zheng et 

al., 2015). The carbonation reaction was not present or can be assumed negligible, ie., 

Rcarbonation~0 mol.L-1.s-1. Consequently, the mass balance in the liquid phase can be written as  

[ ]

[ ]

[ ] ( ) ( )
Liq,2COLiq,2CO

Liq,2CO

Liq,2COLiq,2CO
nn..

dt

dn
nn.

V

.

dt

COd

0
dt

Carbd

0
dt

Epd

**

liq

Liq2 −=⇔−=

=

=

ak
ak

L
L

                             (5.11) 

where, kL.a represents the gas-liquid volumetric mass transfer coefficient and 
*

Liq,2CO
n is the 

number of moles of CO2 at the interface from the liquid side.  
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The Whitman model or two-film theory was used to describe the mass transfer phenomenon 

(Charpentier, 1981). The resistance from the gas side was neglected. At time zero (before 

starting the stirring), the concentration of CO2 in the liquid phase can be assumed to be zero.  

Figure 5.6-5.8 present mass transfer experimental results for the effects of CO2 pressure, 

temperature and the components on the kinetics of CO2 absorption. 

 

Figure 5.7. Effect of CO2 pressure on the kinetics of CO2 absorption in the ECSO solution at 

130 °C and rotating speed of 500 rpm 

 

Figure 5.7 presents the evolution of the number of moles of CO2 in the liquid phase at 130 °C. 

One can notice that as the CO2 pressure increases, the kinetics of carbonation becomes faster.  
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Figure 5.8. Effect of temperature on the kinetics of CO2 absorption in the epoxidized 

cottonseed oil solution at 20 bar and rotating speed of 500 rpm 

 

As the liquid temperature increases, the CO2 absorption is faster but the number of moles 

absorbed is lower (Figure 5.8).  

During the carbonation, the mass transfer is affected by the variation of liquid viscosity due 

to the increase of CCSO concentration (Figure 5.9). To measure this effect experimentally, a 

series of absorption experiments was performed with CSO, ECSO, CCSO and a mixture of 78 

wt.% of ECSO and 22 wt.% of CCSO solutions.   

0.00

0.01

0.02

0.03

0.04

0.05

0.06

0 2 4 6 8 10

N
u

m
b

er
 o

f 
m

o
le

s 
o

f 
C

O
2

 in
 t

h
e 

li
q

u
id

 p
h

a
se

 /
 m

o
l

t / min

n(CO2)_ECSO_140°C_20 bar

n(CO2)_ECSO_120°C_20 bar

n(CO2)_ECSO_110°C_20 bar



 

88 
 

 

Figure 5.9. Effect of the components on the kinetics of CO2 absorption in the liquid phase at 

20 bar, 120 °C and rotating speed of 500 rpm 

 

Figure 5.9 reveals that the kinetic of CO2 absorption increases in the following order: 

CSO>ECSO>Mixture (78 wt.% ECSO + 23 wt.% CCSO)>CCSO. It can be observed that the 

number of CO2 moles absorbed in the equilibrium increases in the following order: 

CSO>CCSO>Mixture>ECSO.  

The solubility of CO2 concentration [ ]*2 liq
CO   in the liquid phase can be linked to the pressure 

of CO2 in the gas phase by the Henry’s constant (He). This coefficient depends on the 

properties of the liquid phase and temperature, and it can be described as 

[ ]
[ ]
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2 CO
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2 CO

*

2 CO

CO .

CO .

CO .

ECSO

CCSO
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He P

He P

He P

=

=

=

        (5.12) 

where, HeECSO, HeCCSO and HeCSO represent the Henry’s constants for epoxidized cottonseed oil, 

carbonated cottonseed oil and pure cottonseed oil solution separately.   
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Figure 5.10. Evolution of the Henry’s constant at different temperatures for ECSO 

 

 

Figure 5.11. Evolution of the Henry’s constant at different temperatures for CCSO 
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Figure 5.12. Evolution of the Henry’s constant at different temperature for CSO 

 

Figures 5.10-5.12 show the evolution of the concentration of CO2 in the liquid phase follows a 

Henry’s law at different temperatures.  

 

Figure 5.13. Evolution of the Henry’s constant versus temperature 
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Figure 5.13 shows that the solubility of CO2 is higher in CSO solution than CCSO or ECSO 

solution within the temperature range 110-120°C.  However, at higher temperature than 

130 °C, the solubility of CO2 increases in the following order: CCSO>CSO≥ECSO.  

To describe the evolution of the Henry’s constant with the temperature, van’t Hoff law can be 

used as 

ECSO

ECSO

CCSO

CCSO

CSO

CSO

( ) 1 1
exp .

( )

( ) 1 1
exp .

( )

( ) 1 1
exp .

( )

ref ref

ref ref

ref ref

HHe T

He T R T T

HHe T

He T R T T

HHe T

He T R T T

  −∆
= −    

  

  −∆
= −    

  

  −∆
= −    

  

sol,ECSO

sol,CCSO

sol,CSO

             (5.13) 

where, H∆ so l,E C S O , H∆ so l,C C SO and H∆ s o l ,C S O are the dissolution enthalpies for 

the epoxidized, carbonated and pure cottonseed oil solutions separately. By plotting 

CCSO

CCSO

( )
ln

( )ref

He T

He T

 
  
 

versus



























−

refTTR

11
.

1 , it was verified that this hypothesis is correct within 

the experimentally temperature interval.  
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Figure 5.14. Van’t Hoff curve for Henry’s constants for cottonseed oil (CSO), epoxidized 

cottonseed oil (ECSO) and carbonated cottonseed oil (CCSO) 

 

Figure 5.14 shows that the dissolution of CO2 is more exothermic in the CSO solution (∆H= -

40.406 kJ.mol-1) than in the ECSO solution (∆H= -29.03 kJ.mol-1) than in the CCSO solution (∆H= 

-11.52 kJ.mol-1).  

The different values of dissolution enthalpies were used in the modeling. To take into account 

the change of the solubility during the carbonation reaction, an average Henry’s constant was 

used:  

ECSO ECSO CCSO CCSO CSO CSO( ) ( ) ( ) ( )
Mixing

He T x He T x He T x He T= × + × + × (5.14) 

The evolution of the solubility of CO2 with temperature and reaction components can be 

determined by using Eqs (5.13) and (5.14). In Eq. (5.11), it is important to find a way to 

calculate the volumetric mass transfer coefficient kL.a as a function of the carbonation 

reaction advancement and temperature. Figure 5.8 shows clearly that these two mass transfer 

properties are affected by the components of the reaction mixture.  

According to Kawase and Moo-Young (Kawas, 1988), the volumetric mass transfer coefficient 

can be estimated as 
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where, ξ is the energy dissipation rate per unit mass, ρLiq is the liquid density, µLiq is the liquid 

viscosity and DCO2/Liq is the diffusion coefficient of CO2 in the liquid phase.  

The diffusion coefficient can be explained by the Wilke-Chang equation (Wilke and Chang, 

1955),  

( )1/2

liq liq

0.6
liq

Constant T M
D

V

ϕ
µ
× × ×

=
×2

2

CO , liq
CO

               (5.16) 

where, ϕ is the association factor, Mliq and µliq are the molar mass and viscosity of the liquid 

phase and 
6.0
2COV is the molar volume of CO2. The constant value was found to be 7.4×10-8 

cm2.cP.K-1. s-1.(cm3.mol-1)0.6. (g.mol-1)-0.5 by Wilke and Chang (Wilke and Chang, 1955). 

By combining Eqs (5.15) and (5.16), the mass transfer coefficient can be derived as 

( )
0.5 0.25

' liq liq

liq liq

. .L L

T
k a k a

ρ
µ µ
   

= ×      
   

                (5.17) 

with ( ) ( ) ( )
2

0.5

0.25liq

0.6

Constant. .M2
. ' .L

CO

k a
V

ϕ
ξ

π
= .  

By using Eq. (5.17), it is possible to determine the variation of kL.a with the reaction 

temperature. The term (kL.a)’ can be assumed constant for the absorption of CO2 in pure 

solution of ECSO or in pure solution of CCSO or in pure solution of CSO. Thus, this parameter 

was estimated for ECSO, CCSO and CSO during the modeling of mass transfer by solving the 

ODEs system. 

During the carbonation reaction, the mass density and viscosity of the mixture vary with the 

reaction advancement.  The densities and viscosities of ECSO, CCSO and CSO were shown in 

Figure 4.2 and Figure 4.3. In case of mixture, densities and viscosities can be evaluated as 

(Vahteristo et al., 2008) 

ECSO ECSO CSO CSO CCSO CCSOmixing w w wρ ρ ρ ρ= × + × + ×    (5.18) 

ECSO ECSO CSO CSO CCSO CCSOln ln ln lnmixing w w wµ µ µ µ= × + × + ×                 (5.19) 

 

To take into account the variation of the mass transfer coefficient with the reaction 

advancement, the modified mass transfer coefficient for the reaction mixture, ( )'.
mixingL ak , 

was expressed as  

( ) ( ) ( ) ( )' ' ' '

CSO ECSO CCSOCSO ECSO CCSO
. . . .L L L Lmixing

k a w k a w k a w k a= × + × + ×    (5.20) 
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We have assumed that ( )'.
mixingL ak  can be expressed by using the values of the modified mass 

transfer coefficients for pure solution of CSO, ECSO and CCSO.  Then, the volumetric mass 

transfer coefficient can be derived as 

( ) ( )
25.05.0

'..













×














×=

mixing

mixing

mixing

liq
mixingLL

T
akak

µ
ρ

µ       (5.21) 

The derivation of Eq. (5.21) was similar to Eq. (5.17), but Eq. (5.21) takes into account the 

contribution of CSO, ECSO and CCSO for the determination of the volumetric mass transfer 

coefficient. 

5.3.4 Mass transfer model 

During the mass transfer modeling stage, the number of moles of CO2 absorbed was used as 

observable. The modified mass transfer coefficients ( )'.akL
 for CSO, ECSO and CCSO were 

estimated by regression analysis by using Eqs (5.20) and (5.21). Eq. (5.14) was used to 

determine the solubility of carbon dioxide in the liquid phase.  

Figures 5.15 A-D show some selected modeling results.

 

Figure 5.15. A Fit of the model to the mass transfer experimental observation for Run 25 
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Figure 5.15. B Fit of the model to the mass transfer experimental observation for Run 38 

 

Figure 5.15. C Fit of the model to the mass transfer experimental observation for Run 49 
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Figure 5.15. D Fit of the model to the mass transfer experimental observation for Run 53 
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Table 5.3 Estimated and statistical data for modified mass transfer coefficients 

 Unit 
Estimated 

value 
Standard error 

Standard error 

% 

Mkz. aO′aa9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 3.03E-06 4.78E-08 1.6 

Mkz. aO′Qa9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 1.23E-05 2.30E-07 1.9 

Mkz. aO′a9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 2.57E-05 4.22E-07 1.6 

 

Table 5.4 Correlation matrix 

 Mkz. aO′aa9�	 Mkz. aO′Qa9� Mkz. aO′a9� 

Mkz. aO′aa9� 1   

Mkz. aO′Qa9� -0.007 1  

Mkz. aO′a9� 0 0 1 

 

Some deviations were observed for the absorption of CO2 in the reaction mixture (Runs 40-

50). This deviation can be explained by the fact that the interaction between the epoxidized 

and carbonated groups is not well taken into account by Eqs (5.14) and (5.21).    

The calculation of (kL.a)’ takes into account the molar mass, association factor and the energy 

dissipation rate. The mass transfer coefficients for CSO and ECSO are similar, but the one for 

CCSO is lower. This observation cannot be linked to the difference of molar mass because as 

the molar mass increases, as (kL.a)’ increases (Eq. 5.17). The difference is linked to the 

association factor or the energy dissipation rate which might be lower for the absorption of 

CO2 in CCSO.  

Compare to our previous study on mass transfer (Zheng et al., 2015), we have found that 

Henry’s constant follows a van’t Hoff law and we have developed a model to predict the value 

of Henry’s constants and volumetric mass transfer coefficient.  

During the mass transfer study, we did not observe an induction period when the pressure 

was lower than 30 bar as discussed for Figure 5.1. Thus, the induction period is linked to the 

chemical reaction and not to the mass transfer phenomena.  
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5.3.5 Kinetic model 

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

observable. The estimated modified mass transfer coefficients determined in the Section 5.3.3 

and 5.3.4 were implemented in this model. The estimated kinetic constants were rate 

constant kcarbonation, activation energy for carbonation EaCarbonation, reaction order n with catalyst.  

A modified Arrhenius equation was used to diminish the correlation between the rate 

constant and the energy of activation:  

       (5.22) 

where, Tave is the average temperature of the set of experiments.  

Figures 5.15 A-F show the fit of the model to the experimental data and the evolution of the 

concentrations of carbonated group and CO2 in the liquid phase. Due to space limitation, the 

rest modeling results are presented in the Appendix II.  

 

Figure 5.16. A Fit of the model to the experiments and simulation of [CO2]liq for Run 1 
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Figure 5.16. B Fit of the model to the experiments and simulation of [CO2]liq for Run 3 

 

Figure 5.16. C Fit of the model to the experiments and simulation of [CO2]liq for Run 4 
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Generally, it can be noticed that the model fits the experimental data reasonably well. The 

explanation coefficient exceeded 95%. 

However, this model has some difficulties to take into account the induction period at low 

pressure (Figure 5.16 B). This is due to the fact that steady-state approximation cannot be 

applied during induction period. 

The model fits the experimental data at temperature exceeding 130°C (Figures 5.16 B, C). The 

fact that the model fits the experimental data at 140°C tends to prove that the decomposition 

components of TBABr can be assumed neglected.  

The model fits the experimental data even when the initial concentration of epoxidized group 

is different with 3.5 mol.L-1 (Figure 5.16 C). This proves that the difference of conversion 

observed in Figure 5.3 was linked to mass transfer.    

Table 5.5 presents the estimated kinetic data for the carbonation of cottonseed oil. The 

standard errors for the rate constant, activation energy and reaction order are lower than 20%.  

The standard errors for the kinetic parameters γ and α are relatively high. This might be due 

to the fact that these parameters are temperature-dependent.   

 

Table 5.5. Estimated and statistical data at Tref = 403 K for carbonation 

  
Estimated Standard error Standard error % 

kCarbonation [L2.mol-2.s-1] 1.85E-04 2.94E-05 15.9 

EaCarbonation [J.mol-1] 5.16E+04 3.05E+03 5.9 

n 5.83E-01 5.19E-02 8.9 

α  [s-2] 3.26E-01 9.56E-02 29.3 

γ [mol.L-1] 8.12E-02 5.02E-02 61.8 

 

Table 5.5 shows the correlation matrix for the kinetic parameters. One can notice that the 

correlations between the different kinetic parameters are medium. This is due to the different 

assumptions done.   
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Table 5.6 Correlation matrix 

  kCarbonation EaCarbonation n α   γ  

kCarbonation 1     

EaCarbonation 0.56 1    

n 0.734 0.196 1   

α   0.67 0.603 0.021 1  

γ  -0.639 -0.561 -0.444 -0.314 1 

 

The parameter sensitivity analysis (Figure 5.17) with the Markov Chain Monte Carlo method 

(Vahteristo et al., 2008) shows that the estimated parameters have well-defined optimal 

values.  

 

Figure 5.17. Plots of the parameter sensitivity analysis (MCMC) 

 



 

102 
 

Also, the variation of the mass transfer coefficients during the reaction advancement at 

different operating conditions was illustrated in Figures 5.18 A-C (Runs 1, 4, 12). One can 

observe that when the concentration of carbonate increases, as the mass transfer coefficient 

decreases. Based on the model, the variation of kL.a cannot be assumed constant.   

 

Figure 5.18. A Evolution of mass transfer coefficient for Run 1 
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Figure 5.18. B Evolution of mass transfer coefficient for Run 4 

 

Figure 5.18. C Evolution of mass transfer coefficient for Run 12 
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5.4 Conclusions  

The kinetics of the carbonation of epoxidized cottonseed oil in an autoclave was studied in 

the presence of TBABr, as a homogeneous catalyst. The conversion of epoxidized groups to 

carbonated groups leads to an increase of the viscosity, which has a strong influence on the 

gas-liquid mass transfer.  

The parameters influencing the mass transfer effects were investigated in the first stage. 

Modified volumetric mass transfer coefficients were used to represent the mass transfer of 

CSO, ECSO and CCSO. The benefit of these coefficients is that they are temperature, viscosity 

and density independent. By using these coefficients, it is possible to determine the value of 

the volumetric mass transfer as a function of the reaction advancement. It was demonstrated 

that Henry’s constants for CSO, ECSO and CCSO follow van’t Hoff law. The exothermicity of 

the CO2 dissolution increases in the following order CCSOCOECSOCOCSOCO HHH /2/2/2 ∆>∆>∆ . The 

proposed approach to take into account mass transfer phenomena is an empirical approach 

by assuming that the effects of double bond, epoxidized and carbonated groups are addable. 

Some further investigation should be performed by determining local mass transfer 

coefficient by using CFD calculation.   

In the last stage, a kinetic model was developed. It was assumed that the reaction between 

the epoxidized group and TBABr producing an intermediate was in quasi-equilibrium (steady 

state), while the rate-determining step was the reaction between this intermediate and 

dissolved CO2. Thus, the rate of carbonation was expressed with the concentration of TBABr, 

epoxidized group and dissolved CO2. By including the mass transfer parameters estimated in 

the previous stage, the rate constant at the reference temperature of 403 K was estimated to 

be 2.07×10-4 L2.mol-2.s-1 and activation energy was estimated to 50060 J.mol-1. The reliability 

of the kinetic parameters was verified by using Markov chain Monte Carlo method.  
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Chapter VI  Structure-reactivity: comparison between 

vegetable oils and fatty acid methyl ester 

Part of this chapter is adapted from the post print of the following article: 

X. Cai, M. Matos, S. Leveneur. Structure-reactivity: comparison between the carbonation of 

epoxidized vegetable oils and the corresponding epoxidized fatty acid methyl ester. Industrial 

& Engineering Chemistry Research, 2019. 

Link: https://doi.org/10.1021/acs.iecr.8b05510 

Further permissions related to the material excerpted should be directed to the ACS 

Publications. Copyright © 2019 American Chemical Society. 

6.1 Introduction 

Several studies have shown that one should transesterify vegetable oils to decrease their 

viscosity. It is true that viscosity plays an important role, but steric hindrance due to the 

conformation of the chemical structure of vegetable oils changes the chemical reactivity.  

The objective of this study is to measure the effect of steric hindrance on the kinetics of 

carbonation of epoxidized vegetable oils where the reactive centers are located on the fatty 

acid moieties. For that, a comparison between the reactivity of a cottonseed oil and its fatty 

acid methyl ester counterpart will be done. To carry out such study, it is compulsory to take 

into account the mass transfer phenomena of carbon dioxide from gas to liquid phase. This 

phenomenon is interfered by the physicochemical properties of the solvent. Carbonation 

reaction performed by using homogeneous catalyst of tetra-n-butylammonium bromide 

(TBABr) was studied. 

In this chapter, Section 6.2 gives the detail information about the experimental procedure. 

Section 6.3 shows the experiment results and discussion. Section 6.4 gives the conclusion for 

this part of work. 

6.2 Experimental section 

Epoxidized cottonseed oil (ECSO) was prepared as described in Section 2.4.1. Fatty acid methyl 

ester derived from cottonseed oil was prepared as described in Section 2.4.2. Epoxidized fatty 

acid methyl ester derived from cottonseed oil was prepared as described in Section 2.4.3. 

Apparatus and experimental procedures for carbonation experiment were introduced in 

Section 2.5.  
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6.2.1 Measurement of CO2 Solubility 

The solubility measurement of CO2 was conducted in the high-pressure autoclave. During the 

mass transfer experiments, 90.0 g of oil sample (FAME, EFAME or CFAME) was weighted out 

and mixed in the reactor, then heated to a certain temperature. The atmosphere inside the 

reactor was purged with CO2 for two times. The CO2 pressure in the reactor was maintained 

constant by the pressure regulator. As the values had been stabilized, the agitation was 

started at 500 rpm. The values (temperature and pressure) inside the gas reservoir were 

simultaneously monitored. Table 6.1 shows the experimental matrix for the mass transfer 

study. 

Table 6.1 Mass transfer experimental matrix 

Run 

Preactor 

[bar] 

Treactor 

[°C] 

FAME 

[wt.%] 

EFAME 

[wt.%] 

CFAME 

[wt.%] 

1 5 110 100 0 0 

2 5 120 100 0 0 

3 5 130 100 0 0 

4 5 140 100 0 0 

5 10 110 100 0 0 

6 10 120 100 0 0 

7 10 130 100 0 0 

8 10 140 100 0 0 

9 20 110 100 0 0 

10 20 120 100 0 0 

11 20 130 100 0 0 

12 20 140 100 0 0 

13 30 110 100 0 0 

14 30 120 100 0 0 

15 30 130 100 0 0 

16 30 140 100 0 0 

17 5 110 0 100 0 

18 5 120 0 100 0 

19 5 130 0 100 0 

20 5 140 0 100 0 

21 10 110 0 100 0 
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Run 

Preactor 

[bar] 

Treactor 

[°C] 

FAME 

[wt.%] 

EFAME 

[wt.%] 

CFAME 

[wt.%] 

22 10 120 0 100 0 

23 10 130 0 100 0 

24 10 140 0 100 0 

25 20 110 0 100 0 

26 20 120 0 100 0 

27 20 130 0 100 0 

28 20 140 0 100 0 

29 30 110 0 100 0 

30 30 120 0 100 0 

31 30 130 0 100 0 

32 30 140 0 100 0 

33 5 110 0 0 100 

34 5 120 0 0 100 

35 5 130 0 0 100 

36 5 140 0 0 100 

37 10 110 0 0 100 

38 10 120 0 0 100 

39 10 130 0 0 100 

40 10 140 0 0 100 

41 20 110 0 0 100 

42 20 120 0 0 100 

43 20 130 0 0 100 

44 20 140 0 0 100 

45 30 110 0 0 100 

46 30 120 0 0 100 

47 30 130 0 0 100 

48 30 140 0 0 100 

 

6.2.2 Carbonation kinetics 

Carbonation of ECSO and EFAME were carried out as follows (Cai et al., 2017; Zheng et al., 

2015): epoxidized cottonseed oil (or epoxidized fatty acid methyl ester) and the catalyst TBABr 
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were weighted out in the reactor. The reactor was purged with N2 for two times, followed by 

heating up to the designed temperature. Then, the atmosphere inside reactor was purged 

with CO2 for two times and kept under the desired pressure. After the pressure and 

temperature were stabilized, the agitation started at 500 rpm. Sample was withdrawn in 1 

hour intervals via the sampling port. The conversion of epoxide group was selected as a 

response value for different carbonation conditions (as shown in Table 6.2).  

Table 6.2 Experimental matrix for carbonation experiments with initial concentrations 

Run 

Nature of 

organic phase 

[Ep]org 

[mol.L-1] 

[DB]org 

[mol.L-1] 

[TBAB] 

[mol.L-1] 

Pressure CO2 

[bar] 

Temperature 

[°C] 

49 EFAME 2.93  0.00 0.14 10.0 124 

50 EFAME 2.54  0.00 0.14 20.0 124 

51 EFAME 2.73  0.00 0.13 30.0 114 

52 EFAME 3.21  0.00 0.13 33.5 130 

53 EFAME 3.18 0.00 0.13 33.1 110 

54 EFAME 3.15 0.00 0.13 33.0 120 

55 EFAME 3.19 0.00 0.28 33.5 130 

56 EFAME 2.72 0.00  0.14  30.00 140 

57 EFAME 2.6 0.00 0.14 20.0 140 

58 ECSO 3.48 0.00 0.13 12.0 120 

59 ECSO 3.89 0.00 0.13 20.3 120 

60 ECSO 3.60 0.00 0.13 30.6 120 

61 ECSO 3.49 0.00 0.13 33.4 110 

62 ECSO 3.41 0.00 0.13 33.8 120 

63 ECSO 3.41 0.00 0.13 33.2 130 

64 ECSO 3.52 0.00 0.13 20.8 140 

65 ECSO 3.33 0.00 0.26 33.0 130 

66 ECSO 3.48 0.00 0.03 22.4  140 

67 ECSO 1.72 2.05 0.30 47.0 110 
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6.2.3 Analytical methods 

In a first stage, physicochemical properties (density and viscosity) measurement of cottonseed 

oil, fatty acid methyl ester, and the epoxidized, carbonated derivatives are reported. The 

apparatus and experimental procedures for physicochemical properties measurements were 

introduced in Section 2.3. Each oil sample was measured three times.  

The determination of epoxide content and double bond was described in Section 2.6. 

6.3 Results and discussion 

6.3.1 Comparison of physicochemical properties 

The evolutions of density and viscosity of the different compounds with temperature are 

displayed in Appendix III Figures 1-2. The values for cottonseed oil and its epoxidized, 

carbonated derivatives come from Chapter III. Figure 1 in Appendix III shows that as functional 

groups are larger, density is higher, i.e., as ρCarb>ρEp>ρVO. 

6.3.1.1 Density comparison 
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Figure 6.1 shows the evolution of density ratios: 
FAME

CSO

ρ
ρ

, 
EFAME

ECSO

ρ
ρ

and 
CFAME

CCSO

ρ
ρ

versus 

temperature. One can notice that the ratios of 
FAME

CSO

ρ
ρ

and 
EFAME

ECSO

ρ
ρ

are similar and equal to 

ca. 1.05, whereas the ratio of 
CFAME

CCSO

ρ
ρ

is smaller and equal to 1.02 in the temperature range 

100-150°C. Thus, when the functional group is bigger, the difference of density between the 

vegetable oil and the methyl ester forms is lower.  

Thus, the density is not a main parameter explaining the difference of kinetics on mass 

transfer between CSO and FAME. 

6.3.1.2 Viscosity comparison 

 

 

Figure 6.2 Ratio of
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Figure 6.2 shows the evolution of viscosity ratios: 
FAME

CSO

µ
µ

, 
EFAME

ECSO

µ
µ

and 
CFAME

CCSO

µ
µ

 versus 

temperature. Unlike density behavior, the viscosity difference between vegetable oil and 

methyl ester derivatives is more pronounced. We clearly notice that viscosity of vegetable oil 

and its derivatives can be 20 to 40 times higher than the corresponding methyl ester and its 

derivatives. This difference illustrated the benefit of using fatty acid methyl ester instead of 

vegetable oil from a mixing viewpoint. 

In case of mixture, the following correlations were used to determine the viscosity and density 

(Cai et al., 2017): 

CFAMECFAMEEFAMEEFAMEFAMEFAMEmixing ρρρρ ×+×+×= www                                         (6.1) 

CFAMECFAMEEFAMEEFAMEFAMEFAMEmixing µµµµ lnlnlnln ×+×+×= www                      (6.2) 

where, wj is the weight percentage of the compound in mass fraction, wt.%;  

6.3.2 Mass transfer comparison 

As described in Chapter V, this stage is designed to measure the solubility of CO2 in the 

reaction mixture. For that, two mass transfer parameters should be evaluated with the 

variation of functional groups, CO2 pressure and temperature: Henry’s constant and global 

mass transfer coefficient from the liquid side.  

During the experiments, the pressure inside the reactor was maintained constant by using a 

pressure regulator, and the decrease of pressure inside the reservoir was monitored. The 

same treatment described in the previous Chapter V was applied in this mass transfer study. 

The Whitman model was used to describe the mass transfer phenomenon (Charpentier, 1981). 

Experiments were performed in absence of catalyst to avoid any chemical reaction. The 

amount of CO2 absorbed in the reaction mixture was assumed to be the same as the ones 

disappeared from the gas reservoir. Peng-Robinson equation of state was applied to 

determine the number of moles of CO2 in the gas phase.  

The mass balance of the components in the liquid phase can be described as  

[ ]
0=

t d
Ep d                                                                                                                                                (6.3)  

[ ]
0=

t d
Carb d                                                                                                                                           (6.4)  
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[ ] ( )Liq,CO
*

Liq,CO
Liq

LLiq2
22V

ak
t d

CO d
nn −×

⋅
=                                                                                                 (6.5) 

where, [Ep] is the concentration of epoxidized group, mol.L-1; [Carb] is the concentration of 

carbonated group, mol.L-1; �CO	z²+ is the concentration of CO2 in the liquid phase, mol.L-1; 

VLiq is the volume of the liquid phase, m3; a is mass transfer ratio of the gas-liquid surface area 

to the volume of the liquid phase,  m-1. na�#,z²+∗  is the equilibrium mole of CO2 between the 

gas and liquid phase, mol; na�#,z²+	is the real-time mole of  CO2 in the liquid phase, mol.  

Here, Eq. (6.5) can be modified as  

DÛÞ3#,ß��DE = kz × a × Pna�#,z²+∗ − na�#,z²+S                                                                               (6.6) 

where, kL×a is the gas-liquid volumetric mass transfer coefficient, s-1. 

The mass transfer parameters for CSO, ECSO and CCSO are estimated in Chapter V.  

 

Figure 6.3. Effect of CO2 pressure on the kinetics of CO2 absorption in the EFAME solution at 

130 °C and rotating speed of 500 rpm 
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Figure 6.3 shows the influence of CO2 pressure on the kinetics of CO2 absorption in the EFAME 

solution at 130 °C. It indicated that when the reaction pressure increases, the mass transfer 

of CO2 goes faster, and the dissolution of CO2 in the liquid phase becomes larger. This tendency 

is the same than for the absorption of CO2 in ECSO.  

 

Figure 6.4. Effect of temperature on the kinetics of CO2 absorption in the EFAME solution at 

20 bar and rotating speed of 500 rpm 

Figure 6.4 shows the influence of temperature on the kinetics of CO2 absorption in the EFAME 

solution at 20 bar. It can be noticed that when the reaction temperature increases, the kinetics 

of CO2 absorption does not change significantly. The dissolution of CO2 in the liquid phase 

decreases when the temperature increases. The similar situation was noticed for adsorption 

of CO2 in CFAME solution (Appendix III). 

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.0 2.0 4.0 6.0 8.0 10.0

n
C

O
2
, 
L

iq
 / 

m
o

l

t / min

n(CO2)_EFAME_140°C_20 bar

n(CO2)_EFAME_130°C_20 bar

n(CO2)_EFAME_120°C_20 bar



 

114 
 

 

Figure 6.5. Effect of the components on the kinetics of CO2 absorption in the EFAME solution 

at 20 bar, 120°C and rotating speed of 500 rpm 

 

Figure 6.5 reveals that the kinetics of CO2 absorption in the three solutions of different 

compounds are similar. Nevertheless, the equilibrium is more sensitive to the chemical 

components of the solution. Based on our previous research (Zheng et al., 2015) and Chapter 

V, it was noticed that the kinetics of CO2 absorption and the solubility of CO2 in CSO, ECSO or 

CCSO were more pronounced.  

Henry’s law was used to describe the relationship between the solubility of CO2 in the liquid 

phase and the pressure of CO2 in the gas phase (Eq. 6.7). 

�CO	z²+∗ = xy × àa�#                                                                                                                   (6.7) 

where, He is the Henry’s constant for FAME, EFAME or CFAME. àa�# is the pressure of CO2 in 

the gas phase. 

Figure 6.6 shows the evolution of the solubility of CO2 in the liquid phase with the variation of 

CO2 pressure. One can notice that, the solubility of CO2 increases when the pressure increases. 
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Also, the concentration of CO2 follows the Henry’s law at different temperature. The similar 

phenomenon was noticed for the FAME and CFAME (Appendix III Figures 3 and 4).  

 

Figure 6.6 Evolution of the solubility of CO2 at different CO2 pressure for EFAME 

Figure 6.7 shows the evolution of Henry’s constant ratios:
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temperature. Figure 6.7 shows that Henry’s constant is sensible to the use of CSO/ECSO/CCSO 

or FAME/EFAME/CFAME. From a thermodynamic viewpoint, solubility of CO2 in FAME-

derivatives is higher than CSO-derivatives, which is a benefit for the kinetics. 

The evolution of the Henry’s constants with temperature is shown in Appendix III Figure 5. 

One can notice that Henry’s constants for CSO, ECSO and CCSO are lower than for their methyl 

ester counterparts. This fact is more pronounced for ECSO and CCSO. It indicates that the 

solubility of CO2 follows the order of CFAME ＞ EFAME ＞FAME when the temperature is 

higher than 120 °C. However, the solubility of CO2 in the CFAME solution is lower than EFAME 

within the temperature of 110-120 °C. For CSO and its derivatives, it was observed that 

solubility of carbon dioxide increases in the following order CCSO>CSO ≥ ECSO when 

temperature is higher than 130 °C, but when temperature is within the range 110-120 °C 

the solubility is higher in CSO than CCSO or ECSO solution. From a thermodynamic viewpoint, 

solubility of CO2 in FAME-derivatives is higher than CSO-derivatives, which is a benefit for the 

kinetics. 
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Figure 6.7. Ratio of 
FAME

CSO

He

He ,  
EFAME

ECSO

He

He and 
CFAME

CCSO

He

He
versus temperature 

A van’t Hoff law was used to describe the evolution of the Henry’s constant with the 

temperature (Eq. 6.8). 

)

He

He R

 −∆  
= × −   

  ref ref

H( ) 1 1exp 

( 
sol,iT

T T T
                                                                                             (6.8) 

where, ∆HCáâ,B  is the dissolution enthalpy of CO2 in the solution i. Tref is the reference 

temperature. In the study, 383.15K was used as the reference temperature.  
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Figure 6.8 Van’t Hoff curve for Henry’s constants 

Based on the van’t Hoff curve shown in Figure 6.8, it suggests that the dissolution of CO2 in 

FAME, EFAME and CFAME is an exothermic phenomenon: ∆HCáâ,ã?äµ = −11.83	kJ.mol@4 

∆HCáâ.,µã?äµ = −17.31	kJ.mol@4  and ∆HCáâ,=ã?äµ = −11.85	kJ.mol@4 . However, the 

enthalpies of dissolution of CO2 in fatty methyl ester and its epoxidized derivatives are lower 

compared to cottonseed oil ( ∆HCáâ,=¶· = −40.41	kJ.mol@4 ) and its epoxidized forms 

(∆Hµ=¶· = −29.03	kJ.mol@4), respectively. However, the enthalpy of carbonated fatty acid 

methyl ester is similar to the one for carbonated cottonseed oil (∆H==¶· = −11.52	kJ.mol@4).  

As described in the previous work shown in Chapter V, the global mass transfer coefficient 

depends on temperature, dynamic viscosity (ìz²+O and density (oz²+O  (Eq. 6.9). 

kz. a = Mkz. aO′ × ��ß��
μß���

�.u × |íß��îß���
�.u

                                                                                    (6.9) 

To take into account the chemical components and temperature, a modified mass transfer 

coefficient (kL.a)’ was proposed as:  
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 Mkz. aO′ = 
8π ×ï�.7×4�

0ð×P∅×�ß��S�Þ3#�.ò × PξS�.u                                                                    (6.10) 

where, the term of (kL.a)’ is assumed to be constant; ρLiq is the density and μLiq is viscosity of 

the liquid phase; MLiq is the molar mass of the liquid phase; VCO2 is the molar volume of the 

gas phase; ∅ is the association factor and ξ is the energy dissipation rate per unit mass.  

To estimate (kL.a)’, the number of moles of CO2 absorbed in the liquid phase was used as 

observable. The ordinary differential equation (Eq. 6.5) was solved out by using the solver 

ODESSA. The objective function ω (Eq. 6.11) was minimized by using simplex and Levenberg-

Marquardt algorithms.  

 ω = ∑Pna�#,z²+ − nó=·#,zBôS                                            (6.11) 

where, na�#,z²+  is the number of moles of CO2 absorbed in the liquid phase obtained 

experimentally and nóa�#,z²+ is the ones obtained by simulation.  

Figures 6.9 shows an example of fitting. One can notice that the model fits correctly the 

experimental data. The other model fittings are shown in Appendix III. The coefficient of 

determination was found to be 92% showing the good reliability of the model.

 

Figure 6.9. Fitting of the model to the experimental observation for CO2 absorption in the 

FAME solution at 20 bar, 110 °C and rotating speed of 500 rpm for Run 9 
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The estimated values and their standard errors are shown in Table 6.5. For the sake of 

comparison, the data for CSO, CCSO and ECSO were included in Table 6.5. 

From Table 6.5, one can see that the standard errors are low. The modified mass transfer 

parameters are almost the same for CFAME and CCSO, but the ones of EFAME and FAME are 

ca. 100 times lower than ECSO and CSO. 

To recap, solubility of CO2 in methyl ester and its derivatives is slightly higher than for CSO and 

its derivatives. The modified mass transfer coefficients Mkz. aO′  for methyl ester and 

epoxidized derivatives are lower than for CSO and ECSO.  

Similarly to the previous study, in case of mixture, the parameters Mkz. aO′ and the Henry’s 

constant were estimated as shown in Chapter V:  

Mkz. aOõ²Ù²Û�′ = w���Q × Mkz. aO���Q′ +wQ���Q × Mkz. aOQ���Q′ +wa���Q × Mkz. aOa���Q′
  

(6.12) 

Heõ²Ù²Û�MTO = x���Q × He���QMTO + xQ���Q × HeQ���QMTO + xa���Q × Hea���QMTO  
(6.13) 

where, w is the weight fraction of the compound, wt.%; x is the molar fraction of the functional 

group (double bond, epoxide group, carbonated group), %. 
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Table 6.5 Estimated and statistical data for modified mass transfer coefficients 

 Unit 

Estimated value 

(×10-6) 

Standard error 

(×10-8) Standard error / % 

Mkz. aO′a���Q | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 
1.11 3.0 2.7 

Mkz. aO′Q���Q | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 
2.59 8.3 3.2 

Mkz. aO′���Q | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 
1.14 4.3 3.8 

Data from Chapter V 

Mkz. aO′aa9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 
30.3 4.78 1.6 

Mkz. aO′Qa9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 
12.3 23.0 1.9 

Mkz. aO′a9� | KPa. s�
@�.u ∙ �kg.m@(Pa. s �

@�.u s@4 
25.7 42.2 1.6 
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6.3.3 Kinetics comparison  

The kinetic model of carbonation reaction for the EFAME was firstly proposed on the basis of 

kinetic model for cottonseed oil as described in Chapter V, which is evaluated as 

Ra*��
Û*E²
Û = .Þ�W�V����V�×�a�#	ß��×��U�U�	�×P�QR	)γ×�a*��	S
α)�a�#	ß��                                              (6.14) 

where, RCarbonation is carbonation reaction rate, mol.L-1.s-1; kCarbonation is the reaction constant, 

L2.mol-2.s-1; [TBABr] is the concentration of the catalyst TBABr, mol.L-1; [Carb] is the 

concentration of carbonated group, mol.L-1; n is the reaction order with respect to the catalyst; 

α and γ are the terms associated with the reaction constant. The same value of n, α and γ from 

the kinetic model for the carbonation of ECSO was used for the carbonation of EFAME, 

because the reaction mechanism should be the same (Table 6.6).  

Thus, during the kinetic modeling stage, we have estimated the carbonation reaction rate 

constant kcarbonation and the activation energy Eacarbonation for FAME. The concentration of 

epoxidized group was selected as the observable. 

Figures 6.10-6.11 show a comparison between the carbonation kinetic model fitting of ECSO 

and EFAME. One can notice that the kinetic model fits for the experimental data very well. 

Both of the explanation coefficients for the kinetic of carbonation are over 95%. One could 

also notice that the experimental data appear a double slope within the reaction time. This 

could be explained by a different reaction mechanism, for example, a different mass transfer 

rate of CO2 initially leads to different carbonation rate equation. 
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Figure 6.10. The carbonation kinetic model fitting of ECSO and EFAME at 110°C, 30bar, 

[TBABr]0= 0.13 mol.L-1and rotating speed of 500 rpm for Runs  53 and 61 

 

Figure 6.11. The carbonation kinetic model fitting of ECSO and EFAME at 130°C, 30bar, 

[TBABr]0= 0.13 mol.L-1 and rotating speed of 500 rpm for Runs  52 and 63 
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Table 6.6 Estimated and statistical data at Tref = 403 K for the carbonation of EFAME 

 

Estimated Standard error Standard error % 

(kCarbonation)EFAME [L2.mol-2.s-1] 2.57×10-4 5.15×10-6 2.4 

(EaCarbonation)EFAME [J.mol-1] 47200 2580 6.4 

(kCarbonation)ECSO [L2.mol-2.s-1] 2.07×10-4 3.35×10-5 16.2 

(EaCarbonation)ECSO [J.mol-1] 50700 2930 5.8 

n 0.584 0.0518 8.9 

α  [s-2] 0.318 0.0924 29 

γ [mol.L-1] 0.078 0.0502 64.3 

 

Table 6.6 shows the estimated kinetic data for the carbonation of EFAME. One can notice that 

the kinetics of carbonation of EFAME and ECSO are in the same order of magnitude.   
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Figure 6.12. The variation of 
( )
( )EFAMEncarbonatio

ECSOncarbonatio

k

k
with different reaction temperature 

Figure 6.12 shows the variation of reaction rate constant ratio of the carbonation of EFAME 

to ECSO at different reaction temperatures. One can notice that there is a linear relationship 

between the ratio of 
( )
( )EFAMEncarbonatio

ECSOncarbonatio

k

k
and temperature.  At low temperature, the rate of 

carbonation of EFAME is ca. 1.4 times higher than the rate of ECSO, while this difference is 

lower when temperature increases. Thus, it suggests that it is possible to find a way to predict 

the reaction kinetics of vegetable oil if the reaction kinetics of fatty acid methyl ester forms 

are known. This result shows that steric hindrance plays also a role during the carbonation of 

vegetable oils. It is possible to find a linear correlation between the reaction rate ratio and 

temperature. 
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6.4 Conclusion 

In this chapter, a comparison between the intrinsic carbonation kinetics of epoxidized 

cottonseed oil and the corresponding fatty acid methyl ester was performed by using 

homogeneous catalyst. In this part of work, the mass transfer parameters, like the Henry’s 

constant and global mass transfer coefficient were determined for epoxidized fatty acid 

methyl ester systems. Also, physicochemical properties of density and viscosity were 

measured. We have found that density for the two systems were similar. The difference of 

viscosity was proved to be important, for instance, at 140 °C, the density ratios are observed 

as follow: 
îÞ÷3îø�ùú ≈50, 

îúÞ÷3îúø�ùú ≈40 and  
îÞÞ÷3îÞø�ùú ≈20. 

Besides, the dissolution of CO2 was higher in FAME-derivatives than in CSO-derivatives, and 

the carbonation rate constant of EFAME is higher than ECSO in the temperature range 100-

150 °C. Furthermore, there exists a linear relationship between the reaction rate constant 

ratios of the carbonation of ECSO and EFAME. It suggested that it is possible to find a way to 

predict the reaction kinetics of vegetable oil based on the reaction kinetics of fatty acid methyl 

ester forms. 

A continuation of this work could be to study more vegetable oils to see if the ratio of  

M.û�W�V����V�Oúü3�M.û�W�V����V�Oúø�ùú is always similar. 
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CONCLUSIONS 

This research has studied four aspects for the valorization of vegetable oils: 

Firstly, kinetics of epoxidation of vegetable oil and ring opening of epoxidized vegetable oil 

was studied in batch reactor. By developing a suitable modeling strategy, the kinetic constants 

for the ring opening reactions by water, hydrogen peroxide, acetic and peracetic acids were 

estimated. As conclusion, it shows that ring opening by peracetic and acetic acid is faster than 

by water and hydrogen peroxide. The semibatch reactor, where hydrogen peroxide and 

sulfuric acid were added continuously, was found to be the optimal configuration to maximize 

the concentration of epoxide group and minimize the concentration of ring opening products.  

Secondly, interactions between functional groups (double bond, epoxide group and 

carbonated group) and physicochemical properties were investigated for vegetable oils and 

their epoxidized and carbonated derivatives. The influence of temperature on the 

physicochemical properties like density, refractive index, viscosity and specific heat capacity 

were discussed.  As conclusion, refractive index value and density decreases linearly as 

temperature increases. Viscosity of these oils is exponentially proportional to temperature. 

Specific heat capacity was found to be relatively constant with temperature. The conversion 

of epoxidized groups to carbonated groups leads to an increase of the viscosity, suggesting 

that the oil components affect the physicochemical parameters, which will influence the gas-

liquid mass transfer during the carbonation reactions. Thus, based on the evolutions of the 

corresponding pure compounds, the physicochemical properties of density, refractive index, 

viscosity and specific heat capacity of vegetable oils could be predicted.  

Then, a kinetic model for the carbonation of epoxidized cottonseed oil using a homogeneous 

catalyst of tetra-n-butylammonium bromide (TBABr) was developed. During the kinetic study, 

mass transfer phenomenon of carbon dioxide was taken into consideration, and the evolution 

of mass transfer parameters with temperature and components were estimated during the 

mass transfer modeling stage. A kinetic expression for the carbonation of epoxidized 

cottonseed oil was derived by assuming the reaction in a steady state. The mass transfer 

results show that the dissolution of CO2 in the oil phase is exothermic.  

At last stage, a comparison between the intrinsic carbonation kinetics of epoxidized 

cottonseed oil and the corresponding fatty acid methyl ester was performed by using 

homogeneous catalyst tetra-n-butylammonium bromide (TBABr). From the comparisons of 

the physicochemical properties, we have observed a strong influence of the functional groups 
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(double bond, epoxide group and carbonated group) on the viscosity value, which is probably 

associated with steric hindrance. The mass transfer comparison results showed that the 

solubility of CO2 was higher in FAME-derivatives than in CSO-derivatives, indicating that 

epoxide groups of epoxidized FAME is more accessible than the ones of epoxidized vegetable 

oils. A linear relationship was found between the reaction rate constant of the carbonation of 

epoxidized cottonseed oil and epoxidized fatty acid methyl ester. It suggested a possible way 

to predict the reaction kinetics of vegetable oil base on the reaction kinetics of fatty acid 

methyl ester forms.   

Continuations of this doctoral thesis could be: 1) for the epoxidation process, a fundamental 

approach need to be found to estimate the evolution of the induction period before the start 

of epoxidation and ring opening reaction; 2) oil solutions with different conversion rates, 

which are obtained from the epoxidation and carbonation reactions, could be used instead of 

the mixed solutions to study the interaction between function groups and physicochemical 

properties; 3) for the carbonation process, more vegetable oils need to be tested to see if the 

ratio of 
( )
( )EFAMEncarbonatio

EVOsncarbonatio

k

k
 is always similar. 
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APPENDICES 

Appendix I  Interaction between functional groups and physicochemical properties 

 

 

Figure I- 1. Measured density index versus temperature for linseed oil, epoxidized linseed oil 

and carbonated linseed oil. ◆, LSO; ●, ELSO; ○, CLSO. 
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Figure I- 2. Measured density index versus temperature for soybean oil, epoxidized soybean 

oil and carbonated soybean oil. ◆, SBO; ●, ESBO; ○, CSBO. 

 

Figure I- 3. Measured dynamic viscosity versus temperature for linseed oil, epoxidized 

linseed oil and carbonated linseed oil. ◆, LSO; ●, ELSO; ○, CLSO. 
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Figure I- 4. Measured dynamic viscosity versus temperature for soybean oil, epoxidized 

soybean oil and carbonated soybean oil. ◆, SBO; ●, ESBO; ○, CSBO. 

 

Figure I- 5.Linear correlation between the logarithm of viscosity and 1/RT.  

◆, LSO; ●, ELSO; ○, CLSO. 
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Figure I- 6. Linear correlation between the logarithm of viscosity and 1/RT.  

◆, SBO; ●, ESBO; ○, CSBO. 

 

Figure I- 7. Evolution of specific heat capacity of cottonseed oil and its derivatives with 

temperature. ◆, CSO; ●, ECSO; ○, CCSO. 
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Figure I- 8. Evolution of specific heat capacity of cottonseed oil and its derivatives with 

temperature. ◆, SBO; ●, ESBO; ○, CSBO. 

 

Figure I- 9. Polynomial fitting for Cp(T) / Cp(313.15 K) for cottonseed oil and its 

derivatives.◆, LSO; ●, ELSO; ○, CLSO. 
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Figure I- 10. Polynomial fitting for Cp(T) / Cp(313.15 K) for cottonseed oil and its derivatives. 

◆, SBO; ●, ESBO; ○, CSBO. 

 

Figure I- 11. Fit of the model to the refractive index experimental data of solution S2.  

●, Exiperimental data; ━, Model data. 
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Figure I- 12. Fit of the model to the refractive index experimental data of solution S3. 

 ●, Exiperimental data; ━, Model data. 

 

Figure I- 13. Fit of the model to the density experimental data of solution S1.  

●, Exiperimental data; ━, Model data. 
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Figure I- 14. Fit of the model to the density experimental data of solution S2.  

●, Exiperimental data; ━, Model data. 

 

Figure I- 15. Fit of the model to the viscosity experimental data of solution S2.  

●, Exiperimental data; ━, Model data. 
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Figure I- 16. Fit of the model to the viscosity experimental data of solution S3.  

●, Exiperimental data; ━, Model data. 

 

Figure I- 17. Fit of the model to the specific heat capacity experimental data of solution S1. 

 ●, Experimental data; ━, Model data. 
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Figure I- 18. Fit of the model to the specific heat capacity experimental data of solution S3. 

 ●,  Experimental data; ━, Model data. 
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Appendix II  Carbonation of epoxidized vegetable oils 

 

II.1 Preparation of the epoxidized intermediate 

180.0 g of cottonseed oil, 180.0 g of hydrogen peroxide and 50.0 g of distilled water were 

loaded into a 500 mL glass-jacketed reactor at 60 °C. Then, formic acid was introduced via a 

dosing pump at a volumetric flow rate of 2.9 mL.min-1 for 25 min. The reaction time was 1 

hour. After the reaction phase was stratified into two phases, the aqueous phase was removed. 

The organic phase left in the reactor was washed with 300 mL of Na2CO3 (10 wt.% in water), 

then, washed three times with distilled water to remove the residual sodium salt. The product 

was evaporated using an IKA RV10 control vacuum rotary evaporator (VWR, Darmstadt, 

Germany) at 60 °C and dried over magnesium sulfate. The resulting epoxidized cottonseed oil 

was kept at 3 °C under an argon atmosphere. This product had a conversion exceeding 97% 

and a selectivity exceeding 81%. 

 

 

 

Figure II- 1. Contour plot of modified mass transfer coefficient (kL.a)’CCSO versus (kL.a)’ECSO 
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Figure II- 2. Contour plot of modified mass transfer coefficient (kL.a)’CSO versus (kL.a)’CCSO 

 

 

Figure II- 3. Contour plot of modified mass transfer coefficient (kL.a)’CSO versus (kL.a)’ECSO 
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Appendix III  Structure-reactivity: comparison between vegetable oils and fatty acid methyl 

ester 

 

 

Figure III- 1. Effect of temperature on the kinetics of CO2 absorption in the FAME solution at 

20 bar and rotating speed of 500 rpm 

 

Figure III- 2. Effect of temperature on the kinetics of CO2 absorption in the CFAME solution at 

20 bar and rotating speed of 500 rpm 
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Figure III- 3. Evolution of the solubility of CO2 at different CO2 pressure for FAME 

 

Figure III- 4. Evolution of the solubility of CO2 at different CO2 pressure for CFAME 
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Figure III- 5. Evolution of the Henry’s constant versus temperature 

 

Figure III- 6. Fitting of the model to the experimental observation for Run 19 
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Figure III- 7. Fitting of the model to the experimental observation Run 44 

 

Figure III- 8. Overall parity plot of experimental versus simulated values for the mass 

transfer study 
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Figure III- 9. Overall parity plot of experimental versus simulated values for the 

epoxide concentration for the carbonation of EFAME and ECSO. 
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NOTATION 

 

Ea activation energy [kJ.mol-1] 

Ep  epoxidized group 

ΔHR  reaction enthalpy [J.mol-1] 

ΔHsol dissolution enthalpy [J.mol-1]  

�??@ABCC.=  dissociation constant of acetic acid 

Kc equilibrium constant, based on concentrations 

Kj equilibrium molar ratio of compound j 

KT thermodynamic equilibrium constant, based on activies 

�<<=  second dissociation constant of sulfuric acid 

�a9� equilibrium molar ratio of cottonseed oil 

�Qa9� equilibrium molar ratio of epoxidized cottonseed oil 

� #� equilibrium molar ratio of water 

� #�# equilibrium molar ratio of hydrogen peroxide 

� !�" equilibrium molar ration of hydroxonium ion 

KAA equilibrium molar ratio of acetic acid 

KPAA equilibrium molar ratio of peracetic acid 

��� equilibrium molar ratio of ring opening products 

ki rate constant of reaction i 

K equilibrium constant 

kL mass transfer coefficient of CO2 in the liquid phase [m.s-1] 

kL.a volumetric mass transfer coefficient [s-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] 

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

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

R2 coefficient of explanation [%] 

TR reaction temperature [K] 

T temperature [K]  

V volume [L] 

Vliq volume of the liquid phase [L] 

Vmolar molar volume [L.mol-1] 
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a mass transfer area-to-volume ratio 
liqV

A
[m-1] 

A gas-liquid surface area [m2] 

Carb carbonated group 

Di  molecular diffusion coefficient [m2.s-1] 

He Henry’s constant [mol.L-1.bar-1] 

I  intermediate 

Mi molar mass of i [g.mol-1] 

NCO2a flux of CO2 [mol.m-3.s-1] 

n amount of substance [mol] 

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

P pressure [bar]  

wi weight percent 

xi molar fraction 

yi experimental observable 

y  mean value of the experimental observables   

 observable simulated by the model 

t time [min] 

GREEK LETTERS 

α1 V*+/V�
E 
 

α2 k1.k2.k3 [s-2] 

δ parameter taking into account the nonideality 

ijυ  stoichiometric coefficient 

ρ mass density [kg.L-1] 

ω objective function 

α2 k1.k2.k3 [s-2] 

β k2.k3 [L. mol-1.s-2] 

ϒ k-2/k1 [mol.L -1] 

µ liquid viscosity [Pa.s] 

ξ energy dissipation rate per unit mass [W.kg-1] 

ϕ association factor 

iŷ
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SUBSCRIPTS AND SUPERSCRIPTS 

AA acetic acid  

add addition  

ave average 

aq aqueous phase 

initial initial  

Ep epoxidation 

exp experimental data 

feed feed 

HP hydrogen peroxide  

j component j 

i reaction 

org organic phase 

perh perhydrolysis 

R reaction mixture 

ref reference state 

RO by AA ring opening by acetic acid  

RO by HP ring opening by hydrogen peroxide 

RO by PAA ring opening by peracetic acid  

RO by W ring opening by water 

RO by NuH ring opening by nucleophile compounds 

Tot total 

Carbonation carbonation reaction 

liq liquid  

mixing mixing 

ref reference 

* interfacial value  
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ABBREVIATIONS 

CSO cottonseed oil 

ECSO epoxidized cottonseed oil 

CCSO carbonated cottonseed oil 

SBO soybean oil 

ESBO epoxidized soybean oil 

CSBO carbonated soybean oil 

LSO linseed oil 

ELSO epoxidized linseed oil 

CLSO carbonated linseed oil 

FAME cottonseed oil fatty acid methyl ester 

EFAME epoxidized fatty acid methyl ester 

CFAME carbonated fatty acid methyl ester 

DB double bond group 

Ep epoxide group 

HP hydrogen peroxide 

NuH nucleophile agent 

ODE ordinary differential equation 

PAA peroxyacetic acid 

RO ring opening product 

W water 

CCS  carbon capture and storage  

CCU carbon capture and utilization 

TBABr tetra-n-butylammonium bromide 

TEAB tetraethylammonium bromide    
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