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Substitution of fossil feedstock by vegetable oils is growing due to environmental constraints and oil depletion. Among the different valorization routes for vegetable oils, epoxidation of their unsaturation is widely used. The epoxidation is an exothermic reaction which could lead to a thermal runaway. There are different routes for the vegetable oil epoxidation:

Prileschajew by performic and peracetic acid, which are the most used. Another promising alternative is the direct epoxidation by hydrogen peroxide by alumina. The goal of this manuscript is to rank the thermal risk of these three epoxidation routes by determining the safety parameter time-to-maximum rate under adiabatic condition (TMRad). The Advanced Reactive System Screening Tool (ARSST) was used to conduct these experiments. It was found that the direct epoxidation is safer than the two other routes.

INTRODUCTION

The use of vegetable oils as industrial feedstock could be a promising substitute to petroleum-derived compounds. For instance, production of biodiesel from transesterification of vegetable oils is a well-developed process at the industrial level [START_REF] Fukuda | Biodiesel fuel production by transesterification of oils[END_REF][START_REF] Körbitz | Biodiesel production in Europe and North America, an encouraging prospect[END_REF][START_REF] Leung | A review on biodiesel production using catalyzed transesterification[END_REF][START_REF] Santacesaria | Main technologies in biodiesel production: State of the art and future challenges[END_REF][START_REF] Serio | Heterogeneous catalysts for biodiesel production[END_REF]. Vegetable oils are used in industry because they are renewable, biodegradable, non-toxic and abundant.

Epoxidized vegetable oils can be seen as platform molecules because they can be transformed into various chemicals [START_REF] Danov | Recent advances in the field of selective epoxidation of vegetable oils and their derivatives: a review and perspective[END_REF]: polyols, carbonated vegetable oils [START_REF] Cai | Influence of gas-liquid mass transfer on kinetic modeling: Carbonation of epoxidized vegetable oils[END_REF][START_REF] Zheng | Carbonation of vegetable oils: influence of mass transfer on reaction kinetics[END_REF], polyurethanes [START_REF] Pérez-Sena | Aminolysis of cyclic-carbonate vegetable oils as a non-isocyanate route for the synthesis of polyurethane: A kinetic and thermal study[END_REF][START_REF] Sawpan | Polyurethanes from vegetable oils and applications: a review[END_REF] or thermoset polymers [START_REF] Danov | Recent advances in the field of selective epoxidation of vegetable oils and their derivatives: a review and perspective[END_REF].

Conventionally, the production of epoxidized vegetable oils is carried out by the Prileschajew method [START_REF] Köckritz | Oxidation of unsaturated fatty acid derivatives and vegetable oils[END_REF][START_REF] Abraham | Kinetics and mechanism of the epoxidation of unsaturated fatty acids[END_REF][START_REF] Prileschajew | Oxydation ungesättigter Verbindungen mittels organischer Superoxyde[END_REF][START_REF] Rangarajan | Kinetic parameters of a two-phase model for in situ epoxidation of soybean oil[END_REF][START_REF] Wisniak | Epoxidation of fish oil, kinetic and optimization model[END_REF][START_REF] Wisniak | Epoxidation of anchovy oils. a study of variables[END_REF]. It is a liquid-liquid reaction system, where there are several consecutive and parallel exothermic reactions [START_REF] Zheng | Kinetic modeling strategy for an exothermic multiphase reactor system: Application to vegetable oils epoxidation using Prileschajew method[END_REF][START_REF] Santacesaria | A biphasic model describing soybean oil epoxidation with H2O2 in a fed-batch reactor[END_REF][START_REF] Cai | Influence of ring-opening reactions on the kinetics of cottonseed oil epoxidation[END_REF]. The first step is the formation of percarboxylic acid in the aqueous phase from the reaction between hydrogen peroxide and the corresponding carboxylic acid. Then, the percarboxylic acid diffuses in the organic phase to epoxidize the unsaturated groups of the vegetable oils. Due to the presence of several exothermic reactions, the risk of thermal runaway exists [START_REF] Leveneur | Thermal safety assessment through the concept of structure-reactivity: application to vegetable oil valorization[END_REF][START_REF] Leveneur | Parameters affecting thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction system[END_REF][START_REF] Leveneur | Thermal risk assessment of vegetable oil epoxidation[END_REF][START_REF] De | Epoxidation of soybean oil at maximum heat removal and single addition of all reactants[END_REF][START_REF] Vianello | Study of Soybean Oil Epoxidation: Effects of Sulfuric Acid and the Mixing Program[END_REF][START_REF] Vianello | Thermal behaviour of Peracetic Acid for the epoxydation of vegetable oils in the presence of catalyst[END_REF][START_REF] Moreno | Thermal risk in semi-batch reactors: The epoxidation of soybean oil[END_REF]. As mentioned in the study of Dakkoune et al. [START_REF] Dakkoune | Risk analysis of French chemical industry[END_REF], thermal runaway has been one of the main reasons for accident in the French chemical industries from 1974 to 2014.

The critical issues of the Prileschajew method are:

-production of organic waste during the process; -production of percarboxylic acid, usually performic or peracetic acid, which are thermally unstable; -acidity of the reaction mixture, due to the presence of carboxylic acids, favoring the ring-opening as a side reaction [START_REF] Cai | Influence of ring-opening reactions on the kinetics of cottonseed oil epoxidation[END_REF]; -separation step and waste treatment are more demanding due to the presence of carboxylic and percarboxylic acids; -formic and acetic acids are the most used oxygen carrier and can cause corrosion.

Hence, direct epoxidation of vegetable oils by oxygen and hydrogen peroxide is seen as the best option concerning thermal safety, waste treatment and selectivity. Scotti et al. [START_REF] Scotti | Copper mediated epoxidation of high oleic natural oils with a cumene-O2 system[END_REF] have shown that epoxidation of oleic acid by a cumene-O2 system on CuO/Al2O3 presents good results of conversion and selectivity. Nevertheless, there is still the problem of organic waste, i.e., cumene.

Epoxidation of vegetable oil by hydrogen peroxide has been studied by some research groups.

Sepulveda et al. [START_REF] Sepulveda | Alumina-catalyzed epoxidation of unsaturated fatty esters with hydrogen peroxide[END_REF] tested different alumina catalysts for the epoxidation of methyl oleate and soybean oil methyl ester by hydrogen peroxide in different organic solvents. They reached a conversion of ca. 100%. Di Serio et al. [START_REF] Serio | Valuation of Nb2O5-SiO2 catalysts in soybean oil epoxidation[END_REF] tested Nb2O5-SiO2 catalyst for the epoxidation of soybean oil in organic solvents, but the selectivity was quite low.

Turco et al. [START_REF] Turco | New findings on soybean and methylester epoxidation with alumina as the catalyst[END_REF] studied the epoxidation of soybean oil and methyl oleate with hydrogen peroxide on γ-alumina in the presence of different organic solvents. They have demonstrated that the solvent plays an important role for this system.

They have reported that acetonitrile was the best solvent for the epoxidation of methyl oleate. Parada Hernandez et al. [START_REF] Hernandez | Epoxy monomers obtained from castor oil using a toxicity-free catalytic system[END_REF] have studied the system H2O2/alumina/ethyl acetate for the epoxidation of methyl ricinoleate.

They demonstrated that this system is efficient for the epoxidation of this oil.

As previously mentioned, the direct epoxidation of vegetable oils by hydrogen peroxide might be thermally safer than by the Prileschajew method. To the best of our knowledge, we did not find any study proposing such comparison. In the Prileschajew method, hydrogen peroxide might be more stable because of the acidity of the reaction mixture [START_REF] Koskinen | Functionality of Poly(α-hydroxyacrylic acid) as H2O2 stabilizing agent[END_REF].

Whereas, during the direct epoxidation by hydrogen peroxide, the acidity of the reaction mixture is lower, thus hydrogen peroxide is less thermally stable.

The objective of this article is to compare the thermal risk for the epoxidation of linseed oil by three chemical systems: Prileschajew oxidation by using peracetic acid, Prileschajew method by using performic acid and by the direction epoxidation of hydrogen peroxide on alumina. Linseed oil is a promising vegetable oil for polymer industry due to the presence in majority of linolenic acid. This fatty acid has three unsaturation allowing several possibility of linkages. For the latter system, we did not use any solvents to avoid any side reactions, such as the interaction between hydrogen peroxide and solvent. Such a comparison is not easy because the chemical systems are different. Fig. 1 Shows a typical reaction scheme for the Prileschajew epoxidation. HERE Fig. [START_REF] Fukuda | Biodiesel fuel production by transesterification of oils[END_REF] Prileschajew epoxidation scheme For the evaluation of the thermal risk on the epoxidation of linseed oil, the TMRad (Time to Maximum Rate under adiabatic conditions) was chosen as a reliable safety parameter to identify the probability of hazardous scenarii [START_REF] Stoessel | Thermal safety of chemical processes[END_REF].

The measurement of the severity is characterized by the parameter ΔTad, which is the temperature difference between the final and initial temperature under adiabatic operation. The measurement of the adiabatic temperature rise is challenging, because in the presence of several reactions its value change with the initial temperature, which is not the case for a single reaction [START_REF] Leveneur | Mass & energy balances coupling in chemical reactors for a better understanding of thermal safety[END_REF]. From a technical point of view, the measurement of the final temperature is cumbersome. Indeed, even under high pressure of an inert gas, if the energy released by the reactions is high, then the boiling point will be reached.

At the boiling point, the reaction temperature cannot increase anymore.

The adiabatic calorimeter ARSST standing for Advanced Reactive System Screening Tool was used [20-21; 36-40] to determine TMRad. This calorimeter allows to conduct experiments under high pressure of inert gas, and thus limits evaporation phenomenon. The other benefits of ARSST is the use of glass cells decreasing the thermal inertia factor, which is close to one. Its use is mainly addressed to the study of thermal risk assessment for runaway scenarii including the explosion risk with the aid of monitoring the pressure rise. It can also be used for modelling reactive system, estimating thermodynamic and kinetic constants and pressure relief vent sizing design [START_REF] Leveneur | Parameters affecting thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction system[END_REF][START_REF] Marco | Simulation of the decomposition of di-cumyl peroxide in an ARSST unit[END_REF][START_REF] Fogler | Elements of Chemical Reaction Engineering[END_REF].

We have decided to use the most conservative assumption implying to determine the TMRad(Tp) at the initial temperature Tp by using the zero-order approximation.

EXPERIMENTAL SECTION

Chemicals

The following chemicals were used: raw linseed oil (iodine value = 183.7) from MP Biomedicals, aluminum oxide (50-200µm, 60 A) supplied by Across Organic, sulfuric acid (95-98 wt%) purchased from AppliChem, formic acid (99-100 wt%), hydrogen peroxide (purity > 33 wt%) and acetic acid (99-100 w%) were purchased from VWR Chemicals.

Experiments performed in ARSST

The ARSST calorimeter is a pseudo-adiabatic reactor, which can reach near-adiabatic conditions following the heat loss compensation principle by using an electrical heating supply [20-21; 36-40]. The ARRST consists of a 10 mL glass test cell equipped with a heating belt and a magnetic stirrer. The heating belt allows to adjust the electrical heating. The test cell is kept well insulated by fiberglass and under pressure with an inert gas such as nitrogen to limit reaction mixture evaporation. A containment vessel equipped with thermocouples and a pressure transducer houses the test cell and the rest of the components [START_REF] Leveneur | Parameters affecting thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction system[END_REF][START_REF] Leveneur | Thermal risk assessment of vegetable oil epoxidation[END_REF]. A more detailed description of the calorimeter can be found in our previous work [START_REF] Leveneur | Parameters affecting thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction system[END_REF][START_REF] Leveneur | Thermal risk assessment of vegetable oil epoxidation[END_REF]. The term T1 is the reaction temperature.

Epoxidation of linseed oil (LSO).

By performic acid

The epoxidation was performed with 2.21 g of LSO. The LSO, hydrogen peroxide, formic and sulfuric acids were mixed together in the test cell. A constant heating rate (β) was applied along with a starting pressure of 34.47 bar. Initial temperatures of the experiment ranged between 20-35 °C. The influence of the carboxylic acid, hydrogen peroxide and sulfuric over the TMRad was evaluated. The influence of pressure on the maximum adiabatic temperature rise and TMRad was also investigated. Table 1 shows the experimental matrix.

HERE Table 1 Experimental matrix for epoxidation of LSO with performic acid

By peracetic acid

For these experiments, 2.21 g of linseed oil was poured into the test cell along with acetic acid, hydrogen peroxide, water and sulfuric acid as catalyst. The electrical heating rate (β) varied in the range of 1-5 °C/min. A nitrogen pressure of 34.47 bar was applied to the system in order to diminish evaporation of the mixture. The influence of acetic acid, hydrogen peroxide and sulfuric acid on TMRad was evaluated. The details of the experiment can be found in Table 2.

HERE Table 2 Experimental matrix for epoxidation of LSO with peracetic acid

By hydrogen peroxide catalyzed by γ-alumina

The same amount of vegetable oil was poured into the reactor along with, hydrogen peroxide, water and γ-alumina. Similar initial conditions were used from previous experiments. Experiments with only hydrogen peroxide and the catalyst were conducted to evaluate the decomposition of hydrogen peroxide by alumina. The experimental matrix is shown in Table 3.
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HERE Table 3 Experimental matrix for epoxidation of LSO and decomposition of hydrogen peroxide through γ alumina 8

RESULTS AND DISCUSSION

Working principle of ARSST

When the chemicals were placed and sealed in the test cell, electrical heating was applied, temperature and pressure were recorded. During the experiments, the reaction temperature reaches to a point in which the temperature increases more rapidly due to the heat generated by the reactions than the temperature rise due to electrical heating [START_REF] Leveneur | Parameters affecting thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction system[END_REF][START_REF] Leveneur | Thermal risk assessment of vegetable oil epoxidation[END_REF]. This point is the so-called onset temperature [START_REF] Leveneur | Parameters affecting thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction system[END_REF]. Fig. 2 illustrates a typical temperature profile obtained from an ARSST experiment. HERE Fig. 2 Typical temperature profile from ARSST Once the onset temperature is determined, one can estimate TMRad at any initial temperature Tp.

Zero-order model

Time to maximum rate under adiabatic conditions (TMRad) at an initial process temperature Tp is defined as the elapsed time between the initial temperature and the maximum of the derivate (dTp/dt) under adiabatic conditions. The estimation of this value for the epoxidation reaction by taking into account all the steps is cumbersome and time consuming, because it requires the knowledge of kinetic and thermodynamic constants of the main and secondary reactions, i.e., reactions producing gaseous products. Therefore, a zero-order approximation was used, which is an accepted method for the determination of thermal risk parameters [START_REF] Stoessel | Thermal safety of chemical processes[END_REF][START_REF] Kj | Reaction calorimetry as a tool for thermal risk assessment and improvement of safe scalable chemical processes[END_REF]. This is a conservative way to approximate the TMRad which results in shorter times than a model based on intrinsic kinetics [START_REF] Leveneur | Parameters affecting thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction system[END_REF][START_REF] Stoessel | Thermal safety of chemical processes[END_REF].

The following expression defines the TMRad for a zero-order reaction:

TMR ad (𝑇 𝑃 ) = 𝑚 R • C ̂PR • R • 𝑇 𝑃 2 q R (𝑇 𝑃 ) • 𝐸 𝑎 (1)
where, TP is the process temperature, i.e., initial temperature, 𝑚 R is the reaction mass, C ̂PR the specific heat capacity of the reactional mixture, R is the gas constant, 𝐸 𝑎 is the activation energy and q R (𝑇 𝑃 ) is the heat-flow rate due to chemical reactions at the process temperature.

By taking logarithms, Eq. ( 1) can be rearranged as follows:

ln(TMR ad ) = ln ( 𝑚 R • C ̂PR • R • 𝑇 𝑃 2 𝐸 𝑎 ) -ln(q R (𝑇 𝑃 )) = ln ( 𝑚 R • C ̂PR • R • 𝑇 𝑃 2 𝐸 𝑎 ) -ln (𝐴 0 • exp ( -𝐸 𝑎 R • 𝑇 𝑃 ) • ∆𝐻 𝑅 • 𝑉) = ln ( 𝑚 R • C ̂PR• R • 𝑇 𝑃 2 𝐸 𝑎 ) -ln(𝐴 0 • ∆𝐻 𝑅 • 𝑉) - 𝐸 𝑎 R • 𝑇 𝑃 = ln ( 𝑚 R • C ̂PR • R • 𝑇 𝑃 2 𝐸 𝑎 • 𝐴 0 • ∆𝐻 𝑅 • 𝑉 ) - 𝐸 𝑎 R • 𝑇 𝑃 = constant - 𝐸 𝑎 R * 1 𝑇 𝑃 (2) 
By plotting ln (TMRad) versus Figs. [START_REF] Leung | A review on biodiesel production using catalyzed transesterification[END_REF] shows how the pressure limits the maximum temperature which can be achieved in the system. For this reaction system, the aqueous phase evaporates first. As the aqueous phase mainly consists of water, thus the boiling point of water should be close to the bubble of the reaction mixture, which is the maximum temperature. Table 4 confirms this tendency.
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HERE Table 4 Saturation temperature of water and bubble point of the reaction mixture at different pressures From Fig. 3 one can notice that evaporation plays as a safety barrier, the maximum temperature that can be reached by the system is the corresponding saturation temperature of water. After the saturation point has been reached, the temperature of the mixture decreases due to the energy consumption of the evaporation process. As the pressure decreases, the value of TMRad increases. It can be noticed that the influence of pressure on this safety parameter is less pronounced when the initial process temperature is over than 40°C.

In process safety, one should consider the worst case scenario implying the total conservation of the liquid phase. For this reason, the experiments were performed with a nitrogen pressure of 34.40 bar.

Influence of the concentration of carboxylic acid on TMRad

The concentration ratio of the carboxylic acid to the double bond of linseed oil varied from 1:0.5 to 1:3. The concentration of hydrogen peroxide was kept constant during the experiments. The same electrical heating ramp was applied to each runs. From Eq. ( 2), it is possible to extrapolate the values of TMRad at different temperatures. Fig. 4 shows the evolution of TMRad at different process temperature for the epoxidation with formic acid. As the concentration of carboxylic acid increases, the value of TMRad decreases. Indeed, an excess of carboxylic acid leads to a faster production of percarboxylic acid [START_REF] Zheng | Kinetic modeling strategy for an exothermic multiphase reactor system: Application to vegetable oils epoxidation using Prileschajew method[END_REF] due to the protolysis of carboxylic acid, and thus a faster production rate of the oxirane group and faster energy release. From Fig. 4, one can notice that for a same process temperature, TMRad is shorter for epoxidation performed by formic acid than by acetic acid. There are two reasons to explain the higher reactivity of formic acid compared to acetic acid during the epoxidation process: formic acid is a stronger acid leading to a faster production of performic acid and performic acid is less thermally stable than peracetic acid. Nevertheless, as the process temperature increases, the influence of carboxylic acid on TMRad is less pronounced.

HERE Fig. 4 Influence of carboxylic acid concentration on TMRad at different process temperatures. (Fig. 4A Fig. 5A displays the evolution of TMRad for the epoxidation using formic acid at different concentration ratio of hydrogen peroxide on double bond ranging from 1:2 to 1:3. Higher concentration of hydrogen peroxide leads to lower TMRad values. Otherwise, it can be noticed that the effect of this parameter is not as important as carboxylic acid concentration.

The same effect was concluded from the epoxidation with acetic acid (Fig. 5B).

HERE Fig. 5 Influence of hydrogen peroxide concentration on TMRad.

(Fig. 5A Table 1: Run 6 and 7. Fig. 5B Table 2: Run 4 and 5)

Influence of H2SO4 as a catalyst

For the Prileschajew epoxidation, mineral acids like sulfuric acid are added to enhance the kinetics of the perhydrolysis reaction.

HERE Fig. 6 Influence of sulfuric acid load on TMRad (Fig. 6A Table 1: Run 8, 9, 10 and 11. Fig. 6B Table 2: Run 6, 7, 8 and 9)

In this section, we have studied the effect of sulfuric acid as a catalyst on the epoxidation process over TMRad for the epoxidation by using formic acid and by acetic acid. Catalyst loading was ranged between 1-3 wt%. From Fig. 6A it can be seen that the load of catalyst does not seem to have a strong effect on TMRad value for the epoxidation by performic acid. This is due to the fact that formic acid is a strong acid.

For the epoxidation of linseed oil by peracetic acid, the concentration of sulfuric acid has a stronger influence. This is due to the fact that acetic acid is a weaker acid, thus, as the sulfuric acid concentration increases, the TMRad is shorter. 3: Run 1, 2, 3 and4) The influence of the loading of alumina on the TMRad value was studied as shown in Fig. 7. Higher catalyst loading shortens the TMRad as expected. The increase of catalyst amount accelerates the reaction rate, and thus the rate of energy release. Besides, the fact that the secondary reactions of hydrogen peroxide decomposition is also promoted by alumina [START_REF] Turco | New findings on soybean and methylester epoxidation with alumina as the catalyst[END_REF][START_REF] Sepulveda | Alumina-catalyzed epoxidation of unsaturated fatty esters with hydrogen peroxide[END_REF][START_REF] Salem | Kinetics of heterogeneous decomposition of hydrogen peroxide with some transition metal complexes supported on silica-alumina in aqueous medium[END_REF].

Effect of H2O2 concentration

HERE Fig. 8 Influence of hydrogen peroxide on TMRad with a catalyst loading of 10 wt% (Table 3: Run 5, 6 and 7)

The concentration ratio hydrogen peroxide to double bond varied from 1:1 to 1:3. A significant effect was observed when the hydrogen peroxide concentration is doubled (Fig. 8). Further increase of hydrogen peroxide concentration shortens the TMRad value, because of the kinetics of epoxidation and hydrogen peroxide decomposition increase [START_REF] Sepulveda | Alumina-catalyzed epoxidation of unsaturated fatty esters with hydrogen peroxide[END_REF].

H2O2 decomposition by Al2O3

HERE Fig. 9 Influence of the hydrogen peroxide decomposition in the presence of alumina over TMRad (Table 3: Run 8, 9, 10, 11 and 12)

The decomposition of hydrogen peroxide is a secondary reaction, which have been reported to be catalyzed by alumina in the past [START_REF] Turco | New findings on soybean and methylester epoxidation with alumina as the catalyst[END_REF][START_REF] Sepulveda | Alumina-catalyzed epoxidation of unsaturated fatty esters with hydrogen peroxide[END_REF][START_REF] Salem | Kinetics of heterogeneous decomposition of hydrogen peroxide with some transition metal complexes supported on silica-alumina in aqueous medium[END_REF]. For that reason, it is important to investigate the influence of this reaction on TMRad for the epoxidation process. With this aim some experiments have been performed by using only hydrogen peroxide and alumina.

As it can be noticed in Fig. 9 the loading of alumina seems to have a progressive effect on the time to maximum rate under adiabatic mode. However, any further increase in the catalyst load over 20 wt% does not seems to affect significantly the TMRad value. These experiments confirm the presence of hydrogen peroxide decomposition by alumina.

Thermal risk comparison

In order to rank the three different epoxidation methods, TMRad was used (Table 5). Stoessel has defined some criteria for TMRad values [START_REF] Stoessel | Thermal safety of chemical processes[END_REF].

HERE Table 5 Assessment criteria for TMRad

Relying on this criterion, the probability of occurrence of a runaway reaction was evaluated for the three different epoxidation processes treated in this work.

HERE Table 6 Probability of thermal runaway for Prisleschajew epoxidation in the presence of formic acid.

The carboxylic acid concentration was found to have a strong influence on the probability of occurrence of a runaway scenario for the epoxidation by performic acid within the process temperature 40-80°C [START_REF] Pérez-Sena | Aminolysis of cyclic-carbonate vegetable oils as a non-isocyanate route for the synthesis of polyurethane: A kinetic and thermal study[END_REF]. For most of the molar ratio tested, the probability of occurrence is high ranging between probable and frequent (Table 6). The results seem to be logical, because formic acid catalyzes the perhydrolysis reaction and performic acid is unstable. The kinetics of the system is very fast in comparison with other carboxylic acid epoxidation systems. In the case of hydrogen peroxide and sulfuric acid influence, the same tendency was found. Higher concentration of these two components will lead to shorter TMRad values. In general, the probability of runaway reaction on the epoxidation by formic acid was found to be very high.

HERE Table 7 Probability of thermal runaway for Prisleschajew epoxidation with acetic acid

The probability of occurrence of a runaway scenario for the epoxidation by peracetic acid is shown in Table 7. As it can be noticed the concentration of acetic acid have an important effect on TMRad. At low temperature and concentration of acetic acid the system is in the medium/low probability range. Higher temperature and concentration of acid lead to a 14 frequent occurrence of runaway. The hydrogen peroxide and sulfuric acid loading are less influent on the time to maximum rate. At a temperature of 20 °C, the probability of occurrence was mainly medium. Otherwise, epoxidation at this temperature is not very efficient in terms of conversion because of low reaction rates. Higher process temperatures end up on high probabilities of occurrence.

HERE Table 8 Probability of thermal runaway for Prisleschajew epoxidation with acetic acid Epoxidation over alumina seems to be the method with less probability of occurrence of a thermal runaway accident as it can be notice in Table 8. At temperatures lower than 50° C, the probability of occurrence is mostly in the low area of occurrence. Higher process temperatures lead to medium probabilities of occurrence except in the case of a high concentration of hydrogen peroxide as shown in Table 8B.

If one compares the three studied epoxidation methods in terms of probability of occurrence of a thermal runaway, the epoxidation by using alumina is the one with the lower values of TMRad.

CONCLUSIONS

Thermal risk of three different routes of epoxidation of linseed oil was studied. The two common routes of epoxidation:

Prileschajew oxidation by performic and peracetic acids were tested. The promising route of direct epoxidation by hydrogen peroxide on alumina was also tested.

For that experiments in adiabatic calorimeter, namely Advanced Reactive System Screening Tool (ARSST), were carried out. Based on these experimental results, the safety parameter time-to-maximum rate under adiabatic conditions (TMRad) was determined by using the zero-order approximation. The influence of different parameters such as catalyst loading, ratio carboxylic acid on double bond, ratio hydrogen peroxide on double bond and temperature on TMRad was evaluated.

A risk matrix based on the TMRad criteria defined by Stoessel was established. It was found that direct epoxidation by hydrogen peroxide on alumina present a lower thermal risk compared to the two other routes. 
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