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INTRODUCTION

Solvents are liquids capable of dissolving, suspending or extracting other materials. They are principally used in extraction processes, in chemical syntheses, in cleaning procedures and in the formulation of commercial products, such as adhesives, household products, paints and coatings.

In the paint and coating industry, solvents are essential as they allow the dissolution and the dispersion of pigments, binder and additives. Thus, thanks to the solvent, a homogenous solution of adequate viscosity is formed for an efficient application of the paint. Once the paint or coating is applied, the solvent evaporates to produce a continuous film on the surface.

Traditional solvents are currently produced from petrochemical sources. In an attempt to reduce the petroleum dependence and to offer alternatives to fossil solvents, economic and political concerns have arisen. Accordingly, the European Union has encouraged the replacement of these solvents by greener alternatives. Thus, in the last years, interest in biomass as feedstock for the production of chemicals has increased. The use of biomass, as a raw material for the production of solvents, offers an alternative resource, with a lower carbon footprint and could have a positive impact on the economy in the long term. This thesis work has been developed within the framework of the European ECOBIOFOR project (ECOpaint BIO--based FORmulations; FP7/2007--2013) [Grant Agreement n o 605215]). "The ECOBIOFOR project focuses on the development and production of bio--based solvents, by the easiest chemical and biotech production way. The new Ecopaint Bio--based Formulations will include renewable versions of the traditional organic solvents (with a lower carbon footprint), bearing the same chemical structure and physical properties and a brand new alternative of reactive solvent, not emitting VOCs" (http://ecobiofor.eu/Home).

In order to achieve the objectives of the European project, a multidisciplinary consortium was created. It was formed by: A part of the investigations was carried out in the Laboratoire de Chimie Agro--industrielle (Toulouse INP--LCA), whose role was to develop new green synthesis pathways of ethyl acetate, butyl acetate and methyl ethyl ketone, starting from biomass. Indeed, these selected solvents are considered among the least toxic solvents and present the lowest risk to health, according to the Food and Drug Administration (FDA agency). 1 In addition, these solvents are considered as readily biodegradable by the European Chemical Agency (ECHA). [2][3][4] The synthesized bio--based solvents will meet the criteria required to replace the traditional petrochemical solvents in paint and coating formulations, since they will have the same physicochemical properties.
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In this thesis work, we have set as main objectives:

• To synthesize ethyl acetate, butyl acetate and methyl ethyl ketone from bio--based building blocks.

• To produce these solvents according to an eco--compatible process, using mild reaction conditions and respecting as far as possible the principles of green chemistry, considering:

the atom economy, the reduction of the number of reaction steps, the use of catalysts easy to separate and recycle and the reduction of waste production.

This manuscript is composed of 4 chapters:

The first chapter presents an overview of the use of solvents in the paint and coating industry and the properties that these solvents have to match to be incorporated in formulations. As most of the used solvents have negative effects on the environment and health, measures have been taken to regulate their use and alternative solvents, such as bio--based solvents, have been developed to replace them. In this context, we propose in this chapter, the bio--based synthons from which ethyl and butyl acetates and methyl ethyl ketone have been synthesized.

The second chapter consists in the development of the syntheses of ethyl and butyl acetates according to the principles of green chemistry. This work has been published in an article in Green and Sustainable Chemistry. This research allowed the development of an innovative coproduction process of the targeted esters. Additionally, in this section the synthesized acetates are characterized and tested in two coating formulations of nitrocellulose lacquers and polyurethane varnishes.

In chapter three, the evaluation of the developed syntheses of acetates from an environmental point of view is carried out. Two approaches are considered: the calculation of green metrics and the life cycle assessment (LCA). This work has been published in The International Journal of Life Cycle Assessment. Furthermore, the benefit of the use of bio--based alcohols as starting material, instead of the petrochemical corresponding molecules, is evaluated.

The last chapter consists in the study of the synthesis of methyl ethyl ketone from bio--based levulinic acid. A system silver species/potassium persulfate is used to decarboxylate levulinic acid. The evolution of the silver species involved in the reaction is analysed through several spectroscopic techniques (SSNMR, XRD, XPS, AES and SEM--EDX) in order to gain more insight into the mechanism of this reaction and to improve the conversion and reaction yield. This work has been submitted to the Journal of American Chemical Society. Paints are present in daily life since the prehistoric era, as they were used to create graphic representations or decoration in caves. The earliest paintings made by the primitive men are from Europe and Australia, they date approximately from 25000 years ago. The paints found in caves in Altamira (Spain) and Lascaux (France) were composed of iron and manganese oxides, with which the colors black, red, yellow and their intermediate colors were obtained. 5 During this period, other natural pigments such as chalk, charcoal and green earth were used. The powdered pigments were probably mixed with water, animal fats, blood, egg whites and yolks (as binders) to make the paints.

Many centuries later, from 3000 to 600 BCE, the Egyptians also used natural pigments. They have developed a wide range of colors: blue from the lapis lazuli rock, red from iron oxide, yellow from arsenic trisulfide, green malachite from basic copper carbonate, and the white pigment gypsum from the calcium sulfate. Besides, the Egyptians were the first to develop a synthetic pigment, the Egyptian blue, which was obtained by calcining lime, sodium carbonate, soda ash, copper oxides and silica between 800 and 1000 °C. They employed a variety of organic and inorganic materials as binders, such as gum arabic, gelatin and beeswax. 6 Later, the Greek and Roman civilizations used paints to decorate buildings, statues and other objects.

Besides the pigments exploited by the Egyptians, the Romans developed other synthetic colors from white lead (vapor acid), yellow lead oxide (oxidation at high temperatures), red lead (calcination of yellow lead oxide), verdigris (acetic acid and copper) and bone black. They have also used carmine dye obtained from a secretion produced by the Kermes insect. Their paints were still composed of natural binders: gelatin, starch, beeswax, charcoal and various clays and minerals. Resins and oils were employed in paint formulations but only for liniments. [6][7][START_REF] Mannari | Understanding coatings raw materials[END_REF] In Mexico and Central America, the Mayan civilization (250--950 CE) developed their paints only with organic pigments, from a wide variety of insects and plants, which made their pigments unique in the world. The color white was obtained from the mixture of lime with the juice of the "chichebe" plant (scientific name: Sida acuta). Some natural earths gave the color brown and were used to darken the color red; the red pigment was produced from the cochineal insect, which was one of the most lucrative products that was brought to Europe by the Spanish. [START_REF]El hilo continuo: La conservación de las tradiciones textiles de Oaxaca[END_REF] The blue color was obtained from plants containing aniline compounds, such the "añil" plant or "xiuhquilitl" in Mayan language; yellow was made from the achiote fruit; and black color was prepared by carbonizing the resinous tree "chaka" in Mayan language (scientific name: bursera simaruba). Finally, paints were formulated by Mayans using binders such as the mucilage found in the bark of trees like "chichebe" and a kind of gel that has been suggested was obtained from the bulb of orchids 10 or from the sap of the Opuntia species. 11 Although cedar oil--based resins were already used in Egyptians time to paint buildings, sculptures and mummification coffins, it was in the 11 th century that the use of oleoresins was expanded, and new coatings were developed, based on natural resins, such as amber. During the Renaissance (14--16 th century), painters such as Leonardo da Vinci and Rembrand made their own paint formulations, in which they mixed different pigments with amber, rosin and sandarac resins dissolved in hot linseed oil without the use of any volatile compound. However, the turpentine, a resinous liquid exuded from conifers, was found in some paintings. This unusual diluent used by Leonardo da Vinci became the first reported solvent in paints. 12,13 Its principally function was to reduce the viscosity of paints and coatings, allowing the painters to employ the varnishes at ambient temperature. [START_REF] Mannari | Understanding coatings raw materials[END_REF] In 1773, a detailed technical preparation of paints and varnishes reported by Watin showed that copal and amber continued to be the principal resins and turpentine the diluent. Varnishes factories began to operate throughout Europe, starting the booming of the paint industry. Turpentine was chemically analyzed for the first time in 1818 and was attributed the empirical formula C 5 H 8 . Later, other studies were carried out from 1858 to 1863, allowing the identification of camphene and pinene as the main components of turpentine.

In the 19th century, the use of turpentine was greatly extended, specially for the naval sector since it was necessary to use large amounts of paint to protect the boats from the corrosion caused by water. This involved a rapid increase in demand and consequently in the production of turpentine, making this solvent the second product of naval stores. 14 Its production was one of the most profitable activities in the United States, even better than the production of cotton. However, at the end of the century, an interest in solvents of petrochemical origin began to arise due to the difficulties to provide turpentine. Finally, in the 20 th century, the cost of petrochemical solvents became very competitive and in the 40's years, the turpentine was completely replaced in paint formulations by a petroleum distillate, white spirits, which emits a more pleasant smell than the turpentine.

Currently, the growing interest in replacing solvents of petrochemical origin by bio--based solvents in the paint and coatings industry has led to the exploration of new alternatives and, of course, the resurgence of the use of turpentine as a solvent. 15,16 

Current composition of paints and coatings

Paints and coatings are liquids, pastes or powders that are applied to a surface through different methods and equipment and have principally a decorative or protective function. 17 They are mainly constituted by four elements: binders, pigments, additives and solvents. 18,19 • Binders

The binder or resin is the most important ingredient of paints, because it forms the matrix of the coating in which other components will be incorporated. The resin is the film--forming agent of the paint and its density is responsible of the permeability as well as the chemical and ultraviolet resistance of the coating. Binders are divided into several categories according to how they form the film and how they cure or dry: solid thermoplastic film formers, lacquer--type film formers, oxidizing film formers, room--temperature catalyzed film formers, heat--cured film formers and emulsion--type film formers. 6 The most commonly used binders are alkyd, acrylic, phenolic, urethane and epoxy resins, latex and chlorinated rubber. 20 • Pigment

The pigments are solids that are scattered in the paints and coatings to give them color and opacity. This is their main function. The color pigments also provide the esthetic value and gloss.

Furthermore, they can contribute to the structure and the impermeability of the film. 21 In order to obtain good performance, pigments should be compatible and resistant to the environmental conditions. The addition of pigments provides not only the color to the coating system but also protects the surface from the corrosion and the UV--light. 17 The anticorrosion pigments protect the substrate by corroding themselves or by passivating the surface. Among these kind of pigments, we can quote: the blocking pigments, the galvanic pigments and the passivating pigments. 22 The blocking pigments are absorbed in metal surfaces reducing the corrosion area; they form a transport barrier for ionic species to and from the substrate. 23 Galvanic pigments are metallic particles that corrode themselves to prevent the metal surface from oxidizing:

here, only the cathodic reaction takes place on the metal surface. In the case of the passivating pigments, they are capable of forming a layer on the anodic surface (area susceptible to oxidation) thus passivating the surface, leading to its protection. [START_REF] Schweitzer | Paint and coatings: Applications and Corrosion Resistance[END_REF] • Additives

Additives are generally added to paint formulations in trace amounts to provide specific functions, increasing the performance of the paint. They can, for example, provide faster drying (driers) or retard the deterioration of the resin by heat or sunlight (ultraviolet stabilizers). Other additives, such as coalescing aids are used to promote the formation of homogeneous films. Surfactants and emulsion stabilizers are used to improve the affinity between paint components. They can, for example, lead to the dispersion of pulverulent pigments in paint and coating formulations. 17,25 • Solvents

The objective of the use of solvents in paints is to dissolve or disperse the different components (binder, pigments and additives) and to reduce the viscosity of the resin solution in order to obtain a homogeneous formulation with a satisfying consistency. The role of the solvent before and after paint and coating application is different. Before application, solvents form a homogeneous liquid coating or paint, facilitating its application. On the contrary, after paint or coating application, the solvent should reduce its interactions with the components to form the film while evaporating. 22,26 After having exposed the history of painting, its composition and the function of each of its components, herein we are particularly interested in solvents. Therefore, the rest of this work will focus on them.

Solvent market: the domination of the paint and coating industry

The global consumption of solvents is significant, with almost 28 millions metric tons consumed in 2012. 27 The reported global market size is around USD 20 billions and it is expected to reach USD 28.25 billion by 2021 at a Compound Annual Growth Rate (CAGR) of 7.9 from 2016 to 2021. [START_REF]Management environnemental --Analyse du cycle de vie --Principes et cadre[END_REF] Europe, the solvent production represents approximately 5 millions tons. [START_REF]Synthèse de la méthyl éthyl cétone biosourcée[END_REF] Solvents play a major role in many processes and products. They are typically used for:

• Formulation of products such as adhesive, paint and household products

• Extractions and purifications

• Chemical syntheses

• Cleaning procedures

The most important consumers of solvents are the producers of paints and coatings, which dominate the world market of solvents (Figure 1), with a consumption that has increased from 46 % in 2009 to 60.6 % in 2011. [START_REF] Pereira | [END_REF] An increase in the solvents demand from this sector of 2.9 % per year until 2019 has been predicted. 31 The high demand of solvents by the paint industry is due to the paint formulations in which solvents represent:

• more than 50 % of the total composition for conventional solvent--based paints. [START_REF] Hester | Coal in the 21st century: energy needs, chemicals and environmental controls[END_REF] • between 25 % and 35 % of the high solid coatings.

• between 5 % and 20 % of the total composition of water--based coatings.

For the other alternative paints such as powder paints and radiation--cured coatings, no solvent is needed. 

Definition of solvents in the paint and coating industry

Chemically a solvent can be defined as a liquid, a solid or a gas capable of dissolving a solute to form a homogeneous or semi--homogeneous solution. Conventional organic solvents mainly consist of hydrocarbons, esters, alcohols, chlorinated organic compounds, ketones and glycol ethers.

In the paint and coating industry, a solvent is defined as a liquid consisting of one or more component(s), which is able to dissolve other substances (binder, pigments and additives) to produce a homogeneous solution without reacting. Thus, the role of the solvent is to dissolve/disperse the solid or semisolid compounds in order to reduce the viscosity, facilitating the application of the paint. 22,34 The first reported solvents used in paints and coatings were natural oils such as linseed oil, and the turpentine, as previously mentioned. Then, these solvents were replaced by petrochemical ones that provide a faster drying to the paint. Nowadays, different mixtures of solvents have been developed and studied to improve the drying and to optimize the application of the paint. 17 There are three major uses of solvent in the paint industry, as: [START_REF] Tolman | Activation of small molecules: Organometallic and Bioinorganic Perspectives[END_REF] • an integral part of a paint formulation

• paint thinner, in order to dilute paint.

• cleaning agent of the equipment used for paint formulation or during its application.

Although the solvent is not part of the paints and coatings after their application, since it evaporates during the film formation, it has the capacity to affect their physical characteristics, their resistance and their durability. Once the coating has been applied, the solvent has to be completely evaporated to allow the drying and to produce a continuous film on the surface. In the coating sector, the systems based on organic solvents dry up to 10 times faster at room temperature than water--based systems, which presents the advantages of keeping production rates up, minimizing cost and energy consumption. 18,[START_REF] Nierop | SASOL's achievements in the 20th century as a building block for the 21st[END_REF] 

Solvent classification in the paint and coating industry

Solvents can be classified according to their function into: active, latent and diluent, or they can be classified chemically into: hydrocarbons, oxygenated, and others. 22 

Classification by function

• Active Solvents

The active solvents, commonly known as "true solvents", are responsible for dissolving resins and other film formers to reduce the viscosity of paints, varnishes and lacquers. They have usually the strongest solvent power, such as ketones, esters and glycol ethers.

• Latent Solvents

The latent solvents are described as poor solvents or non--solvents of most resins. However, they have a hidden or latent solvency that can be evidenced when they are combined with an active solvent. The synergism created between the two types of solvents makes it possible to obtain results equivalent to those of the active solvents. They are principally used in nitrocellulose and lacquer formulations. Some examples are alcohols such as ethanol, propanol and butanol. 22,[START_REF]Locating and Estimating Air Emissions From Sources of Methyl Ethyl Ketone[END_REF] • Diluents

Diluents are commonly solvents used to thin lacquers and paints, reducing their viscosity and facilitating their application. They are generally considered as non--solvents of binders. They are incorporated during paint manufacture or added at the time of use to achieve the required application characteristics without causing disruption (binder precipitation for example).

Classification by chemical families

In addition to the classification by function, the solvents can also be classified by chemical type into three categories (Figure 2): 17 • Hydrocarbon solvents

• Oxygenated solvents

• Other solvents • Hydrocarbon solvents

The hydrocarbon solvents are organic solvents that are composed of only hydrogen and carbon atoms. They are classified as aromatic or aliphatic hydrocarbon solvents. The first group, as the name suggests, has an aromatic (benzene) ring structure. These solvents present a high dissolving power, which makes them capable of dissolving the binders that are most difficult to solubilize, such as alkyd and saturated polyester resins, polyacrylates and vinyl copolymers. In coatings, toluene and xylene are the most representative solvents of this category. 34 In the case of the aliphatic hydrocarbon solvents, they consist of a mixture of saturated paraffins with straight chain, branched chain or cycling chains that do not contain a benzene ring in their structure. The most common aliphatic hydrocarbons used in paints and coatings are hexane, heptane and odourless mineral spirits. 22,25 • Oxygenated solvents

The oxygenated solvents are the most consumed solvents, composed of hydrogen, carbon and oxygen atoms. They are used as active solvents in paint and coating formulations to dissolve resins due to their strong solvency, to reduce the viscosity of paints, varnishes and lacquers and to facilitate their application. The oxygenated solvents can be divided in 4 subcategories: ketones, esters, glycol ethers and alcohols (Figure 2). 38 Esters and ketones are the most consumed solvents of this category. They are used for the manufacture of paints and coatings, because they are good hydrogen acceptors thanks to their carbonyl group, which bring them a high solvent power. The mainly used esters in coatings are acetates, such as ethyl acetate, isopropyl acetate, butyl acetate and butyl cellosolve acetate (2-butoxyethyl acetate). The most frequently used ketones are methyl ethyl ketone (MEK), methyl isobutyl ketone (MIBK) and methyl amyl ketone (MAK). 17,22,25 Alcohols can be divided into lower and higher alcohols. The lower alcohols, such as methanol and ethanol, are good solvents for highly polar binders, such as phenolic resins, amino resins, cellulose nitrate, ethyl cellulose and polyvinyl acetate. The higher alcohols such as propanol are mainly used as diluents. 5,17,[START_REF] Références | [END_REF] The glycol ethers based on alkyl ethers of ethylene glycol, have the functionality of an ether and an alcohol, which is why they are widely used in coating formulations; some examples are ethylene glycol ethyl ether and ethylene glycol n--butyl ether. 20,22,40 • Other solvents

The group of other solvents are defined as the organic solvents composed of hydrogen, carbon, oxygen (or not), and other atoms such as chlorine or nitrogen (nitroparaffins and n--methylpyrrolidone). Water and supercritical carbon dioxide (scCO 2 ) are also included in this category (Figure 2). Supercritical carbon dioxide is, for example, used in spray--applied coatings (for example UNICARB® spray solution that contains between 10 and 50% of dissolved CO 2 ). 22,41 1.1.6 Solvent properties required for paints and coatings

Several specifications are required for solvents in paints and coatings in order to guarantee the formulation performance in terms of aesthetics and applicability on various substrates. They include:

• the technical specifications of the solvent such as its flash point to prevent safety hazards, its solvency, its evaporation rate and other physicochemical properties such as its color, its refractive index, its boiling point, its vapour pressure and its viscosity, 22,25,26,[START_REF] Références | [END_REF] • the toxicological properties of the solvent,

• the solvent behaviour in the environment

• and the solvent cost: it depends on its production process and the used raw materials. This cost is in the order of one to few euros per kilogram for a paint and coating solvent. For example, ethyl acetate, butyl acetate and methyl ethyl ketone were estimated between 0.8 and 1.1 €/kg in 2016 (data provided by ECOBIOFOR industrial partners Irurena, Castellano and Stéarine Dubois).

Physicochemical properties

Although many physicochemical properties (density, color, refractive index, relative polarity, acidity, vapor pressure, surface tension, viscosity, melting point, boiling point and flash point) can be evaluated for a solvent, we will only detail, in this section, the properties considered necessary to obtain a high quality paint formulation. These properties are presented below:

1.1.6.1.a Density, color and refractive Index

Density, color and refractive index are useful parameters for solvents quality control. These two parameters can be affected by the presence of impurities. Modification of solvents color due to the presence of impurities and bad storage conditions can be determined by UV--Visible spectroscopy. 42,43 On the other hand, solvent density can be measured using a pycnometer. As density varies with temperature, the ISO 758 Standards "liquid chemical products for industrial use" impose to evaluate density at 20 °C. [START_REF]2.1 Introduction Les acétates d'éthyle et de butyle sont des solvants largement utilisés dans l'industrie alimentaire, la parfumerie[END_REF] In order to check the solvent purity before its use in manufacture of paints and coatings, its refractive index can also be measured. The refractive index is the ratio of the speed of light through a vacuum to the speed of light through the sample. 43

1.1.6.1.b Flash point

The flash point of a liquid is the lowest temperature at which the liquid emits sufficient vapour to form an ignitable mixture with air, producing a flame when a source of ignition is used close to the surface of the liquid. Evaluation of flash point has to be carried out under control--test conditions at a standard barometric pressure of 760mmHg. This parameter is an indicator of the relative flammability hazard of a solvent. 22,25 Solvents can be classified in 3 categories according to their flash point (Table 1).

Category Criteria 1: Extremely flammable liquid and vapour Flash point < 23°C and initial boiling point ≤ 35°C

2: Highly flammable liquid and vapour Flash point < 23°C and initial boiling point > 35°C

3: Flammable liquid and vapour Flash point ≥ 23°C and ≤ 60°C The European CLP regulation (Classification, Labelling and Packaging) recommends a flash point above 61°C to work in safety conditions. Similarly, the US National Fire Protection Agency (NFPA) has changed its definition of flammable liquids by increasing the flashpoint limit to 60.5°C. 45 Unfortunately, solvents with flash points higher than 60--61°C are rarely used in paints and coatings as their evaporation rate are generally not sufficient to get a fast drying.

1.1.6.1.c Boiling point

The boiling point (b.p) of a liquid is the temperature at which vapor pressure of the liquid is equal to atmospheric pressure. This property is determined at atmospheric pressure (760 mm Hg).

The boiling point is usually used in the paint industry as a guide to select a solvent, since it is known that liquids with a low boiling point evaporate more quickly than those with a high boiling point.

In the paint and coating industry, solvents are classified according to their boiling point into: low boilers that have a boiling point below to 100°C, medium boilers with b.p. between 100 and 150°C

and high boilers with a b.p higher than 150°C. This classification helps painters to select the method of paint application. For example, low boilers are used in spraying methods, whereas high boilers are preferred in brushing techniques. 21 

1.1.6.1.d Vapor pressure

Vapor pressure for a solvent is defined as the pressure at which the gas phase is in equilibrium with its liquid (condensed) phase at a given temperature in a closed system. Liquids with high vapor pressures are known as volatile liquids. This property can be measured by controlling the solvent pressure and measuring its boiling temperature. At the boiling temperature, the vapor pressure is equal to the applied external pressure. 43 This is a parameter used to define the organic volatile solvents (VOC's) in Europe. Any solvent that has a pressure vapor greater than 10 Pa at 25°C is considered as VOC. 46

1.1.6.1.e Evaporation Rate

The evaporation rate is an important parameter to be determined as the solvent vaporizes from the paint during and after its application, increasing the solid content and the viscosity. The evaporation rate of a solvent has to be in accordance with the method of paint application. This means that in case of manual use, the solvent must evaporate slowly to allow the film to remain fluid during its application. On the contrary, if a spraying technique is used, the solvent needs to evaporate very quickly so that the viscosity of the film increases to avoid excessive flow. Choosing the right solvent with desired evaporation properties is very important to prevent problems, such as blistering and cratering during the film forming process. 5,17,22,[START_REF] Nierop | SASOL's achievements in the 20th century as a building block for the 21st[END_REF] The evaporation rate can be evaluated by two methods: i) the determination of evaporation time of the studied solvent compared with a reference such as n--butyl acetate or diethyl ether and ii) the measurement of the weight loss of the solvent with an electrobalance.

• Determination of evaporation rate relative to n--butyl acetate or diethyl ether Solvent evaporation rate is a relative value as it depends on the experimental conditions (temperature, humidity, nature of the solute, surface area in contact with the air, etc.). In practice, evaporation rate is expressed relative to n--butyl acetate or diethyl ether as references.

The NFT 30 301:1969 standard "Paints--Determination of the volatility index of a solvent" defines the evaporation rate as follows: 47 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑏𝑢𝑡𝑦𝑙 𝑎𝑐𝑒𝑡𝑎𝑡𝑒 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑖𝑒𝑑 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 Eq. I--1

Solvents that evaporate faster than n--butyl acetate have higher values of evaporation rate and vice versa. 22 Solvents that evaporate rapidly are known as fast or hot solvents (evaporation rate higher than 3), while those that evaporate slowly are called slow solvents (evaporation rate lower than 0.8).

Diethyl ether can also be used to evaluate the evaporation rate of a solvent. It is usually used as standard to evaluate fast--evaporating solvents. According with the DIN 53 170 standard "Solvents for paints, varnishes an similar coating materials; determination of the evaporation rate", evaporation rate can be calculated as follow: 47 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 = 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑡𝑢𝑑𝑖𝑒𝑑 𝑠𝑜𝑙𝑣𝑒𝑛𝑡 𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑜𝑛 𝑡𝑖𝑚𝑒 𝑜𝑓 𝑑𝑖𝑒𝑡ℎ𝑦𝑙 𝑒𝑡ℎ𝑒𝑟 Eq. I--2

Thus, the solvents that evaporate faster than ethyl ether have lower evaporation rate values. 48,49 • Evaporation rate by electrobalance Solvent evaporation rate can also be determined according to the standard method ASTM D3539

"Test Methods for Evaporation Rates of volatile Liquids by Shell Thin--Film Evaporometer" which measures the loss in weight or volume of the solvent as a function of time. This test consists of adding and distributing a determined volume (0.7 mL) of solvent with a syringe to a known area of filter paper (0.9 cm diameter). The filter paper is placed in an electrobalance. The test is carried out at 25 °C, at a relative humidity of 5%. The weight loss of the paper, due to the evaporation of the solvent, is measured as function of the time during which the solvent evaporates. 43

1.1.6.1.f Solvency

One of the most controlled property of a solvent is the solvency, which is the ability of a solvent to dissolve resins, to stabilize them in solution when diluents (considered as non--solvents of resins in paints, such as water) are used and to reduce the viscosity of the resin solutions, lacquers and paints.

The relative solvency can be indirectly measured from the determination of the compatibility of a specific resin with the solvent. This property can be detected visually from the observation of the lack of miscibility that causes a cloudy solution due to the presence of two phases: liquid/liquid or liquid/solid. 50,[START_REF] Hansen | The tree dimensional solubility parameter and solvent diffusion coefficient[END_REF] However, other methods can be employed to better characterize the solvent power.

They are detailed below.

• Indirect determination of solvency

Three indirect tests can be used to measure the relative "strength" of a solvent: the determinations of the Kauri--Butanol value (KB), the aniline point and the diluent dilution ratio (Table 2). 22 Test Measure Definition Method Kauri--Butanol value (KB)

Solvent power of hydrocarbon solvents

Maximum solvent volume that is added at 25 °C to a standard solution of Kauri Gum in n--butanol without causing cloudiness.

ASTM Method D 1133

Aniline Point Solvent power of hydrocarbon solvents Minimum equilibrium solution temperature for equal volumes of aniline and solvent. It is the temperature at which aniline and the solvent become immiscible ASTM Method D 611 Diluent dilution ratio

Solvent power of oxygenated active solvents

Maximum number of unit volumes of a diluent (generally toluene) that can be added to a unit of solvent to cause the first persistent heterogeneity in a solution of nitrocellulose ASTM Method D 1720

Table 2. Indirect methods for the solvency determination

• Hansen Solubility parameters

One of the best strategies for facilitating the choice of the adequate solvent for a given resin is the determination of the Hansen solubility parameters. This useful method predicts the solubility capacity of a solvent and helps to select solvent combinations for the formulations of coatings, paints, cosmetics, printing inks, cleaners. 22 The solubility parameters are generally considered to be a measure of the attractive forces between molecules such as dispersive forces (London forces), polar forces (Keesom and Debye forces) and hydrogen bonding interactions, which can also have influence on other solvent properties such as boiling point, surface tension and latent heat. 26 These parameters are useful and an easy tool to establish in which solvent the resin would be more easily dissolved or would be more compatible. A solvent is predicted to be an appropriate solvent for the resin if its solubility parameters are close to the solubility parameters of the resin itself. 25 The concept of solubility parameter was introduced for the first time by Hildebrand and Scott in 1950, focused on its application to non--polar liquid mixtures. It was calculated from the energy of association of molecules in the liquid phase, in terms of cohesive energy density (CED) defined as the ratio of the energy required to vaporize 1 mL of liquid with respect to its molar volume. The solubility parameters were defined as the square root of the cohesive energy density of the liquid (Eq. I--3), [START_REF] Hansen | The tree dimensional solubility parameter and solvent diffusion coefficient[END_REF] 𝛿 = 𝐶𝐸𝐷 = ∆𝐸 ! 𝑉 ! Eq. I--3

where: 𝛿=Hildebrand parameter, ∆𝐸 ! = energy of vaporization and 𝑉 ! = molar volume.

In this way, it is possible to determine that two liquids are miscible when they have similar 𝛿 values.

On the contrary, they are immiscible if their 𝛿 values are significantly different. For many years, the paint technologists have used this method to select an adequate solvent, compatible with the resins, from the wide range of solvents, polar and non--polar. However, as this concept took only into account a single parameter, it rapidly became insufficient to characterize all the variety of solvents that was used in the paint industry. Burrell (1955) was the first to use the concept of solubility parameter and hydrogen bonding parameter to predict the solubility of resins. [START_REF] Burrell | [END_REF]53 Firstly, he classified the solvents in three categories according to their hydrogen bonding power in poorly, moderately, and strongly. Then, the resin solubility was evaluated in different solvents from each hydrogen bonding power category. Finally, the solubility parameter range of the resin was considered as the range of solubility parameters of the solvents that dissolved the resin. 40 In 1966, Hansen evaluated the concept of solubility parameters and proposed three--dimensional solubility parameters that relate the three types of intermolecular forces: dispersion forces, polar forces, and hydrogen bonding. 5 The three--dimensional solubility parameters were applied in the paint and coating industry not only to characterize solvents and resins, but also plasticizers, polymers, emulsifiers, pigments and dyes. In all the cases, the solubility of the different materials has been calculated to determine the mutual solubility and compatibility of solvents with polymers, resins and pigments. [START_REF] Hansen | The tree dimensional solubility parameter and solvent diffusion coefficient[END_REF] In order to calculate the solubility parameters, Hansen has determined the dispersion forces (d) of a molecule by comparing it to an alkane of similar structure (homomorphism). Besides, the polarity (p) was determined by measuring the molecular dipole moments, which was compared with similar functional groups in smaller molecules. Finally, the contribution of the hydrogen bonding (h) to the overall polarity was also determined. The relative contribution of the independent values was then calculated as fractions of the unique Hildebrand value. [START_REF]Handbook for critical cleaning. Cleaning agents and systems[END_REF] In this way, Hansen proposed that the cohesive energy density of a solvent results from all the volatilization energies arising from all the intermolecular attractions present in the liquid (Equation I--4).

∆𝐸 ! ! 𝑉 ! = ∆𝐸 ! ! 𝑉 ! + ∆𝐸 ! ! 𝑉 ! + ∆𝐸 ! ! 𝑉 ! Eq. I-- 4 
where:

∆! ! ! !
= cohesive energy density of t=total, d=dispersion forces, p=polarity and h=hydrogen bonding

The cohesive energy can be expressed in terms of the solubility parameter δ as follows: [START_REF]The officiel site of Hansen Solubility Parameters and HSPiP software[END_REF] 𝛿 ! ! = 𝛿 ! ! + 𝛿 ! ! + 𝛿 ! ! Eq. I--5

where

𝛿 ! = ∆! ! ! !
and the subscripts δ d , δ p and δ h represent the individual solubility parameter for dispersion (London forces), polar (Keesom forces) and hydrogen bonding forces. [START_REF] Hansen | The tree dimensional solubility parameter and solvent diffusion coefficient[END_REF] If it is considered that the solubility parameter of a given solvent is a vector with components δ d , δ p and δ h , then each solvent can be located in a three dimensional system as a fixed point whose coordinates are δ d , δ p and δ h .

The basic principle of the application of the Hansen solubility parameters (HSP) consists of the postulate that when the value of HSP of a solvent falls within the HSP range of a polymer, the polymer is then soluble in that solvent. [START_REF]Blood compatible materials and devices : perspectives towards the 21st century[END_REF] The determination of Hansen solubility parameters of a polymer, a resin or a solvent can be an experimental evaluation where this compound is added to 40--45 well--chosen solvents from different families, with known and well--distributed partial solubility parameters in the Hansen space. Once both substances have been mixed in similar proportions, the mixtures are observed to check the satisfying solubility or miscibility or to identify changes such as formation of phase layers, solution turbidity, polymer surface attack or polymer swelling.

According to these observations, solvents can be classified in two categories: "good" for the acceptable solutions and "bad" when the polymer is not solubilized as expected or when the two solvents are not immiscible. Then, the qualifications are transformed into 1 (good) and 0 (bad) to facilitate the computational data processing, which will finally give the Hansen Solubility Parameters (HSP) values and the corresponding sphere of solubility. 50,[START_REF] Hspip | Hansen Solubility Parameters[END_REF] Thus, the solubility sphere of the polymer, resin or solvent according to its relative position with respect to the three axes can be defined by the coordinates of its centre and its radius R. Solvents capable of solubilizing the given polymer, resin or solvent are represented as points in planes having as coordinates (0, δp, δh), (2δd, 0, δh), (2δd, δp, 0), and lying within the circle of radius R (Figure 3). 58 Hansen established a simple way to interpret and solve the practical problems related to the solubility parameters with the postulate "like dissolves like", which means that the more similar the solubility parameters of two materials, the more affinity they have. ).

• Computational Polarity Modelling: COnductor--like Screening MOdel for Real Solvents (COSMO--RS)

In 1995, Klamt established the method of prediction for thermodynamic properties of fluids and mixtures of liquids: COSMOS--RS. 59 It describes the liquid--phase interactions such as contact interactions between molecular surfaces, allowing representations of the molecule and providing solubility predictions. This technique considers a statistical thermodynamic approach and a quantum chemistry method. [START_REF]Development and applications in solubility[END_REF] It does not need experimental data to predict the polarity of a substance and its solubility. This method can be used with all type of systems formed by a solute and an organic solvent.

In the COSMO--RS approach, the solute is embedded in a cavity surrounded by a virtual medium, called COSMO. The COSMOS--RS tool generates a charge density surface (σ--surface) that shows the most stable state of the molecule in a perfect conductor. The color of the σ--surface provides the value of the charge density at each point of the molecule. For example, the green corresponds to very low charge density (carbon skeleton), the blue corresponds to high positive charge density (δ + ;

hydrogen atoms), and the red describes high negative charge density (δ --; oxygenated or nitrogenous groups). [START_REF][END_REF] Charge distribution is segmented and reduced to a histogram called σ--profile that translates the information of the 3D density surface into a 2D profile. This profile allows to predict the solubility of a solute in a solvent when calculating the σ--potential (µ s (σ)) of a specie in solution. The σ--potential describes the affinity of the liquid system for a molecular surface. 62,63 For example, the 3D σ--surface, σ--profile and σ--potential of methanol, ethyl acetate and hexane are shown in figure 4. Note that the European definition is different to that of the United States where a VOC is defined as an organic compound that participates in photochemical reactions in the atmosphere (with the exception of some solvents described in a list of exempt compounds such as acetone, dichloromethane and tert--butyl acetate. 65,66 If the European definition is unequivocal since sanctioned by a measurable value, the American definition is much less precise since the photochemical activity is not easily demonstrated.

In addition to odour nuisances of solvents due to the VOC emissions, they are important sources of atmospheric pollution and have a direct effect on human health.

• Solvent impact on health Some volatile solvents have short--and long--term negative effects on health even at low concentrations. The principal effects that have been detected on health are: irritation of eyes, nose and throat, headaches, nausea, and in more critical cases, damages in kidney, liver and central nervous system. In addition, some VOCs (i.g. benzene, ethylbenzene, carbon tetrachloride and tetrachloroethylene) have been reported to cause cancer in animals and they are suspected to cause cancer in humans. [START_REF]Volatile Organic Compounds' Impact on Indoor Air Quality[END_REF][START_REF] Koppmann | Volatile organic compounds in the atmosphere[END_REF][START_REF] Sanchez | [END_REF][START_REF] Wang | Volatile organic compounds in the environment[END_REF] The toxicity of solvents can be predicted or evaluated experimentally, in vivo on different organisms or in vitro on cells. These different forms of toxicity are distinguished by the rapid onset of symptoms, their severity, their duration or the rapid absorption of the toxic substance. Among these toxicity categories, we can mentioned: acute toxicity (single exposure at a high dose), chronic toxicity (repeated exposures over long periods--more than 90 days), subacute toxicity (prolonged exposure over a short period--maximum 28 days), subchronic toxicity (frequent and repeated exposures for more than 28 days and less than 90 days), skin sensitization or skin irritation, and carcinogenic, mutagenic and reprotoxic properties.

To quantify the toxicity or the toxic dose, the median lethal dose (LD 50 ) or the median lethal concentration (LC 50 ) can be determined in the air or in the aquatic environment. The chemical substances are qualified as non--toxic if the LC 50 exceeds the non--toxicity thresholds shown in Table 3.

Some of the oral LD 50 for commonly used solvents, tested in rats, are for example: ethyl acetate=5620--10200mg/kg, 71 butyl acetate=10760--12789mg/kg, 3 methyl ethyl ketone=2737 mg/kg 72 and ethanol=7060 mg/kg. Workers involved in painting and coating activities are the most exposed to the negative effects of the VOC emissions depending on the manufacturing methods of the paint, but especially its application method. Indeed, solvents can be easily absorbed via the respiratory system and the toxic effect would depend on the type of solvent, its concentration and the exposure time. In this way, when spraying application method is used, the principal effects are the inhalation of solvent in aerosols form and the contact of the solvent with the skin causing irritations. On the other hand, the damage by solvent contact is higher when manual application is used.

More generally, VOC emissions from the paint and coating sector come either from the production plants, where the paint or the coating are formulated, or from their application on the substrate. The first mentioned source represents only the 5% of the VOC emissions, while the second one is the largest contribution representing the remaining 95 % of emissions (Figure 5). 76,77 

Environmental properties

When solvents evaporate into the atmosphere, they participate in photochemical reactions influenced by sunlight or traces of other substances present in the air. 78 These reactions are responsible of the production of ozone (O 3 ), which is a greenhouse gas and the principal compound of the smog. 17

To characterize the environmental impact of a chemical compound on the environment, some parameters such as biodegradability and bioaccumulation can be evaluated. 79

• Biodegradability

Two approaches can be considered for the evaluation of the biodegradability of a compound: i) the microbiological approach, based on a test with pure bacterial cultures under optimum conditions and ii) the environmental approach, which is based on the compound biodegradability in water and soil obtained from recipients of solid wastes (like water treatment plants). 80 The organisation for Economic Cooperation and Development (OECD) has determined 6 biodegradation forms: half--life, disappearance time 50, ultimate, primary, inherent and readily biodegradation. This last classification is usually used for chemical compounds that have passed specific tests from which it can be assumed that the compound will be rapidly and completely biodegradable in an aquatic environment under aerobic conditions. 81 For example, ethyl acetate, butyl acetate and methyl ethyl ketone are considered as readily biodegradable. [2][3][4] • Bioaccumulation

Bioaccumulation refers to the process by which a chemical substance is absorbed by an organism from its natural environment. Bioaccumulation is caused by the imbalance between the consumption (water or food) and depuration (excretion) of toxic compounds, which causes their accumulation in the organism. 82 Bioaccumulation can be expressed in terms of bioaccumulation factor (BAF) or by the partition coefficient n--octanol--water (Kow):

Bioaccumulation factor (BAF)

The degree to which bioaccumulation occurs is determined by the bioaccumulation factor (BAF), which is defined as the ratio of the toxic compound concentration in the organism (at equilibrium) and that of the environment. [83][84][85] 

Partition Coefficient n--octanol--water (Kow)

Bioaccumulation is generally related to the lipophilicity of a compound, and thus it can be measured as the partition coefficient between n--octanol and water. It is an important property because it provides a measure to evaluate the bioaccumulation potential of a toxic compound. [83][84][85] To conclude about the solvents properties used in the chemical industry, many of them such as toxicity, flammability, volatility, bioaccumulation and persistence, represent risks for human health and environment. In order to assess these hazards and limit the use of toxic solvents, different classifications have been created. For example, the Center for Drug Evaluation and Research (CDER)

of the USA Food and Drug Administration (FDA) has proposed four categories of solvents according to their impact on health and the environment (Table 4). In Europe, the use of chemical substances is controlled by the REACH regulation in order to prevent and reduce human health and environmental risks. For example, the use of solvents such as 1--methyl--2--pyrrolidone, 1,2,3--trichloropropane, 2--ethoxyethanol, 2--ethoxyethyl acetate and 2--methoxyethanol has been restricted in paint and coating formulations by REACH due to their toxicological risk (reprotoxicity). 86,87

Solvent Regulations

In order to reduce the negative effect on the environment and on the animal and human health, legislation and voluntary control measures have been implemented during the recent years. Here, it will be presented the legislation changes that have been adopted by China, the European Union and the United States.

Legislation in China

China is the largest producer and consumer of coatings since 2009. As a result, solvent concerns in the coating Chinese industry have increased and compulsory standards have been applied. In order to create, manage and revise the standards that regulate the use of toxic substances in paints, with the objective of controlling the harmful substances of indoor decorating and refurbishing materials, including solvent--based wood coatings, interior coatings, coatings for toys and automotive coatings. In addition, another standard GB/T23994--2009 was also created to limit certain harmful elements of coatings for consumer products in contact with humans, such as sport equipment, household appliances, mobile phones, machine tools, bicycles and motorcycles. 88 Besides, VOCs emissions of benzene, toluene, ethylbenzene and xylene are controlled in solvent--based coatings and the emission limits differ by products. As a consequence, it is possible to find in the current China market "zero--VOC" coatings i.e. free of benzene, toluene, ethylbenzene and xylene. In addition to those measures, a tax on the price of any solvent--based coating that generates levels greater than 420 g/L of VOC has been imposed. 89

Legislation in the United States of America

In the United States of America, the VOCs emissions are regulated by the Environmental Protection Agency (EPA). The regulations implemented by the Agency are primarily aimed at limiting the amount of VOCs that could be present in paint products. There are few exceptions to the rule since manufacturers have the option of paying the excess fees for products that exceed the imposed limits. The VOC limits were established at 250 grams per liter (g/L) for flat paints and 380 g/L for others. 90 Thanks to these measures, a reduction of 80% of VOC emissions from the paint and coating sector was achieved in the United States between 1990 and 2014. 91

Legislation in the European Union

In the European Union, the production, utilization and commercialization of all chemical substances are controlled by the regulation REACH (Registration, Evaluation, Authorization and Restriction of Chemicals). This regulation is responsible for taking measures for the protection of human health and the environment, e.g. prohibits the use of substances that are considered dangerous. 92 The REACH regulation favours industrial competitiveness and encourages companies to develop safer alternatives for health and environment.

The reduction of air pollution has also become one of the priorities of the European Union: a Thematic Strategy on Air Pollution was adopted whose objective is the reduction of 51% of VOC emissions from 2005 to 2020. 93 The limitation of VOC emissions is specially imposed by two European Directives in order to prevent and reduce air pollution: Directive 1999/13/EC through its article 13 by removing a sub--activity of "vehicle refinishing" from the scope of the VOC Solvents Directive mentioned below.

• The Directive 2010/75/EU on industrial emissions (integrated pollution prevention and control), replacing the Directive 1999/13/EC, sets out provisions to prevent, reduce and eliminate the emissions into air, water and land produced from many industrial activities (manufactures of chemicals, paper, textiles, food, etc.). 94 In order to meet the requirements related to the European legislation, the paint and coating industry have considered several ways to reduce its generated VOC emissions like waste air treatments, low-solvents or solvent--free products, and the development of new paint application technologies (Figure 6). [START_REF] Mannari | Understanding coatings raw materials[END_REF]17,95 These initiatives have resulted in the launch of several European projects, dedicated to the production of greener solvents, or more generally to the development of greener alternatives processes or new types of solvents. [97][98][99] As many conventional solvents generally present risks and hazards and are responsible for about 20% of VOC emissions, the chemical industry, encouraged by these regulations, is looking for solutions to substitute them. It also tends to replace petrochemical solvents by green alternatives because of the fossil depletion, the growing of consumers demand for safer and healthier products and because it is an opportunity for companies to set themselves apart from the competition.

Green solvents

What is a "green solvent"?

Several criteria have to be taken in account to consider a solvent as "green". 79,100,101 Inspired by the principles of the green chemistry of Anastas and Warner 102 and to facilitate the identification and classification of a green solvent, Gu and Jérome have proposed a criteria list that green solvents have to meet: 103 1) Availability: the availability of a green solvent in the market has to be ensured.

2) Price: the production process of the solvent has to be sustainable in order to guarantee competitive prices respects to fossil solvents.

3) Recyclability: green solvents should be able to be recycled in all chemical processes, to make them eco--compatible. Besides, the catalyst used for the synthesis of a green solvent should be able to be reused.

4) Grade: production of green solvents with technical grade is fundamental in order to avoid exhaustive purification processes.

5) Synthesis: the solvents have to be synthesized by environmental--friendly processes reducing energy consumption. The production processes have to be easy to handle, and the synthetic reactions should have a high atom economy.

6) Toxicity: the raw materials for the synthesis of the solvents and the solvents themselves should have low or negligible toxicity in order to reduce damage in human health and in the environment during the production process or their application.

7) Biodegradability: solvents should be biodegradable and should not produce toxic metabolites.

8) Performance: the synthesized green solvents must have similar or better physicochemical properties (viscosity, polarity, density, solvency, boiling point, etc.) compared to the fossil-ones for replacing them in various applications and processes. 9) Stability: a green solvent has to be thermally and electrochemically stable to be used in chemical processes and reactions.

10) Flammability: green solvents should not be flammable during manipulation (safety conditions).

11) Storage: a green solvent should be easy to store and fulfill all transport legislations.

12) Renewability: the use of renewable raw materials for the synthesis of green solvents is more suitable in order to participate in the CO 2 balance.

Considering these criteria, a bio--based solvent or a petrochemical solvent that is non--toxic and/or biodegradable and that is produced through an eco--friendly process can be called "green solvent".

Many green solvents have been developed since the late nineties to replace solvents harmful for health and environment. They can be classified into: water, eco--friendly solvents, supercritical fluids, ionic liquids/eutectic mixtures, liquid polymers, fluorinated solvents, and solvents derived from biomass. 104

Water

Water is considered as a green solvent, because it is non--flammable, non--toxic, and relatively inexpensive. Nevertheless, the use of water in some processes can lead to high environmental impacts, which makes the water "lose its green character". For example, a separation process using water can be less efficient than a process involving an organic solvent, which results in higher energy costs. It is the same when water used as solvent for the reaction leads to lower yields than with an organic solvent. 101,103,105 On the contrary, water is considered as a green solvent in cases where enhancement in the reaction was observed. For example, good results have been reported with water when used as solvent in the case of some biphasic reactions (hydroformylations and carbonylations) 106 or in biocatalysis (e.g. for enzymatic cleavage of penicillin G, a precursor of semi-synthetic antibiotics). 106

Eco--friendly solvents

Solvents can be also considered as eco--friendly when they have good Environment, Health and Safety (EHS) profiles. Consequently, ethanol, and methyl acetate are classified in this category from an EHS perspective. 79 In this category it is also possible to find petrochemical--based solvents that are non--toxic and biodegradable like the 3--methoxy--3--methylbutan--1--ol (MMB), which is also a non--VOC solvent, commonly used in household and industrial cleaner formulations. Furthermore, it is possible to consider in the classification of "eco--friendly" solvents those that are co--products of industrial processes, such as dimethyl, diethyl and dibutyl esters of glutaric, succinic and adipic acid, co--products from nylon 66 fabrication. 

Supercritical fluids (SCF)

A supercritical fluid is any substance that does not have different phases of liquid and gas when it is placed under a temperature and a pressure higher than those of its critical point. Hence, the critical point of a supercritical fluid is defined as the highest temperature and pressure at which the substance can exist as vapour--liquid in equilibrium. Its principal characteristic is that it presents properties such a liquid--like density and gas--like diffusivity, surface tension and viscosity.

The most popular of the supercritical solvents is the liquid carbon dioxide (scCO 2 ), due to its moderate critical constants (Tc = 31.3°C, Pc = 72.9 atm). 107 Moreover, scCO 2 has other advantageous features: it is inert, non--toxic, inexpensive, non--flammable and it can be obtained as by--product of fermentation and combustion. The scCO 2 has been reported to be a very suitable solvent in chemical syntheses where air or O 2 are used due to its stability. It is also inert to free--radicals and easily removed from products to avoid solvent residues. 108,109 In organic chemistry, scCO 2 can be used in hydrogenations, hydroformylations, Dies--Alder cycloadditions, oxidations, palladium mediated couplings, bio--transformations and photochemical and radical reactions. 110 Other common supercritical fluids are methane, ethylene, ethane, propylene, propane, acetone, methanol, ethanol and water. 111

Ionic liquids and eutectic solvents

Ionic liquids (ILs) are organic salts that are liquid at room temperature and have melting points below 100°C. They are considered as green solvents because they have a low volatility, which means they do not produce VOC emissions. Furthermore, thanks to their low vapour pressures, the reaction products can be easily separated from them by distillation. Moreover, they have good thermal stability, and their physicochemical properties can be modified by varying the anion and cation. 112 The deep eutectic solvents are alternatives to ionic liquids as they are mixtures of Lewis or Brønsted acids or bases that contain in their structure a variety of either anions and/or cations. Usually, they are based on bio--based choline chloride, polyols, esters, amides, carboxylic acids or urea. Despite the advantages of ionic liquids and eutectic mixtures, they have a main drawback which is their expensive and complex methods of preparation, 115 which call into question their greenness.

Additionally, their toxicity cannot always be determined due to their complicated structure.

Liquids polymers

A liquid polymer can be considered as a solvent when it is a low molecular weight polymer or a polymer having a low glass--transition temperature (temperature below which it becomes hard and brittle like glass). 116 Liquid polymers are considered as "green solvents" due to their non--volatility, biodegradability and biocompatibility. They generally have a low or negligible toxicity to marine life. Besides, they can be easily separated from the products and recycled in further reactions. 117 The most representative solvents of this category are the poly(tetrahydrofuran) (PTHF), poly(methylphenylsiloxane) (PMPS), poly(ethylene glycols) (PEG), poly(propylene glycols) (PPG) and also variations of these molecules with ether or ester end--capping groups. PEG is the most interesting of the liquid polymers due to its toxicological properties, biodegradability and short-- and long--term hazards that are well established and known. For these reasons, PEG has been recognized by the FDA as GRAS (General Recognized as Safe) and has been approved for consumption as food ingredient.

Liquid polymers can be used in a wide range of applications: immunology, culture media, extractions, homogeneous and phase--transfer catalyses, organic reactions and enzymatic reactions. 117,118

Fluorinated solvents

Fluorinated solvents are composed of fluorocarbon groups attached to the organic main chain as showed in Table 5. They are not soluble in water and they typically show temperature--dependant miscibility with organic phases. The high fluorinated molecules, as perflurocyclohexane, are only soluble in fluorous media. 119 They can be described as fluorous biphase systems (FBS), presenting a fluorous and an organic phase. 120 This behaviour allows the recycling of valuable catalyst and other chemicals and offers the advantages of working with a heterogeneous or homogeneous system by adjusting external parameters such as the temperature.

The fluorinated solvents have the advantages of being chemically unreactive and non--flammable;

they have a low toxicity, high stability and good oxygen and carbon dioxide dissolving power. 121 Nevertheless, they present negative impacts on the environment because of their long persistence and volatility. Today, increasing energy security by reducing our dependence on oil and the environmental sustainability are the main drivers of bio--based products development. As the bio--based products sector has become a priority area with a high potential, various European policies have been adopted

to increase the participation of the industrial sector in developing and/or optimizing the infrastructures that could use biomass as feedstock for the production of bio--based products. 123,124 In the chemicals market, the production of bio--based products, which can be principally divided into plastics, lubricants, solvents and surfactants, tend to increase. The interest for this sector has become so important that an increase from $ 6474 million in 2016 to $ 23,976 million in 2025 is expected. 125 Of course, this is related to the benefit that the use of bio--based products implies in different categories: As explained above, many studies are currently focusing on the replacement of hazardous solvents with more environment--friendly alternatives. 130 Consequently, the manufacture of solvents from renewable resources offers a good alternative to reduce our dependence on petroleum and to improve the positive environmental balance due to the reduction of CO 2 emissions. 131 Besides, the use of bio--solvents can offer many other advantages, depending on the solvent: they can be easy to recycle, non--carcinogenic, biodegradable and can have very low volatility and high solvency power. 132 However, it is not because a solvent is from bio--based origin that it has low toxicity and environmental impact. For example, although N--methylpyrrolidone (NMP) can be produced from glutamic acid via 4--aminobutyric acid, 133 this solvent is part of the REACH substances of Very High Concern list because of its toxicity and problematic waste disposal. It is classified as serious health hazard (GHS08) and especially toxic for reproduction. Tetrahydrofuran (THF) and dimethylsulfoxide (DMSO) can also be synthesized from biomass, THF vía succinates hydrogenation 134 and DMSO as by-product of kraft pulping. 135 Nevertheless, these solvents were also classified as problematic in the For the development of renewable solvents, two alternative processes can be presented (Figure 8).

The first one is to apply known technologies, currently used on petrochemical derivatives, on molecules derived from the biomass to produce the same molecules. In that case, existing infrastructures can be used as only the starting material changes. The second alternative is to develop new processes using renewable synthons to produce innovative molecules. Novel industrial installations have thus to be constructed. 133,139,140 139

The biomass currently used for the production of bio--based solvents is principally composed of carbohydrates/sugars, lignin, lipids and terpenes. Their content in biomass depends on the feedstock and growth conditions. Pre--treatment of the lignocellulosic biomass is, for example, necessary to increase access to the internal structure and to allow its fractionation into sugars, lipids, lignin 141 and proteins. 142 Although proteins represent a good source for the synthesis of bio--based products, 143
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New+technology+ their use in the production of solvents are limited and less described in the state of art. Only the synthesis of N--methylpyrrolidone (NMP) from glutamic acid has been well studied. 144,145 In this work, bio--based solvents derived from carbohydrates/sugars, vegetable oils, terpenes and lignin will be presented.

Solvents derived from carbohydrate--biomass

The biomass feedstock and their derived products can be divided into first and second generation.

The first generation products are obtained from biomass rich in sugars or starch--rich crops, such as sugarcane and corn. For example, 1 st generation chemicals can be produced from the sugar solution obtained through the enzymatic hydrolysis of starch--based biomass or by extraction from sugarcane.

The simplest and more known transformation of the obtained sugar solution is its fermentation into ethanol. Although ethanol is a solvent by itself, it can also be used as a building block for the synthesis of other solvents.

The use of first generation raw materials for the production of chemicals has been subjected to discussions and doubts related to the competition of their use in the food chain. Therefore, a great interest has arisen in developing alternative routes for obtaining bio--based products from second-generation feedstock, such as lignocellulosic biomass including agricultural and forestry wastes, grasses and woody materials. The lignocellulosic biomass is generally composed of lignin (10--15 %), hemicellulose (20--30 %) and cellulose (40--50 %). 146 The interest in this type of biomass is due to the fact that cellulose and hemicellulose are potential sources of sugars. Although cellulose is the most abundant polysaccharide on earth, the complex structure of the lignocellulosic biomass limits the access and digestibility of both cellulose and hemicellulose. Accordingly, the conversion of biomass to fermentable sugars requires a pre--treatment, whose principal action is to break the lignin structure and modify the crystalline structure of cellulose to make it more accessible for its hydrolysis into sugars. 147,148 From the state of art, a wide variety of solvents can be produced from carbohydrates as shown in Figure 9. Among them, classical solvents such as methanol, acetic acid, ethanol, acetaldehyde, ethyl acetate, levulinic acid, 2--butanone, n--butanol, isobutanol, butyl acetate can be found, but also "neoteric" solvents. The development of these new solvents was prompted by the need to produce solvents with low impact on health and environment. These "neoteric" solvents have the main characteristic of having a chemical structure different from that of the classical solvents, which avoids the prevalent problem such as the toxicity, generally associated with the structure. 103,133,142,149- 154 The following list presents the biomass--derived solvents considered as "neoteric", offering benefits principally related to the toxicity, biodegradability and the reduction of the negative effects on the environment.

Lactic acid can be produced through the fermentation of glucose, maltose, sucrose or lactose. 134,155 It is an interesting solvent due to its non--toxicity, biodegradability, recyclability and low production cost. 156 The use of lactic acid as solvent has not been well explored as much as its derivative ethyl lactate. Yang et al. showed that lactic acid is efficient to replace acetic acid in organic reactions such as the condensation of salicylaldehyde with diethyl acetylenedicarboxylate and the synthesis of substituted quinones. The use of lactic acid in these reactions increased yields, enhanced reaction rates and facilitated product purification. 157 This study opens the door to investigate the use of lactic acid in other reactions.

Ethyl lactate is synthesized by esterification of lactic acid with ethanol. It presents many advantages such as its biodegradability, non--toxicity, water solubility and its low cost production and environmental impact. It can be used as flavouring, perfume ingredient and as solvent in coating formulations. For example, it is an interesting alternative solvent to replace toluene in magnetic tape

coatings. 158

Fusel oil is a neoteric solvent, by--product of the distillation of fermented agricultural products. 159 It is particularly obtained from the bioethanol distillation. The principal constituents of fusel oil are isoamyl, isobutyl and n--amyl alcohols. N--Butyl and isopropyl alcohols are also present in lesser amounts. 160 Noteworthy, the composition of fusel oil will depend on the fermentation conditions and on the type of the inoculum used. 161 γ--valerolactone (GVL) can be produced through the hydrogenation of levulinic acid using a metal catalyst, such as Ru--based catalyst. 162 γ--Valerolactone has very good solvent properties, low melting point (--31°C), high boiling and flash points (207°C and 96°C, respectively) and high solubility in water. 163 The environmental advantages of this solvent are its biodegradability and low toxicity. GVL has been used with water (in a 9/1 weight ratio) for the production of furfural from hemicellulose. 164 Furthermore, Duan and Hu (2012) reported for the first time the use of GVL in bio--catalysis for the synthesis of phosphatidylserine, achieving a yield of 95%. 

Solvents derived from lipid--biomass

Vegetable oils, such as linseed, castor, soybean, sunflower, argemone, corn, canola, palm, coconut, jatropha, safflower oils, are extracted from the seeds of plants. They are composed of 95 wt.% of triglycerides, which are esters of saturated or unsaturated fatty acids and glycerol. Phospholipids, free sterols and sterol esters, tocols, triterpene alcohols, hydrocarbons and fat--soluble vitamins can also be found in their compositions. 176,177 Vegetable oils are non--volatile but unstable in the case of unsaturated oils whose double bond(s) can be oxidized. 178 The main solvents that can be obtained from lipid--rich biomass are fatty acid methyl esters, glycerol and its derivatives as summarized in Figure 10.

The fatty acid methyl esters (FAMEs), known as biodiesel, are obtained from the trans--esterification of vegetable oil with methanol, giving glycerol as by--product. Both of them can be considered as green solvents due to their high biodegradability and low toxicity. 179 FAMEs have been used as solvent in polymerization reactions starting from methyl methacrylate, vinyl acetate, butyl acrylate and styrene. 41 They can also be suitable for the solubilisation of epoxy resin pre--polymers. 180 One of the main FAMEs is the methyl soyate produced from the esterification of soybean oil and methanol.

It is used as solvent in the preparation of household and industrial cleaners, printing ink cleaners, in the formulation of adhesives--and graffiti--removers and as diluent in paints, stains and anti--corrosion coverings. In paint formulations, methyl soyate is usually mixed with a co--solvent like ethyl lactate to increase solvent evaporation rate. 41,181 Glycerol and its derivatives are considered as "neoteric" solvents. It has the advantages of being cheap, non--toxic, biodegradable, easy to recycle and sustainable. 182 It is a polar solvent capable to dissolve organic salts, acids, bases and enzymes. Besides, glycerol has been described to increase the rate of various reactions, such as the reduction of ketones using Saccharomyces cerevisiae, the electrophilic activation of aromatic aldehydes with indoles, the aza--Michael reaction of p--anisidine with n--butyl acrylate and the enzymatic transesterification of 2--methylheptanoate. 183,184 Furthermore, glycerol derivatives have been identified as good solvents in several applications:

triacetin have shown good potential in caffeine extraction from coffee and tea; 185 glycerol formal, solketal and 4--hydroxymethyl--1,3--dioxolane are used as solvent in paint and ink formulations and in cleaning agents. 186 Glycerol carbonate was evaluated as solvent in enzymatic transesterifications 187 and in epoxy and polyurethane formulations. 41 

Solvents derives from terpenes

Terpenes are natural hydrocarbons, whose basic unit is isopropene (C 5 H 8 ). Monoterpenes (C 10 H 16 ), formed by two isopropene units, are the most abundant terpenes. 188 They are the principal components of essential oils and resins of various biomass feedstocks. They can also be obtained from citrus peels and pine resin wastes. 151 Pinene (principal constituent of turpentine) and limonene are the most representative monoterpenes. They are shown in Figure 11.

The turpentine, as it was previously mentioned, began to be used as the main solvent for paintings and varnishes during the nineteenth century. Turpentine is the volatile fraction of tree resins and can be obtained by distillation. It is a mixture of mainly α--pinene and β--pinene, with lesser amounts of camphene, carene, limonene, terpinolene, menthane and eucalyptol. 151 Its composition depends of the tree species, geographic location and the method used for its extraction. 188 There are four types of turpentine depending of its extraction and isolation: 1) the gum spirits of turpentine, which are obtained from the distillation of the oleoresin from wounded pine trees; 2) the sulphate wood turpentine, which is the condensate steam produced during the Kraft pulping process; 3) the wood turpentine obtained from the distillation of heartwood chips of pine stumps; and 4) destructively distilled wood turpentine, obtained from the destructively distillation of pinewood stumps. 180 The turpentine has physical properties similar to toluene and methylene chloride, 154 and its use as replacement of n--hexane in the extraction of bioactive compound was recently reported. 189

Pinane is produced from the hydrogenation of α--pinene and β--pinene. 

Solvents derived from lignin--biomass

The lignin is the second most abundant natural polymer on earth after cellulose. It is formed by the polymerization of cinnamyl alcohols or monolignols, depending on the type of plant. p--Coumaryl alcohol, coniferyl alcohol and sinapyl alcohol are the main monolignols (Figure 12). 195,196 The only difference between these precursors is the number of methoxy groups (--OCH 3 ) present in the aromatic ring. 197 Lignin represents an interesting source of fuels and aromatic chemicals due to its composition.

Different methods of fractionation and isolation of lignin have been studied. Nevertheless, few studies in literature have described the synthesis of solvents from lignin. It has been reported that the pyrolysis of lignin can produce an oil, that after methylation with dimethyl carbonate and purification under supercritical CO 2 , results in an ester that can be used as solvent, called "lignin pyrolysis oil methyl ethers (LOME)". 185 Besides, the research group of Dumesic has reported the synthesis of a solvent called "lignin--derived solvent (LDS)", which is produced from the catalytic depolymerisation of lignin using a metallic catalyst (i.e. Pd/C, Rh/C and platinum black). This lignin-derived solvent is mainly composed of propyl guaiacol (PG) and propyl syringol (PS) (Figure 13). This phenolic solvent was effectively used in the conversion of cellulose and hemicellulose into 5--hydroxymethyl--furfural (HMF), levulinic acid (LA) and γ--valerolactone (GVL). The obtained results

were similar to those obtained using 2--sec--butylphenol. 199 

Solvents substitution methodologies

To cope with the need of environmental--friendly and healthy solvents, a few substitution methodologies and tools have been developed. Indeed, the selection of alternative solvents is a complex task since the substitution by a solvent with a better HSE (health, safety and environmental) profile must not be accompanied by an alteration of technical performance. In this context, different substitution methodologies can be employed such as the use of solvent guides as selection tools, the test and error approach, the predictive methodology and the reverse formulation.

Solvent selection guides

The guidelines for the selection of solvents for chemical processes allow the identification of less toxic solvents with similar performance to that of conventional ones. These guides classify solvents according to their toxicity and their impact on the environment. 100 Among these guides can be found the one developed by the Pfizer, 200 GlaxoSmithKline (GSK), 201,202 Sanofi 135 and AstraZeneca 203 companies. Some of the most common solvents to be replaced and the substitutes recommended by the Pfizer guide are, for example, shown in Table 6 results in an exhaustive and time--consuming study since all the proposed solvents must be tested. In addition, it may be possible that the selected molecule is not the best substitution alternative. 181 That is why other methodologies, described below, have been developed.

Predictive methodology

The predictive methodology is based on the prediction of the properties of alternative solvents. It consists in four general steps:

1. Identification of the solvent to be replaced The predictive methodology is very useful for the replacement of petrochemical solvents with bio--based molecules.

The main advantage of this technique is that only the molecules that meet the requirements have to be synthesized (if it does not exist commercially) and tested, which results in savings of time, energy, raw materials and costs. 181

Reverse design

The methodology of reverse design is based on chemical knowledge and the use of a Computer--Aided Molecular Design tool (CAMD). This methodology consists in identifying the molecules that meet a set of requirements (a priori defined). The software produces the chemical structures, predicts their properties thanks to models and compares them with the target specifications. The suggested molecules are classified according to their compatibility with the requirements. Finally, the most suitable molecules are selected according to the feasibility of their synthesis as well.

An example of CAMD tool is InBioSynSolv (IBSS), that has been created by the laboratory of Chemical Engineering (LGC) from Toulouse INP in collaboration with the Laboratory of Agro--industrial Chemistry (LCA from Toulouse INP) for the creation of solvents from biomass origin. 208,209 It helped to design bio--based solvents, derived from furfural, to replace conventional solvents used for the solubilisation of phytosanitary and resin active principles (Figure 14). 207 In order to be close to the applications and properties of the solvents currently used in the industry, another substitution strategy is the replacement of fossil molecules by bio--based ones, thanks to the use of building blocks obtained from biomass. This approach is interesting from an industrial point of view because the development of new factory infrastructure is not necessary. 134 It is therefore appropriate to develop new eco--friendly catalytic processes to obtain lower negative impacts on health and environment. However, this methodology is not relevant if the fossil--based solvent (to be substituted) has not a good HSE profile, since the incorporation of bio--based atoms in the molecule does not change its properties.

As examples of this approach, known bio--based synthons, such as bio--ethanol, bio--n--butanol and bio-acetone, have been used as starting material, instead of the corresponding fossil molecule, for the syntheses of several solvents, as shown in Figure 15. In the current market, various suppliers of these common bio--solvents can be found. 210,211 The solvent--borne and the waterborne coatings are the two types of formulations in paint and coating industry. In this work, we were focused on the first category, where the organic solvents or combinations of organic solvents are used.

For solvent--borne formulations, the most commonly used solvents are acetates and ketones, such as ethyl acetate (IUPAC: ethyl ethanoate, CAS: 141--78--6), butyl acetate (IUPAC: butyl ethanoate, CAS:

123--86--4) and methyl ethyl ketone (IUPAC: butan--2--one, CAS: 78--93--39).

Although these solvents are considered as VOC, they have the advantage of presenting low toxicity and low risk on health according to the FDA. Short--term toxicity studies have shown non genotoxicity--risk. 1 Moreover, these solvents were classified according to their HSE profile as "preferred" in the GlaxoSmithKline solvent guide, which considers the impacts of the solvent on health and environment, its risk of flammability/explosion, its reactivity/stability and its life cycle.

Furthermore, as mentioned before, these solvents were determined as readily biodegradable by the ECHA. [2][3][4] However, these solvents are nowadays produced from petrochemical sources through industrial processes that have many disadvantages such as the use of homogeneous acid catalysts that make the separation--purification steps difficult and that generate environmental damages due to waste production. This is why in the European project ECOBIOFOR, it has been proposed to replace these molecules from petrochemical origin with identical molecules but produced from biomass. This option has been guided by the industrial partners of the project, who did not want to invest in the registration of new molecules in REACH. Accordingly, the objective of this project was to study synthesis processes, starting from bio--base building blocks, alternatives to those currently available for the production of petrochemical solvents. It has then become crucial to identify new synthetic routes that guarantee the development of greener processes. This can be accomplished, either by using milder process conditions and/or by replacing the classic homogeneous catalysts by heterogeneous ones, which will, among other advantages, facilitate the separation step and reduce waste production (thanks to the reuse of catalysts after filtration).

In this project, we have thus decided to develop new syntheses of the principal solvents used in the paint and coating industry: ethyl acetate (EAc), n--butyl acetate (BAc) and methyl ethyl ketone (MEK). These syntheses will start from bio--based synthons and respect, as far as possible, the principles of green chemistry.

Selection of bio--based synthons:

One simple way to identify the possible bio--based synthons that can be used in the syntheses of the desired molecules is to carry out a retrosynthesis analysis: the target molecule is decomposed into less complex structures that will allow the identification of the initial reactants. [212][213][214] For the case of ethyl acetate, three possible options were identified as shown in Figure 16. The first one (using acetaldehyde) was discarded since this substance is highly toxic. Indeed, it is considered as carcinogenic. The two other synthesis proposals, starting from non--toxic ethanol and acetic acid or acetic anhydride, were finally chosen. Noteworthy, bio--based acetic acid can be found in the current market and bio--acetic anhydride can be produced from bio--acetic acid.

For the synthesis of butyl acetate, two chemical pathways were also identified, starting from n-butanol and acetic acid or acetic anhydride, as shown in Figure 17. Concerning methyl ethyl ketone (MEK), syntheses starting from bio--based levulinic acid or n--butene via butan--2--ol as reaction intermediate can be proposed (Figure 18). Nevertheless, as the synthesis pathway involving n--butene requires more reaction steps, we decided to study the decarboxylation of levulinic acid. A one--step reaction is indeed preferred for solvent production as it is expected to be less expensive (between 1 €/kg and 6 €/kg for high value added product). Furthermore, levulinic acid is a key building block that has been identified among the 12 strategic synthons selected by the US Department of Energy for industrial development. To summarize, the following synthons (Table 8) were proposed for the syntheses of the selected bio-based solvents: Some of the selected synthons can be found on the current market in bio--based version: acetic acid, butanol, ethanol, and levulinic acid.

Our attention was not only focused on the renewable feedstock but also on their production processes that can have impacts on the environment and human health. We found that most of the selected synthons are synthesized through biochemical methods, avoiding the use of hazardous catalyst. They are considered as both 1 st and 2 nd generation products as they are produced from starch and lignocellulosic biomass such as hardwood, switchgrass, corn residues, and forestry residues, as shown in By choosing building blocks produced from renewable sources and developing greener chemical pathways (for example using heterogeneous catalyst), the principles of the green chemistry, proposed by Anastas and Warner (Figure 19), 226 will be respected as far as possible. In particular, our work will be in accordance with the 7 th principle concerning the bio--based origin of the building blocks and the 2 nd , 3 rd , 5 th , 8 th and 9 th principles that are mainly related to the use of less toxic and safer raw materials (reactants and solvents if necessary), through the easiest transformation pathways. 

Conclusions

For a long time, from prehistory to middle age, solvents were not used and 100% natural paints were prepared. Gradually, the use of solvents appeared necessary to facilitate the paint application. The first solvent used was turpentine, which was produced from conifers. Although this solvent provided adequate paint formulations, it was rapidly replaced by petrochemical solvents, which were economically more competitive.

Today, the paints and coatings sector is the main consumer of solvents since they are widely used, not only in solvent--borne formulations, but also in high solid coatings and in water--borne formulations, where the solvent can make up to 20% of the formulation.

The use of solvents in paints and coatings allows to obtain homogeneous formulations having drying times and viscosity suitable for the application method of the paint. The evaluation of other physicochemical properties of solvents (refractive index, color, density, boiling point, vapor pressure, evaporation rate and solvency) is also very important to guarantee the good performance of the paint. In addition, the HSE--relevant properties are evaluated in order to determine the hazardous nature of the solvent and its impact on the environment.

Otherwise, solvents are an important source of VOC emissions, which cause a negative impact on health and the environment (since they contribute to the formation of ozone). As consequence, legislation has been updated to regulate the use of solvents (REACH, Directive 2010/75/EU and Directive 2004/42/CE in Europe). It does not only limit the amount of VOCs that can be emitted by industrial installations and the solvent content in some paints, but also prohibits the use of solvents considered problematic for health. These measures have clearly driven companies to look for alternative solvents that are friendlier for the environment and health. As a result, a great door has been opened towards the research and development of greener solvents, such as supercritical fluids, ionic liquids, deep eutectic solvents, liquid polymers, fluorinated solvents and solvents derived from biomass.

Ethyl and butyl acetates and methyl ethyl ketone are among the most commonly used solvents in the paint and coating industry, as they are weakly toxic and readily biodegradable. These solvents are industrially produced from fossil sources using homogeneous catalysis (source of waste generation) and energy consuming conditions. An easy alternative to apply for the replacement of these solvents, which does not require the development of new paint formulations, is to substitute these petrochemical molecules by their bio--based equivalents. It will thus be essential to develop new processes starting from bio--based synthons, using milder synthesis conditions. Heterogeneous catalysts can, for example, replace homogeneous catalysts in these reactions, as they are easy to separate from the reaction medium and can be recycled.

We undertook this study to develop new syntheses of ethyl acetate, butyl acetate and methyl ethyl ketone starting from bio--based synthons. In this chapter, thanks to retrosynthetic analyses, we have identified and selected the bio--based starting materials to synthesize these desired solvents:

• Ethyl acetate can be obtained from ethanol and acetic acid or acetic anhydride by esterification reaction

• Butyl acetate can be synthesized from n--butanol and acetic acid or acetic anhydride • Methyl ethyl ketone can be produced from bio--based levulinic acid through a decarboxylation reaction

In the next chapters, we will thus be interested in the development of new green processes for the production of these targeted solvents, their optimization and the study of their greenness.

CHAPTER II. Development of eco--compatible syntheses of ethyl and butyl acetates 2.1 Introduction

Ethyl and butyl acetates are widely used solvents in the pharmaceutical, food, perfume, printing, and paint and coating industries. These solvents have qualities that make them attractive for the paint and coating sector, among which we can quote their ability to evaporate quickly, their soft smell and their low toxicity.

Ethyl and butyl acetates are mainly produced from petrochemical sources. Their production processes currently used, involve the use of sulphuric acid or p--toluenesulfonic acid as catalysts. The use of these homogeneous catalysts makes the separation of the product and the catalyst difficult, produces equipment corrosion and generates waste related to their treatment.

In order to overcome these problems, the first objective of this work was to develop greener syntheses of acetates from alcohols that can be bio--based building blocks.

Thus, this chapter focuses on the study of the syntheses of ethyl and butyl acetates, in which the homogeneous catalyst is replaced by a heterogeneous one. Two synthetic routes were studied for each of the acetates: the first one using acetic acid and the second one using acetic anhydride, in the presence of ethanol and butanol for the production of ethyl acetate and butyl acetate, respectively.

In each of the syntheses, four ion exchange resins were tested. Kinetic and thermodynamic studies allowed the selection of the best resin. This chapter is divided into three parts. In the first part, the generalities related to the physicochemical properties of the acetates and their industrial productions are presented. To justify the substitution of homogeneous catalysts with ion exchange resins, the advantageous characteristics of the latter were also specified.

In the second part of the chapter, a complete study of the aforementioned syntheses is described.

This study allowed us to propose an interesting co--production process of acetates. Thanks to this innovative process, the purification of the studied molecules is facilitated and the production of waste and co--products avoided. This work resulted in a first scientific publication. This paper submitted to the "Green and Sustainable Chemistry" journal was accepted on the 14 th Avril 2018.

Here we present a different formatted version that contains the same information as the publication.

The third part of this chapter focuses on the evaluation of the performance of the synthesized solvents in two types of coating formulations: nitrocellulose lacquers and polyurethane varnishes.

Different properties were evaluated and the results were compared with those obtained from commercial formulations. This study was carried out jointly with two of the partners of the ECOBIOFOR project: TECNALIA (Technology Centre, Spain) and Industrias Químicas IRURENA (SME, SPAIN, experts in wood coatings).

Generalities: Transition between the petrochemical acetates to greener alternatives 2.2.1 Ethyl acetate: Properties, Applications and Industrial Production

Properties and applications

Ethyl acetate (CAS number: 141--78--6), also called ethyl ethanoate according to the IUPAC nomenclature, is an oxygenated, colourless organic ester, which has a slight characteristic fruit--like odour. Ethyl acetate is considered as a moderately polar solvent with a high volatility, low toxicity and non--hygroscopic character. It is classified in the category of lowest toxic solvent, called "preferred", in the Pfizer solvent guide. 200 This classification takes into account different criteria, such as the worker safety, carcinogenicity, mutagenicity, reprotoxicity, skin absorption/sensitization, odour and environmental and regulatory concerns. 104,136 Its physicochemical and toxicological properties are summarized in the following table ( Ethyl acetate has a wide variety of applications as a solvent and thanks to its low toxicity, it can replace some more toxic solvents that causes serious damage to human health and the environment.

Due to its sweet smell, it is widely used as a synthetic flavouring in the food industry. 229 It is also used as an ingredient in perfumes, inks and adhesives. 230 Besides, it is incorporated into nail polish removers, replacing acetone and thus avoiding the negative effects caused by its strong smell and by the dryness it provokes to the nails. 231 This acetate is also a common solvent used in extraction processes, such as the decaffeination process of coffee and tea. 232,233 It was efficient to replace hexane in the extraction of carotenoids. 234 Moreover, as ethyl acetate is classified in the list of solvents with the lowest toxic impact on health, according with FDA and the Pfizer solvent guide, 1,136 it is used in pharmaceutical syntheses (sertratiline as anti--depressant) 235 and extractions of bioactive compounds (phenolics and anthocyanins) 236 to replace ethyl ether and chlorinated solvents that are more toxic.

Ethyl acetate is widely used in the paint and coating industry, as it quickly evaporates due to its high vapour pressure (9.7 kPa at 20°C). In addition, thanks to its great solvent power, it is effective to dissolve nitrocellulose, cellulose ethers, natural and synthetic resins such as polyvinyl acetates, polyacrylates, polystyrene and alkyd resins, which makes it adequate for the preparation of nitrocellulose and cellulose acetate lacquers and for alkyd, acrylic, and polyurethane varnishes. 34,228 

Current industrial production processes

The worldwide production of ethyl acetate showed an increase of 80 % from 2004 to 2011 to reach more than 3 million tonnes. In 2012, a total world production of ethyl acetate of 3.12 million tonnes was reported and an annual increase of 4.5% until 2018 was predicted. 237 Nowadays, ethyl acetate is synthesized using petrochemical feedstocks. It is industrially produced through three different processes:

1. the Fischer esterification reaction of acetic acid 2. the Tishchenko reaction by combination of two acetaldehyde molecules 3. the addition of acetic acid to ethylene

The Fischer esterification reaction of acetic acid 2.2.1.2.a

The production of ethyl acetate by the Fischer reaction 238 consists in the esterification of the acetic acid with an excess of ethanol in the presence of a homogeneous catalyst, generally sulphuric acid or p--toluenesulfonic acid. This method is the principal production way of ethyl acetate in Western Europe (Scheme 1).

Scheme 1. Fischer esterification reaction for ethyl acetate synthesis

In this process, the homogeneous catalyst is added to the mixture of acetic acid and ethanol. The molar ratio acetic acid:sulphuric acid used in this reaction is 1:1.1. 239 As in the overall classic esterification reactions, the yield in ethyl acetate is only of 65% due to the equilibrium of the reaction. However, it can be shifted to the right if the water is constantly removed. 240 The reaction is thus carried out using an azeotropic distillation column; in this way, the reaction products can be distilled to be then collected in a decanter. They are subsequently conducted to a second distillation column. A ternary azeotropic mixture of ethyl acetate--water--ethanol consisting of 85% ethyl acetate is obtained. A third distillation needs to be carried out to finally obtain 95 % of ethyl acetate. 227,241,242 The treatment of aqueous effluents containing the acid catalyst can be carried out according to different neutralization techniques: by passing the acid wastes through limestone beds, by using lime slurries or by the addition of caustic soda or sodium carbonate. 243 Otherwise, for the recovery of the acid, a distillation is required but needs very high temperature as the boiling point of H 2 SO 4 is 337°C at atmospheric pressure. Under lower pressures (less than 20mm Hg), temperature can be reduced to 200°C. 244,245 It is clear that the treatment of homogeneous acid catalyst involves an additional cost or greater energy consumption to recover the acid.

Thus, the principal disadvantages of this process are: i) the use of sulphuric acid or p--toluenesulfonic acid as homogeneous catalyst, which requires corrosion resistant equipment and treatment of the aqueous waste, and ii) the production of a ternary azeotrope, ethyl acetate--water--ethanol (10.7--60.7--28.6 %mol), which needs energy--intensive processes, such as several stages of distillation, to purify ethyl acetate.

Tishchenko reaction of acetaldehyde 2.2.1.2.b

The Tishchenko method for the production of ethyl acetate has been developed in countries where the price of ethanol is high (making the Fischer process uncompetitive) or where acetaldehyde is produced in high amount quantities as in Japan and Germany. 246 In the Tishchenko reaction, two equivalents of acetaldehyde are used in the presence of an alkoxide base as catalyst (Scheme 2). The catalyst is prepared by dissolving aluminium ethoxide in an ethanol/ethyl acetate mixture.

Scheme 2. Tishchenko reaction for the ethyl acetate synthesis

As the Tishchenko reaction is highly exothermic, it needs to be carried out at --20 °C during 1h. Under those conditions, an acetaldehyde conversion of 98 % is reached with an ethyl acetate yield around 61 % and acetaldol (3--hydroxybutanal) as by--product. 246 Finally, the reaction mixture is distilled to obtain ethyl acetate with a purity of 99.8%. 185 Among the drawbacks of this production process, the main one is the use of acetaldehyde, which is considered as highly toxic, mutagenic and carcinogenic. 247 It is especially classified in the "group 1 carcinogen to humans" according to the International Agency of Research on Cancer (IARC). 248 Besides, the catalyst can be deactivated by the water produced from the dehydration of the by-product acetaldol (secondary reaction), generating a large amount of catalyst waste that requires to be treated. 246 Furthermore, it is important to consider the high--energy consumption due to the intensive cooling needed to carry out the reaction.

The addition of acetic acid to ethylene 2.2.1.2.c

Ethyl acetate can also be produced from ethylene and acetic acid. This method has been adopted by different industries. This is the case of BP Chemicals who has developed a new technology for the production of ethyl acetate: the Advanced Acetates by Direct Addition of acetic acid to ethylene (AVADA process). 249 In this AVADA process, ethyl acetate is produced by reaction of ethylene with acetic acid in the presence of water, using a silica--supported phosphotungstic heteropolyacid as catalyst (HPA, Schema 3). 250

Scheme 3. Reaction of the addition of acetic acid to ethylene for the synthesis of ethyl acetate

The use of a small amount of water (ranged from 1 to 10 %mol relative to the total quantity of ethylene and acetic acid) leads to the reduction of the amount of undesired by--products such as 2--butanone and acetaldehyde that can be formed during the reaction. The reaction is carried out at a temperature between 160 and 195°C and at a pressure between 1200 kPa and 1500 kPa. In the AVADA process, ethyl acetate is obtained with a purity of 99.9%.

The AVADA process was launched in 2001 at Hull, UK. This is the world largest ethyl acetate plant with a production capacity of 220,000 metric ton of EAc/year. In 2011, the AVADA process has produced the 56% of ethyl acetate in Europe. 251 This process is characterized by its high atom efficiency because there is no formation of co--products, if the amount of water and the conditions of temperature and pressure are adequately controlled. 252 The disadvantages of the process are principally the use of high temperature (until 195°C) and the catalyst deactivation, which can affect the quality of the product.

n--butyl acetate (BAc): properties, applications and industrial production

Properties and applications

n--butyl acetate (CAS number: 123--86--4; IUPAC systematic name: butyl ethanoate) is a colorless solvent with a fruity aroma. It is a very used organic solvent, miscible with other solvents such as alcohols, ketones, aldehydes, ethers, glycols, glycol ethers, aromatic hydrocarbons and aliphatic hydrocarbons. 253 The physicochemical and toxicological properties of n--butyl acetate are summarized in the following Table 11 n--butyl acetate is used as solvent in the food industry due to its sweet aroma. Also, it is widely employed in extractions in the pharmaceutical industry. The principal use of n--butyl acetate is in the paint and coating industry, where thanks to its versatility, it is usually employed to reduce the viscosity of formulation and to improve the film formation of coating films. Besides, it has a good solvent power that make it excellent to dissolve polymers, resins, oils and cellulose nitrate, which explains its main use in the preparation of coatings based on nitrocellulose and synthetic resins. 20

Current industrial production process

Butyl acetate is industrially synthesized only through the Fisher esterification reaction between glacial acetic acid and n--butanol, using concentrated sulfuric acid as homogeneous catalyst (Schema 4).

Scheme 4. Esterification reaction for the synthesis of n--butyl acetate

The synthesis of n--butyl acetate by esterification is an equilibrium--limited reversible reaction (around 65 % for the BAc yield). Butyl acetate is produced with a purity of 98 wt% after distillation steps. 254 255 This production process shows main drawbacks such as the complex process of butyl acetate purification because of the presence of multiple azeotropes and the separation of unreacted butanol to be recycled. Furthermore, low acetate yields are obtained due to water formation that limits the reaction.

As in the case of ethyl acetate, the homogeneous acid catalyst treatment consists in neutralization with a basic reagent (limestone beds, lime slurries, caustic soda or sodium carbonate). Then the generated aqueous effluents needs a subsequent treatment in a sewage treatment plant, increasing operational costs. 243 In order to overcome these problems, reactive distillation has become an interesting alternative and was described in some patents for butyl acetate production. For example, a patent described the reactive distillation by using an ion exchange resin packed in the distillation column. 254 In this process, the esterification reaction was performed in the reaction zone that is located in the middle of the column, while the separation of products was carried out in the lower and upper parts of the separation zone. Butyl acetate was obtained as the bottom product of the distillation with a purity of 95--99 wt%.

The production of butyl acetate using reactive distillation has been the subject of many simulations [256][257][258][259][260] and only a few cases of experimental studies due to the complexity of the process. 261-263

Strategy for the development of eco--compatible syntheses of ethyl and butyl acetates

As we have mentioned above, the current industrial processes for the production of ethyl and butyl acetates presents various disadvantages, principally related with the toxicity of the reactants, the use of homogeneous catalyst, high temperatures or pressures, and the requirement of several distillation steps for an efficient purification to separate the esters from the various azeotropes they formed.

Accordingly, it is necessary to develop syntheses that could be carried out under milder conditions and in the presence of heterogeneous catalyst to avoid the waste production and facilitate the purification of the products. The use of greener starting materials could also offer environment-friendly molecules that can substitute the corresponding fossil derivatives.

Ion exchange resins: a greener alternative to homogeneous catalyst in the syntheses of acetates

The currently running esterification processes for the syntheses of acetates involve the use of sulfuric acid or p--toluenesulfonic acid (PTSA) as catalysts. 264 However, the use of these homogeneous catalysts has many disadvantages, such as the complicated post--treatment procedures for catalyst separation and purification of the desired products and the equipment corrosion. These processes also generate a significant amount of waste resulting in a negative impact on the environment. 265 In order to avoid these problems due to the use of homogeneous catalysts, a possible alternative is their replacement by heterogeneous catalysts such as acidic ion exchange resins.

Structure of Ion exchange resins 2.2.3.1.a

An ion exchange material can be defined as an insoluble matrix containing labile ions capable of exchanging with the ions in the surrounding medium without major physical changes in its structure.

The catalysis by ion exchangers can be explained in terms of the catalytic activity of the exchanging ions, which can act as insoluble acids or bases. Reactions can be carried out in aqueous and non-aqueous solvent solutions. 266 In general, ion exchange resins consist of a base matrix made of polystyrene copolymers between which is a divinylbenzene cross--linker (DVB), that made them insoluble in aqueous and non--aqueous systems.

An important aspect in resins is the degree of cross--linking of the three--dimensional matrix, since the structure of the internal pores of the resins will depend on it and will affect the internal movement of the exchanging ions. 267 These resins are divided according to their structure into: i) gel resins, which are microporous structures that present a dense internal structure with no discrete pores, and ii) macroporous or macroreticular resins, which are porous multichannelled structures.

Gel type resins are three--dimensional polymeric structures that possess a homogeneous matrix without discontinuities. They have generally a content of DVB below 10 % and a pore size between 0.05 and 5 nm. The gel beads have negligible catalytic activity when they are totally dry.

Nevertheless, they have the ability to swell in the presence of solvents, creating spaces in their structure that facilitate the diffusion of the reactants. The swelling property of the resins is advantageous when used in reactions where water is produced, as the esterification reactions: water can be easily adsorbed by the resin provoking a greater swelling that results in an effective catalysis, in some cases better than with macroporous resins. 268,269 Macroporous resins, on the contrary to gel resins, have a multichannel structure with a content of DVB greater than 10 % and in which pore diameters are ranged from 0 to 200 nm. The three-dimensional matrix of the resins provides a higher surface allowing the exchange of larger ions, which enables their use with a wide variety of reactants and non--aqueous systems. Contrary to gel resins, macroporous resins are rather suitable in water--free reactions because it has been observed that water can compete with the reactant for the active sites, decreasing the rate of the reaction. 266 Macroporous resins can be used in reactions where water is a by--product. Nevertheless, water should be removed continuously from the reaction medium in order to avoid the decrease of the resin catalytic activity. Macroporous resins are rigid offering less fragility, which facilitates their removal from the systems and avoids the use of special handling care.

The differences between gel type resin and macroporous one are presented in Figure 20. Ion exchange resins can be classified depending on the type of the functional group grafted to them.

They can be strongly acidic, weakly acidic or strongly basic materials as shown in table 12.

Resin type Functional group

Strong acid cation Sulfonate --SO 3 --H + Weak acid cation Carboxylate --COO --H + Strong base anion Type 1: benzyltrimethylammonium Type 2: benzyldimethylethanolammonium The functional group determines whether cations or anions are exchanged, acting in a similar way to conventional acids and bases. 267 The styrene--divinylbenzene matrix can for example be treated with a sulfonating agent for the production of a strong acid cation--exchange resins or through the chloroethylation and amination for the production of anion--exchange resins. 272

--C 6 H 4 --CH 2 N + (CH 3 ) 3 --C 6 H 4 --CH 2 N + (CH 3 ) 2 (CH 2 CH 2 OH --)

Use and advantages of ion exchange resins 2.2.3.1.c

The use of an ion exchange resin as catalyst is an interesting alternative due to the multiple advantages it offers: 1) side reactions are minimized, 273 2) the separation of the catalyst from the reaction medium is easy by simple filtration, 274,275 3) the resin recycling is possible, 266,[276][277][278] 4) continuous reactions can be performed, 5) post--reaction treatments of the catalyst are not necessary reducing waste production, 279 and 6) special corrosion resistant equipment is not needed.

Due to these advantages, resins have been widely employed in reactions, such as esterification, ester hydrolysis, alcoholysis, acetal condensation and sugar inversions, where they have shown a catalytic behaviour similar to the soluble acids. 280 For example, the dehydration of tert--butanol was reported to be more effective when Dowex 50WX was used instead of p--toluenesulfonic acid (p--TSA). 281 The same was reported when Amberlyst 15 replaced p--TSA in the addition of alcohols to olefins. 282 Also, the etherification of ethylene and propylene glycols with isobutylene was enhanced when Amberlyst 15 were used instead of p--TSA. 283

Proposition of alternative syntheses for ethyl and butyl acetates

In order to develop greener syntheses of ethyl and butyl acetates in comparison with the current ones, we proposed in this work, to replace the homogeneous acid catalyst by heterogeneous ion exchange resins that, as stated above, have several advantages summarized in Table 13. This operation will meet the 1 st (waste prevention), 3 rd (use of less hazardous chemicals) and 12 th (safer chemicals) principles of the green chemistry proposed by Anastas and Warner. 102,226 

Current production process

Alternative proposal • Catalyst: acid sulphuric or p--toluenesulfonic acid For this study, four resins have been selected to be tested as catalysts in the acetates syntheses: Amberlyst 15 (A15), Amberlyst 16 (A16), Amberlyst 36 (A36) as macroporous resins and Dowex 50WX8 (D50) as a gel--type resin.

For the production of ethyl acetate, two synthetic chemical pathways have been studied. The first one uses acetic acid and ethanol (which can be bio--sourced), as starting materials in the presence of an acidic resin (Scheme 5).

Scheme 5. Synthesis of ethyl acetate starting from ethanol and acetic acid.

The second method uses acetic anhydride instead of acetic acid (Scheme 6).

Scheme 6. Synthesis of ethyl acetate from ethanol and acetic anhydride

For the production of n--butyl acetate, the same methodology was applied replacing ethanol by butanol (Schemes 7 and8). Then, an innovative process of coproduction of ethyl and butyl acetates was developed, as it is described in the paper below.

A novel process using ion exchange resins for the coproduction of ethyl and butyl acetates

Nydia Ileana Guzman Barrera, Cécile Bories a , Jérôme Peydecastain, Caroline Sablayrolles, Emeline Vedrenne, Carlos Vaca--Garcia, Sophie Thiebaud--Roux Laboratoire de Chimie Agro--industrielle (LCA), Université de Toulouse, INRA, INPT, Toulouse, 31030, France This paper has been accepted in Green and Sustainable Chemistry ABSTRACT: Before proposing an innovative process for the coproduction of ethyl and butyl acetates, the individual syntheses of ethyl acetate and butyl acetate by two different routes were first studied.

These syntheses involved the reaction of ethanol or n--butanol with acetic acid or acetic anhydride in the presence of ion exchange resins: Amberlyst 15, Amberlyst 16, Amberlyst 36 and Dowex 50WX8.

Kinetic and thermodynamic studies were performed with all resins. The lowest activation energy (E a ) value was obtained with Dowex 50WX8, which was identified as the best--performing resin, able to be reused at least in four runs without regeneration.

The presence of water--azeotropes during the synthesis of ethyl acetate makes its purification difficult. A new strategy was adopted here, involving the use of ethanol and acetic anhydride as the starting material. In order to minimize acetic acid as co--product of this reaction, a novel two--step process for the coproduction of ethyl and butyl acetates was developed. The first step involves the production of ethyl acetate and its purification. Butyl acetate was produced in the second step: n-butanol was added to the mixture of acetic acid and the resin remaining after the first--step distillation. This process yields ethyl acetate and butyl acetate at high purity and shows an environmental benefit over the independent syntheses by green metrics calculation and life cycle assessment.
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Introduction

Ethyl acetate (EAc) and butyl acetate (BAc) are among the solvents most frequently used in the coating, adhesive, ink and cosmetic industries 227 . They are conventionally produced by the esterification of acetic acid (AcOH) with excess alcohol (ethanol (EtOH) and n--butanol (BuOH), respectively) in the presence of homogeneous acid catalysts. Strong liquid mineral acids, such as sulfuric acid, p--toluenesulfonic acid (PTSA) and hydrochloric acid, are the most effective catalysts for achieving high esterification yields. 264,284,285 However, these processes require the use of alkaline salt solutions for catalyst neutralization, resulting in the generation of aqueous waste 265 .

The use of ion--exchange resins bearing sulfonic acid (--SO 3 H) groups as heterogeneous catalysts in esterification reactions is well documented. [286][287][288][289][290][291][292] These resins generally give results similar to those obtained with homogeneous acid catalysts. 280 The use of a heterogeneous ion exchange resin as a catalyst is advantageous in a number of ways. In particular, by contrast to processes involving the use of homogeneous acid catalysts, there is no need to neutralize the medium. This limits waste production 279 . Side reactions are also limited, resulting in higher reaction yield and higher product purity. 273 The resin is easy to remove from the reaction medium by filtration or decantation. 274,275 The recovered resin can be reused without regeneration, but can also be regenerated for further use. 266,[276][277][278] Esterification reactions are known to be equilibrium--limited. The equilibrium is often shifted by adding an excess of one of the reactants or by removing one of the products (i.e. water) during the reaction (Le Chatelier's principle). However, the presence of azeotropes makes purification more difficult, due to the need for energy--intensive processes. Ethyl acetate is generally purified by rectification, in several distillation steps. However, each step reduces the yield and additional recycling is required. It can also be extracted through extractive distillation with an agent containing DMSO, 255 polyethylene glycol or dipropylene glycol 293 or using ionic liquids (ILs). 294,295 More recently, pressure--swing distillation has been explored. [296][297][298] Reactive distillation (RD) has also been studied as a method for producing this ester, to avoid azeotropic limitation and to increase yield and purity. 256,[299][300][301][302][303][304] In this study, a novel coproduction process for ethyl acetate and butyl acetate was studied, with the aim of rendering the syntheses of these two molecules greener and easier to perform in terms of ester purification. Firstly, we studied the individual syntheses of ethyl acetate and butyl acetate by two different routes, using acetic acid or acetic anhydride with the corresponding alcohols (ethanol or n--butanol). Four ion exchange resins were compared: Amberlyst 15 (A15), Amberlyst 16 (A16), Amberlyst 36 (A36) and Dowex 50WX8 (D50). Kinetic studies were performed for all reactions, for both syntheses and routes, to ensure the selection of the best resin for the coproduction process.

The recycling of the most effective resin was also evaluated by studying its activity over several production cycles.

The coproduction of ethyl and butyl acetates has already been reported by Tian and coworkers. 256,257 They studied the feasibility of coproduction with the Aspen Plus® simulation tool and then checked the simulated model experimentally. However, the process described requires two reactive distillation columns: one for the synthesis of ethyl acetate and the other for butyl acetate.

The coproduction process proposed here consists of two steps. The first consists of the production of ethyl acetate from ethanol and acetic anhydride in the presence of the ion exchange resin selected in preliminary studies of the catalytic effects of resins on the separate syntheses of the two acetates. In this synthetic route, acetic acid is produced, and water formation is limited, making it possible to purify ethyl acetate by simple distillation. In the second step, n--butanol is added to the residual mixture of acetic acid and resin remaining after distillation to purify the product of the first esterification. Finally, the butyl acetate obtained is purified by distilling the heteroazeotrope formed after the addition of a selective entrainer facilitating the liquid/liquid separation of water in the decanter.

Experimental methods

Chemicals

Ethanol, n--butanol, acetic anhydride, acetic acid, cyclohexane and methyl isobutyl ketone, all analytical grade, were purchased from Sigma Aldrich Co. (France).

Catalyst

Heterogeneous ion exchange resins: Amberlyst 15, Amberlyst 16, Amberlyst 36 and Dowex 50WX8 were supplied by Sigma Aldrich Co. (France). They were used as catalysts for the esterification reactions, after washing in water, filtration and drying to constant weight in an oven at 50°C to eliminate any moisture.

Synthesis of ethyl acetate (EAc): Selection of catalyst and reaction conditions

In a typical run, a mixture of 0.20 g ethanol (4.4 mmol, 1 equiv.) and 0.26 g acetic acid (4.4 mmol, 1 equiv.) was stirred at 80°C in the presence of the resin (5% w/w relative to ethanol). The reaction was also carried out with 0.25 g ethanol (5.4 mmol, 1 equiv.) and 0.28 g acetic anhydride (2.7 mmol, 0.5 equiv.) or 0.56 g acetic anhydride (5.5 mmol, 1 equiv.). The ethyl acetate obtained was then purified by simple distillation.

Synthesis of butyl acetate (BAc)

Butyl acetate was produced in a 2 L jacketed glass reactor equipped with a Dean--Stark apparatus. A solution of 800 g n--butanol (10.8 mol, 1 equiv.), 648 g acetic acid (10.8 mol, 1 equiv.) and 80 mL cyclohexane (as an entrainer, to remove water from the reaction medium) was stirred in the presence of the resin (5% w/w relative to n--butanol) at 105°C for 4 h. The cyclohexane was then removed from the reaction mixture by distillation. The butyl acetate was recovered by filtration of the resin.

Coproduction of ethyl acetate and butyl acetate

A mixture of 400 g ethanol (8.7 mol, 1 equiv.) and 889 g acetic anhydride (8.7 mol, 1 equiv.) was stirred in the presence of the resin (5% w/w relative to ethanol) in a 2 L jacketed glass reactor at room temperature for 4 h. The ethyl acetate formed was then distilled off from the reaction medium. We then added 400 g n--butanol (5.4 mol, 1 equiv.) and 45 mL cyclohexane (5% v/v relative to the reaction mixture) to the reactor containing the remaining acetic acid and resin mixture. The reactor was equipped with a Dean--Stark apparatus (to remove water from the reaction medium).

The resulting medium was stirred at 105°C for 4 h. At the end of the reaction, cyclohexane was removed by simple distillation and the butyl acetate was recovered after catalyst filtration.

Analysis methods

The reaction products were analyzed with a gas chromatograph (VARIAN 3600) equipped with a flame ionization detector. A DB--624 column (AGILENT, 0.25 mm x 30 m, df = 1.4 µm) was used for the analyses. The oven temperature was maintained at 50°C for 2 min, then gradually increased to 100°C at a rate of 5°C/min and then to 190°C at a rate of 25°C/min. The temperature of the detector and the injector was fixed at 300°C. The injection volume of samples was 1 µL, with a 1:100 split. Methyl isobutyl ketone (MIBK) was used as the internal standard. Water content was determined by Karl Fisher titration (SCHOTT Titroline).

Statistical analyses

Statistical analyses were performed with Minitab 16 software. Data were analyzed by analysis of variance (ANOVA) and with Tukey's test, with an alpha risk of 0.05 (p<0.05).

Results and discussion

Study of the synthesis of ethyl acetate with different ion exchange resins

Synthesis of ethyl acetate starting from ethanol and acetic acid 2.3.3.1.a

The main industrial process for ethyl acetate (EAc) production involves the esterification of acetic acid (AcOH) with ethanol (EtOH) in the presence of a homogeneous catalyst, generally sulfuric acid.

We decided to circumvent the problems relating to the use of homogeneous catalysts, such waste production and separation, and to use a greener approach. We therefore replaced the acid catalyst with a heterogeneous ion exchange resin.

Experiments were carried out with different ion exchange resins, to evaluate the efficiency of conversion of ethanol and n--butanol into ethyl acetate and n--butyl acetate (BAc), respectively. Four ion exchange resins were used: Amberlyst 15 (A15), Amberlyst 16 (A16), Amberlyst 36 (A36) and Dowex 50WX8 (D50). The beads of these resins consist of styrene--divinylbenzene copolymers. A15, A16 and A36 are macroporous resins with multichannel structures, whereas Dowex 50WX8 is a gel resin. The properties of these resins are presented in Table 14. The capacity of each resin was determined in terms of exchangeable counterions per unit dry weight, with a 0.2 M solution of NaOH. Ion exchange capacity is expressed in milliequivalents per gram of resin. The highest resin capacity was obtained with Amberlyst 16 (Table 14). The other resins had similar capacities.

We therefore began by studying the synthesis of ethyl acetate starting from ethanol and acetic acid in a 1:1 molar ratio (Eq. II--1), replacing the homogeneous catalyst with each of the ion exchange resins described in Table 14.

CH ! COOH + CH ! CH ! OH ⇌ CH ! COOCH ! CH ! + H ! O Eq. II--1
The reactions were carried out at 80°C and the final composition of the reaction medium was analysed by gas chromatography. The changes in the ethanol, acetic acid and ethyl acetate contents of the reaction medium are reported in Figure 21. Equilibrium was reached more rapidly with Dowex 50WX8than with the macroporous resins A15, A16 and A36 (90 mins versus 180 minutes). These results are consistent with the report from Lee et al. of a greater efficiency for the gel--type Dowex 50WX8 than for the macroreticular resin Amberlyst 15 in the esterification of acetic acid and amyl alcohol. 268 Similarly, better conversion of 2--propanol with acetic acid was obtained with a gel--type resin (Dowex 50) than with a macroreticular catalyst (Ali et al.). The authors suggested that the water formed during the reaction affects gel--type and macroreticular catalysts in different ways, decreasing the activity of macroreticular, but not gel--type catalysts. 290 Indeed, water influences the swelling of Dowex 50WX8, enhancing the exposure of its acid sites and, thus, its activity. 285,287 By contrast, greater cross--linking, as in macromolecular resins, such as Amberlyst 15, decreases water absorption, 305 limiting mass transfer within the polymer beads. Gel--type resins have thus been recommended for reactions in which water is one of the products. 266 The conversion of ethanol and the yield of ethyl acetate were then determined at equilibrium (Table 15). Similar results were obtained for all the resins tested. The low ethanol conversion can be attributed to the formation of water, which shifts the equilibrium toward the reactants, thereby limiting ethyl acetate production.

Ion exchange resins

Conversion of ethanol (%)

Yield of EAc (%) 

Effect of reaction temperature 2.3.3.1.b

The effect of temperature on ethanol conversion was assessed by setting the temperature to 90, 80, 65, 50 and 40°C. The ethanol conversion plots as a function of reaction temperature are presented in Figure 22. Similar profiles were obtained with all the resins tested (data shown only for Dowex 50WX8). The reaction rate increased with temperature. For the esterification of ethanol and acetic acid, reaction equilibrium was reached after 60 minutes at 90°C, but after 5 h at 50°C. The effect of temperature on the reaction rate was investigated by setting the temperature to 40, 50, 65 and 80°C. The molar ratio of ethanol and acetic acid was kept at 1:1, with a catalyst loading of 5% dry w/w relative to ethanol. Assuming that the esterification reaction is a second--order reaction, the apparent activation energy (E a ) was determined for all resins, by applying the Arrhenius equation to the early part of the reaction. The k value was calculated by plotting ln [EtOH] against time. The k value was obtained from the slope of the tangent to the curve at the origin, which was calculated from the second--degree polynomial equation (Figure 23). The activation energy (E a ) was higher for the macroporous resins: it was highest for Amberlyst 15 (40.9 kJ••mol --1 ), followed by Amberlyst 36 (35.5 kJ••mol --1 ) and Amberlyst 16 (30.1 kJ••mol --1 ). The lowest value obtained was that for Dowex 50WX8: 28.3 kJ••mol --1 . These values are considerably lower than published values for this reaction catalysed with 5% sulphuric acid (65.6 kJ••mol --1 ) 306 or 0.38 wt% H 2 SO 4 (57 kJ••mol --1 ). 307 Higher E a values have also been reported for various macroporous resins as catalysts of the esterification of acetic acid and alcohols, such as methanol (SAC 13: 51.8 kJ/mol, 285 Indion 30: 38.13 kJ••mol --1 , 276 A15: 58.5 kJ••mol --1 ); 308 isobutanol (Amberlite IR120: 49 kJ••mol --1 ), 273 isoamyl alcohol (Purolite CT175: 47 kJ••mol --1 ) 288 and amyl alcohol (Dowex 50WX8: 47.9 kJ••mol --1 ). 268 Our results confirm that Dowex 50WX8 catalyses the esterification of ethanol and acetic acid more efficiently than the macromolecular resins A36, A16 and A15. This higher efficiency can be attributed to greater accessibility of the active sites to reagents, thanks to the swelling and low levels of cross-linking (8% divinylbenzene) of the resin.

Synthesis of ethyl acetate starting from ethanol and acetic anhydride 2.3.3.1.c

We tried to increase reaction yield and to shift the equilibrium towards ester formation, by testing the resins in another synthetic route, starting from ethanol and acetic anhydride (Eq. II--2)

(CH ! CO) ! O + 2CH ! CH ! OH ⇌ 2CH ! COOCH ! CH ! + H ! O (Eq. II--2)
There are fewer published descriptions of the synthesis of esters from an anhydride. Kolena et al. patented a method for synthesizing ethyl acetate by reactive distillation, using a mixture of acetic acid and acetic anhydride. 309 The synthesis of methyl acetate by this route has also been reported. 310,311 This reaction has the advantage of decreasing water formation due to the reaction stoichiometry and partial consumption for the hydrolysis of acetic anhydride into acetic acid.

The esterification reaction starting from ethanol and acetic anhydride (Eq. II--2) is best summarized by the following steps:

(CH ! CO) ! O + CH ! CH ! OH ⇌ CH ! COOCH ! CH ! + CH ! COOH (Eq. II--2.1) CH ! COOH + CH ! CH ! OH ⇌ CH ! COOCH ! CH ! + H ! O (Eq. II--2.2) (CH ! CO) ! O + H ! O ⇌ 2CH ! COOH (Eq. II--2.3)
We checked our findings suggesting a greater efficiency of Dowex 50WX8, by testing all the resins for catalysis of the esterification of acetic anhydride with ethanol. The reactions were carried out with an ethanol:acetic anhydride molar ratio of 2:1, at 80°C, with A 15, A16, A36 or Dowex 50WX8 as the catalyst. The course of the reactions was followed over a period of 180 min (Figure 24). The equilibrium of the reaction was reached more rapidly if acetic anhydride was used in place of acetic acid. For the macroporous resins A15, A16 and A36, equilibrium was reached after 90 min with acetic anhydride, and 180 min with acetic acid (Figure 24). The reaction performed with acetic anhydride in the presence of Dowex 50WX8 was also slightly faster, reaching equilibrium at 60 min, versus 90 min with acetic acid (Figure 21 vs 24).

The ethanol conversion and the yield of ethyl acetate were determined by GC and similar values were obtained for all four resins at equilibrium. Higher conversion and yields were obtained for reactions starting from acetic anhydride rather than acetic acid (10% increase in conversion; Table 15 vs 16). This may be due to the smaller amount of water in the medium (from 34 to 20%mol, with acetic acid and acetic anhydride, respectively) due to its consumption in the hydrolysis of acetic anhydride into acetic acid, as described in equation 2.1--2.3, shifting the equilibrium to the right.

Ion exchange resin

Conversion of ethanol (%)

Yield of EAc (%) Based on these kinetic results, Dowex 50WX8 was considered to be the most efficient acidic ion exchange resin for the rapid production of high yields of ethyl acetate. Higher ethanol conversion and reaction yields were also obtained for the reaction starting from ethanol and acetic anhydride.

We therefore decided to use these reactants as the starting materials, with Dowex 50WX8 as the catalyst, in subsequent studies.

Evaluation of Dowex 50WX8: catalyst loading and reusability 2.3.3.1.d

The influence of catalyst loading on the ethyl acetate yield obtained at equilibrium was evaluated with a 2:1 molar ratio of ethanol:acetic anhydride. The reaction was carried out at 80°C for 4 h, with a catalyst loading of 2.5%, 5% and 10% dry weight relative to the weight of ethanol. Ethyl acetate yield increased with resin loading (Figure 25). Nevertheless, for confirmation of the positive effect of the increase in catalyst loading on ethyl acetate yield, an analysis of variance (ANOVA) was performed. Ethyl acetate yield differed significantly between resin loadings (α=0.05, p=0.041).

Nevertheless, a Tukey test showed that there was no significant difference between catalyst loadings of 5% and 10%. We therefore considered a catalyst loading of 5% to be sufficient to obtain the maximum yield of ethyl acetate.

Figure 25. Evaluation of the effect of catalyst loading on EAc yield

The reusability of Dowex 50WX8 was then assessed by evaluating ethyl acetate yield after several recycling runs (Figure 26). The test was performed with the same catalyst for four consecutive runs, under the same conditions; the catalyst was filtered and washed with water between runs. The analysis of variance (ANOVA) showed that there was no significant difference in ethyl acetate yield between the runs on reused resin (α=0.05, p=0.073). The catalyst is thus reusable and resin reactivation is not required, at least in these conditions. 

Purification of ethyl acetate 2.3.3.1.e

In the ethyl acetate reaction system, there are three binary azeotropes and one ternary azeotrope.

As the boiling point of the pure components (ethyl acetate 77.2°C, ethanol 78.3°C, water 100°C, acetic acid 118°C) and the azeotropes they form are very similar, it is difficult to achieve efficient purification by distillation. The composition and boiling points of the azeotropes are shown in Table 17.

Azeotropes

Boiling The use of extractive methods for ethyl acetate purification is also limited because this compound forms azeotropes with conventional solvents used for water removal, such as benzene (bp=102.45°C), cyclohexene (bp=100.87°C), cyclohexane (bp=102.45°C), 1--hexene (bp=91.47°C) and hexane (bp=101.32°C). 313 The yield and purity of ethyl acetate (limitation of water formation) can be improved by reactive distillation (RD), to shift the chemical equilibrium and overcome azeotropic limitations. 300,314,315 Pervaporation (PV) has been proposed for the separation of azeotropes or the dehydration of organic compounds. 301,316,317 Hybrid processes, combining pervaporation with other separation techniques, for example, have also been described, 301,318,319 but these techniques involve a complex analysis of the configuration of the columns and require special equipment. We therefore developed an alternative strategy for improving yield and facilitating ethyl acetate purification with conventional laboratory equipment (Section 2.3.3.3).

Study of the synthesis of n--butyl acetate with various ion exchange resins

Synthesis of butyl acetate starting from n--butanol and acetic acid 2.3.3.2.a

After studying the synthesis of ethyl acetate, we decided to evaluate Dowex 50WX8 as a catalyst for the production of butyl acetate (BAc). The synthesis of butyl acetate starting from a 1:1 molar ratio of n--butanol and acetic acid (Eq. II--3) was first studied, with each of the four ion exchange resins tested for ethyl acetate synthesis as the catalyst (A15, A16, A36 and D50).

CH ! (CH ! ) ! OH + CH ! COOH ⇌ CH ! COO(CH ! ) ! CH ! + H ! O (Eq. II--3)
The reactions were performed at 100°C, and changes in the composition of the reaction medium were followed for 4 h (Figure 27). Equilibrium was reached after about 50 minutes with Dowex 50WX8. A similar profile was obtained with A16, whereas it took 100 minutes to reach equilibrium with A15 and A36.

The n--butanol conversion and the yield in n--butyl acetate were determined at equilibrium, by GC analyses (Table 18).

Ion exchange resins

Butanol conversion (%)

Yield of BAc (%) The n--butanol conversion and the yield of BAc were similar for all four resins. As for ethyl acetate, the low conversion was attributed to the formation of water, shifting the equilibrium towards the reactant side.

Effect of reaction temperature 2.3.3.2.b

The effect of temperature on the conversion of n--butanol and the esterification of butanol and acetic acid was also studied, by setting the temperature at 100°C, 80°C, 70°C, 60°C and 50°C. Butanol conversion was plotted as a function of temperature (Figure 28). The reaction rate increased with increasing temperature, with the fastest conversion of butanol observed at 100°C. Equilibrium was reached after about 80--100 min at this temperature, whereas it took 180 minutes at 60°C. 

Synthesis of butyl acetate starting from n--butanol and acetic anhydride 2.3.3.2.c

Following the same route as for ethyl acetate, and to increase butyl acetate yield, n--butanol and acetic anhydride were used as the starting reactants, at a molar ratio of 2:1.

2CH ! (CH ! ) ! OH + (CH ! CO) ! O ⇌ 2CH ! COO(CH ! ) ! CH ! + H ! O (Eq. II--4)
The reactions were carried out in the same conditions as for acetic acid: 100°C, for 4 h, with a catalyst loading of 5% w/w relative to butanol. The changes in n--butanol, acetic acid and butyl acetate content were plotted over time (Figure 29). Equilibrium was reached more rapidly with Dowex 50WX8 (10 min) than with the other resins. For the macroporous resins A15, A16 and A36, butyl acetate content reached a maximum after 50 min.

These results are consistent with those for ethyl acetate production, for which Dowex also had the most rapid kinetics.

Butanol conversion and butyl acetate yield increased by 10% (from 70% to 80%) when acetic acid was replaced with acetic anhydride (Table 18 &19). Water content was reduced from 30% to 15% if acetic anhydride was used as the starting material. This decrease in the water content of the reaction medium displaced the equilibrium to the right, enhancing butyl acetate production. The best results were obtained with n--butanol and acetic anhydride as the starting materials, and Dowex 50WX8 as catalyst.

Resin

Purification of butyl acetate 2.3.3.2.d

In the synthesis of butyl acetate (bp=126.1°C) from n--butanol (bp=117.7°C) and acetic acid (bp=118.1°C), three binary azeotropes and one ternary azeotrope are present (Table 20). 313,[START_REF] Bories | Litres of each solvent : Production of WP3 bio-based solvents[END_REF] 

Azeotrope

Boiling determined by Karl Fisher titration. SD: ±2.

After separation, n--butyl acetate was obtained at a purity of 97.4%, with only very small amounts of n--butanol and acetic acid that did not react and a small amount of residual water in the mixture.

Butanol conversion was increased from 70 to 99% by removing water during the reaction but the yield of butyl acetate increased by only 10% (from 66% to 76%; table 18 vs. 21). A larger increase might have been expected given the improvement in conversion. This relatively low yield after distillation, even with the removal of water, may be due to the double distillation required to remove first water, and then cyclohexane from the medium.

The purity of the butyl acetate obtained was further increased by removing the 1.1% of water remaining in the medium by adding molecular sieves (3A) in distilled BAc. The water content measured 24 hours later was 0.002% (Karl Fisher titration).

These studies of the esterification of ethanol or butanol with acetic acid or acetic anhydride show that alcohol conversion and reaction yields are higher if acetic anhydride is used (rather than acetic acid), but the use of this starting material leads to the generation of acetic acid as waste. Thus, to meet the requirements of a circular economy, we decided to use co--product of the reaction in a second esterification, as described below.

Coproduction of ethyl acetate and n--butyl acetate

As previously stated, ethyl acetate is difficult to purify due to the formation of azeotropes with water. Thus, to facilitate the purification of ethyl acetate and to avoid the production of waste when acetic anhydride is used as a reactant (instead of acetic acid), an acetate coproduction strategy was adopted (Scheme 9):

Scheme 9. Coproduction of ethyl acetate and n--butyl acetate

In the first step, the esterification of ethanol and acetic anhydride at an equimolar ratio generates ethyl acetate and acetic acid in the presence of the ion exchange resin Dowex 50WX8. Ethyl acetate is easily removed from the reaction mixture by simple distillation.

The second step involves a second esterification reaction between the acetic acid generated in the first reaction and n--butanol, which is added to the reactor to produce butyl acetate (Figure 30). 

First step: synthesis of ethyl acetate and production of acetic acid 2.3.3.3.a

In the synthesis of ethyl acetate from ethanol and acetic anhydride (molar ratio of 1:1), acetic acid is also produced (Scheme 10). The reaction is exothermic and no heating is required. As shown in table 22, water content was reduced from 20 to 3% (molar percentage) by using an equimolar ratio of acetic anhydride and ethanol (Table 16 vs 22). The stoichiometry of the reaction is consistent with a total absence of water formation, but the presence of this small amount of water can be explained by a slower competitive esterification between the acetic acid generated in the first reaction and the remaining ethanol (Scheme 10). The water generated in this way can also be consumed in the hydrolysis of acetic anhydride to generate acetic acid, with the release of heat. The use of an equimolar ratio of ethanol and acetic anhydride thus gave very high yields of ethyl acetate (98%) and a high ethanol conversion (99.4%) at the end of the reaction (Table 22).

The low water content of the crude mixture facilitates the purification of ethyl acetate. Simple distillation yields a mixture composed principally of ethyl acetate and small amounts of acetic acid and water ( 

Second step: synthesis of n--butyl acetate 2.3.3.3.b

From the reaction of ethanol and acetic anhydride at a molar ratio of 1:1, a mixture of acetic acid and ethyl acetate (77.5% and 22.5% w/w, respectively) remains in the reactor in large amounts, together with the resin, after the removal, by distillation, of most of the ethyl acetate. With a view to preventing waste and recycling this mixture, we propose the addition of n--butanol to the reactor for a second esterification reaction to produce n--butyl acetate (Scheme 11).

Scheme 11. Coproduction of ethyl acetate and butyl acetate

The use of the acetic acid/ethyl acetate mixture generated by the first esterification had no influence on the synthesis of butyl acetate. As in the individual synthesis of this molecule, the reaction was carried out with a Dean Stark apparatus and the addition to the mixture of a small amount of cyclohexane to remove water from the reaction. Similar butanol conversion was obtained for both the individual and coproduction syntheses (99% and 94%, respectively). After the purification of butyl acetate, a mixture consisting principally of butyl acetate was obtained (97.1% w/w). Traces of acetic acid, butanol, ethyl acetate and water were detected (Table 23). The proposed novel coproduction process is an interesting way to produce ethyl acetate and butyl acetate, as it generates no waste, and all the reactants are consumed in the reaction, resulting in high yields of the desired esters. Recycling of the resin is also possible.

Conclusions

We propose here a sustainable and innovative process for the coproduction of ethyl acetate and butyl acetate that respects the principles of green chemistry. Ion exchange resins were used to replace homogeneous catalysts, to reduce waste generation. The gel--type resin Dowex 50WX8 outperformed the other macroporous resins tested, for the production of ethyl and butyl acetates.

The first step in the coproduction process was the synthesis of EAc from ethanol and acetic anhydride at a 1:1 molar ratio. This reaction produces EAc and acetic acid and decreases water production, thereby facilitating the purification of ethyl acetate. In the second step, the acetic acid generated by the first reaction is used as a starting material for a second esterification to produce butyl acetate.

This innovative process prevents waste, facilitates the purification of the desired acetates and reuses by--products and the catalyst.

Characterization of the synthesized ethyl and butyl acetates

Ethyl acetate and butyl acetate were synthesized using the developed co--production process (previously described in §2.3.3.3. Ethyl acetate was manufactured using bio--ethanol provided by the Spanish company ABENGOA. Butyl acetate was produced from conventional butanol since none of the companies declaring its bio--based production were in a position to provide it.

These esters were subsequently purified in order to meet two criteria (mentioned below) required for the coating preparation. Then, they were characterized to verify that they can be used as solvents in paint and coating formulations.

Solvent specifications for its use in paint and coating formulations: problem solving due to the presence of water and acetic acid

Before carrying out the characterization of the synthesized acetates, some considerations related to the water and acetic acid contents had to be taken into account. The presence of these molecules can indeed be a problem in the paint and coating formulations:

• Regarding the presence of water, it can reduce the transparency and gloss in paints, lacquers and varnishes, and can also react with some components of coatings such as the isocyanates (used in the preparation of hardeners in polyurethane systems), involving the presence of solid in the hardener formulation. Indeed, isocyanate groups react with water producing primary amines that crosslink with the isocyanate excess forming symmetric urea, which in turn can react with isocyanate, producing isocyanate--biuret 322,323 (white solid; Scheme 12).

Scheme 12. Side reactions provoked by water

323,324

Therefore, maximum water residual content of 0.5 % is tolerated in solvent--borne formulations, according with our project partner Industrias Quimicas IRURENA (SME from SPAIN, experts in wood coatings).

• The presence of acetic acid (AcOH) in the solvents could cause instability in urethane and epoxy--amine coating--systems. 325 Indeed, the acetic acid can diffuse into the film and forms ammonium acetate salts with the amine groups. This hydrophilic salt increase the solubility of water in the film, increasing thus water permeability and making the film more sensible to damages. 326 Besides, acetic acid can react with pigments provoking color modifications. 22 Considering the problems that water and acetic acid can cause in paint and coating formulations, we decided then to neutralize the acetic acid from the solvents using potassium hydroxide, in equimolar amount respect to the acid. Thus, there was no more acetic acid in the solvent (Table 24).

In addition, we used molecular sieves 3A (20 %w/v In the case of BAc, the addition of potassium hydroxide used for the acetic acid neutralization slightly hydrolysed the butyl acetate, increasing of the BuOH content (Table 25 and26 The addition of KOH and the molecular sieves to the synthesized acetates was thus a successfully strategy to make the solvents purer thanks to the elimination of acetic acid and water from them. In this way the solvents achieve the requirements for their use in paint and coating formulations.

Physicochemical characterization of the "purified" acetates

Once the synthesized acetates were "purified" by removing water and acetic acid, the physicochemical characterizations were determined and compared with those of the commercial fossil--based versions of these esters in order to check if these molecules produced according to a greener pathway can be used in paint and coating formulations without properties change.

Structural analyses of 1 H NMR and FTIR were thus carried out and the Hansen solubility parameters were determined.

Nuclear Magnetic Resonance (NMR) analyses

The nuclear magnetic resonance spectra of the "purified" acetates (obtained from the individual syntheses and the co--production process after neutralization and drying) were acquired with a FOURIER 300 spectrometer from BRUKER CORPORATION (300 MHz). The temperature probes were set at 300°C. Samples were dissolved in deuterated chloroform (CDCl 3 ). Standard pulse sequences were used for 1 H. The multiplicity of signals is denoted by singlet (s), doublet (d), triplet (t), quadruplet (q) and multiplet (m).

• Ethyl acetate (EAc):

In the case of ethyl acetate, only the characteristic signals of this ester are observed, confirming its high purity determined by GC analysis (99.93 %w/w).

1 H NMR (300 MHz, CDCl 3 ): δ = 4.10 (q, J = 7.1 Hz, 2H, CH 2 CH 3 ), 2.02 (s, 3H, CH 3 CO), 1.24 (t, J = 7.1 Hz, 3H, CH 2 CH 3 ).

• n--Butyl acetate individual synthesis (BAc):

In the NMR analysis of the butyl acetate produced in the individual synthesis, only the characteristic signals of BAc are observed. The amount of butanol (1.1 %w/w determined by GC analysis) present in the sample is too small to be observed on the NMR spectrum. ).

• n--Butyl acetate (Bac) of the coproduction process:

In the NMR analysis of butyl acetate obtained from the coproduction process, the characteristic signals of butyl acetate are observed, as well as those of butanol since its concentration is higher (5.5 %w/w) than in the BAc produced individually (1.1 %w/w). 

Infrared (FTIR) analysis

Infrared spectra of the ethyl acetate and n--butyl acetate prepared from the individual syntheses and the co--production process were obtained with a spectrophotometer Spectrum 65 (PERKIN ELMER), used in ATR mode (Attenuated Total Reflection) with a spectral range of the wavenumber between 700 and 4000 cm --1 and a resolution of 2 cm --1 .

• Ethyl acetate:

In the FTIR spectrum of ethyl acetate, only the characteristic bands of the ester (corresponding to • Butyl acetate (BAc) from the individual synthesis and the coproduction process:

The FTIR spectra of butyl acetate from the individual synthesis and the co--production show the characteristic vibration bands of ester and alkyl groups. However, the O--H band due to the presence of butanol is only observed in the IR spectrum of BAc from the coproduction, as its amount is higher than in the BAc from the individual synthesis (0.8 % w/w vs 5.5 %w/w).

These results are consistent with the NMR analyses. The main IR bands for both BAc from individual and co--production are shown in table 28.

Characteristic IR bands BAc (individual) BAc (co--production) Wavenumber (cm 

Experimental determination of Hansen solubility parameters

To determine experimentally the Hansen solubility parameters (HSP) of the synthesized acetates, 49 solvents were selected based on their own solubility parameters to cover the whole Hansen space with an optimal solvent distribution of solvents (Table 29).

The solubility of the synthesized ethyl and butyl acetates in the selected solvents were then tested by preparing mixtures (50:50 for the volume ratio) with 0.5 mL of acetate and 0.5 mL of the selected solvent at room temperature. The binary mixtures were homogenized into an ultrasonic bath during 5 min and then allowed to stand for 10 minutes. Visual observations were directly made in order to determine if the liquids were miscible or immiscible. Immiscibility was evidenced by the presence of two distinct phases or by the presence of turbidity. These observations were then translated into ratings: 1 if miscible or 0 if immiscible (Table 29). As shown in table 29, the three acetates: EAc, BAc (from individual syntheses) and BAc (from coproduction) were miscible in the same solvents.

The data were input into the HSPiP software, developed by S. Abbott, C. Hansen and H. Yamamoto. [START_REF] Hspip | Hansen Solubility Parameters[END_REF] Each solvent is represented in three--dimensional space by a point with its Hansen solubility parameters as coordinates. The software plots the Hansen solubility sphere including the maximum of miscible solvents (1=blue points) and excluding the immiscible ones (0=red points). Then it calculates the HSP of the studied solvent (EAc and BAc) that are the coordinates of the sphere centre and its radius.

As the synthesized and "purified" acetates are miscible with the same solvents, these 3 esters present the same experimental HSP, solubility spheres and radius. The experimental Hansen solubility parameters of the synthesized acetates were compared also with the theoretical values reported in the HSP Handbook in tables 30 and 31. 50

• Ethyl acetate: In the case of the synthesized ethyl acetate, the experimental HSP were found to be identical to those of fossil--based acetate and close to the theoretical parameters reported in the HSP Handbook (Table 30). Indeed, the HSP distance (called Ra) between the experimental data and the theoretical ones, calculated from equation II--5, is quite small (3.6), significantly lower than the radius of the sphere. Note that Ra is generally calculated to check the compatibility between two molecules. The smaller Ra, the more likely they are to be compatible and thus miscible. The Hansen solubility sphere of EAc is shown in figure 31. • n--Butyl acetate (BAc) from the individual synthesis and the coproduction process: In this case, we can observe that the experimental values of δD and δH are close to the theoretical ones, but the experimental value of δP is twice the theoretical (Table 31). This difference may be related to the presence of butanol, which has higher HSP than BAc (δD=16, δP=5.7, δH=15.8).

Ra 2 =4 (δD A --δD B ) 2 + (δP A --δP B ) 2 + (δH A --δH B )
However, the calculated distance Ra between experimental HSP and theoretical HSP of BAc is 4.99.

The obtained value leads us to suggest the compatibility between the synthesized BAc and the fossil version. Figure 32 shows the Hansen solubility sphere of butyl acetate obtained experimentally. Despite the differences found between the experimental and theoretical HSP for both acetates, the distance between them were not significant, which means that they could dissolve the same substances.

From these observations, we can suggest that there will be no problem of solubility when the synthesized molecules will be used in paints and coatings. However, their validation is essential to verify that they do not cause changes in these formulations and that they can therefore effectively replace the corresponding petrochemical solvents.

Validation of the synthesized ethyl and butyl acetates in solvent--borne coating formulations

As we previously demonstrated that the physicochemical properties of the synthesized acetates are close to the commercial version made from petrochemical starting materials through a homogeneous catalysis process, we were then interested in their use in solvent--borne formulations.

We chose to only evaluate the esters obtained through the coproduction process, as they are the most industrially relevant. The acetates produced in the coproduction were thus used and evaluated in nitrocellulose lacquers and polyurethane varnishes prepared by TECNALIA (Technology Centre, Spain), as the coordinator of the European project ECOBIOFOR. These formulations were compared with their respective commercial formulations provided by Industrias Quimicas Irurena, SA (Spain).

Different properties were determined, such as the viscosity, the film formation behaviour and the performance that includes the hardness, gloss and the adhesion to the substrate.

Evaluation of synthesized ethyl and butyl acetates in nitrocellulose (NC) formulations

The distinctive characteristics of fruity--like odour and fast drying of ethyl and butyl acetates make them ideal in preparation of nitrocellulose formulations. Besides, the use of ethyl acetate confers low viscosity to nitrocellulose solutions. On the other hand, butyl acetate has a great solvent power that makes it suitable for dissolving natural and synthetic resins. Its moderately evaporation rate (1.0, considered medium) avoids moisture condensation providing good flow and blush resistance to nitrocellulose lacquers. 328

Preparation of nitrocellulose lacquers

The formulation used for the preparation of nitrocellulose (NC) lacquers is shown in the following The production of the nitrocellulose lacquers proceeds in three main steps:

1)
Step 1: preparation of the nitrocellulose (NC) solutions:

NC solution I: consist in 10 % of the NC resin dissolved in 90 % ethyl acetate.

NC solution II: consist in 30 % of the NC resin dissolved in 70 % of butyl acetate.

2)

Step 2: dissolution of the alkyd resin binder (#1) in aromatic solvent (#4) and the organic solvent (#5).

3) Step 3: mixture of the NC solution I and II (#2 and #3), the prepared resin binder and the additives (#6).

For the validation, the NC--formulation prepared with the synthesized acetates (called in this work:

ECOBIOFOR formulation) was compared with the commercial formulations provided by IRURENA, which were prepared with the commercial acetates.

Viscosity

The viscosity is one of the most important parameters in coating and paint formulations as it determines the success of a coating application. The viscosity determines the flow, levelling properties of the coating and the solids content that will affect the dry film thickness. Besides, the selection of the application method of the coating will depend on the viscosity. A very simple way to measure the viscosity is to use the viscosity flow cups, which are anodized aluminium devices that have a stainless steel hole through which a liquid can flow. In this technique, the cup is filled with the coating formulation and the time it takes for the entire coating to flow through the cup until the first cut in the flow occurs is measured. 329 According to the ASTM International D1200 standard, we decided to use the Ford No4 Efflux Cup, a specific standard cup suitable for low viscosity liquids.

The following table 33 shows the viscosity results of the NC--formulation prepared with the synthesized acetates (NC--ECOBIOFOR formulation) and those obtained with the commercial formulation.

NC--formulation NC--ECOBIOFOR formulation

NC--Commercial formulation Viscosity in seconds (Ford No4. Efflux Cup) 70 63

Table 33. Viscosity of NC--formulations

The viscosity of NC--ECOBIOFOR prepared with the synthesized solvents was slight higher than the value of the commercial formulation. Nevertheless, the specification for the viscosity of this NC--lacquer formulations is 65±5 s (data provided by IRURENA). Thus the ECOBIOFOR formulation is in accordance with this specification.

Film formation and levelling

Film formation is the conversion of a coating film from a liquid or fluid into a solid form. 330 Uniform film thickness of a coating is important because it affects the appearance and the protection of the surfaces where the coating is applied. The levelling is the process of smoothing the initial rough surface.

The NC lacquer formulated with the synthesized ethyl and n--butyl acetates (NC--ECOBIOFOR) was applied over glass, wood, plastic and metal. In all the cases, the substrates have shown good film formation and appearance when using both the NC--ECOBIOFOR and the NC--commercial formulations (results only shown for Sapelly wood; Table 34).

NC--ECOBIOFOR formulation NC--Commercial formulation

Table 34. Film formation and levelling from NC--formulations applied to Sapelly wood surface

Drying time

The control of the drying process is necessary to ensure the best performance of the coating when applied on the substrate. The drying time of paints and coatings is affected by their formulation composition, coating thickness and the environmental conditions such as temperature, relative humidity and circulation of air and light. Besides, the drying time is important because it would affect the time and method of application of the coating. 20,26 The control of drying conditions is required to determine the drying time of a coating. The typical standard conditions are temperature at 23±2 °C and relative humidity at 55±5 %. 22 In our case, the drying tests were carried out at room temperature and consist of determining the time in which the film is dry to touch (no damage is done when applying pressure) and when no stain is produced after applying white powder. For this test, a first coat of NC--ECOBIOFOR formulation was applied, which dried in 45 min. Then, a second coat was applied and final drying was obtained after 24 hours. The drying of the NC--ECOBIOFOR formulation was similar to that obtained with the NC--commercial formulation. Therefore we can conclude that the formulation based on synthesized acetates is as effective as the commercial one (Table 35). 

Coating application Drying time NC--ECOBIOFOR formulation

Gloss

Nitrocellulose lacquers are principally used in finishes, such as in automobile, decoration material and furniture finishes. Besides it is used in decorative house paint. This is why gloss is an important aesthetic property in both clear and pigmented lacquers. 331,332 Gloss is measured using a glossmeter by analysing the amount of light reflected at a given intensity and angle. The higher the reflectance value is, the higher the gloss is.

For measuring the gloss level of coating, a reflectometer ("Micro--TRI--gloss" from BYK--GARDNER GmbH) was used. The light emitted by the reflectometer is directed to the surface of the sample at a defined angle and the reflected light is measured photo--electrically. According to the ISO 2813:2014 standards (Determination of the specular gloss index at 20°, 60° and 85°), 333 the measurement of the gloss is based on the measurement of the reflected light in a directional manner when light is applied to the surface with a given geometric angle. The index of specular gloss is not measured according to the intensity of the incident light but according to the reflection properties of a black glass standard with a gloss corresponding to 100 GU with a refraction index of 1.567. The intensity of the reflected light depends on the material surface and the geometric angle at which the light is incident. Table 36 shows the measurement angles specified to coatings (20°, 60° and 85°) and the gloss range for each gloss surface category. The gloss of the NC--ECOBIOFOR applied on glass and wood was determined at 60° and 85°. It was not measured at 20° because this angle is considered only for high gloss surfaces and lacquers are classified from matte to semi--gloss surfaces.

Gloss

As we can observed in table 37, when the gloss measurements were carried out at 85°, the gloss values were higher than 10 % (in both cases glass and wood), so the NC--ECOBIOFOR lacquers cannot be classified as matte. On the other hand, when the gloss values were measured at 60°, the gloss percentages were ranged from 10 to 70 %, which allow us to classify the NC--ECOBIOFOR formulation as a semi--gloss coating when applying in both glass and wood.

Reflectometer angle The same classification was obtained with the NC--Commercial formulation, which validates that the replacement of the commercial esters by our synthesized acetates does not change the gloss of the nitrocellulose lacquers (Table 37).

Wetting and adhesion

Wetting can be described as the spreading and contact of a liquid (the coating in this case) on a solid surface. When a great contact between the liquid and the solid is obtained, the liquid adheres perfectly to the surface, causing the elimination of the air and thus minimizing the interfacial defects of the coating. 334 A good adhesion of the coating would depend of the wettability of the surface. The adhesion of the coating can be validated using a cross--cut tester, which is a multi--cut 6 cutting edges over a flexible cutter head to facilitate the ease--of--handling and to guarantee the reproducibility of the cross cuts.

The classifications of wetting according to the ISO 2409 standards are shown in the following table (Table 38) The cross--cut test was applied to different substrates, such as wood, metal and plastic, after being The same classification was obtained for the two formulations applied to the three substrates, confirming the good performance of the formulations prepared with the synthesized acetates.

Values of 0 were determined as any of the squares were detached after the cross--coating.

Conclusions concerning nitrocellulose--ECOBIOFOR lacquer

A nitrocellulose (NC) lacquer formulation was prepared according to a conventional industrial protocol but using ethyl and butyl acetates synthesized from the co--production process instead of the commercial acetates. Various parameters of this NC--formulation were checked as the viscosity, the drying and the film formation. In addition, its performance properties (gloss, adhesion) when applying on different substrates (wood, glass, plastic, metal) were also evaluated. The results were compared with those of commercial nitrocellulose lacquer.

As observed throughout the study, similar results were obtained with the ECOBIOFOR formulation and with the commercial one, which confirms that the synthesized solvents can effectively replace the petrochemical commercial ones in the production of nitrocellulose lacquers without changing their properties. The traces of water present in synthesized ethyl and butyl acetates did not affect to obtain a homogeneous formulation and did not have consequences on the film properties. As expected, the small amount of butanol (5.5% in BAc) had no negative effect on NC--coatings because this alcohol can be used as one of the components of the NC--formulation among alcohol compounds.

No secondary reaction can occur in NC--formulation from these impurities contained in both acetates.

To complete this validation study of the use of synthesized acetates in solvent--borne coatings, polyurethane formulations prepared with these solvents were also evaluated and described in the next section.

Evaluation of synthesized ethyl and butyl acetates in polyurethane varnishes

The polyurethane varnish (PU) is a clear, waterproof, durable gloss varnish that contains polyurethane as binder. 336 Polyurethane varnishes show a good combination of properties such as toughness, chemical and abrasion resistance, and durability. Solvent--borne polyurethane varnishes have a wide range of application on wood products. 337 Ethyl and butyl acetates are the most commonly used solvents in the preparation of polyurethane varnishes due to their fairly rapid evaporation (necessary for a fast drying) and their high solvent power for dissolving alkyd resins.

Preparation Polyurethane varnishes

The polyurethane varnish selected in this work is a two component--system called 2K coating system, [START_REF] Hester | Coal in the 21st century: energy needs, chemicals and environmental controls[END_REF] because it is obtained from a reaction between two parts, the part A (containing the alkyd resins binder) and the part B ("hardener" agent, containing di--and poly--isocyanates). The polyurethane varnishes are prepared in three general steps:

1)
Step 1: preparation of the alkyd resin binder (part A).

2)

Step 2: preparation of the "hardener" agent (part B).

3) Step 3: chemical reaction between the alkyd resin binder containing alcohol groups (part A) and the di--or poly--isocyanates compounds present in the hardener (part B; Schema 13).

Scheme 13. General reaction between alcohol groups and diisocyanates to produce polyurethane coatings 338

Although acetates are used in the formulation of alkyd resin binder (part A) and in the hardener agent (part B), it is in the preparation of the hardening agent that they are in higher amounts.

Therefore, the synthesized ethyl and butyl acetates were only used for the preparation of the hardener agent, using the following formulation ( In this work, the polyurethane varnish formulation prepared with synthesized acetates was called:

PU--ECOBIOFOR formulation, and was compared with the commercial formulation provided by IRURENA (Spain).

The validation of the PU--ECOBIOFOR formulation includes the same tests than those made for the validation of nitrocellulose formulations: viscosity, film formation and levelling, drying time, smoothness, wetting and adhesion.

Viscosity

The viscosity were determined according to the international standard ASTM D1200. Similar viscosity values were obtained for both the PU--ECOBIOFOR formulation and the PU--Commercial formulation ( 

Film formation and levelling

For the evaluation of the film formation and levelling, the PU--formulations were applied on two wood substrates, Sapelly and Oak. On both substrates, a homogeneous film formation, good appearance and high transparency were obtained with the ECOBIOFOR and the commercial formulations (Table 42). Once again the good performance of synthesized solvents has been demonstrated.

Noteworthy, the wood colour was enhanced with the PU--ECOBIOFOR formulation compared with the commercial one.

Substrate PU--ECOBIOFOR formulation PU--Commercial formulation Sapelly Oak Table 42. Film formation and levelling from the PU--formulations applied to sapelly and oak wood surfaces.

Drying time

The solvent--borne polyurethane varnishes have the characteristic of a fast drying. Herein, a first coat of the PU--ECOBIOFOR formulation was dried after 10 min. Then, a second coat was applied, which was dried after 2 hours. The same drying time were observed for the PU--commercial formulation, indicating that our solvents offer the same drying properties as the commercial varnishes (Table 43). 

Coating application

Smoothness

As the prepared PU--formulation is not used as a "top coat" but as a primer coat, the gloss is irrelevant. Thus, in the case of PU--formulation, the smoothness and the good formation of the thickness film on the wood was evaluated by determining the roughness of the coat using sandpaper.

The results have shown satisfactory properties in both cases, with the PU--ECOBIOFOR formulation and with the commercial one. A smooth surface that did not clog the sandpaper was obtained. The great finish of the coating was obtained thanks to the fast drying of the varnishes (Table 44).

Smooth surface on wood PU--ECOBIOFOR formulation PU--Commercial formulation ü ü 

Wetting and adhesion

The wetting of the two PU--formulations was determined on Sapelly and Oak substrates as previously described ( § 2.5.1.6). In both cases, good wetting and adhesion were obtained. The PU--ECOBIOFOR 

Conclusions of polyurethane--ECOBIOFOR varnish

For the European project ECOBIOFOR, one hardener used in the preparation of the polyurethane varnish was prepared with the ethyl and butyl acetates produced from the co--production process. As in the case of the nitrocellulose lacquer formulations, we have obtained herein equivalent results for the PU--ECOBIOFOR and commercial formulations. The properties obtained with both formulations were always in agreement with the specifications provided by IRURENA (expert in wood coatings).

Fortunately, the presence of butanol and water in traces did not affect the varnish properties although water can provoke secondary reactions with isocyanate producing urea that can form isocyanate--biurets.

Through this study, we have been able to verify that the synthesized solvents have the same properties in the coatings systems as the conventional ones, which allows us to ensure the feasibility of the replacement of the classic petrochemical solvents by the acetates synthesized in this work.

Conclusion

As mentioned at the beginning of this chapter, ethyl acetate and butyl acetate are the most important solvents in the paint and coating industry. In addition, they are also strongly used for extractions in other industries such as pharmaceutical and food industries. These solvents are currently produced from petrochemical synthons using harsh conditions and/or homogeneous catalysis that could be at the origin of waste production. In order to offer greener alternatives compared to existing ones, the objective of this work was to develop production processes that comply as far as possible with the principles of the green chemistry.

In this chapter, two different pathways were studied for the syntheses of ethyl acetate and n--butyl acetates: the reactions of acetic acid and acetic anhydride with ethanol and butanol, respectively. In these studies, we replaced the homogeneous catalyst currently used in industrial processes by heterogeneous ion exchange resins.

Although esterification with ionic resins has been widely described in the literature, a complete kinetic and thermodynamic study of these resins had still not been carried out. That is why in this work, we decided to perform these studies with 4 different resins (A15, A16, A36, D50WX8) in the two proposed chemical pathways. Herein, the determination of activation energy for each resin was useful to select Dowex 50WX8 as the best resin for the syntheses of acetates. In addition, the parametric study allowed us to choose the best operational conditions and the most suitable reagents for synthesizing the target solvents.

The purification of these acetates is complex because water is produced during the esterification forming several azeotropic mixtures with the acetates and the remaining alcohols. To obtain the solvents with a high purity, several distillations are thus required, which are energetically demanding.

In order to face this problem, we have proposed an innovative process of co--production of acetates that consists basically in two steps: i) the synthesis of ethyl acetate from acetic anhydride and ethanol in a 1:1 molar ratio, in which the production of water was avoided facilitating the separation of ethyl acetate through a simple distillation, and ii) in the second step, the acetic acid obtained as co--product during the synthesis of ethyl acetate is used in the synthesis of butyl acetate. Besides, the resin involved in the first esterification is re--used in the second esterification.

This process of co--production is interesting because it avoids the use of intensive processes of distillation and reduces the production of waste related to the acetic acid produced. With this process, we were able to produce, after distillation, ethyl acetate and butyl acetate in a high purity, 92.1 and 97.1 wt%, respectively.

The development of greener acetates was thought to respond to the need of the ECOBIOFOR project partners dedicated to the production of paints and coatings. The evaluation of the behaviour of the synthesized solvents in nitrocellulose lacquers and polyurethane varnishes allowed us to validate that these molecules perfectly meet the required criteria (drying, viscosity, film formation, gloss, smoothness wetting and adhesion) to substitute the conventional petrochemical solvents in paints and coatings. It means that the strategy we implemented (neutralization and drying) to eliminate the acetic acid and water remaining in the synthesized acetates after distillation was successful. After that treatment, no more acetic acid was present and water content was reduced to 0.07 wt% for EAc and 0.03 wt% for BAc. The final purities of ethyl and butyl acetates were 99.93wt% and 94.2 wt%, respectively. Although traces of water were still present in the synthesized acetates, no problem due to water--isocyanate side reactions was identified during the preparation of the polyurethane coating and therefore did not affect its performance. Scheme 14. Graphical summary of coproduction process of acetates, "purification" to meet solvent specifications for using in coatings, characterization and validation of synthesized solvents.

CHAPTER III. Environmental assessment of ethyl and n--butyl acetates production and coproduction: green metrics and Life

Cycle Assessment (LCA)

Introduction

One of the most important aspects of green chemistry is the evaluation of the greenness of a chemical process, since in this way, it is easier to choose the greenest option among the different synthetic pathways proposed. 339 The first approach that we considered to evaluate and compare in an easy way the two developed synthetic pathways for acetates, the individual routes and the co--production process (presented in the Chapter II), was through green metrics calculations. However, green metrics only give information about the process itself, without taking into account the total impact of the whole life cycle, that is, the contributions of origin and preparation of reagents, the energy used during the process, or the final disposal of the product. Therefore, to obtain further in--depth information about the environmental impact of the syntheses, life cycle assessments of the individual and coproduction process were performed.

In the first part of this chapter, we present the generalities on green metrics calculations and life cycle assessment methodology.

In the second part, in order to determine which of the syntheses is the greenest, complying better with the principles of green chemistry, the life cycle assessment and green metrics of the individual syntheses and the coproduction process were performed. This work was published in the International Journal of Life Cycle Assessment.

The last section of this chapter is dedicated to the comparison of the life cycle assessments of the individual syntheses and the coproduction of acetates using bio--based starting materials, bio--ethanol and bio--butanol for ethyl and butyl acetate syntheses, respectively. In addition, the production of bio--acetates through the developed syntheses was compared with the industrial petrochemical current ones.

3.2

Generalities: Sustainability evaluation of the synthesized ethyl and butyl acetates

Green metrics

Green metrics are a simple way to obtain concrete, complete and quantitative information about the efficiency in terms of materials and energy, the individual chemical reactions and the complete processes. 340 The purpose of the analysis of the green metrics is basically to determine between different synthetic routes, which is the chemical synthesis that better achieves the definition of green chemistry. It is for this reason, that the green metrics have to be clearly defined, simple, measurable, and objective. 341 Among the list of green metrics, the most studied are the atom economy, the E--factor, and the percentage from renewable sources that can be considered when petrochemical sources are replaced by bio--based ones.

Atom Economy

The second principle of the green chemistry is related to the atom economy, which is considered as the fundamental green chemistry metric and the basis for all the other green metrics.

The efficiency of a chemical reaction is commonly evaluated according to the yield of the reaction.

When the yield of a reaction is closer to 100 %, the reaction is consider as an efficient reaction.

Nevertheless, the production of wastes is not taken into account in this kind of calculation, and reactions with a high percentage yield can also produce a high amount of wastes. With the aim of overcoming this lack, Barry M. Trost (1991) introduced the concept of Atom economy (AE). 342 In simple words, the atom economy is the calculation of the amount of reactant that remains in the final product. Therefore, the perfect atom economy in a chemical reaction or in a process is that in which all the reactive atoms are in the final desired product. 343

The percentage of atom economy of a generic stoichiometric chemical reaction A + B → C is calculated by dividing the molecular weight of the final product by the sum of all reactants (Eq. III--1). The determination of the atom economy of a full process is also possible, 341,343 but it is important to identify the intermediates produced in a step and that are not consumed in further ones. For a linear process:

1) 𝐴 + 𝐵 → 𝐶 2) 𝐶 + 𝐷 → 𝐸 3) 𝐸 + 𝐹 → 𝐺
The atom economy is calculated as presented in equation III--2: In conclusion, the processes that have a high atom economy are efficient processes because they need the use of less reagents to obtain the same amount of product, thus decreasing waste production with the potential reduction of the operational cost.

𝐴𝐸 = 𝑚. 𝑤. 𝑜𝑓

Environmental impact factor (E--factor)

Another simple ways to evaluate a process is by determining the production of wastes, whereby In 1992, Roger Sheldon considered this problem and introduced the concept of the environmental impact factor (E--factor). 343 The objective of the E--factor is to measure the mass of generated waste per mass of final product. In this context, the mass of wastes generated from a process is considered as the sum of the masses of unreacted reagents, by--products, side products, reaction solvents and purification materials, all of those involved in the production of the desired product.

The E--factor is expressed in the equation III--3.

𝐸 -𝑓𝑎𝑐𝑡𝑜𝑟 = 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑤𝑎𝑠𝑡𝑒𝑠 (𝑔) 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (𝑔)

Eq. III--3

The way to interpret the result of the E--factor is: when the value of the E--factor is closer to zero, so the process is more sustainable and green, which indicates a less generation of wastes. On the contrary, higher E--factor value means more wastes, and thus greater negative impacts on the environment. The E--factor can be applied to an individual step, but also is easily applied to a multi-step process to facilitate the assessment of the full process.

The limitation of this metric in industrial processes is the lack of clarity of the definition of waste.

Indeed, it becomes difficult to determine for example, if the water used in a process is a waste or not. Sheldon has proposed an easy definition of waste: "everything but the desired product", except water. 344 However, depending on the process, water is considered as waste such as in pharmaceutical industry and in bio--catalytic processes.

The advantage of the E--factor is that it can be used to evaluate and obtain specific information about the process or its emissions on air or water. Besides, the environmental impact factor is useful to select the starting material for a chemical reaction that would reduce waste generation. The prevention of waste can be achieved if the reagents and solvents are recycled. In this case, heterogeneous catalysts result interesting from this point of view because they can be used in continuous processes where the desired product is constantly removed (Figure 33). The need to evaluate the sustainability of a chemical process has led to the development of different green metrics that determine the toxicity, eco--toxicity (metrics: TRACI health and ecotoxicity impacts) and biodegradability of a product, as well as the maximization of energy efficiency in the synthesis (metric: total energy demand) and the use of local raw material (metric: feedstock distance). Nevertheless, the green metrics consider only the environmental contribution of the chemical syntheses, without taking into account the contributions of the whole life cycle.

Sometimes when talking about the development of more sustainable chemical products, we immediately think of using renewable sources that replace fossil--ones. However, this is not enough to achieve a positive and complete transition towards a cleaner and more sustainable industry. 347 Therefore, it is important to remember that the sustainability of the products derived from the biomass will also depend on the use of the sources and of course on the transformation process that is employed. 348 In this context, the Life Cycle Assessment (LCA) method is a useful tool to evaluate the environmental impacts not only of the transformation step itself (as in the case of the green metrics), but also the impacts relate to the origin and sources of the biomass and the product end of life (Figure 34). 

Life cycle assessment (LCA) methodology

The life cycle assessment (LCA) has been defined in the international standard ISO 14040 as a method that allows determining the environmental aspects and the impacts to human health and environment, caused by a product's life from its raw material to its disposal. 350,351 In other words, the LCA method is useful to determine the environmental impacts associated with a product. To carry out this type of analysis in an appropriate way, it is necessary to follow the next basically steps (Figure 35):

• The definition of the system;

• The compilation of an inventory with the important inputs and outputs of a product system;

• The evaluation of the potential environmental impacts associated with the entire life cycle;

• The interpretation of the results obtained from the inventory analysis and the impact assessment phases related to the objectives of the study. 

Life cycle of a product

The entire life cycle of a product is considered from the extraction of the raw material (cradle) to the end product, this means the use and disposal phase (grave). The LCA will allow designing or modifying the product in order to develop the safest process.

Three main approach of life cycle assessment can be considered, according to the depth with which the product system needs to be studied: cradle--to--gate, cradle to grave and cradle--to--cradle (Figure 36).

The most conspicuous of the approaches is the cradle--to--gate analysis, which depending on the requirements, could be performed only considering a partial part of the entire life cycle of a product.

This means that the product would be studied from the extraction of the source (cradle) to the final production of the product (gate), without taking into account the phase of use and disposal. This approach is considered in cases where a new synthesis process wants to be evaluated, and thus it is considered that the stages following the production are not important because they remain the same. 352 A more extensive analysis is the cradle--to--grave analysis, which considers all the different steps of the life cycle of a product, that is, from the resource extraction to the final disposal phase of the product. This approach takes into account the production stages, the intermediates and waste production, and the transport, use, and disposal of the product.

The last of the approache is the cradle--to--cradle analysis, which includes the environmental impact analysis associated from the extraction of raw materials until the disposal of the product. The difference between this analysis and the cradle--to--grave analysis is that the disposal of the product in this case is the recycling or reuse, which means that there is a closed cycle of the life cycle of the product, which would not generate negative impacts on the environment. 353 

Goal, functional unit and scope

• Goal

The international Standard 14044 determined "that the goal and the scope of an LCA shall be clearly defined and shall be consistent with the intended application. Due to the iterative nature of LCA, the scope may have to be refined during the study". 350 The clearly definition of the LCA goal will help in turn to define the scope and the system boundaries. The ISO 14040:2006 mentioned that "the scope of the study have to be well defined to ensure that the breadth, depth and detail of the study are compatible and sufficient to address the stated goal". In addition, the clear and concise definition of the objective is important since the collection data for the inventory analysis will also depend on it. 354 The answer to some questions about the study that will be carried out can be a way to easily define the goal of the analysis: 352

• What is the objective of the study?

• Why is an LCA study conducted?

• For whom will an LCA study be addressed?

• The LCA study will be used to compare different products?

• Functional unit

In order to perform an adequate LCA it is necessary to determine a quantified description of the performance requirements that the product system must meet, and that will help to define the product system, this is known as the "functional unit" of the product system. 355,356 The selection of the functional unit is closely related to the definition of the goal.

The functional unit is not only the quantified description of the product system, but also enables the comparison and analysis between products. For example, in the case of our syntheses, the functional unit could be the production of 1 L of solvents.

• System boundaries

The definition of the goal of the study is also related to the establishment of the system boundaries, which will depend on the comparisons that want to be carried out in the study. The system boundaries will determine which unit process would be included in the LCA study. Therefore, the inputs and outputs necessary for the study of a product, which are within the limits of the system, should be followed upstream and downstream (Figure 37). 357 The system boundaries have to be clearly specified in order to clearly answer to a specified problem.

Thus, system boundaries can be determined in different dimensions: 357

• Boundaries between the technological system and the nature: The life cycle starts with the acquisition of raw materials or energy carriers or the extraction of the natural resource. All the necessary activities in each process need to be taken in account. The end of the cycle is when heat or waste are realised on the environment (soil, water or air). For example, the waste treatment infrastructures are considered in the technological system.

• Geographical area: Depending on the economic context and the definition of the product, there are some considerations that must be taken into account when defining the geographical limits. Among these it can be found the place of production of the product, the type of infrastructure (electricity, waste management, transport system) according to the region, and the effects of pollution on the environment that can vary from one area to another (additionally, the global effects are considered for some categories: climate change / greenhouse effect).

• Temporal system/Time horizon: The period for the data acquisition has to be defined in order to evaluate the present and future environmental impacts caused by the production and consumption of the product along the time.

Life Cycle Inventory Analysis (LCI)

The second phase of LCA is the life cycle inventory analysis, which is defined in the ISO standard 14040:2006 as: 350

"The phase of life cycle assessment involving the compilation and quantification of inputs and outputs for a product throughout it entire life cycle"

The life cycle inventory (LCI) can be described as a systematic procedure that aims to quantify the energy and raw materials needed in a process, as well as the emissions that are generated to the environment. All of this considering the entire life cycle of the product. In other words, the LCI is the process of collecting and calculations to quantify the inputs (materials, energy) and outputs (including the environmental releases) for a specific product. 358 In order to facilitate the LCI, there are some steps that were proposed by Babu,359 and that are exposed in the following list:

1. Development of a flow chart, which is a diagram of the studied product system that consists of small boxes representing the "unit process" where the processes involved are specified and their mutual dependencies are indicated by one or two--sided arrows. The unit process has to be exactly defined for a specific process. Each unit process can be aggregated into larger units and be successively averaged. This makes the conduction of an iterative inventory analysis because when a data is collected the requirement of new data arises, which provokes a change in the data collection in order to accomplish the goal of the study. 3. Data collection. This step of the LCI can be divided in two principal parts: i) all the inputs: energy, energy sources, water and ii) the outputs of the product: atmospheric emissions, waterborne wastes, solid wastes, products, transportation, co--product allocations, industrial scrap, data--time period, specific data versus composite data, geographic specificity, routine/fugitive/accidental release, and economic input--output approach to LCAI.

The qualitative and quantitative data of the inventory should be collected for each unit process foreseen in the study. The most used tool to facilitate the collection of data is the process flow diagram, which is a useful tool to ensure that the system boundaries are properly described; it is also useful to organize the data modules in relation to one another during the data collection.

The data collection used to be the most difficult part of an LCA because sometimes there is a lack of information about a material, chemical or process. This problem could be solved if the information can be obtained from the industry. Otherwise, it can be omitted the step that lacks information or adequate estimations can be made, which despite of the uncertainty of the data is preferable to the omission of these. LCI databases contain data for all flows of several unit processes. Many of the databases are already included in LCA software systems.

Evaluation and documentation of the LCI results:

The best way to document the LCI results is to list the quantified elementary flows of sources and emissions. 360 The LCI results can be documented as a table format for each unit process in order to provide a clear view of the names and quantities of all flows (materials, energy, resources, products, waste and emissions).

Interpretation data:

The LCI results are the compilation of elementary flows over all the processes considering the defined flow of the functional unit. The final LCI result will be the sum of each resources and emissions (from each unit processes) in the overall process. In this phase
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it is important to verify that the inventory is complete in relation with the goal and the scope of the study and of course if all the results are within the boundaries of the system.

Life Cycle Impact Assessment (LCIA)

The ISO 14044 describes the Life Cycle Impact Assessment (LCIA) as the:

"Phase of life cycle assessment aimed at understanding and evaluating the magnitude and significance of the potential environmental impacts for a product system throughout the life cycle of the product" 350 This is the third phase of a life cycle assessment and its objective is to evaluate the impacts on different categories provoke by the emissions and extractions that were previously determined during the Life Cycle Inventory (LCI).

The LCIA involves: i) the selection of the category indicators and the characterization of the models, ii) the assignment of the inventory results (classification), and iii) the calculation of category indicator results (characterization). In this phase, the results of the inventory analysis are assigned to an impact category (mid--point category: climate change, ozone depletion, human toxicity, etc.) that will affect a final category (endpoint category: coral reefs, forest, crop harvests) from a specific area (human health, quality of ecosystems, climate change, and resources) (Figure 38). 361

The selection of the impact categories shall be in agreement with the goal and the scope defined to the study. Furthermore, during the classification the emissions and extractions determined in the inventory can be assigned to one or more impact categories. i.e. SO 2 emissions can contribute to acidification and eutrophication. Then, in the stage of characterisation the results obtained during the inventory analysis are converted to a common unit within the same impact category, this is possible using a characterization factor. 

Life Cycle Interpretation

The interpretation phase consists in making the pertinent conclusions and recommendations based on the results of the inventory and the impact assessment. During this phase, it is possible to identify the most important stage of the life cycle assessment that could be modified to reduce the environmental impacts produced by the system of study. Additionally, during this step, the critical points of the life cycle should be determined and also it is necessary to evaluate the quality and robustness of the results.

The ISO 14040 (2006) defined the life cycle interpretation stage as follows:

"Interpretation is the phase of LCA in which the findings from the inventory analysis and the impact assessment are considered together or, in the case of LCI studies, the findings of the inventory analysis only. The interpretation phase should deliver results that are consistent with the defined goal and scope and which reach conclusions, explain limitations and provide recommendations" 350,352 In the ISO 14044 have been defined three steps to interpret the results of the inventory analysis and the impact assessment: 350 1) Identification of the significant issues based on the results of the LCI and LCIA stages of the Life Cycle Assessment,

2) An evaluation that considers completeness, sensitivity and consistency checks,

3) Conclusions, limitations and recommendations.

The identification of significant issues allows determining the data elements that contribute most to the results of the LCA from both LCI and LCIA, helping to prevent over--and misinterpretations. Then, the evaluation establishes confidence and reliability in the results of an LCA, thanks to a completeness, sensitivity and consistency check (Figure 39). Finally, the last part of the LCA is the conclusions in which the alternatives that have the overall least impact to the human health and the environment are defined. The results of the last phase of the LCA shall be reported in a clear and complete report. 362 For the studied chemical processes, the evaluation of several indicators related to their environmental impacts and the implementation of green chemistry principles are a way to guide the choice of the greener process among different alternatives. In order to verify that the new coproduction process developed in this work for the syntheses of ethyl and butyl acetates is more eco--friendly than the two independent syntheses, two approaches have been considered: Green metrics and life cycle assessment (LCA).

Introduction

Nowadays, the global consumption of solvents is significant, with almost 28 million metric tons consumed in 2012. 363 The most important users are the producers of paints and coatings (60.6 % in 2011 of the total consumption). This demand is predicted to increase by 2.9 % per year until 2019. 364 Solvents in the paint industry can be used as integral part of the formulation for homogenization or adjustment of the viscosity, as paint thinner by post--addition to adjust application properties or even as cleaning agent for equipment for example.

Ethyl acetate (EtAc) and n--butyl acetate (n--BuAc) are one of the most used solvents. 261,365 They have been commonly synthesized through direct esterification of acetic acid with the corresponding alcohol (ethanol for ethyl acetate and n--butanol for n--butyl acetate), in the presence of a homogeneous acid catalyst, usually sulfuric acid or p--toluenesulfonic acid (PTSA). 277,366,367 The use of these homogeneous catalysts presents many disadvantages such as the production of by--products due to multiple side reactions, the difficult product/catalyst separation and the equipment corrosion.

In order to avoid these problems and in a context of sustainable development, the use of heterogeneous catalysts for esterification such as ion exchange resins, 261,263,287 montmorillonite 368 or even sulfated zirconia 365,369 has been studied.

However, as the esterification is an equilibrium--limited reversible reaction, the yield and conversion of the reactants are generally quite low (limited to 66 %), due to thermodynamics limitations. 263,370 In order to increase the ester formation, either the alcohol can be introduced in excess or one product, usually water, can be removed from the reactive medium all along the reaction. The equilibrium will be thus shifted to the products formation. In the literature, the most reported technique to achieve this goal is to use reactive distillation process. 371,254,259,300,303 Indeed, in the case of the synthesis of acetates using acetic acid, the reaction is rather complicated to handle as the esterification leads to the formation of an important quantity of water that will be difficult to separate from the acetate due to azeotropes formation. 372 The reactive distillation process, where chemical reaction and distillation are combined in a single unit, helps this separation. Nevertheless, it presents many drawbacks: the process is complex, expensive and not easily transposable at different scales and several disadvantages were observed, linked to the experiment itself (volatility requirement, temperature and pressure compatibility, long catalyst lifetime). 373 In this project, in order to avoid these problematic while maximizing the reaction yield, it was decided to replace the reactive distillation process by a simple esterification. Moreover, acetic acid was replaced by acetic anhydride. The use of anhydride avoids azeotropes formation and thus enhances the products separation through distillation. A coproduction pathway to produce both ethyl and n--butyl acetates was thus investigated (Fig 1 ): the use of acetic anhydride for the ethanol esterification led to the production of ethyl acetate and acetic acid (AcOH) that can be reused for n-butanol esterification; the same catalyst being also reused for the second reaction. This process can minimize reaction steps and so waste production.

A coproduction of EtAc and n--BuAc, through reactive distillation, has already been presented by Tian et al., but only by simulation, with acetic acid as starting material. 257 In our case, these consecutive syntheses were carried out, through experiments, in the simplest reactor that can be easily adapted either at laboratory or industrial scale and abiding by the principles of green chemistry (use of heterogeneous catalyst, soft reaction conditions).

In order to evaluate from an environmental point of view the chemical pathway developed, Life Cycle Assessment (LCA) was used as a decision tool. Indeed, this standardized and accurate method consists in measuring and comparing the potential environmental impacts of these production processes on their entire life cycle, ie. from cradle to the laboratory gate (in our case).

In this study, both independent syntheses of the esters (scenario 1) and coproduction (scenario 2)

were modeled, after a complete inventory at laboratory scale. The results were compared to highlight the interest of this new coproduction pathway on an environmental point of view.

Methods and materials

Chemicals

Ethanol, n--butanol, acetic anhydride, acetic acid, cyclohexane and methyl isobutyl ketone, all at analytical grade, were purchased from Sigma Aldrich Co (France). Sodium chloride and Dowex 50wx8 resin was also obtained from Sigma Aldrich Co (France).

Scenario 1 (Sc1): Independent syntheses of acetates

Both esterifications were carried out in a 2 L glass jacketed stirred reactor.

For the production of ethyl acetate, ethanol (EtOH, 400 g) and acetic anhydride (AnAc, 889 g) were added into the reactor, followed by the incorporation of the dried heterogeneous catalyst, Dowex 50wx8 (20 g, i.e., 5 wt.% respect of the mass of ethanol). The reagent amounts were calculated according to the desired molar ratio (1:1 EtOH -AnAc).

The system was left at room temperature for 4 h, the reaction being highly exothermic, under mechanical stirring. After the reaction, the produced ethyl acetate (665 g) was recovered through distillation in order to improve the purity of the desired ester (yield= 87%, purity=92.1 %w/w).

For the production of n--butyl acetate, n--butanol (BuOH, 800 g) and acetic acid (AcOH, 648 g) were added into the reactor in the appropriate amount (molar ratio 1:1 alcohol--acid). The catalyst, previously dried, was then incorporated to the reactor (40 g, i.e., 5 wt.% respect of the mass of butanol). A Dean--Stark apparatus was used, in the presence of a small amount of cyclohexane (80 mL, i.e., 5 %v/v respect of the volume of the reaction mixture), in order to remove the produced water and so improve the yield of esterification. The reaction was carried out at 105 °C, under mechanical stirring, until all the water was distilled out (approximately 8 hours). The remaining cyclohexane was then removed from the system through a simple distillation. The n--butyl acetate (953 g) was finally collected after catalyst separation (yield = 76 %, purity = 97.4 %w/w).

Scenario 2 (Sc 2): Co--production of ethyl and n--butyl acetates

In the coproduction scenario, ethyl acetate was synthesized following the protocol described in Scenario 1.

After ethyl acetate distillation, the remaining media, containing the acetic acid formed during the EtAc synthesis and the catalyst Dowex 50wx8, was respectively used as reagent and catalyst for the production of n--butyl acetate. n--Butanol (BuOH, 498 g) was then added into the reactor in an equimolar amount compared to the acetic acid.

On the reactor, a Dean--Stark apparatus was used, in the presence of a small amount of cyclohexane (50 mL, ie. 5 %v/v respect of the volume of the reaction mixture), in order to eliminate the produced water and so improve the esterification yield. The reaction was carried out at 105 °C, under mechanical stirring, until all the water was distilled out (approximately 8 hours). The remaining cyclohexane was then removed from the system through a simple distillation. The n--butyl acetate (538 g), obtained by coproduction, was collected after catalyst filtration (yield = 69 %, purity = 97.1 %w/w).

Life Cycle Assessment (LCA)

The Life Cycle Assessment was undertaken using the ISO 14040 374 and 1044 375 standards: the first one defining the principles and the framework and the second one describing the different stages of the analysis.

3.3.2.4.a Goal and scope definition

The Life Cycle Assessment was conducted on the solvent production process in order to analyze the environmental impacts of the developed synthetic pathways and identify the process unit that presents the strongest impacts through a hot spot analysis. The comparison between the two scenarios (independent or coproduction syntheses) was also investigated.

In order to build the inventory of production, it was necessary to define the functional unit. The functional unit chosen was the production of 1 kg of solvent, with a purity determined experimentally, as presented typically in the literature. [376][377][378] To focus only on the impacts related to the production of these solvents in the laboratory, it was decided to carry out a "cradle to gate" analysis centered on the raw material acquisition and on the production step (Figure 40). For the modeling, initial hypotheses were defined as follows:

• The energy used was considered as a French energy mix.

• The cleaning of all the devices is neglected.

• The transportation of the chemicals is estimated as follows: 600 km by train followed by 100 km by lorry with a capacity greater than 32 tons. 379

• The depreciation of the infrastructures is estimated to be equal to 4••10 --10 p/kg of product (value based on a production of 50.000 tons of products over 50 years) (estimation as described in the Ecoinvent database).

• 0.2 % of the mass of the used chemicals is emitted directly into the air (estimation as described in the Ecoinvent database).

• The whole wastes and emissions are fully treated by the sewage plant, ie. the sewage plant is considered with an efficiency of 100 %.

3.3.2.4.b Life Cycle Inventory

The most important task in a LCA study is the data collection. Two types of data have to be distinguished: the foreground data and the background data.

The foreground data, on the one hand, refer to specific data needed to model the system. They include all the measurements collected directly on experimental devices and all the estimated data that are not directly available. On the other hand, the background data are usually related to energy, transport and waste materials. They are mostly available in databases (in our case Ecoinvent 3.1) or in the literature.

• System description

For the Life Cycle Inventory, all the inputs and outputs of the system were listed for the different stages of the syntheses, either for the independent pathways (scenario 1) or for the coproduction (scenario 2).

The flowcharts, showing the different steps of the processes with the associated flows, are presented in figure 41 for the independent esterifications and in figure 42 for the coproduction.

Noteworthy, all the foreground data detailed in Figure 41 and 42 present their own life cycle that are taken into account for modeling the global life cycle of the ester syntheses.

Some differences between the two flowcharts (Figure 41 and 42) can be highlighted. Indeed, the aim of the coproduction is to recycle the remaining mixture after ethyl acetate distillation. These wastes are used, without any treatment, as reagents for the second esterification performed in series. The catalyst that is in the remaining mixture is still active after the first cycle. Indeed, the value of the ion-exchange resin capacity was not modified after the synthesis of ethyl acetate (4.8 meq/g). 

• Data collection

The inventory data, also called foreground data, were collected directly in the laboratory by the experiments. They were considered relatively reliable compared to those from the literature.

The emission and extractions data, or background data, were obtained from the Ecoinvent 3.1

database. If possible, the French (FR) or even the European (RER) data were used in order to be consistent on the geographic point. In other cases, the data from the global market (GLO) were considered.

Unfortunately, all the chemicals were not available in the used database. In order to overcome this problem, that could affect the modeling of the environmental performance of the syntheses, proxys and bibliographic study were used.

The data used in the analyses and their sources are presented in Before any modeling, the quality of the data needed to be estimated in order to guarantee the value and reliability of the data used in the Life Cycle Assessment. In this study, all the data were not of equivalent accuracy and uncertainty existed between them. It was thus necessary to evaluate this uncertainty that could affect the interpretation of the results. For this, the quality indicators developed by Weidema and Wesnaes were used. 380 Table 47 summarizes the reliability ratings of each type of data (the reliability being assessed by a score from 1 for the maximum to 5 for the minimum).

Data Comments

Quality rating (reliability) INPUTS

Chemicals mass

The mass of chemicals has been precisely measured during the synthesis, directly in the laboratory. 1

Energy

The quantity of energy needed for the synthesis have been estimated by calculation, by using the operation time of each device and their technical characteristics. These data could not have been measured.

Transportation distances

The transportation distances, either by lorry or train, have been determined through hypothesis. This is an estimate of average distance for the transport of chemicals.

3

Infrastructure depreciation

The depreciation of the infrastructure (regarded as a chemical plant) is estimated from the mean values over the entire life of the plant.

OUTPUTS Emissions into air

Emissions to air are derived from assumptions.

Byproducts masses (avoided products)

The masses of avoided products that can be recycled or recovered are measured precisely during the synthesis. 1

Masses of waste and emissions treatment

The masses of waste treatment and emissions are measured precisely during the synthesis. 1

Table 47. Evaluation of the reliability of the inputs and outputs (with score from 1 being the best and 5 the worst)

3.3.2.4.c Impact assessment

To characterize the different environmental impacts, a derivative of the ILCD 2011 1.05 method was used. Indeed, in the existing method, indicators of resource depletion (water and mineral, fossil or renewable resources) were not sufficiently reliable. 379 

Results and discussion

Syntheses of ethyl and n--butyl acetates

3.3.3.1.a Independent synthesis of ethyl acetate

The strategy to use ethanol and acetic anhydride, instead of acetic acid used mostly in the literature for the production of ethyl acetate, 303,368 was developed in order to avoid the formation of water during the synthesis.

Indeed, starting from ethanol and acetic acid, for one mole of ethanol, one mole of water is produced. At the end of the esterification, this production of water lead to difficulties in purification, as the ethyl acetate forms azeotropes with water and also with the remaining ethanol. 381 One promising solution to break this azeotrope water--ethanol--ethyl acetate is the pervaporation. [382][383][384] In our case, starting with a mixture of ethanol and acetic anhydride at an equimolar ratio leads to the formation of ethyl acetate and acetic acid, easily separable by distillation. Noteworthy, as the reaction is highly exothermic, there is a competition between the reaction of ethanol with acetic anhydride and the acetic acid that was formed during this reaction. The acetic acid reacts with the remaining ethanol, all along the synthesis and thus led to a nearly total conversion of the ethanol and the formation of a small amount of water that will not disrupt the purification of the acetate. In order to separate and purify ethyl acetate, a distillation was carried out.

The compositions of the obtained reaction medium before and after distillation are presented in After the laboratory distillation, ethyl acetate was obtained at a purity of 92.1 %w/w, acetic acid and water still being present in the distillate.

When the distillation was stopped, 43.8 %w/w of the medium still remained in the reactor, with a composition of 77.5 %w/w of acetic acid and 22.5 %w/w of ethyl acetate. Thus, a way of recycling needed to be considered.

3.3.3.1.b Independent synthesis of n--butyl acetate

In the case of n--butyl acetate, the use of n--butanol and acetic acid at a molar ratio of 1:1, in the presence of a heterogeneous catalyst, led to the formation of one mole of water per mole of n--butyl acetate. It is thus mandatory to remove continuously the produced water in order to shift the equilibrium and so enhance the ester formation. The use of a Dean Stark apparatus, in the presence of a small amount of cyclohexane, was decided in order to produce and remove the azeotropic mixture cyclohexane/water and so increase the reaction yield. The composition of the medium obtained after the separation was presented in the After distillation, n--butyl acetate was obtained at a purity of 97.1% w/w, containing very small amounts of butanol, acetic acid, and water. The yield of formation of n--butyl acetate is a bit lower than the one of ethyl acetate (76% compared to 87%) as two successive distillations are needed to recover the desired acetate (water elimination followed by cyclohexane distillation). In each dis-tilled fractions, traces of n--butyl acetate were revealed

3.3.3.1.c Co--production of ethyl acetate and n--butyl acetate

After studying both ethyl acetate and n--butyl acetate separately, their coproduction was investigated. The wastes of the ethyl acetate purification, ie. a mixture composed of 77.5 %w/w of acetic acid and 22.5 %w/w of ethyl acetate, were reused as reactants for the n--butyl acetate production. The heterogeneous catalyst was also recycled in the second esterification. The composition of the distillated n--butyl acetate after the coproduction process is presented in Table 51. The use of acetic acid mixed with ethyl acetate, recycled from the first esterification, did not affect the production of the desired ester as a mixture highly enriched in n--butyl acetate (97.1 %w/w of purity after coproduction vs 97.4 %w/w after the independent esterification) was obtained. It is thus an interesting way of production of n--butyl acetate that minimizes waste production and so treatment by sewage plants.

Conversion of

Life cycle assessment

After characterizing the products obtained either by independent esterifications or by coproduction, the feasibility of using them as part of paint formulation was evaluated by TECNALIA (See section 2.5).

As both solvents presented interesting properties, their processes were compared through a life cycle analysis. The environmental impacts of the chemical reactions were assessed according the functional unit (FU) defined previously as the production of 1 kg of purified solvent. Only the purified esters (ethyl acetate and n--butyl acetate) were considered for this study.

In this study, the acetates were only produced at laboratory scale: the scale--up optimization was not investigated. Therefore, the developed processes were not compared to the industrial ones, available in the databases, as this comparison would not be relevant.

3.3.3.2.a Life cycle assessment of the independent syntheses (scenario 1): ethyl acetate

According to the process flowchart of the ethyl acetate production through Sc 1 (Figure 41a) and the experimental analysis of the obtained medium (Table 49), the inventory data (Table 52) have been collected via experiments and by using the hypotheses described in part 3. The results of the assessment of the ethyl acetate production are presented in Figure 43. It clearly appears that the reagents preparation step presents the most significant environmental impacts (between 53 % and 84 %) for 13 of the 17 impact categories. These results can be explained by the strong impacts generated by the production of acetic anhydride involving in particular the use of acetic acid. In the case of the four other impact categories (ozone depletion, ionizing radiation HH, ionizing radiation E and non renewable energy consumption), the purification step has the greatest impact on the environment, due to a large consumption of electricity during 8 hours.

For example, the potential "human toxicity, cancer effects" impact was 3.85••10 --7 CTUh, with a contribution of the reagents preparation step of 2.53••10 --7 CTUh and of acetic anhydride itself of 1.98••10 7 CTUh, corresponding to 51.5 % of the total impact. These results are in line with those presented in the works of Domènech et al., 385 Wang et al.,378 and Groslambert and Léonard. 386 They highlighted that the main environmental impacts came from the burdens associated with the production of reactants. One way for improving these LCA results could be the use of greener reactants produced either from biomass or with a greener and more direct process. 

3.3.3.2.b Life cycle assessment of the independent syntheses (scenario 1): n--butyl acetate

Before modeling the chemical production of n--BuAc, the inventory data were collected in the laboratory and reported in the Table 53 The results of the assessment of the butyl acetate production are presented in figure 44. 
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As for the ethyl acetate production, the reagents preparation step is responsible of the majority of the environmental impacts (12 impact categories out of 17). This observation can be explained by the use of n--butanol as a reactant and especially the use of propylene related to its production. For the five other impact categories (ozone depletion, ionizing radiation HH, ionizing radiation E, freshwater ecotoxicity and non--renewable energy consumption), the impact of the electricity consumption can be highlighted, with a major role for the esterification and purification steps. Noteworthy, as the cyclohexane was recovered after distillation and recycled, it does not contribute to environmental impacts in the esterification step.

These conclusions (high quantity of reactants and energy intensive processes such as distillation) are also presented in Jödicke et al.'s work as important contributors on the LCA. 387

3.3.3.2.c Life cycle assessment of the co--production of acetates (scenario 2)

After studying both esterifications separately (scenario 1), they were investigated according to a coproduction process (scenario 2) where the co--products of the first synthesis were recycled in the second one. As presented in the process tree detailed in figure 42, the functional unit of this coproduction is the production of 1 kg of n--BuAc, using the acetic acid from the synthesis of EtAc. It is thus needed to determine the quantity of initial reactants to obtain the sufficient amount of acetic acid to produce 1 kg of n--BuAc, knowing the characteristics of the esterifications (Table 50 andTable 51). According to our calculation, 1.141 kg of EtAc must be synthesized in order to recover the 0.749 kg of acetic acid needed for the production of 1 kg of n--BuAc.

The inventory data of this coproduction were collected directly through our experiments at laboratory scale (Table 54).

Noteworthy, the spent solvent mixture considered as wasted from the "Esterification n--BuAc" step (as presented figure 42) was composed of a mixture of reagents and products (n--butanol, acetic acid, ethyl acetate, n--butyl acetate and water). 54. Inventory data for the coproduction of ethyl and n--butyl acetate -scenario 2

--3 -- -- -- -- -- Acetic anhydride -into air (kg/UF) 3.039••10 --3 -- -- -- -- -- 1--Butanol -into air (kg/UF) -- -- -- 1.85••10 --3 -- -- Cyclohexane -into air (kg/UF) -- -- -- 0.1••10 --3 -- -- Cyclohexane -avoided product (kg/UF) -- -- -- -- 0.050 -- Cationic resin -avoided product (kg/UF) -- -- -- -- -- 0.046 Spent solvent (kg/UF) -- -- -- 0.664 -- -- Table
These inventory data were then connected to the environmental damages caused by the substances inventoried, as presented in Fig. 45. 
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The results obtained through LCA, for the coproduction (scenario 2), seem to be quite similar to those obtained for independent esterifications (scenario 1): the reagents preparation step is still the one responsible of the majority of the environmental impacts for 13 impact categories.

A deeper comparison between both scenarios has been made. Noteworthy, as the scenario 2 generates 1.141 kg of ethyl acetate and 1 kg of n--butyl acetate; the same factors were used for the scenario 1, i.e., the impacts caused by the synthesis of the ethyl acetate were multiplied by 1.141.

Actually, by studying these results deeper and comparing in more details those two different processes, it appears that the coproduction presents lowest impacts on the environment (Fig. 46). These results have been confirmed by a Monte Carlo analysis, over 5000 iterations (Figure 47).

Indeed, for all the 17 impact categories evaluated in the method, processing the ethyl acetate and n-butyl acetate syntheses in parallel (Sc 1) had a higher probability of occurrence than the coproduction (Sc 2), that is to say that there is more chance that Sc 1 creates more impacts on the environment than Sc 2. These results can essentially be explained by the recycling of the acetic acid produced through the ethyl acetate esterification, by using acetic anhydride. This recycling also led to a reduction of the quantity of spent solvent to be treated by incineration or wastewater treatment plant, and so the substances emitted by these treatments. Moreover, as the ion exchange resin was also recycled; it avoided effluent consumption needed for potential treatment. 

Challenges for Life Cycle Assessment of chemical syntheses

In this study, we have faced several problems due to the lack of LCA perspective in the chemical field.

3.3.3.3.a Problematic of the data collection

Only few LCAs have been carried out on chemicals and syntheses. 385,388,389 An important lack of data has been highlighted: nowadays, about 84,000 substances are used but only 1,500 are available in Life Cycle Inventory (LCI) databases, such as Ecoinvent, Agribalyse or GaBi. 390 This lack of data can be explained by the fact that collecting data is complex, time consuming and expensive. When possible, data were directly collected in laboratories or chemical industries such as BASF 391 or GlaxoSmithKline 392 but due to confidentiality issues, the results of the assessment were barely published. The scarcity of the data availability is problematic to correctly determine the potential environmental impacts of these chemicals.

To overcome this lack of data, the inventories are mostly estimated. Different techniques exist to fill these gaps such as an estimation of the inputs/outputs derived from heuristics and on--site data on chemical production processes, 393 the use of stoichiometric equations from technical literature, 394 the use of chemical engineering process design 392 or even the use of substitutes or proxys. 390 For all, uncertainty analysis must be undertaken to avoid under or overestimations of the potential environmental impacts, especially in product comparisons.

In our case study, all the chemicals needed were not available in the database used (Ecoinvent 3.1).

To overcome this problem, proxys and bibliographic study were used. For example, the ion--exchange resin used in our experiments, Dowex 50wx8, is not presented in Ecoinvent 3.1. It was thus decided to substitute this chemical by the data "Cationic resin {GLO}, market for" that considers the production of 1 kg of moist resin, containing 50 wt.% of moist and with 6--8 wt.% divinylbenzene (DVB) crosslinking. It was also mentioned that the production process of the resin contained lots of uncertainty, leading to a low quality of the data.

3.3.3.3.b Problematic of the functional unit description

The definition of the functional unit has to be done carefully as the results of LCA strongly depend on this choice. 395 In this study, we decided to consider, in a cradle to gate approach, the production of 1 kg of the desired solvent, at a purity determined experimentally. The knowledge of the purity of the solvent to be assessed, and furthermore the presence of potential by--products, is essential to correctly estimated the inputs and outputs of the study. Indeed, in the case of the ethyl acetate presented in the part 3.1.1.1, producing 1 kg of ethyl acetate at 92.1 %w/w, really means the production of 1.086 kg of mixture including 1 kg of acetate, 0.072 of acetic acid and 0.014 of water, according to the composition of the final reaction mixture (Table 49).

To compare different syntheses, it was essential to use the same functional unit, as reference, ie. the production of 1 kg of desired solvent (ethyl or butyl acetate).

In our study, the limits of this statement were faced. Indeed, for the coproduction process developed, two syntheses were made consecutively. If we studied the production of 1 kg of ethyl acetate followed by the production of 1 kg of n--butyl acetate, there will not be enough acetic acid produced in the first process to be used in the synthesis of n--butyl acetate (process presented in figure 37). It is thus necessary to adapt the functional unit to the study.

Another important point could have been observed if the study was focused on a cradle to gate approach, up to the formulation of the paint and its application. Indeed, in this case, the functional unit could have been to cover a wall with a determined opacity. Changing the degree of opacity could completely change the calculations of the LCA.

Contribution of LCA vs green metrics

As we have previously mentioned, green metrics provide a quantitative analysis of the efficiency and the environmental performance of chemical reactions and processes. 340 In this way, calculation of green metrics, of the individual syntheses and the coproduction process of acetates, is an easy and fast way to get information for the selection of the most environmental--friendly chemical route.

The principal metrics used in the evaluation of new chemical pathways are the atom economy (AE), the environmental factor (E--factor), and the percentage from renewable sources (PRS). This green metrics can be related to the principles of green chemistry proposed by Anastas and Warner. 102 For example, prevention, atom economy, use of renewable feedstocks and use of safe solvent and auxiliaries (Figure 48). In the development of the co--production process of acetates using ion exchange resins as catalyst we were able to respect several of the principles of the green chemistry proposed by Anastas and Warner: 226 the 1 st , 2 nd , 3 rd , 5 th , 7 th , 9 th and 12 th . It is important to highlight that the toxicity (3 rd principles) and the chemicals handling hazards (12 th principle) were reduced in the developed co-production process, thanks to the replacement of the sulfuric acid (H314, H318, R35; related to burns risk), used in the current industrial process, by the ion exchange resin Dowex 50WX8 as catalyst. It is noteworthy that 7 th principle related to the use of renewable feedstock was taken into account because ethanol and n--butanol can be from bio--based origin. Indeed, nowadays several companies supply bio--ethanol and bio--butanol (for example GreenBiologics, ZeaChem, Abengoa, Shell Global and Pacific ethanol Inc.) in the current market.

The atom economy (AE), the environmental (E--factor) and the percentage from renewable sources (PRS) were calculated for (Table 55):

• The individual syntheses starting from i) acetic anhydride and ethanol (1:1) for the production of ethyl acetate and ii) acetic acid and butanol (1:1) for the preparation of butyl acetate.

• The co--production process of ethyl and butyl acetates. According to the green metrics gathered in the table 55, the developed co--production pathway resulted in a more efficient process compared to the individual syntheses.

Process

The atom economy was higher with the co--production process thanks to the recycling of the acetic acid produced in the first esterification as it was used as reagent in the second one for the synthesis of butyl acetate.

As it was expected, the environmental factor (E--factor) of the co--production process was also better than the obtained with the individual syntheses, 0.31 vs 0.68, respectively. These results are not surprising, since as we have discussed, the production of wastes was considerably reduced during the co--production process.

Considering the percentage of renewable sources, same PRS values were obtained with both the individual syntheses and the co--production process when bio--based ethanol and n--butanol were used.

Green metrics method, atom economy and E--Factor, demonstrates that acetates co--production process is more environmental friendly and sustainable than the individual syntheses, due to the reduction of wastes and by--products. Nevertheless, this approach only evaluate the synthesis it self.

In this way, life cycle assessment (LCA) offers more accurate information about the impact to the environment generated not only by the syntheses, but also by the whole processes, considering for example, the production of starting materials, the energetic consumption during the process, the production and treatment of wastes and the final use of the product.

Conclusions

As the solvent market is still going to increase, it is essential to focus on different manners to improve their way of production, especially from an environmental point of view. Even with the petrochemical resource depletion, temporary solution could be investigated to reduce the environmental impacts of the chemical synthesis. This study was focused on the production of two common esters particularly used in paints and coatings: ethyl and n--butyl acetate.

The two developed esterifications were coupled in order to simplify and make greener the global process: no water is produced during the first step that forms ethyl acetate and acetic acid. This acid was thus recycled for the synthesis of n--butyl acetate, after its separation with ethyl acetate. With the proposed process of coproduction, the objectives were completed with an efficient production of acetates in the presence of heterogeneous acidic resin (Dowex 50wx8).

The environmental impacts of this new process were thus evaluated through a Life Cycle Assessment (LCA) and compared to those of the both esterifications, realized in parallel. Using a derivative of the ILCD 2011 1.05 method, it appeared that, for all the 17 midpoint impact categories taken into account, the coproduction presents lowest impacts on the environment. Indeed, as the by--products of the ethyl acetate esterification, ie a mixture of acetic acid and ethyl acetate, were recycled in the second synthesis, the impact of the substances was reduced up to 23 %.

In a context of sustainable chemistry, this new way of production of acetates presents many advantages such as comparable results on a technical point of view and above all, a clear improvement of the environmental impacts. This case study also allowed us to raise the issue of the lack of perspective on the LCA of chemicals, whether in terms of data collection or for the definition of the functional unit. The interest of LCA compared with green metrics was also discussed.

Bio--ethyl and bio--butyl acetates synthesized thought the individual and the coproduction process: green metrics and Life Cycle Assessment

In the previous section, we studied the environmental impact of acetates syntheses using commercial ethanol and butanol (from petrochemical origin), which is found in the Ecoivent 3.1

database. However, it is interesting to analyse the environmental impact of these syntheses, but this time considering their production from bio--ethanol and bio--butanol (for ethyl acetate and butyl acetate, respectively).

Effect of the use of bio--ethanol and bio--butanol for ethyl and butyl acetates syntheses on environmental impacts

Functional unit and system boundaries

As in the cases described in section 3.4, the production of 1Kg of solvent as functional unit was defined. The purity of the solvents was obtained experimentally at laboratory scale (see section 3.3, table 49 and 50). To analyse the impacts related to the syntheses of the molecules from bio--based feedstocks (bioethanol and bio--butanol), an analysis type "cradle to gate" was carried out, from the acquisition of the raw material to the production stage.

Life cycle inventory

For the life cycle inventory, the inputs and outputs of the system were identified for each stage of both syntheses, the independent pathways and the coproduction process. Here, the unique difference with the flowcharts of the section 3.4 is the replacement of ethanol by bio--ethanol and butanol by bio--butanol (Figure 49 and 50). 

Life cycle assessment of the independent syntheses (Scenario 1): bio--ethyl acetate

The inventory data for the production of bio--ethyl acetate were collected according to the process flowchart of the figure 49a and with the experimental results obtained in the laboratory (Table 56).

Functional In this synthesis, we considered the use of bio--ethanol. In the Ecoinvent database are proposed several sources of bio--ethanol: maize, sugarcane and wood. We decided to work with the bio--based ethanol produced from maize since it is the most representative worldwide. Indeed, 51% of bioethanol worldwide comes from the United States, 396 where it is produced mainly from corn (94%). 397 As the carbon contained in bio--ethanol is fully or partly of biogenic origin, it has to be considered as carbon storage. This carbon is sequestered from the atmosphere during photosynthesis and it can be retained from several years. In order to calculate the biogenic carbon, it is firstly necessary to determine the mass of biogenic carbon, m(bio C), as shown in Eq. III--5: Then, it was necessary to calculate the mass of stored CO 2 per kg of bio--based chemical. The following equation was used:

m bio C = n x M(C) M(chemical) = 2 
m CO ! = m bio C • M(CO ! ) M(C) Eq. III--6
where: m (CO 2 ) is the mass of stored carbon dioxide (kg/kg of chemical), m(bio C) is the mass of biogenic carbon (kg/kg of chemical), M(CO 2 ) is the molar mass of carbon dioxide (44g/mol), and M(C)

is the molar mass of carbon (12g/mol).

By substituting in the equation we obtained:

m CO ! = = 0.52 Kg C !"#$%&"' /Kg ethanol • 44g/mol 12g/mol = 1.91𝑘𝑔 𝐶𝑂 ! 𝑘𝑔 𝑒𝑡ℎ𝑎𝑛𝑜𝑙
Eq. III--7

For the bio--ethanol, it was thus considered as biogenic 1.91 kg of CO 2 /kg of ethanol.

3.4.1.3.a Impact assessment: bio--ethyl acetate

After collection data, the environmental impacts of the production of 1kg of ethyl acetate from bio-ethanol and acetic anhydride were evaluated. The contribution to the environmental impact of each stage of the process was analysed. The results are presented in the following figure 51. 
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As can be seen in Figure 51, the preparation of reagents is the stage that contributes the most to the environmental impacts (between 53 and 90%), in 13 of the 17 categories. This is mainly due to the preparation of acetic anhydride. In the remaining four categories, the purification of ethyl acetate has the greatest impact, due to the energy consumption during the 8h of distillation necessary to obtain ethyl acetate with a purity of 92.1%.

3.4.1.3.b Sensitivity analysis: influence of the bioethanol sources

There are different sources for the production of bioethanol. A sensitivity analysis on the biomass source for the production of ethanol was performed. Four different feedstocks were analysed ( These results clearly show that the biomass source of bioethanol has an influence on the impact on the environment. It can be seen that the impacts are reduced almost 10 times, by replacing the ethanol produced from maize by that reported in Pereira's work. 377 It is important to highlight that the impact on climate change is negative when using ethanol produced from cane sugar, wood and cane sugar from Pereira's work. This can be explained by the fact that for each kg of bioethanol used, the release of 1.91 kg of CO 2 is avoided. In the case of corn bioethanol, although the emission of biogenic carbon is avoided, 1.4 kg of CO 2 are released during corn production, which involves the use of pesticides, lime, and nitrogen fertilizers. 398

Life cycle assessment of the independent syntheses (scenario 1): bio--n--butyl acetate

The inventory data for the production of bio--n--butanol were collected according to the process flowchart of the figure 49b and with the experimental results obtained in the laboratory (Table 58).

Functional Unit = 1kg of bio Bio--based n--butanol was considered for the synthesis of bio--butyl acetate. As the lowest impacts to the environment were obtained with the data from Pereira's work in the synthesis of bio--ethyl acetate, we decided, to perform the analysis of bio--butyl acetate also with the data reported by Pereira et al. for bio--butanol production from sugarcane fermentation by Clostridium saccharoperbutylacetonicum. 377 We considered that the carbon from the bio--n--butanol is biogenic carbon and we calculated the storage carbon with the equations reported in section 3.4.1.3. The mass of biogenic carbon was calculated as shown in Eq. III--8.

m bio C = 4 x 12 74.1 = 0.65kg C !"#$%&"' /kg butanol Eq. III--8

Then, the mass of stored CO 2 per kg of bio--butanol was calculated in Eq. III--9.

m CO ! = 0.65 Kg C !"#$%&"' /kg butanol • 44g/mol 12g/mol = 2.

kg CO ! kg butanol

Eq. III--9

For the bio--butanol, 2.38 kg of CO 2 /kg of butanol are considered as biogenic.

3.4.1.4.a Impact assessment: bio--n--butyl acetate

The environmental impacts of the production of 1kg of purified butyl acetate from bio--n--butanol were evaluated. The contribution to the environmental impact of each stage of the process was analysed. Results are presented in figure 53: The analysis showed that the esterification step produced the largest environmental impact (between 45 and 78%) in 10 of the 17 impacts categories (Figure 53). These results are related with the high energy consumed during the 8 hours necessaries for the esterification. Moreover, if we observe the category of climate change, negative values were obtained in the preparation of reagents. This is thanks to the 2.38 kg of CO 2 /kg of butanol stored as biogenic carbon.

Life cycle assessment of the bio--acetates coproduction process (scenario 2)

The inventory data for the coproduction process were collected according to the flowchart of the figure 48. Data were directly collected at laboratory scale (Table 59).

Reagents preparation Esterification EtAc

Purification EtAc 

Esterification n--BuAc Purification n--BuAc Separation INPUTS Bio--ethanol (kg/FU) 0.686 -- -- -- -- -- Acetic anhydride (kg/FU) 1.520 -- -- -- -- -- Cationic resin (kg/FU) 0.034 -- -- 0.012 -- -- Bio--n--butanol (kg/FU) -- -- -- 0.925 -- -- Cyclohexane (kg/FU) -- -- -- 0.050 -- -- Sodium chloride (kg/FU) -- -- -- 0.010 -- -- Water, deionised (kg/FU) -- -- -- 0.010 -- -- Transport,
-- -- 1--Butanol -into air (kg/FU) -- -- -- 1.85.10 --3 -- -- Cyclohexane -into air (kg/FU) -- -- -- 0.1.10 --3 -- -- Cyclohexane -avoided product (kg/FU) -- -- -- -- 0.050 -- Cationic resin -avoided product (kg/FU) -- -- -- -- -- 0.046 Spent solvent (kg/FU) -- -- -- 0.664 -- --

Table 59. Inventory data for the coproduction of bio--ethyl and bio--butyl acetates

As in the case of the individual syntheses of bio--ethanol and bio--butanol, the life cycle assessment were performed according with the data reported by Pereira et al. Biogenic carbon was the same as the calculated in the individual syntheses: 1.91 kg of CO 2 /kg of ethanol and 2.38 kg of CO 2 /kg of butanol.

3.4.1.5.a Impact assessment: coproduction of bio--ethyl and bio--n--butyl acetates

The impact on the environmental categories of each step of the coproduction was studied. Results are showed in figure 54. Similar results to those of the individual syntheses were obtained with the coproduction process. The reagent preparation represents the higher impact on the environment in 13 of the 17 categories.

These results are explained because of the strong impact generated by the production of acetic anhydride used in the ethyl acetate synthesis.

Comparison between the individual syntheses (scenario 1) and the coproduction of bio-ethyl and bio--butyl acetates (scenario 2)

In the acetates coproduction process, the production of wastes were reduced due to the recycling of the acetic acid produced from the esterification of ethanol and acetic anhydride that is used in the production of butyl acetate. In order to evaluate the environmental benefit of the coproduction process, the environmental impacts of both syntheses pathways were compared (Figure 55).

As in the section 3. The figure 55 shows that the coproduction process generated lowest impact to the environment than the individual syntheses in all the categories. These results were confirmed by a Monte Carlo analysis, over 5000 interactions (Figure 56) As we can observe in Figure 56, the environmental impact of the coproduction process is significantly favourable compared with the individual syntheses. These results are related to the recycling of the acetic acid, produced during the synthesis of ethyl acetate, in the production of butyl acetate. The recycling of acetic acid thus reduced the treatment of wastes.

Comparison between bio--based and petrochemical ethyl and butyl acetates produced through the developed syntheses

In this section, we presented the influence of the starting material origin, bio--based or petrochemical alcohols, on the environmental impacts generated from the developed syntheses. Herein, we compared the use of bio--ethanol or petrochemical ethanol for ethyl acetate production and bio--butanol or fossil--butanol for butyl acetate synthesis. As a reminder, herein we consider the following criteria:

• ethyl acetate produced from ethanol and acetic anhydride (1:1);

• butyl acetate produced from butanol and acetic acid (1:1);

• in both esterification, 5%w/v ion exchange resin respect to the alcohol are used.

For the analyses we have considered the same flowchart presented in Figure 47a and 47b for ethyl and butyl acetates, respectively.

Bio--ethyl acetate versus petrochemical ethyl acetate

As in the previously section, we have considered that ethyl acetate was produced from bio--ethanol.

Herein, we considered that bio--ethanol is produced from sugarcane modelled in section 3.4.1.3b with the data reported by Pereira et al.,377 as it presented the lowest environmental impact comparing with the bioethanol from maize, sugarcane and wood. In the other hand, petrochemical ethanol was taken from the Ecoinvent 3.0 database, i.e. ethanol, without water, in 99.7% solution state, from ethylene {GLO}/market for.

Figure 57 show the comparison of the environmental impacts generated from the developed synthesis when using bio--ethanol or its fossil equivalent. As we can observe in figure 57, in 12 of the 17 categories, there is not significant difference between the bio--based and the fossil--based ethanol (difference lower than 10 % are observed). However, a reduction of the impacts on climate change, particulate matter and freshwater eutrophication was observed when using bio--ethanol. These results can be related with the storage of CO 2 and with the sugarcane cultivation method, i.e. semi--mechanical planting and mechanical harvesting. The impacts reduction on freshwater eutrophication when using bio--ethanol comparing with the fossil one can be related with the high P emissions from fossil ethanol production. 399 Besides, reduction of particulate matter may be due to the reduction of fossil fuel used in bio--ethanol production. Indeed, wastes from sugarcane cultivation are used as fuel.

Otherwise, lower impacts are observed in land use and water flow when using fossil--ethanol, which can be related with the use of land for sugarcane cultivation and water for irrigation.

Bio--n--butyl acetate versus petrochemical n--butyl acetate

For the production of bio--n--butyl acetate, we have considered the use of bio--based butanol. Herein, we compared the environmental impacts generated from the synthesis of butyl acetate when using:

i) the bio--butanol modelled with the data reported by Pereira et al. 377 presented in section 3.4.1.3b and ii) the petrochemical butanol available in the Ecoinvent 3.1 database, i.e. 1--butanol {GLO}/market for. The contribution to the environmental impact when using bio--based and petrochemical butanol in the developed synthesis is presented in figure 58. By using bio--butanol instead of the fossil--butanol, the environmental impacts were reduced in 10 of the 17 categories. Remarkably, the impact on climate change was reduced in a 53 % when using bio-butanol. These results may be related with the storage of CO 2 when using bio--butanol, with its production, and with sugarcane cultivation method (e.g. mechanical harvesting). According to Pereira et al.,377 no waste is generated during bio--butanol production. Furthermore, wastes from sugarcane cultivation are used as fuel. Besides, residues from sugar production are employed as natural nutrient in plantation areas, thus reducing the contribution on environment. Otherwise, no significant differences (less than 10%) were observed in the rest of the categories (7 of the 17 categories).

Comparison of the developed syntheses with the current industrial petrochemical one: contribution of LCA versus green metrics

In this work, bio--ethyl and bio--butyl acetates were synthesized with a greener approach, respecting as far as possible the principles of the green chemistry. It is important to highlight that in the proposed chemical routes we have replaced the sulphuric acid catalyst, used in the current industrial processes, by heterogeneous ion exchange resins. This strategy facilitated the purification of both Furthermore, the use of acetic anhydride instead of acetic acid facilitated the purification of ethyl acetate. The avoidance of water production permits to purify the molecule by simple distillation. In the classical process, several azeotropic distillations are needed to obtain ethyl acetate at a purity of 95%.

This study allowed us to determine that environmental impacts can be reduced by using bio--ethanol and bio--butanol for the syntheses of acetates through the developed processes. Therefore, we were interested in compare these greener syntheses with the petrochemical industrial ones. In this case, it is necessary to remark that the syntheses studied here were developed on a laboratory scale, for which the direct comparison of their life cycle with that of the industrial processes would not be pertinent. In this context, the calculation of green metrics is a useful tool that allows performing an easy and fast comparison of these syntheses.

The green metrics of ethyl and n--butyl acetate syntheses, through both the independent syntheses and the coproduction process, using bio--ethanol and bio--butanol, are compared with the classical process (that use acetic acid and ethanol or butanol for ethyl or butyl acetate syntheses) in table 60.

Process

% AE E--factor % PRS Bio--ethyl and bio--butyl acetates through individual syntheses 72.4 0.68 57.9 a Bio--ethyl and bio--butyl acetates through coproduction process 91.9 0.31 57.9 a Petro--acetates: EAc and BAc through traditional process 85 14.7 0 According to the green metrics shown in the table 60, the co--production process developed in this work leads to the best results, followed by the individual syntheses.

The percentage of renewable sources, is higher for bio--base acetates, 58 % was obtained when using bio--based ethanol and butanol for their syntheses.

Regarding the atom economy, higher value was obtained with the co--production process than with the traditional one, 91.9% vs. 85%.

The environmental factor (E--factor) of the co--production process and the individual syntheses were better than the obtained with the traditional ones. The lowest E--factor values were obtained for the coproduction process (0.31), thanks to the recycling of the acetic acid produced in the 1 st esterification that serves as reactant in the 2 nd one, avoiding thus the waste production.

Conclusions

In this work, two synthetic routes were proposed for the production of ethyl and butyl acetates: i) independent syntheses, from acetic anhydride and ethanol (1:1) for the production of ethyl acetate and from acetic acid and n--butanol (1:1) for butyl acetate, and ii) the coproduction process, ethyl acetate is produced from acetic anhydride and ethanol (1:1). The acetic acid produced in this reaction was used as a reagent for its esterification with n--butanol for the production of butyl acetate.

These syntheses were designed following the principles of green chemistry, for example, prevention, atom economy, use of less hazardous chemicals, lower toxicity, and avoidance of auxiliary solvents. It is important to note that in these syntheses, sulphuric acid, currently used in the industrial processes, was replaced by Dowex 50WX8 ion exchange resin, reducing the toxicity of the reaction and facilitating purification steps.

With the development of the acetates coproduction process, we achieved:

• the reduction of the amount of wastes and co--products

• the prevention of hazardous reagents, such as sulphuric acid

• the purification of ethyl acetate was facilitated, thanks to the avoidance of the production of water with which it forms a homogenous azeotrope.

The advantages of the coproduction process were clearly demonstrated through the calculation of green metrics:

• Atom economy was greater in the co--production process, thanks to the reuse of acetic acid produced in the first esterification, for the synthesis of butyl acetate.

• Likewise, the environmental factor was better in co--production than the individual acetates syntheses (0.31 vs 0.68, respectively), due to waste reduction.

Notwithstanding, green metrics showed the environmental benefits of the coproduction process against individual syntheses. Life cycle assessment was completed to get information of the whole life cycle of the acetates and to highlight the environmental advantages of the coproduction pathway.

• In the individual syntheses and in the co--production process, the reagents preparation stage showed the greatest impact on the environment, due to the production of acetic anhydride and n--butanol.

• By comparing the both synthetic pathways through a Monte Carlo analysis, it was attested that the coproduction process generated lower impacts to the environment in all the categories than the individual syntheses.

These results can be principally explained by waste reduction thanks to the use of the acetic acid (co-product for the first esterification) in the second esterification.

Green metrics and life cycle assessment were useful tools to assess the environmental benefit of the developed coproduction process. This synthesis strategy not only represents technical advantages, such as the easy purification by distillation, but also impacts reduction on the environment.

During life cycle evaluation of the acetates syntheses, two problems were identified: i) lack of chemical data in the available databases and ii) determination of the functional unit when comparing different syntheses processes. In order to solve these problems, the missing data were estimated through proxies and bibliographic analyses and the functional unit was adapted to the study.

The influence on the environmental impact generated by the origin of the starting material, bio-based or petrochemical, used in the developed processes was also evaluated.

• For ethyl acetate, no significant differences were obtained in the majority of the categories (15 of 17). However, lower impacts on climate change, particulate matter and freshwater eutrophication were obtained when using bio--ethanol.

• For butyl acetate, the use of bio--butanol reduced the environmental impacts in 10 of the 17 categories. Remarkably, impact on climate change was reduced in a 53 % when bio--butanol was used instead of fossil--butanol.

Finally, green metrics calculated with the syntheses developed in this work were compared with those obtained with the classical current ones.

• The bio--acetates syntheses through the coproduction process presented better results than the classical petrochemical syntheses: higher atom economy (91.9%), lower E--factor (0.31) and higher PMR (57.9%).

CHAPTER IV. Synthesis of bio--based methyl ethyl ketone 4.1 Introduction

The methyl ethyl ketone (MEK) is the second most important ketone, after acetone, and is a solvent widely used in the paint and coating industry: more than 60% of its production is destined to these sectors. MEK is currently produced from fossil sources, using high temperatures and homogeneous catalysts obtaining MEK in low yields and with quite poor selectivity.

In the context of green chemistry, we have been interested in developing a new protocol more efficient and that uses a bio--sourced molecule as starting material. The decarboxylation of levulinic acid (LA), in the presence of potassium persulfate and different silver species, has thus been envisaged as this acid is an attractive renewable source.

This chapter is divided into three parts: the first part is devoted to the presentation of the physicochemical characteristics of MEK and the industrial processes currently used for its production.

In the second section of this chapter, an extensive study of the decarboxylation of levulinic acid for the production of methyl ethyl ketone is presented. The role of the different reactants such as the silver species and the persulfate ions is explored in order to elucidate the decarboxylation mechanism for this reaction. The comprehension of this mechanism allowed us to remarkably improve the LA conversion and the MEK yield. As in the two previous chapters, this research work is presented in the form of publication.

During the reaction, changes in the colour of the solid phase were observed. These changes suggested the possible evolution of the silver species into different forms. In order to gain more insight about these modifications, we decided to analyse the solid phase of the reaction through different spectroscopic methods in the third section of this chapter. The characterization of the solid phase through scanning electron microscopy (SEM--EDX), solid--state nuclear magnetic resonance (SSNMR), X--ray diffraction (XRD), and X--ray photoelectron spectroscopy (XPS) showed the evolution of silver species along the reaction and lend support to the reaction mechanism previously proposed in second section of this chapter.

Generalities: from conventional to bio--based methyl ethyl ketone (MEK)

Methyl ethyl ketone (MEK): properties, applications and industrial production

Properties and applications

Methyl ethyl ketone (MEK), also known as 2--butanone (IUPAC: butan--2--one), is a flammable colourless liquid with low viscosity and a characteristic ketone odour similar to acetone. 400 This ketone is classified by the FDA in class 3 which means that it is less toxic and of lower risk to human health than solvents of class 1 and 2 such as benzene and toluene, respectively. MEK is classified in the solvent paint category as an oxygenated solvent with a high dissolvent power.

For this reason, it is widely used in the paint and coating sector, principally as a low--boiling solvent for nitrocellulose, acrylic and vinyl resin--based coatings. Furthermore, its high volatility (b.p. 79.6°C) and high evaporation rate (4 respect to butyl acetate) make it a good solvent for acrylics and lacquers. 403 MEK can also be employed in rubber--based industrial cements and printing inks.

Furthermore, this ketone is required in the polymerization processes of polystyrene, acrylonitrile, and styrene--butadiene rubber. 404 After acetone, which has a very similar structure with only one less carbon, MEK is the most important commercially produced ketone. Its production in 2014 was estimated at 1.4 million tons and an increase of 35% is predicted for 2022. 405 The global market of MEK was valued at USD 2.56 billion in 2015, 406 406 with 60 % of the total MEK production used by the paint and coating sectors (Figure 59). 407 

Current industrial production processes

Today, MEK is mainly produced by three processes: 400,408,409

1. the dehydrogenation of 2--butanol that represents 92 % of all production capacities, 2. the Fisher--Tropsch process or 3. the liquid--phase oxidation of n--butane

4.2.1.2.a Dehydrogenation of 2--butanol

The principal process for the production of MEK is the dehydrogenation of 2--butanol (secondary-butyl alcohol, SBA) that is carried out in a two--step process: i) the hydration of butenes to produce 2-butanol using sulphuric acid as catalyst 404 and ii) the dehydrogenation of secondary--butyl alcohol using zinc or copper oxides as heterogeneous catalyst (Scheme 15).

Scheme 15. Synthesis of MEK by the dehydrogenation of 2--butanol

The dehydrogenation of 2--butanol is carried out at 400--500°C, under pressures of less than 4 bar. 410 The gas produced in the reaction is condensed and then separated into a liquid crude phase containing MEK and a gaseous hydrogen phase. This reaction allows obtaining a sec--butanol conversion between 80 and 95% with a selectivity of MEK around 95 %. 409,411 Different versions of this reaction have been adopted. For example, a liquid--phase technology in which SBA is mixed with an inert high boiling solvent was developed in Europe. This process employs Raney nickel or copper chromite as catalyst. The reaction is run at 150°C under atmospheric pressure. Here, the formed hydrogen and MEK are driven off in a vapour form to be separated as soon as each is formed. 409 Furthermore, Deutsche Texaco (USA) developed a process that consists in the dehydrogenation of anhydrous sec--butyl alcohol using a copper--based catalyst at 240--260°C under atmospheric pressure. In this reaction, SBA is produced via direct hydration of n--butenes catalysed by an ion--exchange resin. Then, the dehydrogenation of the produced SBA is carried out on a copper catalyst. A gaseous mixture of hydrogen and crude MEK is obtained from this reaction. It also contains unconverted SBA, higher ketones and water, which after cooling allow their separation from the gaseous hydrogen phase. The purification of MEK consists in three consecutive distillations.

In the first one, crude MEK (containing SBA and higher ketones) is separated from the azeotropic mixture MEK--water. In the second distillation, the unconverted SBA and the higher ketones are separated from MEK to obtain a purity of 99%. The last distillation is for separating the higher ketones from the SBA that are sent back to the process feed tank. 400 The Texaco process has the advantage of using an heterogeneous catalyst that can be recycled. 412 Nevertheless, several co-products are obtained (higher ketones).

To sum up, the principal process for the production of MEK still uses sulphuric acid as homogeneous catalyst for the hydration of butenes. Furthermore, all the developed versions have the disadvantage of using high temperatures for the SBA dehydrogenation (150°C, 240--260°C and 400--500°C).

4.2.1.2.b Fisher Tropsch coal to liquid process

The second process used for the production of MEK is the Fischer--Tropsch method developed by Franz Fisher and Hans Tropsch in 1940 and adopted by Sasol. 413 This technology consists in the conversion of H 2 and CO (synthesis gas produced from coal) into hydrocarbons of various molecular weights, generally molecules between C 1 --C 20 and oxygenated products such as alcohols, acetic acid, acetone, methyl isobutyl ketone (MIBK) and methyl ethyl ketone (MEK; scheme 16). 400,[413][414][415][416] 

Scheme 16. Synthesis of MEK by the Fisher Tropsch method

The reaction is catalysed by an iron--based catalyst at temperatures between 180 and 200°C. 413 In the first step of the process, mineral coal is gasified to produce the synthesis gas. In the second step the synthesis gas is converted into the hydrocarbons and oxygenated products such as MEK (with low selectivities between 3--6 %w/w 417 ). In the last step, each of the products are separated and purified. 400 The drawbacks of this process are the use of high temperatures and the formation of several by-products.

4.2.1.2.c Liquid--phase oxidation of n--butane

MEK can also be obtained as a by--product of the oxidation of n--butane into acetic acid. The general process consists in the reaction between n--butane and compressed air or oxygen in the presence of a catalyst, typically cobalt, manganese or chromium acetates. The main product of the reaction is acetic acid. Several by--products are also obtained, such as MEK, ethanol, ethyl acetate, formic acid and propionic acid (Scheme 17). 409

Scheme 17. Synthesis of MEK by the liquid--phase oxidation of n--butane

Celanese Corp. (USA) uses this technology at temperatures between 160 and 165°C, obtaining a mass ratio of MEK:acetic acid of 0.4:1. 227 Nevertheless, the process has the disadvantages of using high temperatures and obtaining low MEK yield.

4.2.1.2.d Other developed processes for the production of MEK

Other production processes such as the oxidation of sec--butylbenzene and the Hoechst--Wacker process were studied with no industrial success because of the disadvantages they present, such as long reaction times, low product yields, undesired by--products formation, and technical difficulties in the process.

The production of MEK starting from sec--butylbenzene was studied by the Shell Company. This process consists in the oxidation of sec--butylbenzene and cumene into butylbenzene hydroperoxide and cumene hydroperoxide, which are then decomposed by acid catalysis into a mixture containing MEK, phenol and acetone. The acid catalyst used in the process can be sulphuric acid, perchloric acid or phosphoric acid. 418,419 In this method, the oxidation rate of sec--butylbenzene is lower than the one of cumene provoking side reactions, leading in a mixture of by--products including formic acid and acetic acid and thus reducing MEK yield. This low selectivity and the use of a homogeneous acid explain why this process has never been industrialized (Scheme 18). 400

Scheme 18. Synthesis of MEK by the oxidation of sec--butylbenzene

In the Hoechst--Wacker process, MEK is produced by the direct oxidation of n--butenes with oxygen.

The reaction is carried out at 110°C, in the presence of PdCl 2 and CuCl 2 as catalysts. Through this process, 95% conversion of n--butenes can be obtained with a MEK yield around of 85 and 88 %. The disadvantages of this reaction are the formation of chlorinated butanones and butyraldehyde as by-products (Scheme 19). 420,421 Scheme 19. Synthesis of MEK by the Hoechst--Wacker process.

Strategy for the synthesis of bio--based methyl ethyl ketone (MEK)

The previously described processes generally produce MEK in low yields with limited selectivities using high temperatures and homogeneous acid catalysts. Additionally, all the presented technologies use petrochemical--based starting materials, offering a negative impact on the environment. This is why the development of new processes for the production of MEK using bio-based building blocks is interesting and deserves to be explored.

As the world moves from fossil to renewable feedstocks, we propose herein the synthesis of methyl ethyl ketone through the decarboxylation of levulinic acid (LA), which is a versatile building block derived from the biomass (Scheme 20).

Scheme 20. Synthesis of MEK through LA decarboxylation

Levulinic acid: a bio--based synthon

Levulinic acid is the simplest and most important γ--oxocarboxylic acid. It contains two functional groups, a ketone and a carboxylic acid moiety, providing a great number of synthetic transformations, for example esterifications, alkylations, halogenations and condensations. 400,422,423 LA has acquired a big interest in the chemical industry because it is one of the most available building blocks obtained from carbohydrates. Besides, it was recognized by the US Department of Energy as one of the main bio--based platform chemicals of the future. 215 LA is produced industrially from sugar polymers such as cellulose or starch, which are converted into monomeric hexoses. The hexoses are then dehydrated into hydroxymethylfurfural (HMF) that are finally hydrated to obtain levulinic acid (Schema 21). 424

Scheme 21. Levulinic acid production 425,426 Recently, two important methods have been reported for the synthesis of LA from lignocellulosic biomass. The first one is the Biofine process developed by Biofine Technology LLC (USA). 427 This technology involves the rapid hydrolysis of lignocellulosic biomass using temperature between 190°C and 220°C and diluted sulphuric acid as catalyst. The process is carried out in a two--reactors system where levulinic acid is constantly removed avoiding side reactions and thus increasing the yield in LA. 428 Four mains products are obtained with this process: levulinic acid, formic acid, furfural and a carbonaceous powder. The LA yield of this process is between 70 and 80 wt%. [429][430][431] The Biofine process is still under development at the pilot plant. It is planned to move to a commercial scale and transform 100 tons of biomass per day. 427 The second and the most important approach is the ATLAS technology developed by GFBiochemicals (Caserta, Italy). The plant that operates in Caserta since 2015 is the largest producer of levulinic acid from biomass with a production of 10,000 tonnes/year. The process consists in an acid pre--treatment of the biomass to liberate the sugars. Then, the hexoses are transformed into LA using a unique-reactor technology (GFB reactor technology). The GFB reactor maintains the concentration levels of HMF and thus increases the production of levulinic acid. The process can use various biomass feedstocks such as grass, wheat straw and wood. 225,432,433 

Decarboxylation of levulinic acid into methyl ethyl ketone: state--of--the--art

In the state--of--the--art, some methods have been reported for the synthesis of MEK from levulinic acid. For example, the decarboxylation of sodium levulinate in an electrolyte cell for the production of MEK and octanedione has been described in a patent. 434 The enzymatic decarboxylation of LA into MEK with an acetoacetate decarboxylase (AADC) from Clostridium acetobutylicum ATCC824 has also been reported. A yield in MEK of 90 % was obtained when 53 Units of AADC were used, at 30°C and pH 5. 435 In 2010, Gong et co--workers have reported the decarboxylation of LA using CuO(I) and CuO(II) as catalyst. In their work, the reactions were carried out at 300 °C, during 2 h. A maximum MEK yield of 67.5 % was obtained using 69 wt% CuO(II) (respect to LA, Scheme 22). 436 Lower MEK yield was obtained when they used CuO(I). In both reactions, acetone and acetic acid were produced as by-products. The complete study involved the preparation of the CuO(I) and CuO(II) under high temperatures (between 500 to 800°C). 437 Transition metals can also be used for the persulfate activation, the metal transfers an electron to one of the sulfate radicals, produced from the persulfate, leading to the formation of a sulfate anion (Eq. IV--4). 453 Eq. IV--4

Anderson and Kochi were the first to evaluate the influence of metals such as silver and copper on the activation of persulfate involved in the decarboxylation of n--butyric and isobutyric acids. They pointed out that both the persulfate activation and the decarboxylation increase in the presence of metals. 461 Since those observations, many investigations have been performed to analyse the influence of transition metals such as Fe(III), Fe(0), Ru(III), Co(II), Ce(III), V(III), Mn(II), Ni(II), Cu(II) and Ag(I) in the activation of persulfate. 453,[462][463][464][465][466][467][468][469][470] The use of transition metals is thus an interesting way to activate persulfate, as catalytic amounts of this reactant are generally needed. Inspired in the work of Gong et al.,438 we therefore decided to study the decarboxylation of levulinic acid using different silver species and potassium persulfate (Scheme 24).

Scheme 24. Synthesis proposal for the production of bio--methyl ethyl ketone

To the best of our knowledge, only the report of Gong et al. is addressed to this subject using the silver salt--persulfate system. However, their method uses high temperatures (160°C) and yields only 44.4 % MEK. This is why a more in--depth study is necessary to gain a detailed comprehension of the reaction with the aim of improving the production of MEK using milder conditions.

In this chapter, we present an exploratory study to better understand the behaviour of silver--based species and persulfate in LA decarboxylation. This approach allowed us to determine the factors that affect the reaction and to identify the adequate operational conditions for improving the production of MEK. 

Evolution of species during levulinic acid decarboxylation to produce methyl ethyl ketone in the AgNO

Introduction

Methyl ethyl ketone (MEK) is used in the paint and coating industry, primarily as a low--boiling point solvent for nitrocellulose, acrylic and vinyl surface coatings. It is also often used in professional paint shops and by painters, to thin acrylics and lacquers. 403,404 In recent years, interest has increased in the replacement of petroleum derivatives with products derived from biomass, due to environmental and legal concerns. The use of biomass feedstocks has become particularly attractive as a way of decreasing dependence on fossil resources and reducing negative impact on the environment. Studies of the synthesis of methyl ethyl ketone from renewable building blocks, such as levulinic acid, through environmental friendly processes, are therefore particularly pertinent.

Levulinic acid (LA) has been identified by the National Renewable Energy Laboratory (NREL) as one of the highest--value chemicals that can be produced from sugars or lignocellulosic materials by acid dehydration. 215 It is an abundant raw material, with a reported demand of 2606.2 tons in 2013. 471 LA is now considered to be an interesting platform molecule, due to the large number of compounds it can form: tetrahydrofuran (THF), 2--methyltetrahydrofuran (2--MeTHF), levulinate esters, γ-valerolactone (GVL), α--angelica lactone, 1,4--pentanediol (PDO), acrylic acid, β--acetyl acrylic acid and δ--aminolevulinic acid. 215,472 The decarboxylation of aliphatic carboxylic acids, such as LA, has been much less studied than the decarboxylation reactions of heteroaromatic carboxylic acids. [473][474][475][476] The decarboxylation of heteroaromatic carboxylic acids involves the use of high temperatures and Brønsted--Lewis acid catalysts, such as SiO 2 --Al 2 O 3 and γ--Al 2 O 3 . 477 The use of hydroxyl radicals ( l OH) has also been reported

for the decarboxylation of organic acids, such as 2--methylalanine and amino acids. [478][479][480][481][482] Metal oxidants, such as Pb(IV), Co(III), Mn(III), Fe(II) and Cu(II), can also be used. 462,483 Only a few studies describing the decarboxylation of LA have been published. Chum et al. described the photoelectrochemical decarboxylation of LA with n--TiO 2 as a semiconductor. However, MEK selectivity was low. Methanol, ethanol, propionic acid, acetic acid, acetone, acetaldehyde, ethyl acetate, methane and ethane were also produced during the reaction. 484 Gong et al. recently described the decarboxylation of LA with cupric oxides as the catalyst, under harsh conditions (300°C). The products of this reaction were MEK (67.5% yield), acetone and acetic acid. 437 Gong et al.

also described LA decarboxylation with AgNO 3 /K 2 S 2 O 8 as coreagents, at 160°C for 30 minutes in an aqueous solution of NaOH/KH 2 PO 4 (pH 5). Under these milder conditions, a moderate yield (44.2%)

of MEK was obtained. 438 Decarboxylation reactions involving the Ag(I)/K 2 S 2 O 8 system have aroused the interest of many researchers. 463,465,467,[485][486][487] It has been suggested that the decarboxylation mechanism of this system involves the oxidation of Ag(I) into Ag(II) by S 2 O 8 2-. Then Ag(II) is then responsible for carboxyl radical formation, followed by decarboxylation and production of the corresponding alkyl radical. 461 The main objective of this study was to determine the basis of the effect of different Ag salts and K 2 S 2 O 8 on the decarboxylation of levulinic acid (LA) for the synthesis of methyl ethyl ketone (MEK).

The effects of different Ag species and K 2 S 2 O 8 were first investigated. The experimental conditions were then studied, to improve the reaction yield for MEK. Finally, solid phases were characterized by XPS and XRD, to support the proposed reaction mechanisms and for the development of a strategy to improve MEK production.

Material and methods

Chemicals

Levulinic acid, silver nitrate, silver oxide (I), silver oxide (II), silver chloride and potassium persulfate, all reagent grade, were purchased from Sigma--Aldrich (L'Isle d'Abeau Chesne, France). Methyl ethyl ketone was analytical grade also from Sigma--Aldrich.

Decarboxylation of LA.

The batch experiments were carried out in bushing--type ACE pressure tubes. In a typical run, the reaction was prepared by adding 0.035 g of levulinic acid (3 mmol) to 15 mL of K 2 HPO 4 /KH 2 PO 4 (0.1:0.1 M in Milli--Q water, pH 6.86) followed by the Ag salt (3 mmol; silver salts should be weighed by avoiding contact with light in order to prevent oxidation. e.g. in a dark vial) and K 2 S 2 O 8 (3 mmol).

The reaction mixture was heated at 100°C for 30 or 60 minutes, with stirring. Liquid and solid phases were separated only by centrifugation.

Levulinic acid, acetic acid and methyl ethyl ketone were identified by GC--MS (Agilent 6980/5973, France) with an Agilent J&W DB--5MS column (30 m x 0.25 mm, 0.25 µm). The temperatures of the injector and detector were 250 and 230°C, respectively. The oven was initially at a temperature of 70°C, which was then increased to 160°C at a rate of 2°C/min and then to 280 °C at a rate of 4°C/min.

The scan extended from 25--300 m/z, and the library used for compound identification was NIST98.1.

Levulinic acid, acetic acid and methyl ethyl ketone were also identified and quantified by NMR 1 H.

NMR spectra were recorded at 300 MHz in D 2 O in a Bruker Fourier 300 machine (magnet system 300 MHz/54mm).

XPS analyses

Analyses were performed with a Thermo Scientific Kalpha device. Photoelectron emission spectra were recorded with Al-Kα radiation (hν = 1486.6 eV) from a monochromatized source. The X spot size was 400 µm. The pass energy was fixed at 40 eV for narrow scans (and 150 eV for the survey).

We used Flood Gun for the charge effects. The spectrometer energy was calibrated with the Au 4f 7/2 (83.9 ± 0.1 eV) and Cu 2p 3/2 (932.8 ± 0.1 eV) photoelectron lines. XPS spectra were recorded in direct N(Ec) mode. The background signal was removed by the Shirley method. Atomic concentrations were determined with an accuracy of 10% from photoelectron peak areas, using the atomic sensitivity factors reported by Scofield, taking into account the transmission function of the analyzer. This function was calculated at different pass energies from Ag 3d and Ag MNN peaks collected for a reference silver sample, within the system. The binding energy scale was established by referencing the C 1s value of adventitious carbon (284.7 ± 0.1 eV). The photoelectron peaks were analyzed by Lorentzian/Gaussian (L/G = 30) peak fitting.

XRD analyses

The diffraction patterns were collected with a Bruker D8 Advance diffractometer with a LynXeye 1D

detector. The X--ray tube was a ceramic tube with a copper anode. There was no monochromator.

The main wavelengths used were Kα radiation, 0.154059 nm and Kα2 radiation, 0.15444 nm.

Results and discussion

LA decarboxylation was studied in the presence of an aqueous phosphate solution, as described in the previous papers from Gong et al. 437,438 The experimental media were multiphase systems including solids based on Ag salts, an aqueous solution containing LA and K 2 S 2 O 8 , and a gaseous phase.

Influence of either K 2 S 2 O 8 or AgNO 3

For exploration of the role of K 2 S 2 O 8 and AgNO 3 , reactions lacking one of these species were firstly run at 100°C. After a reaction time of 30 minutes, no LA decarboxylation was observed if only silver nitrate was added (Table 62, # 1), whereas, in the presence of 0.25 equivalents (eq) of persulfate, traces of MEK (2.6%) and acetic acid (1%, AcOH) were observed (Table 62, # 2). Increasing the amount of persulfate led to a rise in levulinic acid conversion, from 3.6 to 20% (Table 62, # 2--5). The thermal activation of persulfate to produce sulfate radicals (SO 4 l -) in aqueous solutions has already been reported 452,[454][455][456][457]485,488 and would explain the occurrence of LA decarboxylation even in the absence of AgNO 3 . However, when 1 or 2 equivalents of persulfate were added, despite the increase in LA conversion, MEK yield fell to 4.3% and acetic acid production increased to 14.5% ( In these cases (in the absence of AgNO 3 ), the decarboxylation of LA can be explained by the mechanism described in scheme 24.

Scheme 25. Decarboxylation of LA by thermal persulfate decomposition

The role of K 2 S 2 O 8 in the production of MEK was investigated further, to obtain greater insight into the production of acetic acid in these conditions, by studying reaction kinetics with 1 equivalent of persulfate (Table 62). MEK yield was highest during the first few minutes of the reaction. It then began to decrease slightly, while the concentration of acetic acid increased (Figure 60).

The behaviour of MEK in the presence of potassium persulfate was studied then by employing the same reaction conditions but with MEK as the starting material. A rate of 10% was obtained for the conversion of MEK into acetic acid at 30 and 60 min of reaction at 100°C. These results suggest that MEK can be oxidized into AcOH at 100°C, accounting for the decrease in MEK yield and the increase in acetic acid after 20 minutes of reaction. This reaction was also carried out at 25°C, but MEK was not converted into AcOH at that temperature suggesting that the temperature is determinant for this reaction. 

Role of Ag salts

Decomposition of the K 2 S 2 O 8 moiety has been reported to be catalyzed by transition metal ions, such as silver species. 461,462,489 The influence of AgNO 3 , AgCl, Ag 2 O and AgO on decarboxylation was, therefore, evaluated. The reactions were carried out with a 1:1 ratio of Ag salt/K 2 S 2 O 8 , at 100°C, in the same phosphate solution.

An improvement in LA conversion, from 14% to 46.8% was observed, with an outstanding increase in MEK yield, from 6.8 to 32% when 1 eq each of AgNO 3 and K 2 S 2 O 8 were used (Table 62, # 4 vs. Table 63, # 1). In the presence of AgCl, MEK yield was slightly lower (Table 63, # 2). By contrast, when Ag 2 O

or AgO and persulfate were used, the yield of MEK remained similar to that obtained with AgNO 3 , but the yield of acetic acid increased markedly (Table 63, # 1, 3 and4). Thus, the breakdown of The mechanism first proposed by Anderson and Kochi in 1970 461 and then by other authors 438,486,490- 492 for decarboxylation in the presence of Ag(I) and K 2 S 2 O 8 involves a Ag(I)--Ag(II) catalytic cycle, in which Ag(II) is assumed to be responsible for acid decarboxylation. In the proposed mechanism, both persulfate and sulfate radicals resulting from K 2 S 2 O 8 decomposition oxidize Ag(I) to Ag(II), triggering decarboxylation of the acid. Ag(I) is then regenerated from Ag(II).

K 2 S
Assuming that the role of persulfate in the reaction is to oxidize Ag(I) to Ag(II), as previously suggested, and that Ag(II) is directly responsible for decarboxylation of the carboxylic acid, a reaction with 1 equivalent of AgO (Ag(II)) was performed in the absence of K 2 S 2 O 8 . However, no LA conversion occurred with Ag(II) as the sole oxidant (Table 63, # 5). K 2 S 2 O 8 is, thus, essential for LA decarboxylation. This suggests that LA decarboxylation may be a radical reaction, beginning with the formation of sulfate radical anions (SO 4 l -) from K 2 S 2 O 8 during the decomposition of this molecule.

Our results are consistent with those reported by Seipled et al., who found that no arylation of various heterocycles occurred with arylboronic acid in the presence of Ag(II) as the sole oxidant. 467

Role of K 2 S 2 O 8 in the presence of AgNO 3

A reaction was performed in the presence of a radical scavenger, TEMPO ((2,2,6,6-tetramethylpiperidin--1--yl)oxyl), to check that LA decarboxylation did, indeed, occur through a radical mechanism, initiated by the decomposition of K 2 S 2 O 8 into SO 4 l -. The reaction was carried out in the same conditions, in the presence of AgNO 3 /K 2 S 2 O 8 (1:1 equivalent) and 1 or 2 equivalents of TEMPO.

The addition of TEMPO completely prevented the reaction, and no LA conversion was observed. This confirms our hypothesis that the reaction between Ag(I) and S 2 O 8 2-ions produces Ag(II) and SO 4 l -, which is the radical responsible for LA decarboxylation (Scheme 26). Moreover, a solution pH decrease was also observed during the reaction. This change in pH can be explained by formation of the bisulfate ion (HSO 4 -; Scheme 26, equation a), which is involve in the following reaction: Eq. IV--5

Under such acidic conditions, potassium persulfate (K 2 S 2 O 8 ) may also break down into the conjugate bases of sulphuric acid and Caro's acid (HSO 4 -and HSO 5 -respectively, reaction b, Schema 26), 456 which would also contribute to the pH decrease. As AgNO 3 /K 2 S 2 O 8 provided the best yields of MEK and the lowest levels of AcOH production (Table 63, # 1), this combination was selected for the parametric study to gain more insight into this system.

Influence of AgNO 3 /K 2 S 2 O 8 ratio

Various reactions were performed, with different AgNO 3 /K 2 S 2 O 8 ratios. Lower LA conversion and MEK yield were obtained when smaller amounts of AgNO 3 and K 2 S 2 O 8 were used (Table 64, # 1 and2). As observed in the absence of AgNO 3 (Table 62,# 5), an increase in the amount of K 2 S 2 O 8 to 2 equivalents increased AcOH production, but not MEK yield ( For confirmation that acetic acid was produced subsequently to MEK formation, as suggested above, a reaction was performed with MEK as the starting material, in the presence of 1 equivalent each of AgNO 3 and K 2 S 2 O 8 , at 100°C. After 30 and 60 minutes of reaction, rates of MEK conversion into AcOH of 10% and 17%, respectively, were obtained. We therefore assumed that, during LA decarboxylation under acidic conditions, the MEK produced could be oxidized to AcOH in a subsequent reaction (Scheme 27). These results are consistent with those reported by Hobbs and coworkers, 493 who found that MEK was oxidized to AcOH in the presence of O 2 and a metal catalyst. In our case, O 2 would be produced during the reduction of Ag(II) to Ag(I) (reaction d, Scheme 26) and during the termination reaction (reaction e, Scheme 26).

Scheme 27. Subsequent AcOH production by the subsequent oxidation of MEK

Influence of temperature and duration

A kinetic study of LA decarboxylation was performed at 100, 60 and 25°C, to shed further light on this phenomenon and to optimize MEK production (Figure 61). The reactions were carried out with 1 equivalent each of AgNO 3 and K 2 S 2 O 8 . In Figure 61a, it can be seen that MEK is produced more rapidly than AcOH at 100°C. Maximum MEK yield was reached after 5 minutes of reaction. At 60°C, slightly more acetic acid was produced, reaching a maximum level of 20% after 20 minutes of reaction. Both LA conversion and MEK production were slower. The amounts of MEK and acetic acid remained stable after 10 minutes of reaction (Figure 61b). At room temperature, more AcOH than MEK was produced (Figure 61c). The conversion of MEK into AcOH therefore seems to outstrip its production at low temperatures. There are two possible phenomena that could explain these findings: (i) at low temperature, O 2 is more soluble in the aqueous medium, favoring MEK oxidation, 493 (ii) at higher temperatures, such as 100 °C, some of the MEK is in the gaseous phase. This second hypothesis was ruled out by PROSIM computations of the vapor--liquid equilibrium at 100°C and atmospheric pressure. These calculations showed that less than 1% of MEK was in the gas phase. Thus the oxidation of MEK into AcOH may be related with the increase of soluble oxygen at lower temperatures. Otherwise, the increase on MEK production as temperature increases suggests that LA decarboxylation may be an endothermic reaction, with an equilibrium shifted to the right (Figure 61a). Similar observations have already been reported for the decarboxylation of malonic acid, butylmalonic acid and 2--aminoisobutyric acid. In these cases, the reactions were described as endothermic, with a range of ΔH from 17.0 to 39.9 kcal/mol. 494-496 Given that low temperatures did not give the best results, reactions were carried out under the same conditions but at 125 and 150°C. However, no significant increase in MEK production was observed at temperatures above 100°C, with 25 and 28% MEK at 125 and 150°C, respectively.

Characterization of solid phases

X--ray diffraction (XRD) and X--ray photoelectron spectroscopy (XPS) were used to study the evolution of the solid phase during the reaction, to determine why MEK yields did not exceed 33%.

A sudden change in color, from colorless to yellow, was observed when AgNO 3 was added to the solution of phosphates (KH 2 PO 4 /K 2 HPO 4 ), containing LA and K 2 S 2 O 8 at the start of the reaction, suggesting that Ag 3 PO 4 was formed. This was confirmed by X--ray diffraction, which demonstrated that the solid phases consisted mostly of Ag 3 PO 4 with distinct diffraction peaks at 20.9, 29.7, 33.3, 36.6, 42.5, 47.8, 52.7, 55.0, 57.3, 61.7, 65.9, 69.9, and 71.9° (JCPDS No. 06--0505). 497 Traces of K 2 S 2 O 8

(major peaks at 24.0, 25.9, 27.3, 27.6, 29.3, 32.7, 35.2, and 36.4°; ICSD No. 16972), 498 Ag 2 SO 4 (major peaks at 22.2, 31.1, 33.8, 37.2, 47.0, and 53.5°), 499 KH 2 PO 4 (major peaks at 23.8, 30.7, and 46.5°; ICSD 201371), 500 and Ag 4 P 2 O 7 (major peaks at 27.1, 32.3, and 32.5°) were also identified (Figure 62). Nevertheless, the presence of Ag 3 O 4 was not considered likely, because this molecule breaks down when exposed to X--ray irradiation at room temperature. 507 It should be borne in mind that Ag 3 O 4 is a binary oxide compound, Ag 2+ (Ag 3+ ) 2 O 4 , 508 and that its detection may be related to the presence of other oxide species.

XPS surface analyses of precipitates were performed to gain greater insight into LA decarboxylation.

The XPS spectrum of Ag 3d 5/2 at the beginning of the reaction showed binding energies (BE) of 367.9

eV with a FWHM (full width at half maximum) value of 1.17 eV (FWHM of Ag metal ref < 0.8 eV), potentially indicating a single silver oxidation state. 509 By contrast, after the reaction, a shift to higher binding energies (368.05 eV) was observed, with an increase in peak width FWHM of 1.46 eV. This increase in peak width after the reaction suggests the possible presence of a mixture of silver species. The small shift in BE for the Ag 3d 5/2 spectrum made it difficult to determine which Ag species were involved in the reaction. However Auger electron analysis facilitated the identification of the Ag oxide species present. On the spectra (Figure 64) before and after the reaction, an Auger AgM 5 N 45 N 45 signal centered on 348.6 eV, and another at 354.5 eV can be seen, from the Auger AgM 4 N 45 N 45 peak assigned to Ag 3 PO 4 . 510 The peak centered on 354.5 eV can also be assigned to Ag 2 SO 4 . 511 Furthermore, both sulfates (S2p 3/2 at 169.24 eV) and phosphates (P2p 3/2 at 133.17 To sum up, the solid--phase analyses revealed the presence of trace amounts of Ag(II) and Ag(0). The main component of this phase during the reaction is Ag(I). Several forms were detected (e.g. Ag 3 PO 4 , Ag 2 SO 4 and Ag 4 P 2 O 7 ), depending on its interaction with the solution. Thus, the evolution of the solid phase does not explain the limitation of LA decarboxylation if Ag(I) species remain present throughout the reaction. This situation may occur because acidification of the reaction medium limits the production of (SO 4 l -), instead favoring the production of Caro's acid, which seems to be a competitive reaction (Schema 26, reaction b vs. reaction a).

Influence of pH variation

As previously described, the pH of the solution changed during the reaction. It decreased as the amount of K 2 S 2 O 8 increased from pH 5 to 2 or 1 when 1 or 2 equivalents of K 2 S 2 O 8 , respectively, were used. Under these conditions, the K 2 HPO 4 /KH 2 PO 4 solution cannot buffer the pH, due to the formation of strong--acid anions, such as the sulfate and nitrate ions produced during the reaction, together with phosphoric acid. Other acid--base pairs were tested, to evaluate their effect on the change in pH of the reaction solution and the production of MEK (Table 65). As expected, the pH of the reaction decreased in all cases, even when a KCl/NaOH solution at pH 12 was used. Lower LA conversion and MEK yields were obtained if NaOH was used alone ( As none of the tested solutions allowed the maintenance of a constant reaction pH, the pH was adjusted to 5 with NaOH (0.2 M solution) after 30 minutes of reaction. The reaction was then run for 30 minutes more, but no further increase in LA conversion and MEK yield over the general reaction was observed (Table 66, # 1 vs. # 2). The pH was thus adjusted with NaOH after 30 minutes, but this time an additional equivalent of persulfate was added, and the reaction was run for 30 minutes more. This increased the LA conversion rate considerably, to 99%, and an excellent MEK yield (87%) was obtained, demonstrating the importance of these two parameters (Table 66, # 3). By contrast, the addition of persulfate after 30 minutes of reaction did not increase MEK yield if reaction pH was not adjusted, whereas the addition of both persulfate and silver nitrate slightly increased MEK yield, from 31 to 38 %. Nevertheless, in both cases, an increase in AcOH production was observed (Table 66, # 4--5). These results suggest that MEK production is limited by the decrease in pH during the reaction. XRD and XPS analyses of the solid phase were performed after the addition of NaOH to the medium and the 2 nd reaction cycle, to determine the reasons for the increase in LA conversion rate and, thus, in MEK production following pH adjustment.

XRD patterns showed the presence principally of Ag 3 PO 4 after adjustment of the pH of the medium with NaOH. Traces of Ag 4 P 2 O 7 and Ag(0) were also detected (Figure 65a). The solid phase of the adjusted medium seemed to be similar to that previously observed in the XRD patterns obtained at the start of the 1 st reaction cycle (Figure 62). These analyses suggest that the reaction medium can be regenerated by adding NaOH. This regeneration of the reaction medium explains the improvement in LA conversion rate in the 2 nd cycle of the reaction.

The XRD patterns obtained after the 2 nd cycle of the reaction are reported in Figure 65b. The conversion of Ag 3 PO 4 into Ag 2 SO 4 was detected, as observed after the 1 st cycle of the reaction (Figure 63). Ag 2 SO 4 was the principal species present, along with traces of Ag 3 PO 4 , KH 2 PO 4 and Ag 4 P 2 O 7 . The XPS analyses were, thus, consistent with the XRD results. On the Auger spectrum obtained after the addition of NaOH (Figure 66a), the peaks corresponding to the Ag These results imply that AgNO 3 can be reused for further reactions and that only the addition of K 2 S 2 O 8 would be required to achieve high LA conversion and MEK yields. This study thus constitutes a very interesting step towards the development of greener processes of MEK production.

Conclusions

LA decarboxylation for the production of MEK with the AgNO 3 /K 2 S 2 O 8 system was studied. MEK can be produced in the absence of AgNO 3 , but K 2 S 2 O 8 is required for the reaction even in the presence of Ag(II). These results show that sulfate free radicals (SO 4 l -) are directly responsible for LA decarboxylation, and a radical mechanism for MEK synthesis is proposed.

XRD and XPS analyses of the solid phases throughout the reaction demonstrated the presence principally of Ag(I) species. Traces of Ag(II), as AgO and elementary Ag(0), were also observed, with no reaction limitation. It was also possible to show that acidification of the reaction medium limited LA decarboxylation. Adjustment of the pH to 5 and the addition of 1 equivalent of K 2 S 2 O 8 after 30

Solids preparation

In a typical run, the reactions were carried out in ACE pressure tubes (bushing type) by adding 0.35 g of levulinic acid (L.A.; 3 mmol) into 15 mL of K 2 HPO 4 /KH 2 PO 4 solutions (0.1:0.1 M, pH 6.86). Then AgNO 3 (3 mmol; AgNO 3 should be weighed by avoiding contact with light in order to prevent its oxidation. e.g in a dark vial) and K 2 S 2 O 8 (3 mmol) were added to the reaction medium. The solid phase was recovered: at the very beginning of the reaction (0 minute), after 4 minutes, after 13 minutes and after 30 minutes of reaction (1 st cycle of reaction), at 100 ºC. Additionally, solids were recovered after pH adjustment and after the 2 nd cycle of reaction. Furthermore, a blank was prepared as the general reaction without adding levulinic acid. All the solids were collected by filtration with a membrane of 10 kDa in a MDM--millipore system, then washed with distillated water and dried in a vacuum desiccator (Selecta vacuo--Temp) at 40 °C. These steps were performed in dark conditions in order to avoid any modification of the compounds.

Solids characterization

4.4.1.3.a Scanning electron microscopy (SEM--EDS)

For the analyses, the powders were deposited on a double--sided carbon adhesive, then coated with 0.3 nm of platinum with a JEOL JFC 2300HR. The scanning electron microscopy (SEM) measurements were carried out using a JEOL JSM 7800F. The energy dispersive X--ray spectroscopy (EDX) was carried out with an Oxford Instrument attached to the JEOL JSM 7800F. The elemental identification was performed with the AZtecEnergy software.

4.4.1.3.b Solid--state Nuclear Magnetic Resonance (SSNMR)

The MAS 109 Ag NMR spectra were recorded on a BRUKER Avance 400 spectrometer (9.4 T). A solution of AgNO 3 (1 M) was used as external reference for the chemical shift. The samples were placed in 4 mm zirconia rotors. The rotation speed around the magic angle (MAS) was set to 8 kHz. The experiments were carried out at room temperature at 21 °C. The 109 Ag spectra were recorded with a recycling delay between 5s and 10s. The duration of the excitation RF pulses has been adjusted to correspond to magnetization rotations of 30°.

4.4.1.3.c X--ray powder diffraction (XRD).

The diffraction patterns were collected using a BRUKER D8 Advance diffractometer with a detector LynXeye 1D. The X--ray tube was a ceramic tube with a cooper anode. There was no monochromator.

Therefore the main wavelengths used were Kα radiation, 0.154059 nm and Kα2 radiation, 0.15444 nm.

4.4.1.3.d X--ray photoelectron spectroscopy (XPS)

The analyses were performed on a Thermo scientific Kalpha XPS spectrometer. The photoelectron emission spectra were recorded using Al-Kα radiation (hν = 1486.6 eV) from a monochromatized source. The X spot size was 400 µm. The pass energy was fixed at 40 eV for narrow scan (and 150 eV for the survey). Flood Gun was used for the charge effects. The spectrometer energy was calibrated using the Au 4f7/2 (83.9 ± 0.1 eV) and Cu 2p3/2 (932.8 ± 0.1 eV) photoelectron lines. XPS spectra were recorded in direct N(Ec). The background signal was removed using the Shirley method. The atomic concentrations were determined with an accuracy of 10% from photoelectron peak areas using the atomic sensitivity factors reported by Scofield, taking into account the transmission function of the analyzer. This function was calculated at different pass energies from Ag 3d and Ag MNN peaks collected for a silver reference sample, inside the system. The binding energy scale was established by referencing the C1s value of adventitious carbon (284.7 ± 0.1 eV). The photoelectron peaks were analysed by Lorentzian/Gaussian (L/G = 30) peak fitting.

Results and Discussion

In the section 4.3, we have studied the decarboxylation of levulinic acid using K 2 S 2 O 8 and AgNO 3 in a solution of KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M). During the reaction, changes in the color of the solid phase were observed.

When AgNO 3 was added to the phosphate solution, which also contains LA and K 2 S 2 O 8 , the color of the solid phase changed from white to yellow (Figure 67a). A decrease in color intensity was then observed: the reaction medium started to whiten. After 4 minutes of reaction, the solid phase is almost white (Figure 67b). Then, the solid phase begins to slowly darken to become slightly brown after 13 minutes of reaction (Figure 67c). Finally, at the end of the reaction, a dark brown coloration of the solids was observed (Figure 67d). Those color changes can be related to the formation of different silver--compounds. The formation of Ag 3 PO 4 , which is a yellow solid, was postulated when the reaction medium turned from white to yellow. After 4 minutes of reaction, the reaction medium started to whiten. Silver phosphate is thus highly likely converted into Ag 2 SO 4, which is a white solid. Finally, the darkening of the solid phase, from white to a dark brown color, could be explained by the formation of silver oxide species, as we have stated above in the section 4.3.3.6.

The color changes that occur during the reaction have been schematically represented in the following figure (Figure 68): In order to check if the change of the silver species were related to LA decarboxylation or to reaction conditions (for example the reaction temperature), we carried out the reaction without the addition of levulinic acid. After 30 minutes, the color of the solid phase changed from yellow to metallic--like white, but not to dark brown. From these results, we can suggest that the solid darkening, that has been observed during the LA decarboxylation, is not related to the reaction conditions but indeed to the reaction itself (Figure 70). 

Solid state Nuclear Magnetic Resonance (SSNMR)

In order to gain more insight about the color changes that occur during the reaction, solid--state NMR analyses of the solid phase were performed. This technique is based on the resonance frequencies that are emitted by nuclei that are irradiated with radio waves. 515 It provides specific chemical shifts that are characteristic of compounds and allow their identification in a sample. The SSNMR spectroscopy is thus a useful tool for the identification of crystalline and amorphous compounds at the solid surface. 516 Herein, we decided to use the 109 Ag NMR spectroscopy to try to identify the oxidation state of silver and the different silver species tan can make up the solid phase. Indeed, the chemical shift values of silver species are characteristic and easily identifiable through 109 Ag NMR spectroscopy. 517 The analyses of AgNO The SSNMR spectra of the solid phase obtained after 0, 4, 13 and 30 minutes of reaction were then compared with the standards (Figure 71). Similar results were obtained after 30 minutes of reaction: the SSNMR spectrum showed only the characteristic peak of Ag 2 SO 4 at 32.5 ppm (Figure 71d).

These results are in accordance with the appearance followed by the disappearance of the yellow color that have been observed during the reaction. This behavior can be summarized in the following Additional experiments were conducted to highlight the presence of silver oxides between 600 and 2600 ppm at 30 minutes of reaction. No peak was detected in this region of the spectra (spectra not shown). However, it cannot be concluded from these experiments that silver oxides have not been formed during the reaction because the 109 Ag isotope has a very low sensitivity in SSNMR and their concentration might be too low to be detected. The identification of their presence would require to acquire data using longer relaxation times. [517][518][519][520] Several days would thus be needed to obtain such a spectrum. We could not perform those analyses because the spectrometer could not be booked for such a long time.

The SSRMN spectrum of the solid phase, obtained after adjustment of M1 (reaction medium obtained after 30 min of reaction) to pH 5 with NaOH was then realized. It showed the presence of a single resonance signal at 308.8 ppm attributed to Ag 3 PO 4 (Figure 72a). These results are close to those obtained at the very beginning of the reaction (0 minute of reaction time; Figure 71a) and are in agreement with the reappearance of the yellow color.

After the 2 nd cycle of reaction, only the characteristic peak of Ag 2 SO 4 was observed (Figure 72a) which confirms the disappearance of Ag 3 PO 4 and explains the whitening of the reaction medium (Figure 71a) before its darkening. The evolution of the presence of the silver species and the reaction color are summarized in the following These findings corroborate that Ag 3 PO 4 has been regenerated with the addition of NaOH and is then consumed during the second cycle leading to an improvement of the LA decarboxylation.

However, these SSNMR analyses did not permit to demonstrate the presence of the silver oxides species that are supposed to be responsible for the darkening of the reaction medium at the end of the reaction. Therefore, to highlight their formation, XRD and XPS analyzes were performed.

X--Ray Diffraction spectroscopy

The X--ray powder diffraction spectroscopy (XRD) is widely used to identify and characterize crystalline solids: X--rays are shot at a compound and XRD measures the diffraction of the beam. 521

Diffraction is characteristic of a compound: each crystalline compound present its own characteristic pattern ("fingerprint") that allows its identification. 522 The analysis of the XRD spectra to identify the different fingerprints can thus give information on the composition on an atomic level.

We thus decided to use this technique to study the evolution of silver species during the reaction.

XRD analyses were thus carried out on the solid phases obtained at 0, 4, 13 and 30 minutes of reaction (Figure 73). As seen in figure 73a, the AgNO 3 was consumed almost instantly as soon as the reaction started (0 minute): it was not detected on the XRD patterns. The major compound was Ag 3 PO 4 with diffractions peaks at 20.9, 29.7, 33.3, 36.6, 42.5, 47.8, 52.7, 55.0, 57.3, 61.7, 65.9, 69.9, 71.9° (JCPDS No. 06--0505). 497 From these results, it can be suggested that AgNO 3 was totally converted into Ag 3 PO 4 . As exposed in section 4. 3.3.6, this can be explained by the reaction between AgNO 3 and the H 2 PO 4 -/HPO 4 2-ions from the phosphate solution (KH 2 PO 4 /K 2 HPO 4 ; equations IV--13 and IV--14).

Eq. IV--13 Eq. IV--14

Traces of K 2 S 2 O 8 (major peaks at 24.0, 25.9, 27.3, 27.6, 29.3, 32.7, 35.2, 36.4°;ICSD No. 16972), 498 Ag 2 SO 4 (major peaks at 22.2, 31.1, 33.8, 37.2, 47.0, 53.5°), 499 KH 2 PO 4 from the phosphate solution (major peaks at 23.8, 30.7, 46.5°; ICSD 201371), 500 and Ag 4 P 2 O 7 (major peaks at 27. 1, 32.3, 32.5°) were also detected. Eq. IV--20 Eq. IV--21

These traces aside, the composition of the phase was thus close to the one obtained at the very beginning of the first cycle (minute 0, Figure 73a), which is in agreement with the results obtained by SSNMR: the reaction medium was thus regenerated.

After the 2 nd cycle of reaction, the presence of Ag 2 SO 4 was mainly identified with traces of Ag 3 PO 4 , KH 2 PO 4 and Ag 4 P 2 O 7 (Figure 74b). A very similar XRD profile was obtained after the 1 st cycle of reaction.

Again, these findings highlight that the regeneration of the medium is possible by the addition of NaOH, which explains the improvement of the LA conversion and the MEK yield after the 2 nd cycle of reaction.

To recapitulate, the compositions of the different solid phases analysed by XRD spectroscopy that led to our conclusions can be summarized in the following table ( To sum up, the XRD analyses are in accordance with the SSNRM analyses. However, the presence of stable silver oxides species such as AgO or Ag 2 O, was not clearly observed on the XRD patterns obtained after the first and the second reaction cycles. As the formation of Ag 3 O 4 is also very unlikely despite its detection, we thought that the XRD analyses might not relevant enough to identify the different silver oxide species. We decided thus to perform XPS spectroscopy analyses to clearly demonstrate their formation during the reaction.

Characterization by X--ray photoelectron spectroscopy

The X--ray photoelectron spectroscopy (XPS) is a surface--sensitive technique that allows to study the chemical composition and the electronic states of the elements present in solids in a thickness from 1--10 micrometers (extreme surface). 521,524 X--rays are shot at a compound and XPS measures the kinetic energy and number of core level electrons that are ejected from the material being analyzed.

As it provides sets of binding energies (BE) that are characteristic of the electronic and chemical states of each element, it is thus a useful technique to elucidate the presence of silver oxides.

Variations in the binding energies for a given element depend of the chemical potential and polarization of the compounds. 525 In Noteworthy, the signal of C can be attributed to environmental pollution when the analyses were performed.

From this spectrum, it is possible to determine the atomic concentration of the chemical elements that composed the solid phase. Therefore, an easy way to assess the evolution of Ag forms. However, we can found these two silver compounds at same reaction time, as we have previously observed by XRD analyses.

After determining the principal elements that make up the solid phases, the analyses of the Ag 3d region (360--380 eV) was performed to try to identified the presence of silvers oxides species. The XPS spectra of Ag 3d region of the solid phases obtained at 0, 4, 13 and 30 minutes are shown in the At the very beginning of the reaction (0 minute), the signal corresponding at Ag 3d 5/2 was observed at a binding energy (BE) of 367.9 eV with a FWHM (full width at half maximum) of 1.17 eV (FWHM of Ag metal ref <0,8 eV). This narrow peak indicates a single silver oxidation state, according to the results reported by Kaspar et al. 509 After 4, 13 and 30 minutes of reaction, shifts to higher binding energy were observed (368.05 eV). Moreover, an increase in the FWHM of the peaks was noticed: 1.34, 1.39 and 1.46 eV for 4, 13 and 30 min of reaction, respectively. The shift of the peaks and the increase in the width of these peaks suggest the formation of a mixture of silver species. 508,529 According to the literature, the Ag 3d When an atom is excited, it can relax by ejecting a core level photoelectron in one step (XPS). It can also relax in a two--step emission process (AES): an electron from a higher energy level fills the orbital of the inner shell that is vacant after the first emission. This electron transfer released energy to an outer shell electron, the Auger electron, which is ejected from the atom. 521 Due to the nature of the emitted electrons, Auger spectra might be more sensitive to chemical state than XPS spectra.

The Auger electron spectroscopy (AES) was thus envisaged to obtain further information, as the identification of the different silver compounds can be possible thanks to changes in the shape and shift of the peaks of the AES spectra. 530 The AES spectra obtained after the 2 nd cycle of reaction showed the appearance of the two characteristics peaks of silver oxides species at a KE of 350.6 eV and 356.5 eV (Figure 78b). These oxides are thus formed during the first reaction, transformed into other silver species after the pH adjustment and formed again during the 2 nd cycle of the reaction. For example, Ag 2 O in aqueous medium can form AgOH (Eq. IV--22) 532,533 that, as we have previously mentioned, can react with the H 3 PO 4 534 present in the medium (Eq. IV--23).

Eq. IV--22 Eq. IV--23

Otherwise, we deduced that the improvement in LA conversion and MEK yield after pH adjustment of the reaction medium M1 with NaOH is related to the elimination of HSO 4 -ions that acidified the medium, as indicated in equation IV--24.

Eq. IV--24

As we have mentioned before, under acidic conditions the decomposition of K 2 S 2 O 8 into sulfuric acid and Caro's acid (H 2 SO 5 ) is favored and thus limiting the formation of SO 4 l -radicals for the LA decarboxylation.

Thus, the SSNMR, XPS, XRD and AES analyses led us to a better understanding of the evolution of the silver species during the reaction. To complete these analyses, SEM--EDX studies were realized, particularly to study the evolution of the morphology of solid phase.

Characterization of the solid phase by Scanning electron microscopy--Energy dispersive X-ray spectroscopy (SEM--EDX).

The scanning electron microscopy with electric dispersive X--ray spectroscopy is one of the most used techniques for surface topography and composition analyses. The analysed sample is scanned by a focused electron beam. This generates a variety of signals that will allow creating nanoscale images.

The detection of backscattered electrons can for example produce images with contrast that carries information on the differences in atomic number; secondary electrons can give information on the topography of the solid.

The following scheme illustrates the different kinds of emissions that can be observed when a sample is scanned by electron beam (Figure 79): 535 The morphology of the solid phase recovered at different reaction time (0, 4, 13 and 30 minutes) was examined by scanning electron microscopy (SEM; Figure 80). In the electron micrograph of the solids obtained at the very beginning of the reaction (0 minute), a bulk of small polycrystalline aggregates with a diameter between 1--2 µm was observed. They principally presented a spherical form, but dendrites--like particles were also observed (Figure 80a).

The components identified by EDX analyses were Ag, O, P, K and S, which are in agreement with the presence of Ag 3 PO 4 , Ag 2 SO 4 , K 2 S 2 O 8 , KH 2 PO 4 andAg 4 P 2 O 7 (see XRD andSSNMR analyses).

After 4 min of reaction, a reduction of particles size was observed. Two principally types of particles were distinguished: i) spherical crystallites with a size smaller than 2 µm, and ii) polyhedral crystallites with an average size of 10 µm (Figure 80b). EDX analyses showed the presence of Ag, O, P, and S, which underlined the disappearance in the solid phase of K 2 S 2 O 8 and KH 2 PO 4 .

Then, after 13 min of reaction, the size of the particles increased to a range between 10 µm and 30 µm. Additionally, their shape changed from polyhedral to platelets--like particles (Figure 80c). The elemental composition also changed, EDX analyses showed only the presence of Ag, O and S. The absence of P is thus in accordance with the consumption of Ag 3 PO 4 .

Finally, at the end of the reaction, the particles remained platelet--shaped but a slight reduction of their size was observed (around 15 µm). EDX analyses showed an elemental composition of Ag, O and S (Figure 80d).

The shape that silver crystallites acquire depends of different parameters, such as the medium pH or the presence of nitrates and oxygen. In the literature, the pH has shown to particularly influence the growth and shape of silver crystals. [537][538][539][540][541] For example, small dendrites and spherical particles are characteristic forms of silver crystals from pH 5 to 6. 540,542 These are indeed the shape of the particles we observed at the very beginning of the reaction with an experimental pH of 5 (Figure 80a). Moreover, the formation of crystals of different geometrical forms (triangular, octahedral, triangular prism, Figure 80b), that we noticed during the reaction, along with the decrease of reaction pH (from 5 to 3) is in agreement with the results reported by George et al. in 1981. 542 Besides, the formation of silver crystals platelets at 13 and 30 minutes of reaction can be explained by a slow pH decrease (final reaction pH=2; Figure 80c and80d), according to the observations made by the groups of George (1982) 540 and Lu. 539 The pH adjustment of the medium (M1) with NaOH after the first cycle of reaction provoked the reduction of crystal sizes and a change in crystals shape, i.e. from platelets to spherical form (Figure 81). This crystal shapes can be due to a rapid nucleation as described in the work of Lu et al., where they suggested that the atoms that are added to the pre--crystal do not have time to grow along in direction to a specific crystal facet, resulting thus in this isometric--spherical particles. 539 The elemental identification by EDX showed the presence of Ag, O and P, which in agreement of the conversion of Ag 2 SO 4 into Ag 3 PO 4 (Figure 81). To sum up, the scanning electron microscopy (SEM) allowed us to observe the changes in the shape of crystals along the reaction. i.e. 0, 4, 13, and 30 minutes. The EDX analyses were in complete agreement with the results obtained by SSNMR, XRD, XPS and AES spectroscopies.

SEM micrograph EDX elemental identification After neutralization of M1

Conclusions of solid analyses by SSNMR, XRD, XPS and SEM spectroscopy

The study of the solid phase by the different spectroscopy techniques (SSNMR, XRD, XPS, SEM) were thus useful to expand our knowledge and to better understand the LA decarboxylation.

The color changes of the solid phase were a first insight of the evolution of the compounds involved in the reaction. These changes were successfully identified thought spectroscopic analyses:

• The disappearance of AgNO 3 as soon as the reaction starts was demonstrated by the XRD patterns obtained at 0 minute,

• The concomitant formation of Ag 3 PO 4 was highlighted by the SSNMR, XRD, XPS, AES, EDX analyses and the evolution of the Ag/P ratio: the solid phase became yellow,

• The conversion of Ag 3 PO 4 into Ag 2 SO 4 was demonstrated by the SSNMR, XRD, XPS, AES, EDX analyses and the evolution of the Ag/P and Ag/S ratio: the solid phase whitened,

• The formation of Ag 2 O--AgO in small amounts at the end of the reaction was finally proven by AES analyses: the solid phase darkened.

After 30 minutes of reaction, the adjustment of reaction pH to 5, the addition of 1 equivalent of K 2 S 2 O 8 allowed to obtain excellent LA conversion (99%) and MEK yield (87%). The spectroscopy analyses of the solid phase obtained after the adjustment of pH and after the second cycle allowed to better understand the evolution of the silver species:

• After the pH adjustment, the presence of Ag 

Conclusions

Methyl ethyl ketone (MEK) is a solvent that is widely used in the paint and coating industry. It is nowadays produced from petrochemical feedstock, through methods that use homogeneous catalyst under harsh conditions. In order to offer a greener alternative, we proposed the synthesis of MEK via decarboxylation of bio--based levulinic acid using potassium persulfate (K 2 S 2 O 8 ) and silver nitrate (AgNO 3 ) as reactants.

Through a parametric study, we identified that the best conditions for the LA decarboxylation are 1 equivalent of both K 2 S 2 O 8 and AgNO 3 , at 100°C, during 30 minutes in a phosphate solution (KH 2 PO 4 /K 2 HPO 4 ; 0.1:0.1 M). A moderate LA conversion of 46.5% and a MEK yield of 32.5% were obtained using these conditions. Moreover, acetic acid was obtained as co--product in 14.4% yield.

We have shown that it is produced through the subsequent oxidation of MEK,.

Similar yields in MEK can be obtained when other silver salts, such as Ag 2 O and AgO, were tested.

However, the yield in acetic acid was higher when these silver oxides were used, 17.8% and 22.9%, respectively. With the elucidation of this mechanism, we put forward a strategy to improve the conversion and the yield of the reaction. The addition of 1 more equivalent of K 2 S 2 O 8 and NaOH to adjust the reaction pH to 5 allowed to increase the LA conversion from 46.5% to 99% and the MEK yield from 32.4% to 88.6% after a 2 nd cycle of reaction.

The implementation of this strategy allowed us to highlight the regeneration of the reaction medium, which implies that AgNO 3 can be reused in several cycles of reaction.

To better understand the reaction and explain the improvement in LA conversion and MEK yield, the solid phases obtained at different reaction time (0, 4, 13 and 30 min, after the pH adjustment and after the 2 nd cycle of reaction) were characterized using different spectroscopy techniques (SSNMR, XRD, XPS, AES and SEM--EDX). It allowed us to elucidate the evolution of the silver species throughout the reaction: the assumptions that we made based on the color changes of the solids were validated for the reaction, the regeneration of the system and the second reaction cycle.

In the following figure, we summarized the silver species that were identified by the spectroscopic analyses at different reaction time: silver phosphate is formed right at the beginning of the reaction and then disappears as silver sulfate is formed. Auger electron spectroscopy (AES--XPS) also showed the formation of a mixture of silver oxide species (Ag 2 O and AgO) after 4 minutes of reaction. The same behavior was observed for the second reaction cycle. The SEM images highlighted the changes in the morphology of the silver particles that are linked to the variation of the reaction pH.

General conclusion

Nowadays, the interest in replacing petrochemical solvents with greener ones that are friendlier to the environment and human health has increased. In this context, researches have been focused on alternative solvents, including those derived from biomass. The European Union has launched several research projects to encourage the development of this type of solvent. Accordingly, the European project ECOBIOFOR was founded to synthesize some of the most used solvents in the paint and coating industry from bio--based synthons. In this project, the role of the Laboratoire de Chimie

Agro--industrielle was to develop new green syntheses of ethyl acetate, butyl acetate and methyl ethyl ketone starting from bio--based building blocks.

FOR THE PRODUCTION OF ETHYL ACETATE AND BUTYL ACETATE:

We decided to study two different synthesis pathways: the first one started from acetic acid and the corresponding alcohol (ethanol for ethyl acetate and butanol for butyl acetate); the second one using acetic anhydride instead of acetic acid. In this work, we replaced the currently used homogeneous acid catalysts by ion exchange resins that are easy to remove from the reaction medium and can be recycled. Kinetic and thermodynamic studies were performed on the two reactions pathways (acetic acid/acetic anhydride) with four resins: Amberlyst 15, Amberlyst 16, Amberlyst 36 and Dowex 50WX8. The lowest activation energy (Ea) value was obtained with Dowex 50WX8, which was identified as the best--performing resin that could be reused at least in four runs without regeneration. For both acetates, the syntheses starting from acetic anhydride and the corresponding alcohol (in a 1:2 ratio) were faster than the syntheses starting from acetic acid (in a 1:1 ratio). Thus, higher conversions of alcohols (ca. 80%) and acetate yields (ca. 80%) were obtained using acetic anhydride.

However, the purification of the obtained acetates was difficult due to the presence of water-azeotropes. A new strategy was thus adopted here: in order to minimize the production of water, a 1:1 acetic anhydride:ethanol ratio was used to produce ethyl acetate and acetic acid. Ethyl acetate was easily separated from a mixture acetic acid/resin by distillation. This mixture was then involved in a second esterification reaction with butanol. This novel two--step process for the coproduction of ethyl and butyl acetates yielded both acetates at high purity (Figure 84):

• Ethyl acetate was synthesized in the first step of the coproduction process, starting from acetic anhydride and ethanol in a ratio 1:1. From this reaction, a mixture composed of 59 wt% ethyl acetate, 40.1 wt% acetic acid, 0.2 wt% ethanol and 0.7wt% water was produced. Water was remarkably reduced, allowing the purification of ethyl acetate by simple distillation. A final ethyl acetate purity of 92.1% was obtained with a yield of 87%.

• Butyl acetate was produced adding butanol to the remaining mixture acetic acid/resin from the first step. At the end of the reaction, a butyl acetate yield of 98% was obtained and the reaction mixture was composed of 97.1 wt% butyl acetate, 0.1 wt% acetic acid, 1.9 wt% butanol, 0.2 wt% ethyl acetate and 0.6 wt% water.

This coproduction process is very efficient since both acetates are obtained with high yield and purity. Besides, it avoids the use of several purification steps and reduces waste production.

Figure 84. Coproduction process developed in this thesis work

The environmental benefits of the coproduction process were highlighted with green metrics calculation and life cycle assessment:

• Higher atom economy was obtained with the coproduction process (91.9 %) compared with the individual syntheses (72.4%).

• The environmental factor was better with the coproduction process (0.31 versus 0.68 for the individual syntheses) confirming the reduction of waste.

• Life cycle assessment evidenced that the coproduction process generates lower impacts on the environment, in all the categories, than the individual syntheses.
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Ace$c%acid% Dowex%50WX8% Butanol% H 2 O% Furthermore, the influence of the environmental impact generated by the origin of the alcohols, bio-based or petrochemical was evaluated. Lower impacts on climate change were observed starting from bio--based ethanol or butanol, due to the storage of biogenic carbon.

The syntheses of ethyl and butyl acetates were studied at laboratory scale using a 2 liters reactor. To complete the study, ethyl acetate was prepared at a 20 liters scale.

The synthesized acetates were characterized and evaluated in formulations of nitrocellulose lacquers and polyurethane varnishes (after having easily removed the traces of water and acetic acid). The results showed that the synthesized solvents can perfectly replace their fossil equivalents in these coatings formulations.

FOR THE SYNTHESIS OF METHYL ETHYL KETONE (MEK):

We decided to study the decarboxylation of levulinic acid (LA) using a system of silver species and potassium persulfate. Indeed, levulinic acid is an interesting bio--based synthon, considered among the 12 renewable platform molecules with the greatest potential for chemicals production, due to its versatile reactivity. This work was focused on the understanding of the role of silver species and potassium persulfate (K 2 S 2 O 8 ) on LA decarboxylation and in the elucidation of the reaction mechanism in order to obtain high MEK yields. A phosphate solution KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M) was selected as reaction medium.

Preliminary reactions were carried out using AgNO 3 and K 2 S 2 O 8 in equimolar ratio. We observed that the levulinic acid decarboxylation did not occur using only silver nitrate (AgNO 3 ), whereas MEK was produced in the sole presence of persulfate. This was possible, since persulfate can be activated with temperature, generating sulfate radicals (SO 4 l -) that lead to the decarboxylation. However, low MEK yields were obtained.

The use of both potassium persulfate and silver nitrate (which catalyzed the formation of sulfate radicals) increased levulinic acid decarboxylation, yielding not only MEK (in 32.5% yield) but also acetic acid (in 14.4 % yield). Complementary studies showed that this by--product is produced through a subsequent oxidation of MEK. The same behaviour was observed when silver nitrate was replaced by other silver species such as AgCl, Ag 2 O and AgO. In these cases, a slight increase of the acetic acid amount was found. These results led us to select AgNO 3 and K 2 S 2 O 8 for LA decarboxylation as higher MEK yields and lower acetic acid yields were obtained with these two reactants. Evaluation of the influence of reaction time and temperature and AgNO 3 /K 2 S 2 O 8 ratio on MEK yield allowed us to establish the best results were obtained using a 1:1 AgNO 3 /K 2 S 2 O 8 ratio at 100°C during 30 minutes.

Reactions carried out with radical scavengers showed that the reaction mechanism is a radical mechanism where free radical sulfates, SO 4 l -, are directly responsible for LA decarboxylation (Scheme 28).

Scheme 28. Proposed mechanism

A pH decrease was observed during the reaction even in the presence of the KH 2 PO 4 /K 2 HPO 4 solution. This decrease can be explained by the formation of HSO 4

-and H + , via competitive reactions, preventing the formation of MEK in a good yield. We then showed that the addition of 1 more equivalent of K 2 S 2 O 8 and NaOH to adjust the reaction pH to 5 allowed to increase the LA conversion from 46.5% to 99% and the MEK yield from 32.4% to 88.6% after a 2nd cycle of reaction.

In order to gain more insight into reaction mechanism and to explain the observed color changes of reaction medium, the solid phases were analysed throughout the reaction, after the pH adjustment and after the 2 nd cycle of reaction. Different spectroscopy techniques were used: solid--state nuclear magnetic resonance (SSNMR), X--ray diffraction (XRD), X--ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM--EDX).

These analyses showed that the yellow coloration of the solid phase was due to the formation of Ag 3 PO 4 from AgNO 3 . Afterwards, a whitening of these solids was observed, which is due to the disappearance of Ag 3 PO 4 and the formation of Ag 2 SO 4 . At the end of the reaction, the darkening of the solid phase until a dark--brown color was related to the formation of silver oxides Ag 2 O--AgO.

The pH adjustment led to the formation of Ag 3 PO 4 , with the reappearance of the yellow color, which then reacts with K 2 S 2 O 8 leading to the production of MEK. The solution whitens again, as Ag 2 SO 4 is formed and Ag 3 PO 4 is consumed (Figure 85). These results are of great importance, since they show that the reaction medium can be easily regenerated via pH adjustment and suggest that silver nitrate can be reused. To our knowledge, this is the first time that such excellent levulinic acid conversion and MEK yield are obtained. In addition, it is the first report that describes the evolution of the silver species during the reaction carried out with the AgNO 3 /K 2 S 2 O 8 system in the presence of phosphates (KH 2 PO 4 /K 2 HPO 4 ).

PERSPECTIVES:

As described, interesting results have emerged from this thesis work. However, some perspectives can be envisaged.

Regarding the syntheses of acetates:

• The optimization of the coproduction process on an industrial scale would allow comparing this innovative process with the industrial process currently used, through life cycle assessment (LCA).

• A technical--economic study of the optimized process would be useful to highlight the advantages of the coproduction process of the bio--based acetates compared to current industrial processes.

Regarding the synthesis of bio--based methyl ethyl ketone: The reuse of silver nitrate in several reaction cycles must be verified. Thus, a continuous process for the production of MEK could be investigated. For this, there are some parameters that must be studied and defined:

• the time interval at which it is necessary to adjust the pH of the reaction medium, allowing the regeneration of silver species once the methyl ethyl ketone has been formed,

• the continuous separation of MEK from the reaction medium to avoid its oxidation in acetic acid.

databases/mandates/index.cfm?fuseaction=search.detail&id=476# (accessed Oct 13, 2017) Dans le cadre de ce projet européen, une partie des recherches a été développée au Laboratoire de Chimie Agro--industrielle (INP--LCA de Toulouse), dont le rôle était de mettre au point de nouvelles voies de synthèse vertes de l'acétate d'éthyle, de l'acétate de butyle et de la méthyl éthyl cétone à partir de la biomasse. Les solvants synthétisés répondront aux critères requis pour remplacer les solvants pétrochimiques traditionnels dans les formulations de peintures et de revêtements car ils auront les mêmes propriétés physico--chimiques. Ces solvants ont été choisis car ils sont considérés comme faisant partie des solvants les moins toxiques présentant un risque faible pour la santé, selon la Food and Drug Administration (FDA). 1 De plus, ces solvants sont facilement biodégradables selon l'Agence européenne des produits chimiques (ECHA). [2][3][4] Dans ce travail de thèse, nous nous sommes donc fixés comme objectifs principaux de :

• synthétiser l'acétate d'éthyle, l'acétate de butyle et la méthyl éthyl cétone à partir de synthons bio--sourcées,

• produire ces solvants selon un procédé éco--compatible, en utilisant des conditions réactionnelles douces et respectant autant que possible les principes de la chimie verte. Dans ce contexte, nous viserons notamment une économie d'atome maximum, un nombre d'étapes de réaction réduit, l'utilisation de catalyseurs faciles à séparer et/ou recycler et une production de déchets minimum. Ce manuscrit est composé de 4 chapitres : Le premier chapitre présente un aperçu de l'utilisation de solvants dans l'industrie des peintures et des revêtements et décrit les propriétés que ces solvants doivent posséder pour être incorporés dans des formulations. Comme la plupart des solvants utilisés ont des effets négatifs sur l'environnement et la santé, des mesures ont été prises pour réglementer leur utilisation. Des solvants alternatifs, tels que des solvants biosourcés, ont été développés pour les remplacer. Dans ce contexte, à la fin de ce chapitre, nous proposons les synthons biosourcés à partir desquels l'acétate d'éthyle, l'acétate de butyle et la méthyl éthyl cétone, pourraient être synthétisés. Le deuxième chapitre s'intéresse au développement des synthèses des acétates d'éthyle et de butyle selon les principes de la chimie verte. Ce travail a été publié dans le journal Green and Sustainable Chemistry. Dans cet article, le développement d'un procédé de coproduction innovant des esters ciblés est décrit. De plus, les acétates synthétisés ont été caractérisés et testés dans deux formulations de revêtement de laques de nitrocellulose et de vernis de polyuréthane. Dans le troisième chapitre, les synthèses des acétates développées précédemment sont évaluées d'un point de vue environnemental selon deux approches : le calcul des indicateurs de la chimie verte (green metrics) et l'analyse du cycle de vie (ACV). Ces travaux ont été publiés dans la revue scientifique International Journal of Life Cycle Assessment. Le bénéfice de l'utilisation d'alcools biosourcés en tant que réactif (remplaçant les molécules pétrochimiques correspondantes) est étudié.

Le dernier chapitre aborde l'étude de la synthèse de la méthyl éthyl cétone par décarboxylation de l'acide lévulinique issu de la biomasse. Un système sel d'argent/persulfate de potassium est utilisé pour cette réaction. Nous avons alors étudié l'évolution des espèces chimiques à base d'argent impliquées dans la réaction grâce à plusieurs techniques spectroscopiques (résonnance magnétique nucléaire du solide, diffraction des rayons X, spectrométrie photoélectronique X, spectroscopie Auger et microscope électronique à balayage couplé à la microanalyse X) afin de mieux comprendre le mécanisme de cette réaction et d'améliorer le rendement de conversion et de réaction. Ce travail a été soumis au Journal of American Chemical Society.

CHAPITRE I. L'industrie des peintures et des revêtements : de la pétrochimie aux solvants biosourcés

Depuis la préhistoire jusqu'au Moyen--Age, les peintures ne contenaient aucun solvant. Peu à peu, leur incorporation est apparue nécessaire pour faciliter l'application de la peinture. Le premier solvant utilisé était l'essence de térébenthine issue de conifères. Bien que ce solvant fournisse des formulations de peinture adéquates, il fut rapidement remplacé par des solvants pétrochimiques plus compétitifs d'un point de vue économique. Aujourd'hui, le secteur des peintures et des revêtements est le principal consommateur de solvants (Figure 1). Ils sont notamment utilisés dans les formulations à base de solvants organiques. Ils peuvent être aussi incorporés dans des formulations aqueuses (jusqu'à 20% de la composition). 

Autres

• des propriétés liées à l'Hygiène, la Sécurité et l'Environnement afin de s'assurer de l'innocuité du solvant et de son faible impact sur l'environnement. Néanmoins, les solvants sont généralement une source importante d'émissions de Composé Organiques Volatiles (COV), qui ont un impact négatif sur la santé et l'environnement puisqu'ils contribuent à la formation de gaz à effet de serre dont l'ozone. En conséquence, de nouvelles réglementations sont apparues pour réguler leur utilisation (REACH, directive 2010/75/ UE et directive 2004/42 / CE en Europe) et ont conduit les entreprises à rechercher des solvants alternatifs plus respectueux de l'environnement et de la santé. Parmi les alternatives plus vertes, les fluides supercritiques, les liquides ioniques, les solvants eutectiques profonds, les polymères liquides, les solvants fluorés et les solvants dérivés de la biomasse sont apparus sur le marché des solvants. Les acétates d'éthyle et de butyle ainsi que la méthyl éthyl cétone, sont parmi les solvants les plus couramment utilisés dans l'industrie des peintures et des revêtements, car ce sont des solvants faiblement toxiques et facilement biodégradables. Ces solvants sont produits industriellement à partir de ressources fossiles en utilisant des catalyseurs homogènes, sources de déchets, et les conditions de réaction et de purification énergivores. Afin de remplacer ces molécules d'origine pétrochimique sans développer des molécules innovantes non enregistrées dans REACH, nous avons envisagé de produire les mêmes structures chimiques à partir des synthons biosourcés selon de nouveaux procédés verts. Nous pourrons par exemple utiliser des catalyseurs hétérogènes au lieu de catalyseurs homogènes généralement utilisés dans les procédés classiques. Ceux--ci seront en effet faciles à séparer du milieu réactionnel et pourront être recyclés. Afin de sélectionner les molécules plateformes d'origine naturelle à partir desquels nous pourrons synthétiser l'acétate d'éthyle, l'acétate de butyle et la méthyl éthyl cétone, nous avons entrepris des analyses rétrosynthétiques. Celles--ci nous ont permis d'identifier de nouvelles voies de synthèses des molécules cibles. L'acétate d'éthyle peut par exemple être obtenu à partir d'éthanol et d'acide acétique ou d'anhydride acétique par réaction d'estérification (Schéma 1). 

Schéma 2. Voies de synthèse proposées identifiées pour la production d'acétate de butyle

La méthyl éthyl cétone peut être produite à partir de l'acide lévulinique issu de la biomasse par une réaction de décarboxylation (Schéma 3).

Schéma 3. Voie de synthèse proposée pour la production de la méthyl éthyl cétone

Parmi les synthons sélectionnés, certains tels que l'éthanol, le butanol, l'acide acétique et l'acide lévulinique, sont disponibles sur le marché actuel en version biosourcée. Ils pourront être utilisés pour le développement des synthèses décrites dans les chapitres suivants. 

Les procédés de production de l'acétate de butyle (BAc)

LE seul procédé industriel de production de l'acétate de butyle implique la réaction d'estérification de Fisher entre l'acide acétique glacial et le n--butanol, en présence d'acide sulfurique concentré comme catalyseur homogène. 10 11 Le produit obtenu est cependant difficile à purifier en raison de la présence d'azéotropes multiples avec l'eau et le butanol non transformé. Afin de surmonter ces difficultés, la distillation réactive est devenue une alternative intéressante faisant l'objet de nombreuses simulations [12][13][14][15][16] et de quelques rares cas d'études expérimentales en raison de la complexité du procédé. [17][18][19] Les procédés industriels actuels de production d'acétates d'éthyle et de butyle présentent divers inconvénients, principalement liés à la toxicité des réactifs, à l'utilisation de catalyseurs homogènes et à la nécessité de mettre en oeuvre plusieurs étapes de distillation pour une séparation efficace des esters. Dans ces travaux de thèse, nous proposons le remplacement de catalyseurs homogènes par des catalyseurs hétérogènes tels que des résines échangeuses d'ions acides qui aboutissent à un procédé plus vert (Tableau 1) : • Post--traitements lourds : l'élimination des déchets comprenant la neutralisation de l'effluent acide-aqueux.

• Récupération de catalyseur : la récupération de l'acide implique une grande dépense énergétique, une distillation à haute température est nécessaire.

• Corrosion de l'équipement.

• Catalyseur hétérogène : résines échangeuses d'ions.

• Les produits sans catalyseur peuvent être obtenus par simple filtration.

• Le catalyseur peut être récupéré facilement par simple filtration.

• Recyclage: la résine échangeuse d'ions peut être réutilisée dans plusieurs cycles de réaction sans régénération.

• Un équipement spécial résistant à la corrosion n'est pas nécessaire. Pour cette étude, quatre résines ont été sélectionnées comme catalyseurs dans les synthèses des acétates : l'Amberlyst 15 (A15), l'Amberlyst 16 (A16), l'Amberlyst 36 (A36) en tant que résines macroporeuses et la Dowex 50WX8 (D50) en tant que résine gel.

Pour la production d'acétate d'éthyle, deux voies de synthèse ont été étudiées. Le premier utilise l'acide acétique et l'éthanol (qui peuvent être bio--sourcés) en présence d'une résine acide (Schéma 4). La deuxième méthode utilise de l'anhydride acétique à la place de l'acide acétique (Schéma 5).

Schéma 5. Synthèse d'acétate d'éthyle à partir d'éthanol et d'anhydride acétique

Pour la production d'acétate de n--butyle, la même méthodologie a été appliquée en remplaçant l'éthanol par du butanol (schémas 6 et 7). Sur la base de ces résultats, la résine Dowex 50WX8 a été considérée comme la plus efficace pour la production de l'acétate d'éthyle.

• Effet de la quantité de catalyseur (Dowex 50WX8) et de son recyclage L'influence de la quantité de catalyseur (2,5%, 5% et 10 % massique par rapport à l'éthanol), sur le rendement en acétate d'éthyle à l'équilibre a été évaluée en utilisant un rapport molaire éthanol:anhydride acétique de 2:1. L'analyse statistique (ANOVA et test de Tukey) a montré que l'utilisation de 5% de catalyseur est suffisante pour obtenir des rendements maximum en acétate. La réutilisation de la résine Dowex 50WX8, sans régénération intermédiaire, a également été évaluée pendant quatre cycles de réactions consécutives. L'analyse de variance (ANOVA) a montré qu'il n'y avait pas de différence significative sur les résultats (α = 0,05, p = 0,073), démontrant ainsi que le recyclage de la résine est envisageable.

Etude de la synthèse de l'acétate de n--butyle avec diverses résines échangeuses d'ions

Après avoir étudié la synthèse de l'acétate d'éthyle, nous avons décidé d'évaluer les résines échangeuses d'ions comme catalyseur lors de la production de l'acétate de butyle (BAc).

Les réactions ont été réalisées à 100 °C et l'évolution de la composition du milieu réactionnel a été suivie pendant 4 h. Comme pour la production d'acétate d'éthyle, les meilleurs résultats ont été obtenus avec le n--butanol et l'anhydride acétique en tant que réactifs et la résine Dowex 50WX8 en tant que catalyseur. La conversion du butanol et le rendement en acétate de butyle sont plus élevés lorsque l'acide anhydride est utilisé à la place de l'acide acétique (80% vs 70%).
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• Effet de la température de réaction sur la conversion du n--butanol L'effet de la température sur la conversion du n--butanol a également été étudié entre 50 °C et 100 °C. La vitesse de réaction augmente avec la température, la conversion la plus rapide étant observée à 100 °C (Figure 3). • 2nd étape : cette étape met en jeu l'addition du n--butanol sur le milieu réactionnel de la première étape obtenu après la distillation (contenant de l'acide acétique et la résine échangeuse d'ions). L'acétate de n--butyle est ainsi produit. Anhydride)acé-que) Ethanol)
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Résultats de la première étape de la coproduction

La synthèse de l'acétate d'éthyle à partir de l'éthanol et de l'anhydride acétique (rapport molaire de 1:1), aboutit à un rendement et une conversion très élevés (Tableau 2). La production d'eau étant très faible, la purification de l'acétate d'éthyle est réalisée par simple distillation. Ce nouveau procédé a été mise en oeuvre en utilisant du bioéthanol fourni par la société espagnole ABENGOA. Par contre, nous n'avons pas pu utiliser du biobutanol car aucune société n'était alors en mesure d'en fournir. L'acétate d'éthyle a été produit à une échelle pilote (20L) pour des tests en formulation de peinture et revêtement. Une quantité de 5L d'acétate de butyle a également été synthétisée pour ces tests.

Caractérisation des acétates d'éthyle et de butyle synthétisés selon le procédé de coproduction

Les esters obtenus lors du procédé de coproduction ont ensuite été purifiés afin de répondre aux exigences des formulateurs de peintures et de revêtements : les quantités d'acide acétique et d'eau doivent être inférieures à 0.1%. L'acide acétique a été neutralisé à l'aide d'hydroxyde de potassium, en quantité équimolaire par rapport à celui--ci. L'eau a été éliminée grâce à du tamis moléculaire 3A (20% m/v du solvant, 48h).

La composition des acétates après neutralisation et séchage est indiquée dans les tableaux suivants : Les paramètres de solubilité de Hansen ont également été déterminés. Les paramètres expérimentaux se sont révélés identiques à ceux des acétates pétrochimiques.

Validation des performances des acétates d'éthyle et de butyle synthétisés dans des formulations de revêtement à base de solvant

Les acétates produits dans la coproduction ont ainsi été utilisés et évalués dans des laques de nitrocellulose et des vernis polyuréthanes préparés par TECNALIA (Espagne). Ces formulations ont été comparées avec leurs formulations commerciales respectives fournies par Industrias Quimicas Irurena, SA (Espagne). Différentes propriétés ont été déterminées, telles que la viscosité, le comportement de formation du film et les performances incluant la dureté, le gloss et l'adhérence au substrat.

Dans des laques de nitrocellulose (NC)

Les résultats obtenus à partir de l'évaluation des acétates synthétisés dans la formulation de laque de nitrocellulose NC--Formulation ECOBIOFOR sont résumés dans le tableau suivant (Tableau 7) : 

Dans des formulations de vernis polyuréthane (PU)

Comme dans le cas des formulations de laques de nitrocellulose, nous avons obtenu ici des résultats équivalents entre les formulations PU--ECOBIOFOR et commerciales (Tableau 8). Grâce à cette étude, nous avons pu vérifier que les solvants synthétisés avaient les mêmes propriétés dans les systèmes de revêtements que les solvants conventionnels, ce qui nous permet d'assurer la faisabilité du remplacement des solvants pétrochimiques classiques par les acétates synthétisés dans ces travaux.

Conclusion

Dans ce travail, deux voies de synthèse des acétate ont été étudiées: une utilisant l'acide acétique, l'autre l'anhydride acétique. Quatre résines échangeuses d'ions ont été testées dans le cadre de la substitution du catalyseur acide homogène (A15, A16, A36, D50WX8). La détermination de l'énergie d'activation pour chaque réaction a permis de sélectionner la résine Dowex 50WX8. De plus, l'étude paramétrique nous a permis de choisir les meilleures conditions opératoires et les réactifs les plus adaptés à la synthèse des solvants cibles. Afin de pallier les problèmes liés à la purification des acétates, nous avons proposé un procédé innovant de coproduction qui évite l'utilisation de procédés intensifs de distillation et réduit la production de déchets. Avec ce procédé, nous avons pu produire, après distillation, de l'acétate d'éthyle et de l'acétate de butyle d'une pureté élevée, respectivement de 92,1 et 97,1 % massique. Un procédé de coproduction d'acétates plus verts a été développé afin de répondre aux besoins des partenaires du projet ECOBIOFOR dédiés à la production de peintures et de revêtements. L'évaluation du comportement des solvants synthétisés dans les formulations de laque de nitrocellulose et de vernis polyuréthane a permis de valider les critères requis (séchage, viscosité, formation de film, brillance, mouillabilité et adhérence) dans l'objectif de remplacer les solvants pétrochimiques conventionnels dans les peintures et les revêtements.

• Economie d'atome

Le deuxième principe de la chimie verte est lié à l'économie d'atome qui est considérée comme un des indicateurs fondamentaux. 22 L'économie d'atome est le calcul de le pourcentage massique de réactif dans le produit final. 23 • Facteur d'impact environnemental (E--facteur) D'autres moyens simples d'évaluer un procédé consistent à déterminer la production de déchets. 23 L'objectif du E--facteur est de mesurer la masse de déchets générés par rapport à la masse de produit final obtenue.

• Pourcentage de sources renouvelables

Le développement de voies chimiques impliquant des matières premières dérivées de ressources renouvelables est préconisée dans le cadre de la politique européenne environnementale. La teneur biosourcée des produits (PB -Norme NF EN 16785--2) exprime, comme son nom l'indique, le pourcentage de matière provenant de ressources renouvelables (utilisées dans la synthèse chimique) présente dans le produit final. [START_REF] Schweitzer | Paint and coatings: Applications and Corrosion Resistance[END_REF] Les indicateurs de la chimie verte sont liés à certains des principes proposés par Anastas et Warner, 25 comme cela est mentionné dans le tableau 9. 

Méthode d'analyse du cycle de vie (ACV)

L'analyse du cycle de vie (ACV) a été définie dans la norme internationale ISO 14040 comme une méthode permettant de déterminer les aspects environnementaux et les impacts sur la santé humaine et l'environnement causés par la vie du produit, de l'origine de sa matière première à son élimination. 26,27 Pour mener à bien ce type d'analyse, il est nécessaire de suivre les étapes suivantes :

• La définition du système;

• La compilation d'un inventaire avec les intrants et extrants d'un système de produits;

• L'évaluation des impacts environnementaux potentiels associés à l'ensemble du cycle de vie;

• L'interprétation des résultats obtenus à partir de l'analyse de l'inventaire et des phases d'evaluation liées aux objectifs de l'étude. Dans l'analyse du cycle de vie, l'objectif est d'évaluer l'impact potentiel dans les différentes catégories causées par les émissions et les extractions déterminées au cours de l'inventaire du cycle de vie.

Pour les procédés chimiques étudiés, l'évaluation de plusieurs indicateurs liés à leur environnement et la mise en oeuvre de principes de chimie verte sont un moyen de guider le choix du procédé le plus vert entre différentes alternatives. 

Résultats et discussion

Évaluation du cycle de vie des synthèses individuelles des acétates d'éthyle et de n--butyle

Les impacts environnementaux des réactions chimiques ont été évalués en fonction de l'unité fonctionnelle (UF) définie précédemment (1 kg de solvant purifié). Seuls les esters purifiés (acétate d'éthyle et acétate de n--butyle) ont été considérés dans cette étude. Les résultats de l'évaluation de la production d'acétate d'éthyle et du butyle sont présentés dans la Figure 5. Dans les deux synthèses, d'acétate d'éthyle et de butyle, l'étape de préparation des réactifs est responsable de la majorité des impacts environnementaux (12 catégories d'impact sur 17), due à l'utilisation d'anhydride acétique et de n--butanol comme réactif.

Evaluation du cycle de vie de la coproduction d'acétates (scénario 2)

Après avoir étudié les deux estérifications séparément (scénario 1), elles ont été étudiées selon un procédé de coproduction (scénario 2) où les coproduits de la première synthèse ont été recyclés dans le second. Les dommages environnementaux produits pendant le procédé de coproduction sont indiqués dans le Figure 6. Les résultats obtenus pour la coproduction (scénario 2) semblent assez proches de ceux obtenus pour les estérifications indépendantes (scénario 1) : l'étape de préparation des réactifs est toujours responsable de la majorité des impacts environnementaux pour 13 catégories d'impacts.

Comparaison des synthèses individuelles (Sc 1) et du procédé de coproduction (Sc 2) des acétates d'éthyle et de n--butyle

Une comparaison entre les deux scénarios a été faite. Il convient de noter que le scénario 2 génère 1,141 kg d'acétate d'éthyle et 1 kg d'acétate de n--butyle; les mêmes facteurs ont été utilisés pour le scénario 1. En fait, une comparaison plus détaillée de ces deux procédés montre que la coproduction présente les impacts environnementaux les plus faibles (Figure 7). 

Procédé

% EA E--facteur % TB Acétates d'éthyle et de butyle par des synthèses individuelles 72,4 0,68 57,9 a Acétates d'éthyle et de butyle par le procédé de coproduction 91,9 0,31 57,9 a D'après les indicateurs de la chimie verte rassemblés dans le tableau 11, la voie de coproduction développée conduit à un procédé plus intéressant en terme de chimie verte par rapport aux synthèses individuelles (économie d'atome plus élevée, E--facteur plus faible). Dans la section précédente, nous avons étudié l'impact environnemental des synthèses d'acétates en utilisant l'éthanol et le butanol commercial (d'origine pétrochimique), que l'on trouve dans la base de données Ecoivent 3.1. Dans cette section, nous nous sommes intéressés à analyser l'impact environnemental de ces synthèses, mais cette fois en considérant leur production à partir de bioéthanol et de bio--butanol, respectivement pour l'acétate d'éthyle et l'acétate de butyle. Ces résultats sont liés au recyclage de l'acide acétique, produit lors de la synthèse de l'acétate d'éthyle, dans la production d'acétate de butyle. Le recyclage de l'acide acétique a ainsi réduit le traitement des déchets.

Comparaison entre les acétates d'éthyle et de butyle bio--sourcés et pétrochimiques issus des synthèses développées

Dans cette section, nous présentons la comparaison des impacts environnementaux produits avec les synthèses développées concernant l'origine du matériau de départ, c'est à dire, en utilisant les bio-alcools ou ces équivalentes pétrochimiques correspondantes pour la production d'acétate d'éthyle et du butyle. Les bio--alcools ont été modélisés à partir du travail de Pereira [START_REF] Pereira | [END_REF] et ont été comparés aux alcools pétrochimiques obtenus à partir de la base de données Ecoinvent 3.1.

Pour le cas de l'acétate d'éthyle, aucune différence significative entre l'éthanol biosourcé et l'éthanol fossile (différence inférieure à 10%) n'a été observée dans 12 des 17 catégories. Cependant, une réduction des impacts sur le changement climatique a été observée lors de l'utilisation du bioéthanol, en raison du stockage du CO 2. D'autre part, en ce qui concerne l'acétate de butyle, en utilisant du bio--butanol à la place du butanol--fossile, les impacts environnementaux ont été réduits dans 10 des 17 catégories. L'impact sur le changement climatique a été réduit dans 53% en utilisant le bio--butanol. Ces résultats peuvent être liés au stockage de CO 2 lors de l'utilisation de bio--butanol. 

Procédé

% AE Facteur--E % TB Bio--acétates d'éthyle et de butyle par des synthèses individuelles 72,4 0,68 57,9 a Bio--acétates d'éthyle et de butyle par le procédé de coproduction 91,9 0,31 57,9 a Pétro--acétates : EAc et BAc par un procédé traditionnel 85,01 14,71 0 Selon les trois indicateurs étudiés, le procédé de coproduction des acétates présente de meilleurs résultats que le procédé traditionnel. Avec la coproduction, l'économie d'atomes est plus importante et la production de déchets réduite (E--Facteur inférieur).

Conclusions

Dans ce travail, les impacts environnementaux ont été étudiés pour deux voies de production de des acétates d'éthyle et de butyle:

• des synthèses indépendantes à partir d'anhydride acétique et d'éthanol (1:1) pour la production d'acétate d'éthyle et d'acide acétique et de n--butanol (1:1) pour l'acétate de butyle • un procédé de coproduction dans lequel l'acétate d'éthyle est produit à partir d'anhydride acétique et d'éthanol (1:1), l'acide acétique produit dans cette réaction étant alors utilisé comme réactif pour l'estérification avec du n--butanol pour la production d'acétate de butyle. Les avantages du procédé de coproduction ont été clairement démontrés par le calcul des indicateurs de la chimie verte : • L'économie d'atomes est plus élevée dans le procédé de coproduction (91,9%), en raison de la réutilisation de l'acide acétique produit lors de la première estérification, dans la synthèse de l'acétate de butyle.

• De même, le facteur environnemental s'est avéré plus faible pour le procédé de coproduction que pour les synthèses individuelles d'acétates (0,31 contre 0,68, respectivement). résultat montre bien la réduction des déchets générés en coproduction. L'analyse du cycle de vie a été achevée pour obtenir des informations sur l'ensemble du cycle de vie des acétates et pour mettre en évidence les avantages environnementaux du procédé de coproduction :

• Dans les synthèses individuelles et dans le procédé de coproduction, l'étape de préparation des réactifs a montré le plus grand impact sur l'environnement.

• En comparant les deux voies de synthèse, il a été attesté que le procédé de coproduction générait des impacts plus faibles sur l'environnement dans toutes les catégories comparé aux synthèses individuelles. L'influence sur l'impact environnemental généré par l'origine des matériaux de départ utilisés dans le procédé développés, bio--sourcé ou pétrochimique, a également été évaluée :

• Pour l'acétate d'éthyle : aucune différence significative n'a été obtenue dans la majorité des catégories quand le bioéthanol est utilisé à la place et de l'éthanol pétrochimique. Cependant, des impacts plus faibles sur le changement climatique ont été obtenus en utilisant du bioéthanol.

• Pour l'acétate de butyle, l'utilisation de bio--butanol à la place de butanol a réduit l'impact sur l'environnement dans 10 des 17 catégories. Les impacts sur le changement climatique ont été significativement réduits de 53%. Enfin, les indicateurs de la chimie verte calculés á partir des synthèses développées ont été comparés à celles obtenues avec les synthèses classiques pétrochimiques. Les synthèses de bio--acétates à travers le procédé de coproduction ont présenté de meilleurs résultats que les synthèses pétrochimiques classiques : Facteur--E plus faible (0,31), économie d'atome (91,9%) et PMR plus élevé (57,9%).

Stratégie pour la synthèse de la MEK bio--sourcée

Les procédés décrits précédemment produisent généralement de la MEK avec de faibles rendements avec des sélectivités limitées en utilisant des températures élevées et des catalyseurs acides homogènes. De plus, toutes les technologies présentées utilisent des matériaux de départ pétrochimiques, ce qui a un impact négatif sur l'environnement. Dans ces travaux, nous avons proposé de synthèser la MEK par décarboxylation de l'acide lévulinique (AL) issu de la biomasse (Schéma 8). Nous nous sommes inspirés des travaux de Gong et al. 38 pour déterminer les conditions préliminaires de décarboxylation à mettre en oeuvre. En effet, à notre connaissance, seuls ces travaux décrivent l'utilisation d'un système argent--persulfate pour la décarboxylation de l'AL. Cependant, leur méthode utilise des températures élevées (160 °C) et ne conduit qu'à un rendement de 44,4% en MEK. On peut penser qu'un pH acide de 1 empêche la réaction d'évoluer. Afin de le vérifier, des essais supplémentaires ont été réalisés (Tableau 15). Le fait d'ajuster le pH à 5 (avec une solution de soude) et de relancer la réaction avec un équivalent de K 2 S 2 O 8 a permis l'obtention d'un excellent rendement en MEK, de l'ordre de 87% avec une conversion d'AL pratiquement totale. Afin d'élucider le mécanisme réactionnel expliquant l'évolution des sels d'argent au cours de la réaction, nous avons étudié la composition des phases solides à différents temps de réaction (0, 4, 13 et 30 minutes), grâce aux techniques spectroscopiques suivantes : la résonance magnétique nucléaire du solide, la diffraction des rayons X (DRX), la spectroscopie de photoélectrons X (XPS) et la microscopie électronique à balayage (MEB--EDX).

• Evolution de la couleur du milieu réactionnel Des changements de couleur de la phase solide ont été observés au cours de la réaction (Figure 10). À notre connaissance, il s'agit de la première étude sur l'évolution des sels d'argent impliqués dans le mécanisme de décarboxylation en présence du système AgNO 3 /K 2 S 2 O 8 . Les avantages environnementaux du procédé de coproduction ont été mis en évidence par le calcul des indicateurs de la chimie verte et de l'analyse du cycle de vie :

• Une économie d'atome plus élevée a été obtenue avec le procédé de coproduction (91,9 %) par rapport aux synthèses individuelles de chacun des acétates (72,4 %). • Le facteur environnemental a diminué avec le procédé de coproduction (0,31 contre 0,68 pour les synthèses individuelles) confirmant la réduction de la production de déchets.

• L'évaluation du cycle de vie a montré que le procédé de coproduction génère moins d'impacts sur l'environnement que les synthèses individuelles et ce, dans toutes les catégories. De plus, l'influence de l'impact environnemental généré par l'origine des alcools, bio--sourcés ou pétrochimiques a été évaluée. Des impacts plus faibles sur le changement climatique ont été observés à partir du bioéthanol ou du bio--butanol, en raison du stockage du carbone biogène. Les synthèses d'acétate d'éthyle et d'acétate de butyle ont été étudiées dans le laboratoire à l'aide d'un réacteur de 2 litres. Pour compléter l'étude, l'acétate d'éthyle a été préparé à une échelle de 20 litres. Les acétates synthétisés ont été caractérisés et évalués dans des formulations de laque nitrocellulosique et de vernis polyuréthane. Les résultats ont montré que les solvants synthétisés peuvent parfaitement remplacer leurs équivalents fossiles dans ces formulations de revêtements.

POUR LA SYNTHESE DE LA METHYL ETHYL CETONE (MEK) :

La production de MEK via la décarboxylation de l'acide lévulinique (AL) a ensuite été étudiée en présence d'un système de sels d'argent et de persulfate de potassium. En effet, l'acide lévulinique est identifié parmi les 10 molécules renouvelables les plus prometteuses pour la production de molécules d'intérêt. Ce travail de thèse a porté sur la compréhension du mécanisme réactionnel de décarboxylation de l'AL et plus particulièrement sur l'évolution des sels d'argent.
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• Le bénéfice environnemental du procédé optimisé devrait être évalué à l'aide d'une analyse du cycle de vie (ACV). En ce qui concerne la synthèse de la méthyl éthyl cétone biosourcée :

• Il conviendrait de mettre au point un procédé continu s'appuyant sur la régénération des sels d'argent et d'optimiser les paramètres de réaction • La séparation en continue de la MEK du milieu réactionnel devrait être étudiée afin d'éviter son oxydation en acide acétique.
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 5 -Small and Medium--sized Enterprises (SME): Asociación Española de Bioempresas (ASEBIO, Spain), Associação Portuguesa de Bioindústrias (APBIO, Portugal), Swiss Biotech Association (SBA, Switzerland), Consorzio per la Promozione dei Prodotti Vernicianti e Ricopenti (PROCOAT, Italy), Conseil Européen de l'Industrie des Peintures, Encres d'Imprimerie et des Couleurs d'Art (CEPE, Belgium), • 3 other enterprises or end--users: Stéarinerie Dubois Fils (France), Castellano Peintures (France), Industrias Químicas Irurena (Spain), • 3 Research, Technology & Development performers (RTD): Fundación Tecnalia Research & Innovation (Spain, coordinator), Institut Universitari De Cienca i Tecnologia (IUCT, Spain), Institut National Polytechnique de Toulouse (Laboratoire de Chimie Agro--industrielle, LCA, France).
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  various committees have been created, such as the SAC/TC (National Technical Committee of Standardization Administration of China). In this committee was created the division SAC/TC5, whose complete name is "the National Technical Committee 5 on Paints & Pigments of Standardization Administration of China". This division is in charge of controlling the coatings standards. Thanks to this commission, the standards GB18581--2009 and GB18582--2008 were created
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  (p--TSA) • Difficult catalyst--product separation: during the reaction, products and reagents are in the same homogenous phase and the separation of the products requires distillation process • Complicated post--treatment procedures: waste disposal includes dilution of the acid and neutralization of the acid--aqueous effluent • Complicated catalyst recovery/recycling: the recovery of the acid involves a great energetic expenditure, distillation at high temperatures are required • Equipment corrosion • Heterogeneous catalyst: ion exchange resins. • Catalyst free products can be obtained by simple filtration • Catalyst can be easy recovered by simple filtration • Recycling: the ion exchange can be reused in several cycles of reaction without regeneration. Then their regeneration is possible • Special corrosion resistant equipment is not necessary
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  . 335 Cross--Cut assessment Classification ISO 2409 standards Class 0 Edges of cut are completely smooth None of the squares of coating is detached Class 1 Detachment of small flakes at the intersection of the cuts Max. 5 % of the cross cut area is affected Class 2 Flaked along the edges and/or intersection of the cuts Affected cross--cut area: 5--15 % Class 3 Squares are partially/wholly damaged Affected cross--cut area: 15--35 % Class 4 Square partly/wholly detached Affected cross--cut area: 35--65 % Class 5 Any flacking worse than Class 4 Affected cross--cut area > 65 %
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 39 coated with the NC--ECOBIOFOR formulation. The results were compared to those obtained with the NC--commercial formulation. After visual analyses of the substrates submitted to the test, the NC--formulations were classified according with the ISO 2409 standards. The classification of the NC--ECOBIOFOR and NC--commercial formulations are shown in Table 39. NC--ECOBIOFOR formulation NC-Adhesion cross--cut test on substrates coated with NC--ECOBIOFOR formulation and NC--Commercial formulation

  formulation was classified according to the ISO 2409 standards 335 in a class between 0--1 because the cut edges were not completely smooth after the cross--cut test. Similar results were obtained with the commercial formulation, which ensure the quality of the PU--ECOBIOFOR formulation (Table45).PU--ECOBIOFOR formulation PU-
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 2 Development of an LCI data collection plan. This step includes the clear definition of the data quality goals. Therefore, it is necessary the identification of data quality indicators, data sources and types. Besides, the development of a data collection spread sheet will facilitate the good management of the collected data.
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Figure 45 .

 45 Figure 45. Hot spot identification of the coproduction process (scenario 2). Impact characterization by a derivative of the ILCD 2011 1.05 method.

Figure 46 .

 46 Figure 46. Comparison between the independent synthesis (Sc1) and the co--production process (Sc2). Normalization of the impacts by derivative of the ILCD 2011 1.05 method.
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 47 Figure 47. Comparison between the independent reactions (Sc1) and the coproduction (Sc2) through a Monte Carlo analysis. Impact characterization by a derivative of the ILCD 2011 1.05 method
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 48 Figure 48. Relation between the principles of the green chemistry and the green metrics.

Figure 49 .

 49 Figure 49. Process flowchart of the synthesis of ethyl and butyl acetates using bioethanol and bio--butanol, respectively

  bio C) is the mass of biogenic carbon (kg/kg of chemical), n is the number of carbon atom in the chemical, M(C) is the molar mass of carbon (12g/mol) and M(chemical) is the molar mass of the chemical (g/mol).
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 51 Figure 51. Hot spot identification of the bio--ethyl acetate production. Impact characterization by a derivative of the ILCD 2011 1.05 method

Figure 52 presents

 52 Figure 52 presents the impacts related to the different sources of ethanol.

Figure 52 .

 52 Figure 52. Sensitivity analysis on the choice of the source of bioethanol. Impact characterization by a derivative of the ILCD 2011 1.05 method
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 53 Figure 53. Hot spot identification of the bio--n--butyl acetate production. Impact characterization by a derivative of the ILCD 2011 1.05 method

Figure 54 .

 54 Figure 54. Hot spot identification of the coproduction of bio--ethyl and bio--butyl acetates--Impact characterization by a derivative of the ILCD 2011 1.05 method

  3.3.2c, here the production of 1.141 kg of bio--ethyl acetate and 1kg of bio--butyl acetate were considered as functional unit.
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 55 Figure 55. Comparison between the individual syntheses (Sc1) and the coproduction process (Sc2)--Normalization of the impacts by a derivative of the ILCD 2011 1.05 method
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 56 Figure 56. Comparison between the independent syntheses (Scenario1) and the coproduction process (Scenario2)--Normalization of the impacts by a derivative of the ILCD 2011 1.05 method
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 57 Figure 57. Comparison between the bio--based ethanol and the petrochemical equivalent for ethyl acetate production--Impact characterization by a derivative of the ILCD 2011 1.05 method
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 58 Figure 58. Comparison between the use of bio--based and petrochemical n--butanol for butyl acetate production --Impact characterization by a derivative of the ILCD 2011 1.05 method

  waste production related with the treatment of the homogeneous acid.
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 59 Figure 59. Consumption of MEK by sector of application 405

Scheme 22 .

 22 Scheme 22. Decarboxylation of levulinic acid using CuO as co--reagent (Gong et al, 2010)437

Figure 60

 60 Figure 60. Decarboxylation of LA with 1 eq of K 2 S 2 O 8 in the absence of AgNO 3 . Experimental conditions: K 2 HPO 4 /KH 2 PO 4 (0.1:0.1M), 100 °C

Figure 61 .

 61 Figure 61. Decarboxylation of LA against time at different temperatures a) 100 °C, b) 60 °C and c) 25 °C. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M)

Figure 62 .Figure 63 .

 6263 Figure 62. XRD patterns for the solid phase before the reaction. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1/1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1M)

  eV) were detected by XPS, so a mixture of these two compounds was present, confirming the XRD results. Otherwise, after the reaction, two Auger signals, AgM 5 N 45 N 45 at 350.7 eV and AgM 4 N 45 N 45 at 356.6 eV, were visible and could be attributed to a mixture of Ag 2 O and AgO. 512-514 Ag 3 O 4 was identified in XRD patterns, but neither Ag 2 O nor AgO were detected. The mixed valence of Ag 3 O 4 (Ag 2+ (Ag 3+ ) 2 O 4 ) may have interfered with the identification of Ag 2 O and AgO in the XRD analysis.

Figure 64 .

 64 Figure 64. AgMNN Auger signals of the solid phase a) before and b) after levulinic acid decarboxylation

Figure 65 .

 65 Figure 65. XRD patterns for the solid phase: a) after M1 neutralization, b) after the 2nd cycle of the reaction, with the addition of K 2 S 2 O 8 .. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C

  2 O--AgO mixture at the kinetic energies of 350.7 eV (Ag M 5 N 45 N 45 ) and 356.6 eV (Ag M 4 N 45 N 45 ) disappeared, confirming that the medium could be regenerated by adding NaOH. This spectrum has a profile similar to that obtained at the start of the 1 st cycle of reaction. The formation of the Ag 2 O and AgO was confirmed after the 2 nd cycle of the reaction, by the appearance of the characteristic Auger peaks at 350.6 eV and 356.5 eV (Figure 66b).

Figure 66 .

 66 Figure 66. AgMNN Auger signals for the solid phase: a) after M1 neutralization, b) after the 2 nd cycle of reaction Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

Figure 67 .

 67 Figure 67. Optical microscopy (x10) of solid phase during the reaction. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C.

Figure 68 .Figure 69 .

 6869 Figure 68. Graphic representation of the color evolution of the solid phase during the reaction

Figure 70 .

 70 Figure 70. Optical microscopy of solid phase obtained after 30 min of reaction without LA (x50). Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1/1), 100 °C, 30 min. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

  Figure 71. 109 Ag solid state NMR spectrum of the solid phase at a) 0, b) 4, c) 13 and d) 30 minutes. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

  Figure 72. 109 Ag solid state NMR spectra of the solid phase a) after neutralization to pH 5 with NaOH and b) after 2 nd cycle of reaction. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

  Figure 73. XRD patterns of the solid phase at 0, 4, 13 and 30 minutes. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

Figure 74 .

 74 Figure 74. XRD spectra of the solid phase a) after adjustment of M1 to pH 5 with NaOH, and b) after 2 nd cycle of reaction. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

  75 are presented the XPS full spectra of the solid phases analyzed at 0, 4, 13, and 30 minutes of reaction.

Figure 75 .

 75 Figure 75. XPS full spectra and the core levels of the solid phase at different times of reaction.

Figure 76 .

 76 Figure 76.

  Figure 77. AgMMN Auger signals of the solid phase at 0, 4, 13 and 30 minutes. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

Figure 78 .

 78 Figure 78. AgMMN Auger signals of the solid phase a) after adjustment of M1 to pH 5 with NaOH and b) after 2 nd cycle of reaction. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

Figure 79 .

 79 Figure 79. Signals produced from the Interaction between electron beam--sample 535

Figure 80 .

 80 Figure 80. SEM images of the solid phase at different reaction times. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

Figure 81 .

 81 Figure 81. SEM images of the solid phase a) after neutralization to pH 5 with NaOH. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C, 30 minutes

  3 PO 4 and the disappearance of Ag 2 SO 4 were highlighted by the SSNMR, XRD, AES, EDX analyses. The disappearance of Ag 2 O and AgO was proven by AES: the solid phase cleared and became yellow again, • The conversion of Ag 3 PO 4 into Ag 2 SO 4 was demonstrated by the SSNMR, XRD, AES, EDX analyses: the solid phase whitened, • The formation of Ag 2 O--AgO at the end of the second cycle was proven by AES analyses: the solid phase darkened again. The evolution of the silver species thorough the reaction can be summarized by the following figure (Figure 83):

Figure 83 .

 83 Figure 83. Graphical representation of the evolution of the species of the solid phase during the reaction, after pH adjustment of M1 and after the 2 nd cycle of reaction.

  The use of a radical trap (TEMPO) completely prevented the reaction: we thus proposed a radical decarboxylation mechanism. It relies on the decomposition of potassium persulfate (K 2 S 2 O 8 ) into sulfate radicals (SO 4 l -) in the presence of AgNO 3 . Sulfate radicals are then the directly responsible for decarboxylation of levulinic acid.

Figure 85 .

 85 Figure 85. Color changes of solid phase at different reaction times and the compounds identified through different spectroscopy techniques
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 1 Figure 1. Industrie des solvants en Europe5

Schéma 1 .

 1 Voies de synthèse proposées pour la production d'acétate dde butyle peut être synthétisé à partir de n--butanol et d'acide acétique ou d'anhydride acétique (Schéma 2).

Tableau 1 .

 1 Avantages des résines échangeuses d'ions par rapport aux catalyseurs homogènesProcédé de production actuelProposition alternative • Catalyseur: H 2 SO 4 or p--TSA.• Séparation difficile du catalyseur et du produit : au cours de la réaction, les produits et les réactifs sont dans la même phase homogène et la séparation des produits nécessite d'une ou plusieurs distillations.

Schéma 4 .

 4 Synthèse d'acétate d'éthyle à partir d'éthanol et d'acide acétique.

Schéma 6 .Figure 2 .

 62 Figure 2. a) Effet de la température sur la conversion de l'éthanol avec la résine Dowex 50WX8, b) Détermination de l'énergie d'activation de la réaction (second ordre).

Figure 3 .

 3 Figure 3. Effet de la température sur la conversion du n--butanol déterminée par CPG

Figure 4 .

 4 Figure 4. Procédé de coproduction d'acétates d'éthyle et de butyle

Tableau 7 .

 7 Évaluation des acétates synthétisés dans une formulation de laque de nitrocellulosePropriétés évaluées NC--Formulation ECOBIOFOR NC--Formulation commerciale Viscosité en secondes (Ford No4. Des résultats similaires ont été obtenus entre la formulation ECOBIOFOR et la formulation commerciale, ce qui confirme l'efficacité des solvants synthétisés en tant que substituants de leur équivalents pétrochimiques. Les traces d'eau présentes dans les acétates d'éthyle et de butyle synthétisés n'ont pas eu de conséquences sur les propriétés du film.

Tableau 8 .

 8 Évaluation des acétates synthétisés dans une formulation de vernis polyuréthane Propriétés évaluées NC--Formulation ECOBIOFOR NC--Formulation commerciale Viscosité en secondes (Ford No4. Les propriétés obtenues avec les deux formulations sont donc conformes aux spécifications fournies par IRURENA (Espagne).

Tableau 9 .

 9 Principaux indicateurs de la chimie verte considérés pour l'évaluation d'une nouvelle synthèse

  évaluer d'un point de vue environnemental la voie chimique développée et présentée dans la section 2 de ce manuscrit, l'analyse du cycle de vie (ACV) a été utilisée comme outil de décision. En effet, cette méthode standardisée et précise consiste à mesurer et comparer les impacts environnementaux potentiels de ces procédé de production sur l'ensemble de leur cycle de vie, i.e. « du berceau à la porte du laboratoire » (dans notre cas). L'analyse du cycle de vie a été réalisée en utilisant les normes ISO 14040[START_REF]Management environnemental --Analyse du cycle de vie --Principes et cadre[END_REF] et 1044.[START_REF]Synthèse de la méthyl éthyl cétone biosourcée[END_REF] Dans cette étude, les synthèses indépendantes des esters (scénario 1) et de la coproduction (scénario 2) ont été modélisées, après un inventaire complet à l'échelle du laboratoire. Les résultats ont été comparés pour mettre en évidence l'intérêt de cette nouvelle voie de coproduction d'un point de vue environnemental. La production de 1 kg d'éthyle acétate ou n--butyle acétate a été choisie comme unité fonctionnelle. Toutes les données de l'inventaire du cycle de vie ont été recueillies à partir des résultats expérimentaux à l'échelle du laboratoire. Les données d'émissions et d'extractions ont été obtenues à partir de la base de données Ecoinvent 3.1. Les impacts environnementaux ont été analysés à travers un dérivé de la méthode ILCD 2011 1.05. L'inventaire et les calculs d'impact ont été effectués sur SimaPro 8.1.1.

Figure 5 .

 5 Figure 5. Evaluation des impacts de la production de a) l'acétate d'éthyle b) l'acétate de n--butyle --Caractérisation de l'impact par un dérivé de la méthode ILCD 2011 1.05

Figure 6 .

 6 Figure 6. Evaluation des impacts du procédé de coproduction (scénario 2). Caractérisation de l'impact par un dérivé de la méthode ILCD 2011 1.05.

Figure 7 . 3 . 3 . 3 Tableau 10 .

 733310 Figure 7. Comparaison entre la synthèse indépendante des acétates (Sc1) et le procédé de coproduction (Sc2). Normalisation des impacts par dérivé de la méthode ILCD 2011 1.05.

  vie des synthèses des bio--acétates d'éthyle et de butyle a porté sur les synthèses individuelles et le procédé de coproduction.

3. 4 . 1

 41 Evaluation de l'utilisation des bio--alcools dans la synthèse de l'acétate d'éthyle et du butyle Dans ce résumé, nous nous concentrons sur la présentation des résultats de la comparaison les synthèses individuelles et le procédé de coproduction. Dans les deux cas, l'analyse a été réalisée avec du bio--éthanol et du bio--butanol modélisées à partir du travail de Pereira parce qu'il a généré moins d'impacts sur l'environnement que d'autres sources de bioéthanol : maïs, canne à sucre, bois et canne à sucre brésilien transformé par une fermentation avec Clostridium saccharoperbutylacetonicum rapporté dans le travail de Pereira et al.[START_REF] Pereira | [END_REF] (Figure8).

Figure 8 .

 8 Figure 8. Analyse de sensibilité sur le choix de la source de bioéthanol. Caractérisation de l'impact par un dérivé de la méthode ILCD 2011 1.05

Figure 9 .

 9 Figure 9. Comparaison entre les synthèses individuelles (Sc1) et le procédé coproduction (Sc2)--Normalisation des impacts par une dérivé de la méthode ILCD 2011 1.05

4

 4 Comparaison des procédés de synthèse développés à partir d'alcools biosourcés avec le procédé industriel actuel utilisant des fossiles : contribution de l'ACV et des indicateurs de la chimie verteCette étude en ACV a permis de déterminer que les impacts environnementaux peuvent être réduits en utilisant du bioéthanol et du bio--butanol pour les synthèses d'acétates à travers les procédés de synthèse développés. Nous nous sommes ensuite intéressés à comparer ces synthèses plus vertes avec les synthèses industrielles utilisant des matières premières pétrochimiques. Il faut remarquer que les synthèses étudiées ici ont été développées à l'échelle du laboratoire, pour lesquelles la comparaison directe de leur cycle de vie avec celui des procédés industriels n'est pas vraiment pertinente. Dans ce contexte, le calcul des indicateurs de la chimie verte a été réalisé afin d'effectuer une comparaison simple et rapide de ces procédés de synthèse. Les indicateurs verts des synthèses individuelles et de la coproduction d'acétates d'éthyle et de n-butyle, utilisant le bioéthanol et le bio--butanol, ont été calculés au même titre que ceux du procédé industriel classique (mettant en oeuvre l'acide acétique et l'éthanol ou le butanol en présence d'acide sulfurique comme catalyseur). Ils sont indiqués dans le Tableau 11. Tableau 11. Indicateurs verts: comparaison entre les procédés de synthèse développés (individuels et coproduction) et les synthèses industrielles actuelles. a Teneur biosourcée calculée en considérant que l'éthanol et le butanol proviennent de matières premières biosourcées.

Schéma 8 .

 8 Proposition de synthèse pour la production de bio--méthyl éthyl cétoneAfin d'améliorer la production de MEK, nous avons réalisé une étude exploratoire du mécanisme réactionnel. Celle--ci nous a permis de déterminer les facteurs qui affectent la réaction et d'identifier les conditions opérationnelles optimales.

4. 3

 3 Etude de l'évolution des espèces au cours de la décarboxylation de l'acide lévulinique pour la production de MEK à l'aide du système AgNO 3 /K 2 S 2 O 8

Tableau 15 .

 15 Amélioration de la conversion de LA et du rendement en MEK suite à l'ajustement du pH de la réaction

3

 3 Etude de l'évolution du système solide au cours de la réaction en présence de persulfate de potassium et de nitrate d'argent par spectroscopie RMN du solide, DRX et XPS et MEB--EDX.

Figure 10 .

 10 Figure 10. Changements de couleur de la phase solide au cours de la réaction. Conditions expérimentales: AgNO 3 /K 2 S 2 O 8 (1: 1), KH 2 PO 4 /K 2 HPO 4 (0,1: 0,1 M), 100 ° C, 30 minutes

Figure 12 .•

 12 Figure 12. Représentation graphique de l'évolution au cours de la réaction des espèces d'argent dans la phase solide, après ajustement du pH du milieu après le 1 er cycle de réaction (M1) et après le 2 nd cycle de réaction.

Figure 13 .

 13 Figure 13. Changements de couleur de la phase solide à différents temps de réaction et les composés identifiés par différentes techniques de spectroscopie.

Figure 14 .

 14 Figure 14. Procédé de coproduction d'acétates d'éthyle et de butyle

  

  

  

  

Table 1 . Classification of flammable liquids according with the CPL regulations

 1 

  50,[START_REF]The officiel site of Hansen Solubility Parameters and HSPiP software[END_REF] 

Table 3 . Classification of acute toxicity by the oral, dermal (LD50) and inhalation via

 3 

	74,75

Table 4 . Solvent classification according to the FDA

 4 

•

  The Directive 2004/42/CE sets out the limit values for the VOC content in decorative paints and varnishes and vehicle refinishing products and supports the Directive 2001/81/EC on national emissions ceilings for certain atmospheric pollutants including VOC, SO 2 , NH 3 and NO x . It prohibits to sale or purchase any product that has a VOC content that exceeds specified limits and that do not have the corresponding labelling. 46 This Directive 2004/42/CE has amended the VOC emissions

Table 5 . Fluorous solvents and boiling point 1.3.8 Solvents derived from biomass

 5 

  126 

  165 

Dimethyl ether (DME) is a gas that can be easily liquefied under pressure conditions. DME is mainly

  134 Despite of the fact that the toxicological profile of 2--MeTHF has not been determined, this solvent does not present problems related to genotoxicity and mutagenicity. In addition to its bio--based origin, it presents advantages such as its biodegradability and its stability under basic and acid conditions. 103 2--MeTHF has been used to replace THF and toluene in the extraction of polar organic compounds from aqueous systems. Besides, it can also be an alternative to replace n--hexane in aroma compounds extraction 158 and dichloromethane in biphasic reactions like amidations, alkylations and nucleophilic aromatic substitutions.103 2--MeTHF is also an interesting solvent in enzymatic, organo--or organomellatic--catalysed reactions.150 

	Di--methyl isosorbide (DMI) is the methyl ether of isosorbide, a sorbitol derivative. Its greenest
	production process is based on the methylation of isosorbide with dimethyl carbonate. 166 It has been
	proposed as a viable substitute of some toxic solvents such as dimethyl sulfoxide (DMSO),
	dimethylformamide (DMF) and dimethylacetamide (DMAc) in the pharmaceutical industry. 151,166 For
	example, DMI was used to replace DMSO as pharmaceutical excipient for topical administration of
	non--adhesive liquid embolic agents. 167
	produced via dehydration of methanol, but its synthesis from syngas in a single step has been also
	studied. 168,169 Liquified DME has become attractive as green solvent in extraction methods. 170 It is
	used in protein extractions for the meat industry and considered as safe by the European Food Safety
	Authority (EFSA). 171 It was evaluated in the extraction of lipids from microalgae Botryococcus braunii
	Race B. paste, showing similar results than hexane Soxhlet extraction. 172 Additionally it was used in
	the extraction of capsaicine from ground chilli, 173 caffeine from green tea 174 and carotenoids from
	microalgae. 175

2--Methyltetrahydrofuran (2--MeTHF) is produced by catalytic hydrogenation of furfural or

γ--valerolactone.

Terpineol is one of the principal monocyclic monoterpenoid alcohols found in the nature. It can be obtained

  from flowers such as narcissus and freesia, herbs such as sage, marjoram, oregano and rosemary and from cajuput, pine and lemon peel oil, as a mixture of α--, β--, δ--terpineol and terpinen--4--ol.191 It is used as solvent in the solubilization of single--wall carbon nanotubes, 192 and in the preparation of TiO 2 thin--film photocatalyst, 193 paints formulations, cleaning agents and degreasers.194 

	It is a stable molecule that
	cannot be oxidized as it does not have any double bond. Pinane can be used as solvent in the
	extraction of bioactive compounds like carotenoids and aromas. Recently, the use of pinane in
	carotenoids extraction showed better results than n--hexane. 189
	D--Limonene can be obtained from citrus peels (orange, lemon, mandarin, grapefruit and lime) by
	hydrodistillation with a Clevenger apparatus. Limonene has a low toxicity and is considered as GRAS
	(generally recognized as safe) by the FDA. 190 This bio--based solvent, which has a low polarity, is
	mostly used for replacing non--polar petrochemical solvents. 103 It is also able to substitute solvents
	such as MEK, acetone, toluene, glycol ethers, dichloromethane and n--hexane. Moreover, it can be
	used as an essential oil in cleaning (including degreasing), cosmetic, food and pharmaceutical
	industries.

Table 6 . Pfizer guide for solvent replacement 1.4.2 The test and error methodology

 6 Based on the work ofGoldschmidt (1993),204 the test and error methodology was proposed byBégin and Gérin in 2001. 205 In order to eliminate hazardous solvents used in work place and find less

	. 100

Table 7 . Property prediction tools for solvent substitution 207

 7 

Targeted Bio--solvent Building--block

  

		Ethanol
	Ethyl acetate (EAc)	Acetic acid
		Acetic anhydride
		Butanol
	Butyl acetate (BAc)	Acetic acid
		Acetic anhydride
	Methyl ethyl ketone (MEK)	Levulinic acid

Table 8 . Building--blocks selected for the synthesis of bio--based solvents

 8 

Table 9 .

 9 This table also indicates the companies declaring to produce these

	bio--based molecules.		
	Building blocks	Industries	Raw materials	Technology
	Acetic acid	SEKAB 210 ZEACHEM 216	Agricultural and forestry residues Forestry and agricultural wastes, grains, sugarcane Fermentation Catalytic oxidation
		Lanza Tech 217	CO 2	Gas fermentation
		ZEACHEM 216	Hardwood, softwood, switch grass and corn stover Fermentation
	Butanol	Green Biologics 211	Corn, sugar, woody and agricultural residues	Fermentation
		ABENGOA 218	Bioethanol from plant biomass, agricultural and forestry residues	Catalytic dehydration
		ABENGOA 218	Plant biomass, agricultural and forestry residues	Fermentation
		Beta Renewables 219	Agricultural wastes	Fermentation
			Corn, wheat, sorghum. Agricultural wastes (rice	
	Ethanol	Green Plains 220	beverage wastes and forestry and paper wastes hulls, cheese whey, potato wastes), brewery and	Fermentation
		Shell Global 221	Sugar cane and sugar cane wastes	Fermentation
		Pacific ethanol Inc. 222	Corn	Fermentation
		Petrobras 223	Sugarcane	Fermentation
		The Andersons 224	Corn and other feedstocks	Fermentation
	Levulinic acid GFBiochemicals 225	Cellulosic wastes	Atlas technology

Table 9 . Producers of the selected bio--based synthons

 9 

Table 10 ).
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	Structure	Properties	Value
		Molecular formula	C 4 H 8 O 2
		Molecular weight	88.1 g/mol
		Flash point	--4 °C
		Boiling point	77.1 °C
		Melting point	--83.6 °C
		Evaporation rate (relative to butyl acetate)	4.5
		Density	0.903 Kg/L
	CAS: 141--78--6	Solubility in water, 20 °C	80 g/L
		Viscosity, 25 °C	0.426 cP
		Specific gravity 𝐷 !" !"	0.902
		Refractive Index 𝑛 ! !"	1.3719
		DL 50 (oral in rat)	5620--10200 mg/kg
		Biodegradability	Readily biodegradable
		Partition coefficient (log Kow)	3 (low potential for bioaccumulation)

Table 10 . Physicochemical and toxicological properties of ethyl acetate

 10 

	2,71,227,228

  .

	Structure	Properties	Value
		Molecular formula	C 6 H 12 O 2
		Molecular weight	116.16 g/mol
		Flash point	27 °C
		Boiling point	126.1 °C
		Melting point	--78.0 °C
		Evaporation rate (relative to butyl acetate)	1
	CAS: 123--86--4	Density	0.883 Kg/L
		Solubility in water, 20 °C	68 g/L
		Viscosity, 25 °C	0.685 cP
		Specific gravity 𝐷 !" !"	0.882
		Refractive Index 𝑛 ! !"	1.3941
		DL 50 (oral in rat)	10760--12789 mg/kg 3
		Biodegradability	Readily biodegradable
		Partition coefficient (log Kow)	2.3 (low potential for bioaccumulation)

Table 11 . The physicochemical properties of n--butyl acetate
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	3,227

Table 12 . Classification of resins by nature of the functional group 271
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Table 13 . Advantages of ion exchange resins over classical catalyst

 13 

Table 14 . Characteristics of the resins used for the synthesis of ethyl and butyl acetates. *Ion exchange capacity of resins determined in this work. Standard deviation=0.2 meq/g.
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										*Ion
	Catalyst Physical form	Concentration of acid sites	Shipping weight	Fine content	Coarse beads	Surface area	Mean pore diameter	exchange capacity
										(meq/g)
	Amberlyst 15	Opaque beads	≥1.7 eq/L ≥4.7 eq/kg	610 g/L	< 0.300 max mm: 0.5 %	> 1.180 max mm: 5 %	53 m	2 /g	300 Å	4.9
	Amberlyst 16	Opaque beads	≥1.7 eq/L ≥4.7 eq/kg	780 g/L	< 0.355 max mm: 1 %	> 1.180 max mm: 5 %	52 m	2 /g	300 Å	6.1
	Amberlyst 36	Opaque beads	≥1.95 eq/L ≥5.4 eq/kg	800 g/L	< 0.425 max mm: 0.5 %	> 1.180 max mm: 4 %	33 m	2 /g	240 Å	4.9
	Dowex	Crystalline								
	50WX8 200--	powder or	≥1.7 eq/L	802 g/L	NA	NA	NA	10--20 Å	4.8
	400	powder								

Table 15 . Comparison of the various resins in terms of their ethanol conversion and ethyl acetate yields, for reactions starting

 15 

from ethanol and acetic acid (molar ratio 1:1). Conditions: resin loading 5% w/w relative to EtOH, 80°C, 4 h. a: determined by Karl Fisher titration. SD: ± 2.

Table 16 . Comparison of the different ion--exchange resins in terms of their ethanol conversion and ethyl acetate yields, for the reaction starting from ethanol and acetic anhydride (2:1). Conditions: resin loading 5% w/w relative to EtOH, 80°C, 4 h.

 16 

	Composition of reaction media (%mol)
	AcOH	Ethanol	EAc Water a

a:

determined by Karl Fisher titration. SD: ± 2.

Table 17 . Boiling points and molar fractions of the various azeotropes in the ethyl acetate system 312
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		Point		Molar fractions	
		(°C)	EtOH	EAc	H 2 O
	EtOH/EAc/H 2 O	70.09	0.1069	0.6073	0.2858
	EAc/H 2 O	70.37	--	0.6869	0.3131
	EtOH/EAc	71.81	0.4572	0.5428	--
	EtOH/H 2 O	78.18	0.9016	--	0.0984

Table 18 . Comparison of the various ion exchange resins in terms of n--butanol conversion and butyl acetate yield, for reactions starting from n--butanol and acetic acid (1:1). Conditions: resin loading 5%w/w BuOH, 100°C, 4 h. a: determined by Karl Fisher titration. Standard deviation: ± 2%.
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	Composition of reaction media (%mol)
	AcOH Butanol	BAc	Water a

Table 19 . Comparison of the various ion exchange resins in terms of

 19 

n--butanol conversion and butyl acetate yield, starting from n--butanol and acetic anhydride (2:1). Conditions: catalyst loading of 5% w/w relative to BuOH, 100°C, 4 h. a:

determined by Karl Fisher titration. Standard deviation: ± 2.

  

Table 20 . Boiling points and molar fractions of the various azeotropes in the butyl acetate system.

 20 

		point (°C)	BuOH	Molar fractions BAc	H 2 O	
	BAc/H 2 O	90.2	--	0.2876	0.7134	
	BuOH/BAc	117.6	0.7329	0.2671	--	
	BuOH/H 2 O	93.0	0.2218	--		0.7782	
	BuOH/BAc/H 2 O	90.7	0.0551	0.24	0.7049	
	BuOH conversion (%)	Yield of BAc (%) after distillation	Composition of the reaction media AcOH BuOH BAc H 2 O
					(mol%)		
	99	76	0.8	1.7	(%w/w)	91.2	6.4
			0.4	1.1		97.4	1.1

227,320,321 

For butyl acetate production, an entrainer, such as cyclohexane (80.74°C), can be used to remove the water produced during the reaction, shifting the equilibrium and increasing both butanol conversion and butyl acetate yield. A Dean Stark apparatus was used (in the reaction from acetic acid) to produce an azeotropic mixture of cyclohexane and water (69.5°C), and the azeotrope was distilled out of the reaction mixture. The composition of the reaction medium after butyl acetate purification is presented in Table

21

.

Table 21 . Composition of the purified butyl acetate obtained by the esterification of butanol and acetic acid in a molar ratio of 1:1. Conditions: loading of 5% w/w Dowex 50wx8/BuOH, 100°C, 4 h.
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a:

Table 22

 22 

	).

Table 22 . Composition of the crude reaction mixture and of the distilled ethyl acetate obtained from ethanol and acetic anhydride, at a molar ratio of 1/1, at room temperature for 4 h.
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Table 23 . Composition of the purified butyl acetate obtained with the coproduction process.
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	Conversion of	Yield of			Composition of the reaction media	
	BuOH (%)	BuAc (%)	%	AcOH BuOH EtOH	BAc	EAc	H 2 O
	94	69	mol w/w	0.2 0.1	2.9 1.9	0.0 0.0	92.7 97.1	0.2 0.2	3.9 0.6

Table 24 . Composition of ethyl acetate (%w/w) after neutralization by KOH and drying with molecular sieves 3A

 24 respect to the solvent) during 48 h to reduce the water content. It was efficiently decreased from 1.2 to 0.07 %w/w.

	Composition of ethyl acetate (EAc)	AcOH (% w/w)	EtOH (% w/w)	EAc (% w/w)	H 2 O (% w/w)
	After distillation	6.7	0.0	92.1	1.2
	After neutralization and drying	0.0	0.0	99.93	0.07

Table 25 . Composition of butyl acetate from the individual synthesis (%w/w) after neutralization by KOH and drying with molecular sieves 3A
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	Composition of butyl acetate from the	AcOH	BuOH	EtOH	BAc	EAc	H 2 O
	co--production	(% w/w)	(% w/w)	(% w/w)	(% w/w)	(% w/w)	(% w/w)
	After distillation	0.1	1.9	0.0	97.1	0.2	0.6
	After neutralization and drying	0.0	5.5	0.0	94.2	0.2	0.03

Table 26 . Composition of butyl acetate from the co--production process (%w/w) after neutralization by KOH and drying with molecular sieves 3A
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Table 27 . Characteristic IR bands of ethyl acetate
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Table 28 . Characteristic IR bands of butyl acetate from the individual synthesis and the co--production process

 28 

	--1 )

Table 29 . Hansen Solubility Parameters (HSP) of the 49 solvents used for the determination of the HSP of the synthesized acetates.
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a Solubility ratings of the acetates in each solvent. b Ind: Individual synthesis. c Copr: Co--production process

Table 30 . Experimental Hansen solubility parameters of the isolated ethyl acetate (by using HSPiP software and simple algorithm sphere fit, with n=10) Figure 31. Hansen solubility sphere of ethyl acetate
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table 32 (

 32 data provided by IRURENA).

	# Component	Composition in weight (%w/w)
	1 Alkyd resin binder	20
	2 NC solution I in ethyl acetate	13
	3 NC solution II in butyl acetate	27
	4 Aromatic solvent	19
	5 Other organic solvent (alcohol)	20
	6 Additives	1
	Total	100

Table 32 . Formulation of Nitro--cellulose lacquers
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Table 35 . Validation of drying time for the NC--formulations
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	Drying time
	NC--Commercial formulation

Table 36 . Angles of incidence for gloss determination

 36 

Table 37 . Gloss percentage of NC--ECOBIOFOR formulations

 37 

		Type of coated material	Gloss (GU) NC--ECOBIOFOR formulation	NC--Commercial formulation
	60°	glass	70	60°
	85°	glass	90	85°
	60°	wood	37--39	60°
	85 °	wood	48--50	85 °

Table 38 . Classification of cross--cut test results
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Table 40

 40 

	):

Table 40 . Formulation of the hardener agent for polyurethane varnish.

 40 

  Table 41). Based on values of viscosity required for polyurethane varnishes provided by IRURENA (25±5s), the two formulations comply with the specification values.

	PU--formulation	PU--ECOBIOFOR formulation	PU--Commercial formulation
	Viscosity in seconds (Ford No4. Efflux Cup)	23±2	25±2

Table 41 . Viscosity of PU--formulations
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Table 43 . Validation of drying time for the PU-formulations
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Table 44 . Determination of the smoothness of the surface
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Table 45 . Adhesion cross--cut test on substrates coated with PU--ECOBIOFOR and PU--Commercial formulations
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Adaptation to solvent specifications: water 0.5 wt% acetic acid 0.0 wt%

  

	Acetic			
	anhydride:ethanol (1:1)	1 st esterification		
	Dowex 50WX8			
		Separation (Distillation)	Ethyl acetate 92.1 wt%	Neutralization & drying	Ethyl acetate 99.93 wt% + H 2 O 0.07 wt%
				H 2 O
		Acetic acid Dowex 50WX8		Acetic acid	GC	Viscosity Film formation Drying time
					NMR	Gloss
					FTIR	Wetting,
	n--butanol	2 nd esterification			HSP	adhesion and
					smoothness
					Butyl acetate
		Separation	Butyl acetate		94.2 wt% +
		(Distillation)	97.2 wt%		BuOH 5.5 wt%
				H 2 O	+ H 2 O 0.03 wt%
				Acetic acid

Characterization

Coproduction

process Synthesized solvents characterization Validation in solvent--born formulations: Nitrocellulose lacquers & Polyurethane varnishes

  

	Neutralization &	
	drying	Characterization

  𝐴𝐸 = 𝑚. 𝑤. 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝐶 𝑚. 𝑤. 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐴 + 𝑚. 𝑤. 𝑜𝑓 𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡 𝐵 𝑥 100 Eq. III--1 where 𝑚. 𝑤. is the molecular weight of products or reactants This simple calculation only considers the reactions where the intermediate products that are formed in one step are consumed in another and therefore are neglected. Additionally, it is supposed that the chemical equations of the reaction are correctly balanced.

  𝑝𝑟𝑜𝑑𝑢𝑐𝑡 𝐺 𝑚. 𝑤. 𝑜𝑓 𝐴 + 𝑚. 𝑤. 𝑜𝑓 𝐵 + 𝑚. 𝑤. 𝑜𝑓 𝐷 + 𝑚. 𝑤. 𝑜𝑓 𝐹

	𝑥 100	Eq. III--2

Where 𝑚. 𝑤. is molecular weight of products (G) or reactants (i.e. A, B, D and F)

Table 46 .

 46 

	Data	Source
	Ethanol without water in 99.7% solution slate, from ethylene {GLO} / market for Ecoinvent 3.1
	1--Butanol {GLO} / market for	Ecoinvent 3.1
	Acetic anhydride {RER} / market for	Ecoinvent 3.1
	Acetic acid, without water, in 98% solution slate {GLO} / market for	Ecoinvent 3.1
	Cationic resin {GLO} / market for	Proxy
	Cyclohexane {GLO} / market for	Ecoinvent 3.1
	Sodium chloride, powder {GLO} / market for	Ecoinvent 3.1
	Water, deionized, from tap water, at user {GLO} / market for	Ecoinvent 3.1
	Transport, freight train {CH} / market for	Ecoinvent 3.1
	Transport, freight, lorry <32 metric ton, EURO 3 {GLO} / market for	Ecoinvent 3.1
	Chemical factory, organics {GLO} / market for	Ecoinvent 3.1
	Electricity, medium voltage {FR} / market for	Ecoinvent 3.1
	Spent solvent mixture {CH} / treatment of hazardous waste incineration	Ecoinvent 3.1

Table 46 . Source of the data used in the LCA

 46 

Table 48 . Midpoint impact categories used for the evaluation method (a derivative of the ILCD 2011 1.05 method)

 48 These indicators have thus been replaced by a water flow indicator (corresponding to the "water depletion" indicator of the ReCiPe method) and an energy consumption indicator, based on the Cumulative Energy Demand method. The 17 midpoint impact categories used are presented in Table48.

	The inventory and the impact calculations were performed on SimaPro 8.1.1 software.

Table 49

 49 

	.						
		Conversion of	Yield of	Composition of the reaction medium
		EtOH (%)	EtAc (%)	%	AAc	EtOH EtAc H 2 O
	At the end of reaction	99.4	98	mol w/w	48.4 40.1	0.3 48.5 0.2 59.0	2.8 0.7
	After distillation	100	87	mol w/w	9.1 6.7	0.0 85.4 0.0 92.1	5.4 1.2

Table 49 . Quantitative analyses of the reaction medium before purification and the isolated ethyl acetate after purification
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Table 50 .

 50 

	Conversion of BuOH (%)	Yield of BAc (%)	Composition of the reaction media % AAc BuOH BAc H 2 O
	99	76	mol w/w	0.8 0.4	1.7 1.1	91.2 97.4	6.4 1.1

Table 50 . Quantitative analysis of the isolated n--butyl acetate after purification
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Table 51 . Quantitative analysis of the distillated butyl acetate, obtained by co--production
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		Yield of			Composition of the reaction media	
	BuOH (%)	BAc (%)	%	AAc	BuOH	EtOH	BAc	EAc	H 2 O
	94	69	mol w/w	0.2 0.1	2.9 1.9	0.0 0.0	92.7 97.1	0.2 0.2	3.9 0.6

Table 52 . Inventory data for the ethyl acetate esterification

 52 3.2.4a. 

		Reagents preparation	Esterification	Purification
	INPUTS				
	Ethanol (kg/UF)	0.601		--	--
	Acetic anhydride (kg/UF)	1.332		--	--
	Cationic resin (kg/UF)	0.030		--	--
	Transport, train (kgkm/UF)	1177.7	--	--
	Transport, lorry (kgkm/UF)	196.3		--	--
	Chemical factory (p/UF)	4.10	--10		--	--
	Electricity (kWh/UF)	--			1.4	18.8
	OUTPUTS				
	Ethanol -into air (kg/UF)	1.202.10	--3	--	--
	Acetic anhydride -into air (kg/UF)	2.664.10	--3	--	--
	Cationic resin -avoided product (kg/UF)	--			--	0.030
	Spent solvent (kg/UF)	--			--	0.847

Table 53 . Inventory data for the n--butyl acetate production.
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	.				
		Reagents preparation	Esterification Purification Separation
	INPUTS				
	1--Butanol (kg/UF)	0.840	--	--	--
	Acetic acid (kg/UF)	0.680	--	--	--
	Cationic resin (kg/UF)	0.042	--	--	--
	Cyclohexane (kg/UF)	--	0.050	--	--
	Sodium chloride (kg/UF)	--	0.010	--	--
	Water, deionised (kg/UF)	--	0.010	--	--
	Transport, train (kgkm/UF)	937.1	36	--	--
	Transport, lorry (kgkm/UF)	156.2	6	--	--
	Chemical factory (p/UF)	4 x10 --10	--	--	--
	Electricity (kWh/UF)	--	18.8	9.4	--
	OUTPUTS				
	1--Butanol -into air (kg/UF)	1.68 x10 --3	--	--	--
	Acetic acid -into air (kg/UF)	1.34 x10 --3	--	--	--
	Cyclohexane -into air (kg/UF)	--	0.1.10 --3	--	--
	Cyclohexane -avoided product (kg/UF)	--	--	0.050	--
	Cationic resin -avoided product (kg/UF)	--	--	--	0.042
	Spent solvent (kg/UF)	--	0.493	--	--

Table 55 . Green metrics for the classical individual syntheses and the co--production process developed in this work. a Percentage from renewable sources calculated considering that ethanol and butanol are from bio--based feedstock.
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Table 56 . Inventory data for the ethyl acetate production
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	Unit = 1 kg of Ethyl Acetate	Reagents preparation	Esterification Purification
	INPUTS				
	Bio--based ethanol (kg/FU)	Ecoinvent 3.1 "maize"	0.601	--	--
	Acetic anhydride (kg/FU)	Ecoinvent 3.1	1.332	--	--
	Cationic resin (kg/FU)	Proxy	0.030	--	--
	Transport, train (kgkm/FU)	Ecoinvent 3.1	1177.7	--	--
	Transport, lorry (kgkm/FU)	Ecoinvent 3.1	196.3	--	--
	Chemical factory (p/FU)	Ecoinvent 3.1	4.10 --10	--	--
	Electricity (kWh/FU)	Ecoinvent 3.1	--	1.4	18.8
	OUTPUTS				
	Ethanol -into air (kg/FU)		1.202.10 --3	--	--
	Acetic anhydride -into air (kg/FU)	2.664.10 --3	--	--
	Cationic resin -avoided product (kg/FU)	--	--	0.030
	Spent solvent (kg/FU)		--	--	0.847

Table 57

 57 

	).
	Data

Table 57 . Different sources for the production of bio--ethanol

 57 

Table 58 . Inventory data for the bio--n--butyl acetate production
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Table 60 . Green metrics: comparison between the developed syntheses (individual and coproduction) and the current industrial ones. a Percentage from renewable sources calculated considering that ethanol and butanol are from bio--based feedstock.
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  1 Its physicochemical properties are shown in the following table61. 

	Structure	Properties	Value
		Molecular formula	C 4 H 8 O
		Molecular weight	72.11 g/mol
		Flash point	--6.1°C
		Boiling point	79.6°C
		Melting point	--86.0 °C
		Evaporation rate (relative to	4
		butyl acetate)	
		Density	0.850 Kg/L
		Solubility in water, 20°C	27.5 g/L
	CAS: 78--93--3	Viscosity, 25°C Specific gravity 𝐷 !" !"	0.43 cP 0.805
		Refractive Index 𝑛 ! !"	1.3788
		Escriba aquí la ecuación. DL 50 (oral in rat)	2737 mg/kg 72
		Biodegradability	Readily biodegradable
		Partition coefficient (log Kow)	0.26 (low potential for bioaccumulation) 401

Table 61 . Physicochemical and toxicological properties of methyl ethyl ketone

 61 

	72,400,402

3 /K 2 S 2 O 8 system

  Nydia I. Guzmán B., Jérôme Peydecastaing, Jérôme Esvan, Philippe Behra, Emeline Vedrenne, Carlos Vaca--García, Sophie Thiébaud--Roux.

	Laboratoire de Chimie Agro--industrielle (LCA), Université de Toulouse, INRA, INPT, Toulouse, France
	ABSTRACT: An

efficient method for the synthesis of methyl ethyl ketone (MEK) by levulinic acid (LA) decarboxylation

  with potassium persulfate and silver nitrate is presented. The role of AgNO 3 and K 2 S 2 O 8 in LA decarboxylation was studied. Other Ag salts, such as Ag 2 O and AgO, were also evaluated in this reaction. XPS and XRD analyses confirmed the evolution of solid phases in the reaction. Based on the results obtained a radical decarboxylation mechanism is proposed, starting with the formation of sulfate radicals (SO 4 l -) via the breakdown of K 2 S 2 O 8 , catalysed by AgNO 3 . Mechanistic insight and a parametric study of the reaction increase LA conversion to 97.9% and MEK yield to 86.6%.

Table 62

 62 

	, # 4

Table 62 . Influence of AgNO 3 and K 2 S 2 O 8 in the decarboxylation of LA. n eq = number of equivalents respect a LA.

 62 

Conditions: K2HPO4/KH2PO4 (0.1:0.1 M), 100°C, 30 minutes

Table 63 . Study of different silver species in the decarboxylation of levulinic acid. Experimental conditions: K 2 HPO 4 /KH 2 PO 4 (0.1:0.1 M), 100°C, 30 minutes. #1 is used for comparison in the following tables

 63 2 O 8 is catalyzed by Ag species, increasing the LA decarboxylation.

	Entry Ag salt	n eq Ag salt/ K 2 S 2 O 8	initial	pH	final	LA conversion (%)	yield (%) AcOH MEK
	1	AgNO 3	1/1	5		2	46.9	14.4	32.5
	2	AgCl	1/1	6		5	38.7	13.5	25.2
	3	Ag 2 O	1/1	4		3	54.3	17.8	36.5
	4	AgO	1/1	5		3	57.6	22.9	34.8
	5	AgO	1/0	4		1	0.0	0.0	0.0

  The oxidation of H 2 O by HSO 5 -would then lead to formation of H 2 O 2 (reaction c) and HSO 4 -. An oxidizing--reducing reaction between H 2 O 2 and Ag(II) would finally regenerate Ag(I) and produce O 2 and H + (reaction d, Scheme 26). Noteworthy, in this mechanism, HSO 4 -and H + are accumulated explaining the pH drop profile of the reaction.

Scheme 26. Proposed mechanism

Table 64

 64 

	, # 4).

Table 64 . Influence of AgNO 3 /K 2 S 2 O 8 ratio on LA decarboxylation. Experimental conditions: K 2 HPO 4 /KH 2 PO 4 (0.1:0.1M), 100°C, 30 minutes
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Table 65 ,

 65 # 1 and 8). Similar LA conversion and MEK yields were obtained with KCl/NaOH, K 2 HPO 4 /KH 2 PO 4 , and KH 2 PO 4 solutions (Table65, # 2--4, 6). MEK yield was increased only slightly by the use of K 2 HPO 4 and Na 2 HPO 4 /NaH 2 PO 4 solutions (Table65, # 5 and 7).

	#	Aqueous composition	Solution concentration [M]	*solution pH	pH Initial Final	LA conversion (%)	Yield (%) AcOH MEK
	1	Water	--		6	3	1	29.6	14.8	14.8
	2	KCl/NaOH	0.2	12	4	1	48.8	12.3	36.5
	3	K 2 HPO 4 /KH 2 PO 4	0.2	6.9	5	2	46.8	14.4	32.5
	4	K 2 HPO 4 /KH 2 PO 4	0.2	8.0	5	2	47.6	15.7	31.0
	5 Na 2 HPO 4 /NaH 2 PO 4	0.2	7.2	4	2	50.5	10.9	39.6
	6	KH 2 PO 4	0.2	4.5	3	1	48.9	21.3	27.9
	7	K 2 HPO 4	0.2	8	5	1	50.0	11	39.0
	8	NaOH	9 10	-4	8	5	1	30.5	9.7	20.8

Table 65 . Effect on LA decarboxylation of aqueous composition and initial pH. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), 100°C, 30 minutes. *Solution pH measured before addition of reactants
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Table 66 . Improvement of LA conversion and MEK yield following the adjustment of reaction pH. Experimental conditions: AgNO 3 /K 2 S 2 O 8 (1:1), KH 2 PO 4 /K 2 HPO 4 (0.1:0.1 M), 100°C. a 1 st cycle of 30 minutes, b after 2 nd cycle of 30 min.

 66 

	#	Description of reaction	n eq AgNO 3 / K 2 S 2 O 8	LA conversion (%)	pH Initial Final AcOH MEK Yield (%)
	1	a Initial reaction: Medium 1 (M1)	1/1	46.8	5	2	14.4	32.5
			After adjustment to pH=5				
	2	b Addition of NaOH to M1	0/0	48.8	5	2	11.8	32
	3	b Addition of NaOH & K 2 S 2 O 8 to M1	0/1	97.9	5	1	11.3	86.6
			Without pH adjustment				
	4	b Addition of K 2 S 2 O 8 to M1	0/1	54.3	3	1	22.8	31.5
	5	b Addition of AgNO 3 / K 2 S 2 O 8 to M1	1/1	67	2	1	28.7	38.3

  3 , Ag 3 PO 4 , Ag 2 SO 4 , Ag 2 O, and AgO standards were carried out. The chemical shifts obtained for each compound are gathered in Table 67.

	Compound	Chemical shift (ppm)
	AgNO 3	--108.3
	Ag 3 PO 4	309.3
	Ag 2 SO 4	32.4
	Ag 2 O	1689.4
	AgO	671.3

Table 67 . 109 Ag NMR Chemical shift for several silver compounds
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table ( Table 68

 (68 

	):					
				Reaction time (min)	
			0	4	13	30
	Silver	Ag 3 PO 4 (309,3 ppm) ¢	+++	++	traces	traces
	species	Ag 2 SO 4 (32,4 ppm) ¢	traces	++	+++	+++
	Solid phase color	yellow	light yellow light brown dark brown

Table 68 . Identification of silver species along the reaction.
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table : After pH adjustment After 2 nd reaction cycle Silver species

 : 

	Ag 3 PO 4 (309,3 ppm) ¢	+++	x
	Ag 2 SO 4 (32,4 ppm) ¢	x	+++
	Solid phase color	yellow	dark brown

Table 69 . Evolution of Ag 3 PO 4 and Ag 2 SO 4 after pH adjustment of M1 to pH5 and after 2 nd cycle of reaction.
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Table 70

 70 

	):

Table 70 . Summary of the identification of various silver species along the reaction.
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table 71

 71 

	are presented the assignments of the binding energy of

Table 72 . Atomic ratio of Ag/P and Ag/S at different reaction times

 72 3 PO 4 and Ag 2SO 4 is to calculate the Ag/P and Ag/S ratios. As shown in table 72, at the very beginning of the reaction (0 minute), the ratio Ag/P found was very low(1.8), suggesting the majority presence of Ag 3 PO 4 . Then, this ratio increased after 4 min and remained stable throughout the reaction, which could be associated with the reduction and the stabilization of the amount of Ag 3 PO 4 .On the contrary, the highest Ag/S ratio was obtained at 0 minute showing that Ag 2 SO 4 was present in a negligible amount. But after 4 min of reaction, the ratio Ag/S decreased and remained stable for the rest of the reaction, demonstrating the formation of Ag 2 SO 4 .It is important to note, that to evaluate in an easy way the evolution of Ag 3 PO 4 and Ag 2 SO 4 throughout the reaction, we have considered in this calculation that silver is only as Ag 3 PO 4 or Ag 2 SO 4

	Atomic ratio	0	Reaction time (min) 4 13	30
	Ag/P	1.8	4.6	4	4.5
	Ag/S	7.2	2.5	3.1	3

  5/2 binding energies for Ag(0) are generally ranged between 368.1 eV and 368.3 eV, for Ag 2 O from 367.3 eV to 368.6 eV and for AgO from 367.4 to 367.8 eV.526 Considering that these described binding energies are very close and that the shifts obtained during the LA decarboxylation are very small, the identification of specific silver species is very difficult.The Auger electron spectroscopy (AES) could help to figure out what are the silver oxide species that are present in our solid phases. This technique allows the identification of the elemental composition of surfaces by measuring the energies of Auger electrons.

4% Ag 2 SO 4% XPS% Ag 3 PO 4% Ag 3 PO 4 % Ag 2 SO 4% Ag 2 OGAgO% Ag 3 PO 4 % Ag 2 SO 4% Ag 2 OGAgO% Ag 3 PO 4 GAg 2 SO 4 % Ag 2 OGAgO% Ag 3 PO 4% % Ag 3 PO 4 GAg 2 SO 4 % Ag 2 OGAgO%

  

	Solid%phases%						
	color%evoluLon%					
	Time%(min)%	0'%%	4'%	13'%	30'%	A/er%pH%	A/er%2 nd %%
						adjustment%	cycle%%
	SSNMR%	Ag 3 PO 4%	Ag 3 PO 4 % Ag 2 SO 4%	Ag 2 SO 4%	Ag 2 SO 4%	Ag 3 PO 4%	Ag 2 SO 4% %
	XRD% Ag 3 PO SEM% Ag 3 PO 4% Ag 2 SO 4% Ag 2 SO 4% Ag 2 SO 4% Ag 3 O 4 %?% spherical%% spherical% polyhedral%% platelets%% Platelets%% spherical%%	platelets%%

industrie des peintures et revêtements (Résumé de thèse) INTRODUCTION Les
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Tableau 2. Composition du mélange réactionnel brut et de l'acétate d'éthyle purifié (conditions de réaction : éthanol/anhydride acétique 1:1, température ambiante, 4 h).

  

		Conversion EtOH (%)	Rendement en EAc (%)	Composition du milieu réactionnel (% m/m) AcOH EtOH EAc H 2 O
	À la fin de la réaction	99,4	98	40,1	0,2	59,0	0,7
	Après la distillation	100	87	6,7	0,0	92,1	1,2
	2.3.3.						

2 Résultats de la deuxième étape

  Suite à la distillation du milieu réactionnel de la première estérification, un mélange d'acide acétique (AcOH) et d'acétate d'éthyle (77,5% et 22,5 % m/m) reste dans le réacteur avec la résine. L'ajout de n--butanol dans le réacteur permet d'obtenir de l'acétate de n--butyle. L'équilibre de la réaction est déplacé par élimination de l'eau en continu : du cyclohexane est ajouté en faible quantité dans le milieu réactionnel formant ainsi un azéotrope avec l'eau, que l'on distille au fur et à mesure de la réaction. L'acétate de n--butanol est finalement purifié par distillation (Tableau 3).

	Tableau 3.

Composition de l'acétate de butyle purifié obtenu avec le procédé de coproduction.

  Le nouveau procédé de coproduction proposé permet de produire de l'acétate d'éthyle et de l'acétate de butyle avec d'excellents rendements, sans générer de déchets. Le recyclage de la résine est également possible.

	Conversion de	Rendement			Composition du milieu réactionnel		
	BuOH (%)	en BAc (%)	%	AcOH	BuOH	EtOH	BAc	EAc	H 2 O
	94	69	m/m	0,1	1,9	0,0	97,1	0,2	0,6

Tableau 4 Composition de l'acétate d'éthyle (% massique) après neutralisation (KOH) et séchage sur tamis moléculaire 3A.

  

	Composition de l'acétate d'éthyle	AcOH (% w/w)	EtOH (% w/w)	EAc (% w/w)	H 2 O (% w/w)
	Après distillation	6,7	0,0	92,1	1,2
	Après neutralisation et séchage	0,0	0,0	99,93	0,07
	Tableau 5.				

Composition d'acétate de butyle (% massique) après neutralisation (KOH) et séchage sur des tamis moléculaire 3A.

  

	Composition de l'acétate de butyle (BAc)	AcOH (% w/w)	BuOH (% w/w)	BAc (% w/w)	H 2 O (% w/w)
	Après distillation	0,4	1,1	97,4	1,1
	Après neutralisation et séchage	0,0	1,5	98,1	0,4
	Tableau 6.				

Composition de l'acétate de butyle issue du procédé de coproduction (% massique) après neutralisation (KOH) et séchage sur tamis moléculaire 3A.

  La neutralisation par KOH et le séchage sur tamis moléculaire ont permis de satisfaire aux exigences des formulateurs pour l'utilisation des acétates d'éthyle et de butyle dans les formulations de peinture et de revêtement. Des analyses structurales de RMN et de FTIR ont ainsi été effectuées. Ces analyses sont conformes aux données de la littérature.

	Composition de l'acétate de butyle de la	AcOH	BuOH	EtOH	BAc	EAc	H 2 O
	coproduction	(% w/w)	(% w/w)	(% w/w)	(% w/w)	(% w/w)	(% w/w)
	Après distillation	0,1	1,9	0,0	97,1	0,2	0,6
	Après neutralisation et séchage	0,0	5,5	0,0	94,2	0,2	0.03

4.3.1 Résultats préliminaires La

  réaction de décarboxylation de l'acide lévulinique a été étudiée à 100°C dans une solution de phosphates K 2 HPO 4 /KH 2 PO 4 (0,1:0,1 M), tel que l'avait décrit Gong, en présence de K 2 S 2 O 8 seul ou de AgNO 3 seul. Aucune décarboxylation de l'AL n'est observée avec AgNO 3 seul. Cependant, en présence de K 2 S 2 O 8 , de faibles quantités de MEK et d'acide acétique sont obtenues (Tableau 12).

	Tableau 12.

Influence de AgNO 3 et K 2 S 2 O 8 dans la décarboxylation de LA. neq = nombre d'équivalents par rapport a LA.

  

	Conditions: K2HPO4/KH2PO4 (0.1:0.1 M), 100°C, 30 minutes		
		n eq AgNO 3 / K 2 S 2 O 8	initiale	pH	Final	Conversion de AL (%)	Rendement (%) AcOH MEK
	1	1/0	5		4	0,0	0,0	0,0
	2	0/0,25	5		5	3,6	1,0	2,6
	3	0/0,5	5		5	12,1	3,3	8,8
	4	0/1	4		2	13,6	6,8	6,8
	5	0/2	4		1	18,8	14,5	4,3

des variations du pH du milieu réactionnel

  Quelles que soient les solutions aqueuses de sels de phosphates ou de soude utilisées, le pH diminue au cours de la réaction (Tableau 14). Le rendement de MEK le plus élevé est obtenu lors de l'utilisation de solutions de KH 2 PO 4 et Na 2 HPO 4 /NaH 2 PO 4 .

	Tableau 14.

• Influence

Effet de la composition de la phase aqueuse et du pH initial sur la décarboxylation de l'AL. Conditions expérimentales: 100°C, 30 minutes.

  

	#	Composition de la phase aqueuse	Concentration de solution [M]	*pH de solution	pH Initiale Final	Conversion AL (%)	Rendement (%) AcOH MEK
	1	Eau	--		6	3	1	29,6	14,8	14,8
	2	KCl/NaOH	0,2	12	4	1	48,8	12,3	36,5
	3	K 2 HPO 4 /KH 2 PO 4	0,2	6,9	5	2	46,8	14,4	32,5
	4	K 2 HPO 4 /KH 2 PO 4	0,2	8,0	5	2	47,6	15,7	31,0
	5 Na 2 HPO 4 /NaH 2 PO 4	0,2	7,2	4	2	50,5	10,9	39,6
	6	KH 2 PO 4	0,2	4,5	3	1	48,9	21,3	27,9
	7	K 2 HPO 4	0,2	8	5	1	50,0	11	39,0
	8	NaOH	9 10	-4	8	5	1	30,5	9,7	20,8

#

  Description de la réaction n eq AgNO 3 / K 2 S 2 O 8 Ajout de NaOH & K 2 S 2 O 8 to M1 Ces résultats nous ont amenés à supposer qu'une réaction compétitive est en jeu en milieu acide (réaction b, Schéma 10).

				AL conversion	pH		Rendement (%)
				(%)	Initial Final	AcOH	MEK
	1	a Réaction initiale: Milieux 1 (M1)	1/1	46,8	5	2	14,4	32,5
			Après ajustement à pH=5				
	2	b Ajout de NaOH à M1	0/0	48,8	5	2	11,8	32
	3	b 0/1	97,9	5	1	11,3	86,6
			Sans ajustement du pH				
	4	b Ajout de K 2 S 2 O 8 to M1	0/1	54,3	3	1	22,8	31,5
	5	b Ajout de AgNO 3 / K 2 S 2 O 8 to M1	1/1	67	2	1	28,7	38,3

Temps&de& réac,on& (minutes)& 0'&& 4'& 13'& 30'& Après&ajustement& du&pH&de&M1&à&5& 4.4 Conclusions La

  décarboxylation de l'acide lévulinique pour la production de la méthyl éthyl cétone (MEK) avec le système AgNO 3 / K 2 S 2 O 8 a été étudiée. La MEK peut être produite en l'absence de AgNO 3 , mais K 2 S 2 O 8 est nécessaire pour la réaction même en présence de Ag(II). Ces résultats montrent que les radicaux sulfates (SO4 l-) sont directement responsables de la décarboxylation de l'acide lévulinique, et un mécanisme radicalaire pour la synthèse de la MEK été proposé. Les analyses DRX et XPS des phases solides tout au long de la réaction ont démontré la présence principalement d'espèces Ag (I). Des traces de Ag(II), AgO et Ag(0) élémentaire, ont également été observées, sans limitation de réaction. Il a également été possible de montrer que l'acidification du milieu réactionnel limitait la décarboxylation de l'acide lévulinique. L'ajustement du pH à 5 et l'addition de 1 équivalent de K 2 S 2 O 8 après 30 minutes de réaction ont conduit à une excellente conversion de l'AL (jusqu'à 99%), associée à un rendement en MEK de 87%. La régénération des sels d'argent est donc possible grâce à l'ajustement du pH. Ces résultats permettent d'envisager un procédé continu de production de la MEK via une alimentation en continu d'AL, de NaOH et de K 2 S 2 O 8 dans un réacteur contenant la solution de sels d'argent.

Je te remercie d'avoir toujours été disponible, de m'

Scheme 23. Decarboxylation of levulinic acid using silver nitrate and persulfate (Gong et al, 2011) 438

Persulfate and silver: an attractive approach for LA decarboxylation

The use of persulfate (S 2 O 8 2-) as an oxidizing agent is attractive due to the advantages it provides: it is economical to use and thermally stable. It is thus used in several industries processes, such as in the polymerization of plastics and rubber, [439][440][441][442] in cosmetics for hair bleaches and hair--colouring preparations, 443,444 in the preparation of adhesives, 445 in decolouration in the textile industry. 446,447 It has also been widely explored in the remediation of soils and wastewater. [448][449][450][451] The persulfate ion (S 2 O 8 2-) is considered as a powerful oxidizing agent, with a redox potential of 2.01

V. Under high temperature or ultraviolet (UV) irradiation, it can produce sulfate radicals by homolytic cleavage (Eq. IV--1). This free radical is itself a powerful oxidant with redox potential (2.6 V) higher than persulfate ions (2.01V). [452][453][454][455][456][457] Eq. IV--1

Persulfate ions can also be activated in alkaline conditions leading to the production of sulfate and superoxide radicals (O 2 l ) (Eq. IV--2). The sulfate radicals under alkaline conditions generate hydroxyl radicals (OH l ) through a radical interconversion reaction (Eq. IV--3). 446,[458][459][460] Noteworthy hydroxyl radicals also present higher redox potential (2.8 V) than persulfate anions. 446 Eq. IV--2 Eq. IV--3

Ag 3 PO 4 may be formed in the reaction between AgNO 3 and H 2 PO 4 -/HPO 4 2-, through the following reactions (Equations IV--6 and IV--7): Eq. IV--6 Eq. IV--7

Ag 4 P 2 O 7 may be formed according to the following equations (Eq. IV--8 and IV--9): Eq. IV--8 Eq. IV--9

Finally, Ag 2 SO 4 may be formed through the interaction of HSO 4 -with AgNO 3 (Eq. IV--11). HSO 4 may be generated by the decomposition of K 2 S 2 O 8 in aqueous medium at low pH, i.e. < 3, potentially initiated by the presence of AgNO 3 or light (Eq. IV--10). 453,[501][502][503] Eq. IV--10 Eq. IV--11

The X--ray patterns for the solid phase measured at the end of the reaction (Figure 63) showed the presence of mostly Ag 2 SO 4 , with traces of Ag 4.4 Decarboxylation of levulinic acid using AgNO 3 /K 2 S 2 O 8 : study of the evolution of the solid system during the reaction by SEM--EDX, SSNMR, XRD and XPS spectroscopy.

In the previous section, we have presented the study of the decarboxylation of levulinic acid using In order to provide additional support for the proposed mechanism and to gain a deep understanding of the evolution of the species involved on the LA decarboxylation, we thus decided to study the changes that occur throughout the reaction at several reaction times (0, 4, 13 and 30 minutes), but also after the pH adjustment and at the end of the second cycle of reaction. In this section, we present a detailed characterization of the solid phase using solid--state nuclear magnetic resonance (SSNMR), X--ray diffraction (XRD), X--ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM--EDX).

Materials and methods

Chemicals

All the reagents were used without further purification. Levulinic acid, AgNO 7, 33.5, 35.8 and 39.7°) and Ag(0) (major peaks at 38.6, 44.3, 64.4, and 77.3°) were also identified. 504 Again, these results corroborate the SSNMR analyses and the color changes of the solid phase. Noteworthy, as exposed in the section 4.3.3.6, the presence of Ag 3 O 4 in the solid is unlikely as this compound is unstable at room temperatures and under X--ray radiation. 507 Its detection can be related with an overlap of crystal reflexions of other silver oxide species, a recurrent problem in this type of analyses. 523 The XRD patterns of the solid phase obtained after the adjustment of the pH medium M1 showed the disappearance of Ag 2 SO 4 and the formation of Ag 3 PO 4 . Traces of Ag(0) and Ag 4 P 2 O 7 remained (Figure 74a).

To our knowledge, this is the first report on the evolution of the species involved in the AgNO 3 /K 2 S 2 O 8 system. The comprehension of the reaction mechanism allowed us to obtain high LA conversion (99 %) and an excellent yield in MEK of 88.6%.

This approach offers a greener alternative process to produce bio--based methyl ethyl ketone under milder conditions. Enfin, nous avons comparé l'évaluation du cycle de vie des synthèses individuelles et du procédé de coproduction des acétates en utilisant des matières premières biosourcées (bioéthanol pour les synthèses de l'acétate d'éthyle et bio--butanol pour la production de l'acétate de butyle). Par ailleurs, les impacts environnementaux des synthèses développées ont été comparés à ceux de la production industrielle des acétates d'origine fossile.

3.2

Généralités : Évaluation de la durabilité des solvants alternatifs éco--compatibles

Indicateurs de la chimie verte

Les indicateurs de la chimie verte sont un moyen simple d'obtenir des informations concrètes et quantitatives sur le caractère vert d'un procédé en tenant compte des matières premières, des co-produits, des déchets et de l'énergie utilisée, de la réaction jusqu'à la purification du produit visé. 21 Les indicateurs de la chimie verte les plus étudiés sont l'économie d'atome (EA), le facteur d'impact environnemental (E--facteur) et le pourcentage de ressources renouvelables dans le cas de la synthèse de bioproduits. Leurs méthodes d'évaluation sont indiquées dans le tableau 9. AgO 1/0 4 1 0,0 0,0 0,0 L'utilisation de AgNO 3 a permis d'obtenir la MEK avec un rendement supérieur à 30% et une production d'acide acétique limitée (Tableau 13, # 1). Le couple AgNO 3 /K 2 S 2 O 8 a donc été retenu une l'étude paramétrique de la réaction.

Etude paramétrique de la réaction de décarboxylation en présence

• Influence du ratio molaire AgNO 3 /K 2 S 2 O 8

Différents ratio molaires entre AgNO 3 /K 2 S 2 O 8 de 1:2 à 2 :1 ont été testés. Un excès de K 2 S 2 O 8 ne permet d'améliorer le rendement en MEK mais accroit la production d'acide acétique. Nous avons mis en évidence que la production d'acide acétique était due à une réaction de dégradation de la MEK en présence d'oxygène qui serait produit suite aux réactions suivantes :

Schéma 9. Décarboxylation de l'AL en présence de persulfate de potassium

Notons que l'ajout de TEMPO (piège à radicaux) dans le milieu réactionnel a totalement inhibé la réaction prouvant que le mécanisme est bien radicalaire comme proposé ci--dessus.

• Influence de la température et du temps de réaction Des études cinétiques ont été réalisées à différentes températures (100, 60 et 25°C). La réaction la plus rapide s'effectue à 100°C et le rendement maximum est atteint après 5 minutes de réaction. En revanche, la production d'acide acétique est plus élevée que celle de la MEK à température ambiante. Ce phénomène s'explique par le fait que l'oxygène à cette température est plus soluble dans le milieu réactionnel aqueux.

Conclusion générale

De nos jours, l'intérêt pour le remplacement des solvants pétrochimiques par des solvants plus verts et plus respectueux de l'environnement et de la santé humaine s'est accru. Dans ce contexte, les recherches se sont concentrées sur les solvants alternatifs, y compris ceux dérivés de la biomasse. L'Union européenne a lancé plusieurs projets de recherche pour encourager le développement de ce type de solvant. En conséquence, le projet européen ECOBIOFOR a été fondé pour synthétiser certains des solvants les plus utilisés dans l'industrie de la peinture et du revêtement : les acétates d'éthyle et de butyle et la MEK à partir de synthons issus de la biomasse. Dans ce projet, l'objectif de la thèse a été de développer de nouveaux procédés de synthèse de ces molécules respectant les principes de la chimie verte. 15). Ces résultats sont d'une grande importance, car ils montrent que le milieu réactionnel peut être facilement régénéré par ajustement du pH. A notre connaissance, c'est la première fois qu'une telle conversion de l'acide lévulinique associé un rendement élevé en MEK est obtenue.

PERSPECTIVES :

Certaines perspectives peuvent être envisagées à l'issu de ce travail de thèse. En ce qui concerne les synthèses d'acétates :

• La transposition du procédé de coproduction à l'échelle industrielle devrait être étudiée.

• Une étude technico--économique du procédé optimisé permettrait de mettre en évidence les avantages du procédé de coproduction des acétates biosourcés par rapport aux procédés industriels actuels.