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      Preface


      Today's coating systems have to meet a wide range of requirements: from stable colour effects to corrosion protection. The aim is to achieve the broadest possible and optimised balance of properties on a wide range of substrates. This requires a comprehensive understanding of both the components used in a formulation and the interactions between them. But it is not just the material composition.


      The composition of the coating material is responsible for its final properties. The production process, the coating process and the conditions during film formation also determine the property profile of the coating. All these relevant variables interact with each other and influence each other.


      Because of this complexity, the development and formulation of a coating system is characterised by empiricism. However, the properties of a coating are based on chemical and physical causes. Defining and understanding these causes is particularly important when it comes to meeting specific property requirements, avoiding potential defects or correcting defects that have occurred.


      The aim of this book is to provide the coating chemist or formulator with a basic understanding of how to influence the properties of a coating. This knowledge should also help to avoid mistakes or correct them quickly.


      This book is therefore intended to help newcomers to the field to structure the vast knowledge available on coatings and to gain a quick overview. But it can also give experienced coatings technicians and chemists a new perspective on many familiar phenomena in their daily work.


      Münster, Germany in 2018, Ulrich Poth


      Winterthur, Switzerland in 2024, Martin Winkler




      

         Editorial note

      


      Ulrich Poth, who continued to be active in the field of paints and coatings even after his retirement and was happy to pass on his knowledge. Unfortunately, he passed away before this book could be completed, so Martin Winkler, Professor at the Zurich University of Applied Sciences, took over the manuscript and rounded it off with his knowledge.


	


   

      

         

         1Introduction and definitions


      There are a number of key terms used in coating technology, and in particular in paint technology, which are defined briefly in this Chapter 1 as an introduction. The term to be defined is printed in bold.


      The term “lacquer” probably comes from the ancient Indian term “lākṣá”[1]

          

         [1]. The term lacquer originally only referred to glossy clear coats but is now used in a generalised way.


      Paint has been used for a long time. Coats of paint had to fulfil two functions: On the one hand, this was and still is “protection”, e.g. against corrosion, and on the other hand it is “decoration”, in particular the colouring of objects to be coated.


      More recently, this range of properties has been extended to include “functional coatings”. These are coatings that have to fulfil functions other than protection and decoration. These can be, for example, gliding properties, easy-to-clean or anti-fogging coatings.


      For some materials, the term “colour” is used instead of “paint or coatings”, particularly in the field of architectural coatings. Here, too, the decorative aspect is expressed linguistically. However, “colour” in the physical sense is something different, describing the subjective sensory impression that the human eye receives from the reflection of different wavelengths of visible light from objects. “Remission” is the back-scattering or reflection of irradiated light on a surface after it has interacted with the incident light [2]. 


      Lacquers belong to the group of coating materials. What all these substances have in common is that they are applied to the surface as a layer in contrast to other surface technologies, such as material diffusion, removal or structuring. A “layer” is material extended in two dimensions. The surface on which the coating is applied is called the “substrate”.


      A coating material can be applied in different ways. In the case of paints, application from the liquid phase dominates. Even in the case of powder coatings deposited as a powder, the coating is fixed via a liquid state, the melt. In contrast to other coating materials, in paints mainly organic polymers are applied. These form a film after the paint has dried. The term "film” originates from an ancient word, meaning “thin skin” and is related to the german term “Fell” which means fur 

         [3]. The process of forming the lacquer layer is called “film formation”.


      The film can be formed by physical drying, chemical reactions between polymer molecules, so-called “cross-linking”, or also by the formation of cross-linked macromolecules from small molecular building blocks. Coatings can also be made up of several film layers. As a rule, the film thicknesses range from a few micrometres (e.g. in the case of sol-gel coatings) to a few tens of micrometres in the case of liquid coatings to several hundred micrometres in the case of powder coatings.


      

         

         1.1Components of lacquers


      Coatings consist of different components in varying proportions: “binders”, possibly pigments, fillers and effect substances, solvents, dispersants and additives.


      The “binders” (nowadays more commonly referred to as “film formers

         

         

         ”) not only form the distribution medium for the pigments, fillers and possibly also for the effect substances, as the name originally suggests, but with their different compositions and structures are the basis for the properties of the film: for example, the binder influences the adhesion, flexibility, hardness, gloss, resistance to solvents or chemicals, water and weathering. It forms the actual basis of the films. The binders in the films consist of “polymers

         

         ”. Polymers are large molecules that are made up of at least a few or many smaller building blocks, the “monomers”. The polymers are so large that a further addition of a monomer to the polymer no longer causes any significant change in the properties.


      After the coating material has been applied, it must be dried. There are two basic types of drying: In “physical drying

         

         ”, the solvents or dispersion agents are released (see Chapter 6.1). The chemically unmodified binders (polymers) form the film matrix in which non-volatile additives, including plasticisers, pigments and fillers are embedded.


      In “chemical drying

         

         ”, the binders form large molecules (polymers) through chemical reactions after application. The aim is to bond the individual molecules together in all spatial directions. This process is known as “cross-linking

         

         ” (chemical film formation) (see Chapter 6.2). Coating systems based on binders that form films by cross-linking are called “reaction lacquers”. The binders for such reactive coatings can be comparatively small molecules. They can be monomers, oligomers or prepolymers. A “monomer

         

         ” is the smallest building block of a polymer. If several monomers come together to form a larger molecule, this is referred to as an “oligomer

         

         ”. If the oligomers continue to grow and the chain lengths become so long that the further addition of a monomer or oligomer no longer makes any difference to the physical properties of the resulting molecule, it is referred to as a “polymer

         

         ”. A polymer whose molecular size (molar mass) is still relatively small, and which can be built up into a three-dimensionally cross-linked polymer in a further cross-linking step is referred to as a “prepolymer

         

         ”. However, the terms are not clearly distinguished from each other in the literature.


      In contrast to “colourants or dyes”, “pigments

         

         ” are solids that are neither soluble in the usual solvents nor in aqueous media or polymers. As solids, they generally have different refractive indices from the matrix, especially in the case of inorganic pigments. Therefore, parts of the irradiated light (certain wavelengths between 400 and 750 nm) are absorbed in the particle, while others are scattered on the particle, which contributes to the opacity and colour effect. Dyes, on the other hand, are soluble and absorb certain colours of visible light, while the others are reflected by the substrate, resulting in the impression of colour (see Chapter 7.1 to 7.2).


      

         “Fillers

         

         ” are pigment-like products that neither absorb nor scatter visible light because they have refractive indices similar to those of the binders in the film matrix. They provide “body” (depth effect) or fulfil certain other functions that contribute to the required properties of the coating films.


      

         “Effect substances

         

         ” (effect pigments) are pigment-like substances that reflect the incident light differently depending on the viewing angle (and the wavelength of the light) (Chapter 7.6).


      

         “Solvents

         

         ” are organic liquids that can interact with the binder molecules and thus push themselves between them, effectively “dissolving” the polymer and bringing it into a liquid state from which the application can take place. When forming films, these solvents should evaporate effectively (see physical drying, Chapter 6.1).


      

         “Dispersing agents

         

         /dispersants

         

         ” are molecules that help to distribute the binder particles effectively and stably in another phase[2], the “dispersion medium” such as water. They thus help to disperse the polymers or particles in the other medium. In a dispersion, the binder is not dissolved but is present as a solid (“suspension”) or as a liquid (“emulsion”) in the dispersion medium. The most important dispersion medium is water. There are also non-aqueous dispersions (NADs). Of course, the dispersants should also ideally evaporate effectively during physical drying.


      To improve the property profile of a coating formulation, “additives” are added to it, which, usually in smaller proportions, have a positive effect on the formation or properties of coating films. In addition to the dispersing agents mentioned above, additives also include wetting agents, levelling agents, deaerating agents, rheological agents, cross-linking catalysts and initiators, anti-settling agents and agents to prevent sagging, inhibitors and light stabilisers. “Plasticisers” are additives that are added in larger proportions and are then incorporated between the polymer chains of the film matrix and remain there.


      

         

         1.2Deposition of paints


      Coatings are normally deposited from the liquid phase. They can consist of, for example, solutions or dispersions of polymers.


      Typical application methods are squeegeeing, spraying, rolling, brushing, dipping, flooding (see Chapter 4.2). A speciality are the “powder coatings”, which are applied to the substrate in the solid state as a powder, then transferred to the melt and thus form a film over the liquid phase.


      The following chapter describes the various phenomena that play a role in the properties of films during the production of lacquers. The main focus will be on the chemical and physical backgrounds that lead to the formation of certain properties of the resulting film.


      

         

            [1]The origin of the word is not entirely certain. It probably entered the English-speaking world via the Sanskrit word lākṣā “red lacquer”. This goes back to the Indo-European root *reg- “to colour, redden”. Cf. Old Indian ráyjati "colours, reddens" [1].


         

            [2]A “phase” is a chemically and physically uniform substance. A phase is characterised by a “phase boundary” compared to another phase. E.g. water/oil or solvent/pigment or, in the case described above, water/binder-particles


      


   

      

         

         2Processable condition


      Although plastics appear to be solid, polymers are generally not solids in the physical sense, with ordered crystal structures and a distinct melting point. As the molecular chains in a polymer are disordered, polymers are more likely to be described as liquids with very high (up to virtually infinite) viscosities 

         [4]. This has implications for the properties of cured coatings, which will be discussed in more detail in Chapter 8.


      If polymers are to be processed as coatings, they must be brought into a processable form. This is usually the liquid state. There are essentially three ways to do this:


      

         	Dissolving the polymer in a suitable solvent.


         	Dispersing the polymer in a suitable dispersing medium, usually water.


         	Fluidisation of polymer particles in an air stream.


      


      All three options, as well as the necessary requirements, will be analysed in more detail below. 


      

         

         2.1Liquid state – solutions and dispersions


      When a solid is dissolved in a solvent (e.g. salt or sugar in water), the water penetrates the ordered lattice structure of the solid if the solvent is able to form strong interactions with the ions or molecules of the solid. The solvent molecules accumulate around the ions or molecules of the solid so that these interactions are maximised. This is referred to as the “solvation

         

         ” of a solid by the solvent. This creates “solvates

         

         ” (ions or molecules surrounded by the solvent), which are then mobile in free solvent molecules. Solutions formed in this way appear optically as homogeneous liquids. Radiated light is not scattered by them. 


      Suitable solvents can also form interactions with the polymer chains in polymers. In a first step, this leads to the solvent molecules pushing themselves between the polymer chains, causing the polymer to swell. With further addition of solvent, so much solvent penetrates between the polymer chains that they partially separate from each other. In contrast to solutions of low molecular weight compounds, the solvents are not able to completely dissolve the molecular structure of the polymers and form solvates with individual molecules. Thus, clusters of polymer molecules (“associates

         

         ”) remain in polymer solutions, which are surrounded and partially penetrated by solvent molecules. These are freely mobile in the solvent molecules. The molecular clusters contained in such solutions are referred to as colloids and the solutions containing them as “colloidal solutions” (see Figure 2.1).
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            Figure 2.1: Model of a colloidal solution


       


      Although colloidal solutions appear homogeneous, transmitted light is scattered on these due to the size of the associates (Tyndall effect).


      

         

         2.1.1Viscosity


      The viscosity of colloidal solutions often behaves differently to that of molecular solutions. The term “viscosity

         

         ” refers to the “flowability” of a substance 

         [5]. This is visualised in Figure 2.2.
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            Figure 2.2: Derivation of the concept of viscosity via the shearing of molecular layers


       


      It is assumed that every flowable material consists of layers of molecules that can be moved against each other. If the material is sheared between two plates with a defined force, the molecules of the material will begin to shift against each other. The “shear stress

         

         ” τ is therefore the applied shear force (F) over the entire surface (A). 
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      The molecular layers directly on the plate will move faster than the layers further inside the material. This creates a “shear gradient” (

            

               

                  γ

               

               ̇

            

         ) within the material. Today, the term “shear rate

         

         ” is used instead of shear gradient. The shear rate is the differential change in the flow velocity (

            d

            v

         ) of the individual molecular layers over the layer thickness of the liquid (

            d

            h

         ).


      

         

            

            

         

         

            

               	

                  Equation 2.2
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      For molecular solutions (Newtonian solutions), it is observed that the force F (and thus τ) is proportional to the shear rate.
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      The proportionality constant is labelled 

            η

          and is called the dynamic viscosity. The “dynamic viscosity” is therefore the quotient of the shear stress (

            τ

         ) and the shear rate (

            

               

                  γ

               

               ̇

            

         ). Its unit is Pa⋅s.


      

         

            

            

         

         

            

               	

                  Equation 2.4
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      Equation 2.4 is also known as Newton's law

         [3]. For pure liquids and solutions of low-molecular compounds, the viscosity (

            η

         ) is independent of the shear rate (

         

            

               

                  γ

               

               ̇

            

         ). This means that the viscosity does not change at different shear rates. Such liquids are referred to as Newtonian. However, the viscosity of colloidal solutions usually does not follow Newton's law and is therefore not independent of the shear rate. Due to the interaction of the comparably sized colloid particles with each other, these solutions exhibit a “structural viscosity

         

         ” (“pseudoplastic

         

          behaviour”) in which the viscosity decreases with increasing shear rate. The solution therefore becomes thinner and thinner as the shear increases. This is due to the fact that the interactions between the molecular clusters are increasingly overcome by the shear. We encounter this behaviour in everyday life, for example in the kitchen when thickening a sauce or stirring a pudding. In these cases, the high viscosity is caused by long starch polymer molecules.


      Certain colloidal solutions have a “yield point

         

         ”. Below this, the polymer clusters are not in motion; a certain shear is required before such solutions become mobile at all. This is familiar from yoghurt or quark, for example. Below a certain shear rate, the spoon moves through the substance without stirring it. This is only the case at high shear rates (e.g. mixer). The state of the initially immobile solution is referred to as a “gel

         

         ”.

      


      When the shear is reduced, the interactions between the molecular clusters of the colloidal solution are re-established and the viscosity values increase again. If this takes place with a certain noticeable time delay, this behaviour is referred to as “thixotropy

         

         ”. Figure 2.3 shows the different viscosity behaviour of colloidal solutions.
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            Figure 2.3: Different viscosity behaviour of colloidal solutions


       


      In addition to the dynamic viscosity 

            η

         , the kinematic viscosity 

            ν

          is also often used: 


      

         

            

            

         

         

            

               	

                  Equation 2.5
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      with ρ = density of the liquid


      Viscosities are usually analysed in so-called rheometers or viscometers. Rheometers generally allow more precise conclusions and are therefore often used in development laboratories, while viscometers tend to be used in quality assurance labs.


      In production, the viscosity is usually measured via the “elution time” from a “flow cup

         

         ”. A flow cup is a cup with a defined volume and a hole with a defined diameter drilled into its base. If the hole is sealed and the cup is filled with paint, the time until the cup is empty can be stopped when the closure is released. This allows conclusions to be drawn about the viscosity of the filling material. The elution time is specified as a synonym for the viscosity.


      Different flow cups are used depending on the industry and viscosity range. There are DIN, ISO and FORD (ASTM) cups. The elution times can be approximately converted into each other (see Figure 2.4).
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            Figure 2.4: Relationship between kinematic viscosity, 
DIN viscosity and ISO viscosity


       


      The viscosity values are clearly dependent on the temperature. The standard temperature in Europe was initially 20 °C and is now 25 °C. In any case, the temperature should be indicated in the measured values.


      The specifications of the flow viscosity according to the withdrawn standard DIN 53211 

         [6] are currently still used. This standard has been replaced by ISO 2431 

         [7]. However, with this method the viscosity is only determined at a very low shear rate, but this is usually sufficient for the purposes in production.


      For liquids whose viscosities are clearly dependent on the shear rate, the specification of a flow viscosity is therefore imprecise. 


      Thus, for example, rotational viscometers should be used for aqueous paints and measured at different shear rates. This is of course associated with a special effort for the device and the interpretation of the measured values.


      The viscosity behaviour of the solutions is particularly important for the application. High shear forces occur in many application processes. If the polymer solution is shear thinning (pseudoplastic), the lower viscosity results in better distribution of the liquid on the substrate at high shear forces. Higher viscosities are advantageous if a large amount of polymer material is to be applied without runs being formed (see Chapter 5.2). If a “thixotropic” material is used as a coating material, good levelling can be achieved due to the low viscosity at high shear rates during application. If the shearing of the material ceases after application, the viscosity builds up again with a time delay, which prevents the material from forming runs. This enables good levelling with high viscosity to be achieved at low shear.


      The viscosity of organic solutions is generally highly dependent on the temperature and concentration of the polymer. In terms of coating technology, the concentration of the polymer in the solvent is still determined using the “differential weighing method” before and after a drying process up to the weight is constant. In older literature this concentration is mentioned as “solid content” or “solid”. The term “non-volatile content” (nvc

         

         ) is now the official term 

         [8]. However, pigments and fillers are also part of the nvc in a formulated coating system. The nvc of a resin solution is expressed as a percentage.


      

         

         2.1.2Solvents


      The solvents used for coating materials are characterised by their evaporation rate and, above all, by their solubility. The “dissolving capacity” describes the ability of the solvent molecules to interact with the binder molecules, i.e. to form solvates. The more solvent molecules attach to the binder molecules, the greater their solubility. The size of this interaction depends on both the structure of the binder molecules and the structure of the solvent molecules.


      

         Paracelsus is said to have coined the famous phrase “Similia similibus solvuntur” (“like dissolves like”) as early as the late Middle Ages 

         [9]. Attempts have repeatedly been made to specify or even quantify this statement.


      A very common categorisation principle for solubility is based on the “polarity

         

         ” of molecules. The reason for the polarity lies in the different “electronegativity

         

         ” of atoms. Electronegative atoms attract more binding electrons to themselves, so that a negative pole (excess electrons) is created on these atoms and a positive pole (shortage of electrons) on the atoms bonded to them. This gives the molecule two different poles (positive and negative), it is a dipole. The measured variable is the “dipole moment

         

         ”. The greater the total dipole moment of a molecule, the more polar it is.


      Solvents and in addition binders can be categorised according to their (decreasing) polarity, listed in Table 2.1. It goes without saying that the ranges of polarities overlap.


      

         

            

            

         

         

            

               	

                  

                     

                        Table 2.1: Relative polarities of important solvent- and binder classes


               

            


            

               	

                  Solvents, in the order of falling polarity 


               

               	

                  Binders in the order of falling polarity


               

            


         

         

            

               	

                  N-Methyl pyrrolidone


               

               	

                  Polyether


               

            


            

               	

                  Dimethylformamide


               

               	

                  Phenolic resin


               

            


            

               	

                  Phenol


               

               	

                  Amino resin


               

            


            

               	

                  Alcohol


               

               	

                  Polyurethane


               

            


            

               	

                  Glycol ether


               

               	

                  Epoxide


               

            


            

               	

                  Ketone


               

               	

                  Saturated polyester


               

            


            

               	

                  Glycol ether ester


               

               	

                  Acrylate


               

            


            

               	

                  Ester


               

               	

                  Unsaturated polyester


               

            


            

               	

                  Aromatic hydrocarbon


               

               	

                  Alkyd resins


               

            


            

               	

                  Terpene hydrocarbon


               

               	

                  Oil


               

            


            

               	

                  Aliphatic hydrocarbon


               

               	

                   


               

            


         

      


       


      Polar binders therefore require polar solvents to produce stable solutions and non-polar binders require non-polar solvents.


      To quantify the solubility behaviour, so-called “solubility parameters

         

         ” were developed: Joel H. Hildebrand had been studying the solubility of non-electrolytes since 1916 and defined the solubility parameters named after him in 1936 [10, 11]. As the polarity strongly influences both the boiling temperature of a substance and its dissolving power, he derived the dissolving power from the cohesive force between the molecules, which is expressed in the enthalpy of vaporisation (and therefore the boiling point). According to Hildebrand, this cohesion index (δ) is the square root of the difference of the enthalpy of vaporisation (ΔHν) up to the state of an ideal gas (R   T) in relation to the volume (Vm) of a substance (Equation 2.6):
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      The resulting numerical values can be specified in two different dimensions (cal1/2 cm−3/2; MPa1/2).


      Examples of some solvents can be found in Table 2.2.


      

         

            

            

            

            

            

            

         

         

            

               	

                  

                     

                        Table 2.2: Examples of solubility parameters according to Hildebrand, ordered from non-polar to polar. In the second column, δ is given in the form of energy densities, in the third column in the newer form (Si units) of cohesive pressure. Conveniently, the numerical values of the Si units are approximately twice as high as those of the older units 

                     [11].


               

            


         

         

            

               	

                  Solvent


               

               	

                  δ
[cal1/2 cm−3/2]


               

               	

                  δ
[MPa1/2]


               

               	

                  Solvent


               

               	

                  δ
[cal1/2 cm−3/2]


               

               	

                  δ
[MPa1/2]


               

            


            

               	

                  n-Pentane


               

               	

                  7.00


               

               	

                  14.4


               

               	

                  Acetone


               

               	

                  9.77


               

               	

                  19.9


               

            


            

               	

                  n-Hexane


               

               	

                  7.24


               

               	

                  14.9


               

               	

                  Propan-2-ol


               

               	

                  11.60


               

               	

                  23.8


               

            


            

               	

                  Diethyl ether


               

               	

                  7.62


               

               	

                  15.4


               

               	

                  Ethanol


               

               	

                  12.92


               

               	

                  26.5


               

            


            

               	

                  Ethyl acetate


               

               	

                  9.10


               

               	

                  18.2


               

               	

                  Ethylen glycole


               

               	

                  29.90


               

               	

                  33.0


               

            


            

               	

                  Dichloromethane


               

               	

                  9.93


               

               	

                  19.8


               

               	

                   


               

               	

                   


               

               	

                   


               

            


         

      


       


      According to Hildebrand, the substances that dissolve best in each other are those that have a comparable solubility parameter. Unfortunately, these assumptions mean that the solubilities of polymers in solvents cannot always be predicted satisfactorily.


      

         Charles M. Hansen later presented a three-dimensional definition of the solubility parameter in his doctoral thesis in 1967 [11–13]. In contrast to Hildebrand, Hansen attributes solubility to all known types of intermolecular forces. These are: 


      

         	dispersion interactions δD (van der Waals forces, London forces), 


         	dipole-dipole interactions δP, 


         	hydrogen bonds δH. 


      


      The square of the solubility parameter (δ) according to Hansen results from the sum of the squares of these interactions (Equation 2.7).


      

         Definition of the solubility parameters according to Hansen:

         

         

      


      

         

            

            

         

         

            

               	

                  Equation 2.7
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      By comparing the δ values, it is possible to predict whether or not two substances will dissolve in each other. If the difference Δδ between the two substances is small, they will dissolve into each other. If it is large, two phases will form.


      For solvent mixtures, the δ value of the mixture is calculated proportionally from the δ values of the individual substances. Table 2.3 contains the Hansen parameters of some important solvents 

         [11]. 


      

         

            

            

            

            

            

            

            

            

         

         

            

               	

                  

                     

                        Table 2.3: Examples of solubility parameters after Hansen


               

            


            

               	

                  Solvent


               

               	

                  δD

                  


               

               	

                  δP

                  


               

               	

                  δH

                  


               

               	

                  Solvent


               

               	

                  δD

                  


               

               	

                  δP

                  


               

               	

                  δH

                  


               

            


         

         

            

               	

                  n-Heptane


               

               	

                  15.3


               

               	

                  0


               

               	

                  0


               

               	

                  Dichloromethane


               

               	

                  18.2


               

               	

                  6.3


               

               	

                  6.1


               

            


            

               	

                  n-Hexane


               

               	

                  14.9


               

               	

                  0


               

               	

                  0


               

               	

                  Chloroform


               

               	

                  17.8


               

               	

                  3.1


               

               	

                  5.7


               

            


            

               	

                  Cyclohexane


               

               	

                  16.8


               

               	

                  0


               

               	

                  0.2


               

               	

                  Nitromethane


               

               	

                  15.8


               

               	

                  18.8


               

               	

                  5.1


               

            


            

               	

                  MIBK


               

               	

                  15.3


               

               	

                  6.1


               

               	

                  4.1


               

               	

                  NMP


               

               	

                  18.0


               

               	

                  12.3


               

               	

                  7.2


               

            


            

               	

                  MEK


               

               	

                  16.0


               

               	

                  9.0


               

               	

                  5.1


               

               	

                  DMF


               

               	

                  17.4


               

               	

                  13.7


               

               	

                  11.3


               

            


            

               	

                  Acetone


               

               	

                  15.5


               

               	

                  10.4


               

               	

                  7.0


               

               	

                  Methanol


               

               	

                  15.1


               

               	

                  12.3


               

               	

                  22.3


               

            


            

               	

                  Cyclohexanone


               

               	

                  17.8


               

               	

                  6.3


               

               	

                  5.1


               

               	

                  Ethanol


               

               	

                  15.8


               

               	

                  8.8


               

               	

                  19.4


               

            


            

               	

                  Ethyl acetate


               

               	

                  15.8


               

               	

                  5.3


               

               	

                  7.2


               

               	

                  Propan-2-ol


               

               	

                  15.8


               

               	

                  6.1


               

               	

                  16.4


               

            


            

               	

                  n-Butyl acetate


               

               	

                  15.8


               

               	

                  3.7


               

               	

                  6.3


               

               	

                  1-Butanol


               

               	

                  16.0


               

               	

                  5.7


               

               	

                  15.8


               

            


            

               	

                  Tetrahydrofuran


               

               	

                  16.8


               

               	

                  5.7


               

               	

                  8.0


               

               	

                  Ethylene glycol


               

               	

                  17.0


               

               	

                  11.0


               

               	

                  26.0


               

            


            

               	

                  Diethyl ether


               

               	

                  14.5


               

               	

                  2.9


               

               	

                  5.1


               

               	

                  Glycerol


               

               	

                  17.4


               

               	

                  12.1


               

               	

                  29.3


               

            


            

               	

                  Benzene


               

               	

                  18.4


               

               	

                  0


               

               	

                  2.0


               

               	

                  Butyl glycol


               

               	

                  16.0


               

               	

                  5.1


               

               	

                  12.3


               

            


            

               	

                  Toluene


               

               	

                  18.0


               

               	

                  1.4


               

               	

                  2.0


               

               	

                  Butyl diglycol


               

               	

                  16.0


               

               	

                  7.0


               

               	

                  10.6


               

            


            

               	

                  o-Xylene


               

               	

                  17.8


               

               	

                  1.0


               

               	

                  3.1


               

               	

                  Water


               

               	

                  15.5


               

               	

                  16.0


               

               	

                  42.3


               

            


            

               	

                  Styrene


               

               	

                  18.6


               

               	

                  1.0


               

               	

                  4.1


               

               	

                   


               

               	

                   


               

               	

                   


               

               	

                   


               

            


         

      


       


      Despite the obvious importance of Hansen parameters for paint technology, these parameters are often given little consideration in paint formulation. There are two reasons for this. Firstly, solubility parameters of binders for coating materials are generally not available. But these could be determined experimentally, at least by order of magnitude, if the polymers were isolated in pure form and tested for solubility in solvents with known Hansen parameters 

         [14]. The more important reason is that solvents for coating materials are not only selected according to their physical solubility. This is because the best solvents in terms of coating technology are not those that interact most with the binder molecules, but those that produce storage-stable solutions but have the lowest possible viscosity for a given solid content (nvc). Conversely, low viscosities for a given solid content mean that a high-solid content can be achieved for a given viscosity. This in turn means that a high application efficiency can be achieved, and the proportion of organic solvents (VOC, see Chapter 2.10) can be reduced. However, the physically best solvents interact the most with the binders and therefore form very many and relatively large colloid particles, as the solvent molecules can diffuse into the colloid particles and cause them to swell. As the solvent is well compatible with the polymer chains, the polymer chains can easily interact with each other. Such solutions then have the highest viscosities for a given solid.


      In addition to the classification of the solvents used in coatings according to their polarity, they can also be divided into the categories “solvents” and “non-solvents

         

         ”. Non-solvents are also used in a paint formulation: If a non-solvent is added to a stable organic solution, the viscosity of the solution will decrease more than if the same amount of the original (good) solvent is added. Non-solvents are therefore also referred to as “diluents

         

         ”. The effect is achieved because the non-solvents are interposed between the solvates consisting of solvent and polymer and keep them at a distance from each other. This minimises the interactions between the polymer molecules, resulting in a lower viscosity. This is illustrated in Figure 2.5.


      

         

            [image: winkler_fig_02_05]

         


      


      

         

            Figure 2.5: Viscosity effects when adding solvent and non-solvent


       


      However, if too much non-solvent is added, the solution can become unstable and the binder precipitates. A coating formulation should therefore contain solvents that produce stable solutions on the one hand and have the highest possible solid content (nvc) at a given viscosity (application viscosity) on the other. Solvent mixtures are therefore usually used.


      In addition, the application method plays a major role in the selection of solvents. Depending on the application method (stoving enamels, air-drying enamels), solvents with suitable “evaporation numbers

         

         ” are selected. The evaporation number (evaporation rate) describes how much slower a certain amount of solvent evaporates under standard conditions than the same amount of diethyl ether, which is a very volatile compound. The higher the evaporation number, the less volatile a solvent is. As a result, the number of solvents that can be used is quite limited, so that the solvent composition is usually based on empirical values and a calculation procedure appears complex.


      The evaporation rate is related to the boiling range of the solvent (see Table 6.1 in Chapter 6.1.1). This means that different solvents also evaporate at different rates at elevated temperatures. However, this also changes the polarity of the solvents during the drying process. In the worst case, this can lead to the polymer no longer being compatible with the residual solvent during the drying process, resulting in defects in the cured coating. Many of the solvents frequently used in the past are now classified as harmful to health, toxic or environmentally hazardous. Their use is therefore no longer possible, or the quantities used are restricted. Some solvents must be labelled once they reach a certain content in a formulation. Therefore, in everyday life, one is often faced with the task of replacing these solvents with mixtures of some authorised solvents. The above-mentioned approach of calculation using Hansen parameters can be very useful here. There is also a requirement to limit the emission of all organic solvents (VOC regulations). This has led to the development of high-solids paints, water-thinnable paints and so-called 100 % systems (liquid paints without solvents and powder paints without solvents).


      

         

         2.2Aqueous solutions


      There are only a few binder components that are water-soluble as such.[4] Nevertheless, all polymers can in principle be made water-soluble, or at least water-dilutable, by the functionalisation with hydrophilic groups. The term “hydrophilic groups” refers to chemical structural units that can interact strongly with water molecules due to their polarity. These are groups that either have a high dipole moment themselves due to the atoms involved (e.g. polyethylene glycol units), groups that can form hydrogen bonds (such as the OH group) or groups that carry a charge (ions), as ions are very well dissolved by water, just think of the good water solubility of salts.


      

         “Aqueous solubility

         

         ” means that the binders as such can be dissolved in an aqueous phase. “Water dilutability

         

         ”, on the other hand, means that the binder as such is not soluble in water. However, by using so-called “co-solvents

         

         ”, water can be added to such a (solvent-containing) binder preparation without the binder precipitating. These solvents are water-miscible and capable of mediating the solubility of a binder preparation into water. 


      The hydrophilic groups introduced are referred to here as “carrier groups

         

         ” because they carry the inherently hydrophobic entangled polymer molecule in the aqueous phase. They consist of either ionic, polar, or sterically active groups. Ionic groups carry either a positive (cations) or negative (anions) charge. Anionic carrier groups are used most frequently. In particular, these are carboxylate or sulphonate groups. Ammonium ions or alkali cations are usually selected as counterions. Amines as the basic form of ammonium ions have the advantage that the amines formed during drying are volatile and therefore do not remain in the polymer (see Equation 2.8). The carboxyl groups (carboxylic acid groups) thus formed in the polymer are also significantly less hydrophilic than the (anionic) carboxylate groups originally present. Both have a positive effect on the desired water resistance of the films.


      

         

            

            

         

         

            

               	

                  Equation 2.8


               

               	

                  Polymer-COO- + R`NH3

                     + ↓ Polymer-COOH + R`NH2 ↑


               

            


         

      


       


      Cationic carrier groups are formed by functionalisation of the binders with amino groups (almost always tertiary amino groups), which are then combined with volatile organic acids which results in the formation of ammonium groups. Or they are introduced directly into the polymer as quaternary ammonium salts. The deprotonated acids (carboxylates) act as counterions during cationic functionalisation. The evaporation of acids (e.g. acetic acid) is slower than that of most amines. They are therefore used in stoving enamels that require higher stoving temperatures (e.g. in automotive OEM primers/electro coatings).


      Non-ionic carrier groups are almost always formed from polyethylene glycols as polar units. These have the disadvantage that they retain their hydrophilicity after film formation. The possibilities for hydrophilic modification of a polymer are summarised in Figure 2.6.
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            Figure 2.6: Basic options for modifying a polymer with an affinity for water


       


      The following should also be noted: Anionic groups are to be regarded as deprotonated acids (conjugated bases of acids). This means that, depending on their pKa

          value, they are protonated in an acidic environment and thus lose their charge. This is why anionically modified polymers are normally formulated in an alkaline environment. The same applies in reverse for cationic stabilisation. It is stable in an acidic environment. Non-ionic stabilisation, on the other hand, is largely pH independent.


      The structure of the particles of aqueous, colloidal, ionically stabilised solutions differs only slightly from those in organic solutions. They consist of molecule clusters, which may be flooded with molecules of the co-solvent and then usually contain only a few water molecules. They have ionic groups on the surface of the particles. These ionic groups form solvates with water molecules, which then stabilise the colloid particle in the outer phase (water and a proportion of co-solvent). The distribution equilibrium of the co-solvent is influenced by its hydrophilicity and solubility in relation to the polymer. The counterions are largely free to move in the aqueous phase.


      The particles of the aqueous colloidal solutions may well have the same size as the particles of an organic colloidal solution. A comparison of the two solutions is shown schematically in Figure 2.7.
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            Figure 2.7: Comparison of the particle structure of organic and aqueous colloidal solutions


       


      If the particles of an aqueous colloidal solution have a high optical density and pronounced interfaces, which is particularly the case when the particles are only slightly flooded and are large enough (in the range of half the wavelength of visible light), they can be optically perceived, the solutions appear cloudy.


      Many colloidal aqueous solutions exhibit an abnormal viscosity behaviour (viscosity anomaly) when diluted with water: While the viscosity of an organic solution increases steadily with the addition of solvent some aqueous colloidal solutions behave completely differently: when water is added to an aqueous colloidal solution, the viscosity initially increases and reaches a maximum. Then the viscosity drops steeply. This behaviour is known as the “water mountain

         

         ” of viscosity. At high dilution, the colloidal solution can then become unstable, it becomes significantly cloudy and the binder precitipates. This behaviour is shown schematically in Figure 2.8.
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            Figure 2.8: Viscosity anomaly of aqueous colloidal ­solutions


       


      An attempt was made to compare this behaviour with an inversion of a water-in-oil emulsion into an oil-in-water emulsion. However, this represents a solid/liquid phase mixture (suspension) as opposed to a liquid/liquid mixture 

         [15]. To explain this, it is assumed that a water-in-binder mixture is present when the water content is low. In this case, the intramolecular attractive forces of the (hydrophilic) polymer chains dominate. With a high water content, on the other hand, the opposite situation exists: The colloidally dissolved binder is diluted in a water phase. Here the individual polymer particles practically no longer see each other, the solvate can move freely in the water and the viscosity is low. Between these extremes, water is incorporated due to the ionic structure of the binder. This leads to a widening of the polymer clusters and the viscosity increases. Once all the ionic components have been solvated to the maximum, adding more water results in the overall system becoming more energetically favourable when the polymer chains turn towards each other and the hydrophilic groups point towards the water. Then the swollen polymer particle pushes the water out of the tangle, the ion/water interaction now takes place mainly outside the polymer cluster, which leads to a sudden drop in viscosity. Depending on the number of hydrophilic carrier groups, the water tolerance can then be lost – the binder fails. 


      This behaviour can be disadvantageous both for the production of the coatings and for the application behaviour. Special effort is then required to dilute these water-based binder solutions or to mix them with the other components of the water-based coating formulation. In most cases, an attempt is made to minimise the negative effects of the water content by combining them with appropriate co-solvents.


      The viscosity of the films also reaches a maximum during physical drying (Chapter 6.1), which can have a detrimental effect on the process. The negative effects caused by the abnormal viscosity behaviour can be compensated for by the choice of the neutralising agent, the degree of neutralisation, the type and proportion of co-solvents and by “combination binders”, i.e. a second binder that is mixed in.


      

         

         2.3Aqueous dispersions: 
suspensions and emulsions


      Aqueous dispersions of binders are formed by the fine distribution of polymers in an aqueous phase. A “suspension

         

         ” is the distribution of particles in a liquid phase, while the distribution of liquids in an immiscible liquid is referred to as an “emulsion

         

         ”. Both the suspension and the emulsion are summarised under the term “dispersion

         

         ”. However, it has become established in the coatings industry that the term “dispersion” usually refers to a chemical suspension.


      The distribution of the polymers in the aqueous phase is stabilised by “emulsifiers

         

         

         ” and possibly by “protective colloids

         

         ”. Emulsifiers consist of molecules that contain a hydrophilic molecular part and an oleophilic/hydrophobic molecular part. In terms of their chemical structure, they therefore correspond to surfactants, although the chain lengths of emulsifiers are generally longer. As polymers are generally hydrophobic, the hydrophobic part associates with the binder molecules and the hydrophilic part with the water surrounding the particle. Protective colloids are water-soluble polymers that result in a structural viscosity of the aqueous phase and thus prevent agglomeration and settling of the particles. Examples are polyvinyl alcohol or cellulose ether.


      

         

         2.4Methods of stabilisation of dispersions


      There are basically two methods of dissolving a particle (polymer, pigment, filler) in a liquid phase, i.e. to prevent the particles from agglomerating:


      

         	Electrostatic stabilisation

         


         	Steric stabilisation


      


      Both methods have been explained indirectly in the chapter of hydrophilic modification of polymers (see Chapter 2.2 Aqueous solutions).


      

         

         2.4.1Electrostatic stabilisation


      Ionic groups are used not only because they are highly polar groups that are particularly compatible with water, but also because they transfer a charge to the particle. If negative charge is applied to a particle everywhere, e.g. through anionic modification, the particles repel each other due to their identical charge, which prevents them from agglomerating. This is particularly important if you want to stabilise particles in a dispersion.


      

         

         2.4.2Steric stabilisation

      


      If long chains are applied to the surface of a particle, they will try to maximise the distance between them. The solvent can penetrate into the spaces between the chains and “dilute” the concentration of the chains. If a second particle, which also has long chains on its surface, comes close, the chains must penetrate each other, but this leads to less mobility of the chains and a higher concentration of chain segments in the area around the particles. However, this would correspond to a decrease in entropy, which is therefore not favourable for thermodynamic reasons. Therefore, the particles remain at a distance and the dispersion is stabilised. The emulsifiers of a dispersion now work according to these two mechanisms. They consist of a hydrophobic, polymer-affine part that can anchor itself to the polymer particle and a hydrophilic part that is compatible with water. The latter carries either a charge (cationic or anionic stabilisation) or long, hydrophilic chains (steric, non-ionic stabilisation).


      The particles of a suspension differ from the particles of an aqueous (colloidal) solution in that the particles in a suspension consist only of the polymer binder and contain no solvent or water and the emulsifiers form a shell and thus a barrier. The structural differences between solution and dispersion are shown in Figure 2.9.
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            Figure 2.9: Particle structure of aqueous colloidal solutions and aqueous dispersions


       


      

         

         2.5Production of dispersions


      Aqueous dispersions (suspensions) are often produced from solutions or melts of the polymers, which are introduced into an aqueous phase. A polymer melt is introduced under high shear into an aqueous phase containing a certain quantity of suitable emulsifiers. The particle size depends on the type and quantity of the emulsifier. The larger the quantity and the effectiveness of the emulsifier, the smaller are the particles of the dispersion formed. If solutions of polymers in water-compatible solvents are stirred into water containing an emulsifier, a comparably fine particle dispersion is formed. The solvent can then be distilled off.


      However, it is also possible to produce dispersions through polymerisation reactions directly in the aqueous phase; the products are referred to as “primary dispersions”

         . Primary dispersions are usually formed by “emulsion polymerisation”

         

          directly in the aqueous phase, e.g. by polymerisation of acrylates with their comonomers and other vinyl compounds (vinyl esters, styrene, ethylene, butadiene, maleic acid esters).


      

         

         2.6Viscosity of aqueous dispersions


      Depending on the solid content (nvc, non-volatile content), the viscosity behaviour of aqueous dispersions differs from that of organic or aqueous colloidal solutions. The viscosities of concentrated aqueous dispersions are usually very high due to strong particle-particle interactions. Only the emulsifiers prevent the polymer particles from coagulating. When water is added, the viscosity drops significantly to fairly low values, as the polymer particles can move further away from each other and their interactions with each other therefore become smaller. The differences described are shown in Figure 2.10.
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            Figure 2.10: Viscosities of organic and aqueous colloidal solutions and aqueous dispersions as a ­function of the solid body


       


      

         „Aqueous emulsions

         

         ” differ from aqueous suspensions only in that the emulsified phase is liquid but incompatible with the surrounding liquid. Like suspensions, they are stabilised using emulsifiers. Due to their low viscosity, however, the emulsified droplets flow together relatively quickly and form closed films. In order to form solid films with sufficient resistance, the binders of emulsions must be chemically cross-linked. In practice, however, this is also the case with films made from aqueous suspensions in order to achieve the required resistances. Cross-linking reactions are discussed in more detail in Chapter 6.2.


      

         

         2.7Non-aqueous dispersions


      

         Non-aqueous 

         dispersions

         

          (NAD

         ) consist of more or less fine polymer particles dispersed in an organic phase. Polar polymers (e.g. PVC, polyacrylates) are usually used in non-aqueous dispersions. Stabilisation takes place in a similar way to aqueous dispersions with amphoteric surfactants (soluble in polar and non-polar media), but in such a way that the polar part of the molecules associates with the polymer and the non-polar part with the surrounding organic phase. The outer, liquid phase consists of very non-polar solvents such as aliphatic hydrocarbons.


      Steric modification is also used to stabilise the polymer particles. For example, polyacrylate resins made from polar methacrylates may be additionally doped with proportions of methacrylamide or acrylonitrile with side chains from non-polar polyesters[5]. The outer phase consists of aromatic-free benzenes, isoparaffins or hydrogenated naphtha fractions.


      One advantage of using such NAD is that the solvents used in the outer phase belong to the compound classes that show relatively low health and environmental impact. Secondly, NAD exhibit lower viscosities at higher solid contents than the comparable colloidal solutions of e.g. polyamides in solvents. The solid contents are comparable to aqueous dispersions. This therefore represents an opportunity to reduce the emission of organic components (VOC). Special non-aqueous dispersions are organosols and plastisols.


      

         Organosols are dispersions of poorly soluble, polar polymers in non-polar solvents that contain smaller proportions of higher-boiling, polar solvents. When the non-polar solvents have evaporated during a baking process, the higher-boiling, polar solvents initially remain, which then dissolve the polymers and contribute to the formation of closed films.


      

         Plastisols, on the other hand, contain plasticisers as the outer phase of the dispersion, which are able to dissolve the polymer at higher temperatures to form closed films. Plastisols therefore have practically no emission of organic components.


      

         

         2.8Aerosols


      An “aerosol

         

         ” is the distribution of a fine solid (dust) or liquid (mist) substance in a gas. Solid polymers can therefore also be atomised and applied as a coating if the particle size is fine enough. This is important for so-called “powder coatings”

         . The distribution of the particles is dynamically stabilised by the particles being whirled up by a stream of air. An aerosol gives the impression of a boiling liquid.


      To produce a (dust) aerosol, polymers (powder coating binders) or their mixtures with cross-linkers, pigments and additives are ground to a specific particle size. Because the energy expended during the grinding process is also converted into heat, the binders have softening temperatures higher than 75 °C. Common powder coatings have average particle sizes (diameter) of approximately 18 to 30 µm. This explains why the coating thicknesses of powder coatings are generally significantly higher than those of liquid coatings. Figure 2.11 shows a typical particle size distribution of a powder coating.
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            Figure 2.11: Typical particle size distribution of a powder coating


       


      

         

         2.9Viscosity and solid content for ­application


      The different application methods require different viscosities in order to optimally distribute the coating material on the substrate. Spraying processes in particular require relatively low viscosities. Table 2.4lists the usual application viscosities for various coating systems.


      

         

            

            

            

            

            

         

         

            

               	

                  

                     

                        Table 2.4:  Application viscosities of various paint systems


               

            


            

               	

                  Paint system


               

               	

                  Process of application


               

               	

                  Flow viscosity


               

            


            

               	

                  DIN 53211
4 mm, 23 °C


               

               	

                  ISO 2431
23 °C


               

               	

                  Orifice
Ø mm


               

            


         

         

            

               	

                  Effect lacquer


               

               	

                  Spraying


               

               	

                  15


               

               	

                  65


               

               	

                  4


               

            


            

               	

                  Stoving primer surfacers


               

               	

                  Spraying


               

               	

                  35 – 45


               

               	

                  120 – 155


               

               	

                  4


               

            


            

               	

                  Topcoat, clear coat


               

               	

                  Spraying


               

               	

                  25 – 35


               

               	

                  85 – 120


               

               	

                  4


               

            


            

               	

                  Coil-coating, Can-coating


               

               	

                  Rolling


               

               	

                  60 – 70


               

               	

                  35 – 45


               

               	

                  6


               

            


            

               	

                  Corrosion protection coatings


               

               	

                  Spraying


               

               	

                  50 – 70


               

               	

                  25 – 45


               

               	

                  6


               

            


            

               	

                  Corrosion protection coatings


               

               	

                  Painting


               

               	

                  90 – 110


               

               	

                  60 – 75


               

               	

                  6


               

            


            

               	

                  House paints


               

               	

                  Painting


               

               	

                  100 – 140


               

               	

                  65 – 105


               

               	

                  6


               

            


         

      


       


      

         

         2.10VOC

          regulations


      However, diluting with solvents has serious disadvantages for the environment, as these are released into the environment during drying. The legislator has therefore decided to limit the proportion of solvents and to require users to take measures to protect against emissions.


      According to various national regulations, limits on the emission of volatile components during the application of paints have been in force in Europe since 1999 [18, 19]. In Germany, this directive was transposed into national law in the 31st BimschV [20]. The “Decopaint Directive” 

         [21] also regulates the emission of volatile components during the manufacture and application of coating materials. These so-called VOC regulations (VOC = volatile organic compounds) were introduced in two stages (2007 and 2010). According to EU Directive 2004/42/EC 

         [21], volatile organic compounds are constituents of a coating material or of auxiliaries that have a vapour pressure (see Chapter 6.1) of more than 0.01 kPa at 293.15 K (= 20 °C) or that boil up to a maximum of 250 °C at 101.3 kPa. There are exceptions to this rule, especially for water.


      Different regulations are in force for emission limits depending on use and industry. For example, there are different regulations for the industrial application of paints [18–20] and for the “placing on the market” of paints for the craft sector 

         [22].


      The limitations in the industrial sector apply to the emission of volatile components in the exhaust air of a processing company (e.g. coater) in relation to the quantity of coating materials processed. For the application of paints in an industrial dimension, it is therefore possible – in addition to reducing the proportion of solvents in the materials – to first reduce the solvents in the exhaust air, e.g. through recovery or post-combustion.


      The permitted values relate to the coated area and apply to certain quantities of solvent consumption per year. Furthermore, limits apply to the total emission of solvents from the exhaust air systems. The data relates to the amount of carbon in the exhaust gases [mg C/m3] from the application, from the dryer, from solvent recovery and from thermal exhaust gas cleaning (TEGC). In addition, there is a limit (expressed as mass %) for the solvents used that are not recovered in the systems. Table 2.5 shows the emission limits for such installations.


      

         

            

            

            

            

            

            

            

            

         

         

            

               	

                  

                     

                        Table 2.5: Emission limits for paint processing plants according to 

                     [23]

                  


               

            


            

               	

                  Field of activity


               

               	

                  Emission limit values for captured treated exhaust gas


               

            


         

         

            

               	

                  No.1

                  


               

               	

                  Plant ­description


               

               	

                  Solv.-
usage. [t/a]


               

               	

                  Appli­cation


                  [mg C/m3]


               

               	

                  Drier


                  [mg C/m3]


               

               	

                  TEGC 
[mg C/m3]


               

               	

                  Recovery


                  [mg C/m3]


               

               	

                  Limit diffuse emissions2 [%]


               

            


            

               	

                  2.1


               

               	

                  Surface cleaning


               

               	

                  > 1 – 10


               

               	

                  75


               

               	

                  75


               

               	

                   


               

               	

                   


               

               	

                  20


               

            


            

               	

                  > 10


               

               	

                  75


               

               	

                  75


               

               	

                   


               

               	

                   


               

               	

                  15


               

            


            

               	

                  5.1


               

               	

                  Repair coating


               

               	

                  > 0


               

               	

                  50


               

               	

                  50


               

               	

                   


               

               	

                   


               

               	

                  25


               

            


            

               	

                  6.1


               

               	

                  Coil-Coating


               

               	

                  > 10


               

               	

                  50


               

               	

                  50


               

               	

                  20


               

               	

                  75


               

               	

                  3


               

            


            

               	

                  8.1


               

               	

                  Coating of metals / plastics


               

               	

                  > 5 – 15


               

               	

                  100


               

               	

                  100


               

               	

                   


               

               	

                   


               

               	

                  253

                  


               

            


            

               	

                  > 15


               

               	

                  50


               

               	

                  50


               

               	

                  20


               

               	

                   


               

               	

                  203

                  


               

            


            

               	

                  9.2


               

               	

                  Wood and wooden composite coatings


               

               	

                  > 15 – 25


               

               	

                  100


               

               	

                  100


               

               	

                   


               

               	

                   


               

               	

                  25


               

            


            

               	

                  > 25


               

               	

                  50


               

               	

                  50


               

               	

                  20


               

               	

                   


               

               	

                  20


               

            


            

               	

                  10.1


               

               	

                  Coating of textiles and fabrics


               

               	

                  > 5 – 15


               

               	

                  100


               

               	

                  100


               

               	

                   


               

               	

                   


               

               	

                  15


               

            


            

               	

                  10.2


               

               	

                  Foil and paper ­coating


               

               	

                  > 15


               

               	

                  50


               

               	

                  50


               

               	

                  20


               

               	

                  75


               

               	

                  10


               

            


            

               	

                  14.1


               

               	

                  Adhesive coatings


               

               	

                  > 5 – 15


               

               	

                  50


               

               	

                  50


               

               	

                   


               

               	

                  100


               

               	

                  253

                  


               

            


            

               	

                  > 15


               

               	

                  50


               

               	

                  50


               

               	

                  20


               

               	

                   


               

               	

                  203

                  


               

            


            

               	

                  

                     1 refers to No. in the Federal Law Gazette Volume 2001 Part I No. 44 as transposition of EU Directive 1999/13/EC into German national law


                  

                     2 diffuse emissions: solvents in untreated exhaust gas, wastewater, coating material, uncaptured exhaust air etc.


                  

                     3 10 % less with automatic coating of web-shaped materials


               

            


         

      


       


      For non-industrially applied coating materials and auxiliaries, the quantities in the material itself are limited. The VOC content is calculated for the EU in accordance with ISO 11980-1.


      

         

            

            

         

         

            

               	

                  Equation 2.9


               

               	

                  [image: winkler_eq_02_09]


               

            


         

      


       


      For the USA and Switzerland 

         [24] the share of water is not subtracted, as Equation 2.10 shows[6]. 


      

         

            

            

         

         

            

               	

                  Equation 2.10


               

               	

                  [image: winkler_eq_02_10]


               

            


         

      


       


      For architectural paints (wall paints, façade paints, wood paints [glazes], primers and effect paints), relatively low limits apply for water-based systems in accordance with the EcoPaint guideline [21]. Comparably higher limits apply to solvent-based systems. These values are listed in Table 2.6.


      

         

            

            

            

            

         

         

            

               	

                  

                     

                        Table 2.6: VOC emission limit values for architectural coatings 

                     [21]

                  


               

            


            

               	

                  Product sub-category


               

               	

                  Type


               

               	

                  VOC [g/l]
starting 1.1.2010


               

            


         

         

            

               	

                  1.


               

               	

                  Interior paints (gloss < 25 % [60°])


               

               	

                  Water-borne


               

               	

                  30


               

            


            

               	

                  Solvent-borne


               

               	

                  30


               

            


            

               	

                  2.


               

               	

                  Interior paints (gloss > 25 % [60°])


               

               	

                  Water-borne


               

               	

                  100


               

            


            

               	

                  Solvent-borne


               

               	

                  100


               

            


            

               	

                  3.


               

               	

                  Exterior paints (mineral substrate)


               

               	

                  Water-borne


               

               	

                  40


               

            


            

               	

                  Solvent-borne


               

               	

                  430


               

            


            

               	

                  4.


               

               	

                  Wood-, metal coatings decoration, in- and exterior


               

               	

                  Water-borne


               

               	

                  130


               

            


            

               	

                  Solvent-borne


               

               	

                  300


               

            


            

               	

                  5.


               

               	

                  Paints + wood stains, decoration, in- and exterior


               

               	

                  Water-borne


               

               	

                  130


               

            


            

               	

                  Solvent-borne


               

               	

                  400


               

            


            

               	

                  6.


               

               	

                  Wood stains with minimal thicknesses


               

               	

                  Water-borne


               

               	

                  130


               

            


            

               	

                  Solvent-borne


               

               	

                  700


               

            


            

               	

                  7.


               

               	

                  Primers


               

               	

                  Water-borne


               

               	

                  30


               

            


            

               	

                  Solvent-borne


               

               	

                  350


               

            


            

               	

                  8.


               

               	

                  Bonding primers


               

               	

                  Water-borne


               

               	

                  30


               

            


            

               	

                  Solvent-borne


               

               	

                  750


               

            


            

               	

                  9.


               

               	

                  One component specialty paints


               

               	

                  Water-borne


               

               	

                  140


               

            


            

               	

                  Solvent-borne


               

               	

                  500


               

            


            

               	

                  10.


               

               	

                  Two component specialty paints


               

               	

                  Water-borne


               

               	

                  140


               

            


            

               	

                  Solvent-borne


               

               	

                  500


               

            


            

               	

                  11.


               

               	

                  Multicolor paints


               

               	

                  Water-borne


               

               	

                  100


               

            


            

               	

                  Solvent-borne


               

               	

                  100


               

            


            

               	

                  12.


               

               	

                  Paints for decoration


               

               	

                  Water-borne


               

               	

                  200


               

            


            

               	

                  Solvent-borne


               

               	

                  200


               

            


         

      


       


      

         

         2.11Reduction of solvent content


      For some time now, partly as a result of legislative pressure, measures have been taken to reduce the environmental impact of solvent emissions. The first step was to develop “high-solid

         ” paints. Conventional paint systems are called “low-solids” accordingly. Coatings with a medium solid content are known as “medium-solids”. The terms medium-solids and high-solids are not uniformly defined but refer to the initial situation of conventional coating systems (low-solids), as Table 2.7 shows.


      

         

            

            

            

            

         

         

            

               	

                  

                     

                        Table 2.7: Definitions of high-solids paint systems


               

            


            

               	

                  Processing solids


               

               	

                  low-solid


               

               	

                  medium-solid


               

               	

                  high-solid


               

            


         

         

            

               	

                  Effect-Basecoats.


               

               	

                  10 – 15 m-%


               

               	

                  20 – 25 m-%


               

               	

                  30 – 40 m-%


               

            


            

               	

                  Filler


               

               	

                  50 – 60 m-%


               

               	

                  60 – 70 m-%


               

               	

                  > 70 m-%


               

            


            

               	

                  Topcoats


               

               	

                  45 – 55 m-%


               

               	

                  55 – 65


               

               	

                  > 65 m-%


               

            


            

               	

                  Clear coats


               

               	

                  40 – 45 m-%


               

               	

                  50 – 55 m-%


               

               	

                  60 – 70 m-%


               

            


            

               	

                  Coil-Coatings, Can-Coatings


               

               	

                  50 – 60 m-%


               

               	

                   


               

               	

                  > 70 m-%


               

            


            

               	

                  Corrosion protection coatings


               

               	

                  45 – 55


               

               	

                  55 – 70


               

               	

                  > 70 m-%


               

            


            

               	

                  House paints


               

               	

                  55 – 65 m-%


               

               	

                  65 – 75 m-%


               

               	

                  > 75 m-%


               

            


         

      


       


      A further step towards limiting the emission of solvents was the development and formulation of aqueous coating systems. However, aqueous coating systems in particular require special effort to achieve optimum film formation and film properties (see Chapter 6.1.2).


      The latest development is the so-called 100 % systems, which do not contain any solvents and do not contain dispersing agents. These are coating systems consisting of liquid components that are used as such. This also includes plastisols in the broader sense. And, of course, powder coatings also belong to this group of 100 % systems.


      

         

         2.12High-solids

      


      Various measures can be taken to increase the application solids of solvent-based coating systems. As the viscosity of a polymer solution depends on the size of the polymer molecules and the width of the molecular weight distribution, it is initially obvious to reduce the molecular weight of the binder or to take process engineering measures to realise narrower molecular distribution functions. There are well-known rules for this for the various binder classes 

         [25]. However, limiting the molecular weight can also have negative effects. For example, it is more difficult to build up the high molecular weights of a coating film from small binder molecules by cross-linking than if you start with relatively high molecular weights. This is shown schematically in Figure 2.12. The length of the cross-linking arrow illustrates the number of cross-linking steps required to achieve a given molecular weight.


      

         

            [image: winkler_fig_02_12]

         


      


      

         

            Figure 2.12: Different film formation from high-solid binders compared to conventional binders


       


      Other measures include, for example, the selection of binders with building blocks that result in lower viscosities [26, 27] (e.g. the use of cycloaliphatic polycarboxylic acids instead of aromatic polycarboxylic acids in polyesters 

         [27]) or the use of solvents that dilute better (e.g. esters instead of aromatics).


      Finally, conventional binders can be combined with low molecular weight products that lower the viscosity, but then participate in the build-up of the film by cross-linking, for example (reactive diluents). Such products include low molecular weight polyols[7] and polyesters[8], which are combined with higher molecular weight binders for cross-linking using melamine resins (see Chapter 6.5.3) or –- above all –- polyisocyanates (see Chapter 6.5.4).


      

         

         2.13Water-based systems


      While the measures for formulating high-solids coating systems can reach technical limits such as insufficient film properties, aqueous systems have several other disadvantages:


      In aqueous systems, the binders are present as polymer particles (suspension). In order to achieve optimum film properties, the polymer chains must be able to penetrate each other as well as possible or at least partially during the drying process in order to achieve a homogeneous coating. With isolated polymer particles, however, this is only possible within the particle, but not between the particles. This is a major problem with all dispersion-based coatings. And this is one of the reasons why there are still solvent-based coating systems on the market. These are mostly special applications that require particularly high coating performance. Other disadvantages of water-based systems include the higher boiling point of water, which means longer drying times or higher energy consumption for drying, the frost sensitivity of water-based formulations and susceptibility to mould. In addition, water-based systems can cause problems during application, such as poor wetting of the substrate or foaming (see Chapter 4.3 and 5.1). However, VOC regulations are easier to fulfil with the formulation of water-based coating systems, in spite of the fact that certain quantities of cosolvents are still used. Table 2.8 compares the basic composition of a conventional topcoat (1) with a high-solid topcoat (2) and an aqueous topcoat (3), which still contains 8.5 m-% cosolvents. So, even aqueous coating systems cannot be completely solvent-free.


      

         

            

            

            

            

            

            

            

            

         

         

            

               	

                  

                     

                        Table 2.8: VOC values of a conventional solvent-borne coating, a high-solid coating and a water-­borne system 


               

            


            

               	

                  component


               

               	

                  density


               

               	

                  Coating 1
(conv.)


               

               	

                  Coating 2 
(high-solid)


               

               	

                  Coating 3 
(aqueous.)


               

            


            

               	

                  m-%


               

               	

                  Vol. [ml/100g]


               

               	

                  m-%


               

               	

                  Vol. [ml/100g]


               

               	

                  m-%


               

               	

                  Vol. [ml/100g]
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