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  Foreword




  When the author of this monograph began to concern himself nearly forty years ago with the application technology of pigment and dyestuffs, a subject that was to become his field of activity for life, one had to search long and hard for books dealing with this subject, as in those days they were scarce commodities. Fortunately, however, progress in the relevant technical literature during the last decades has gone hand in hand with the, one could almost say, galloping development in the technology of colouring materials, so that nowadays a wide selection of textbooks on production, properties, application technology and ecology of dyestuffs and pigments, in particular in the German and English languages, is at the disposal of the pigment technologist.




  For this reason, and considering that pigment application technology, together with other aspects of pigment and dyestuffs technology, has already been discussed in most of the numerous, in some cases outstanding books on pigments, it would seem reasonable to ask whether there is a need for a further book dealing with this subject. As justification, the author would state his opinion that basic physical and physico-chemical features of pigment application are neglected in current technical literature and not treated in accordance with their importance in comparison with other aspects, such as manufacture, properties and uses. Even nowadays, works dealing with these important topics can practically be counted on the fingers of one hand. The present monograph thus constitutes an attempt to close this gap by offering the pigment technologist the possibility of informing himself adequately on the current state of the physico-chemical principles of pigment application technology without having to work through piles of the relevant magazines.




  The author has endeavoured to explain each subject in a manner which is precise and comprehensive enough to provide the reader with a solid base of knowledge in this field of pigment technology. Those interested readers wishing to extend their knowledge on some particular aspect or other beyond the scope offered here will profit from the literature references quoted during the discussion of each topic.




  This monograph thus presents a practice-related exposition of the fundamental principles of pigment processing. It is intended as a help to chemists, physicists or other graduates taking their first steps in the pigment manufacturing or processing industry to become acquainted with pigment application technology. However, in order to make this monograph accessible to the largest possible technical group, the mathematical treatment has been reduced to the necessary minimum. In this manner, this book may also be of interest not only to colourists, technicians and laboratory assistants engaged in research, development, application or production in the pigment industry but also to those in the relevant technical colleges and research institutes.
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  Introduction




  The colouring materials termed pigments, whose characteristic feature is their insolubility in the application medium (DIN ISO 18451-1, DIN EN ISO 4618), are marketed as powders, press-cakes, flushed pigments or pigment preparations. The main advantage of the last three delivery forms is that the pigment processor need not disperse them further. They merely have to be stirred into the bulk medium and homogenised, thereby saving time and costs. In addition, they often enhance tinting strength and transparency, afford better colour uniformity in plastics and their handling is simple and clean.




  The application behaviour of pigments is not only determined by their chemical constitution. Important physical parameters such as crystal modification, mean particle size, particle size distribution, shape, specific surface area, surface character, optical properties, rheological behaviour and dispersibility also have a decisive influence on their subsequent areas of use. For this reason, pigment manufacturers nowadays regulate the processes in such a manner that the resulting products, though being of the same chemical constitution, can exhibit different physical properties and are thus optimised from the beginning with a view to their future application field.




  The theoretical principles and practical results of these fundamental physical and physico-chemical aspects of pigment application will be discussed in the present book.




  1Physical characterisation of pigments




  1.1Particle morphology




  Optical and particularly electron microscope research gave rise to the development of a pigment model [1] that today forms the basis of DIN (EN ISO 18451-1) 53 206. According to this model, there are three kinds of particles present in a pigment powder. They are shown in Figure 1.1.




  •Crystals or primary particles




  •Aggregates




  •Agglomerates
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  Figure 1.1: Pigment models according to EN ISO 18451-1




  Primary particles are the smallest entities that can be recognised by physical methods (e.g. optical or electron microscopy). They can be single crystals, but are for the most part composed of several crystallites with coherent lattice regions and the usual lattice defects. Their relatively simple shape may vary within a wide spectrum (isometric, cubic, aciculate, rhomboidal, irregular etc.).




  Aggregates consist of groups of primary particles attached together at their surfaces. Their total surface is thus markedly smaller than the sum of the surface areas of the primary particles. Due to the high adhesion forces between the crystallites, aggregates cannot be divided into their components by comminution and they have no internal surface capable of adsorption.




  The action of van der Waals or Coulombic forces causes particles and aggregates to coalesce at the corners and edges and form agglomerates. The surface of agglomerates differs only slightly from the sum of the surfaces of their components and is largely accessible to adsorption. Agglomerates can be broken down by comminution into aggregates and/or minor agglomerates [9].




  Electron micrographs illustrate practical examples of the model just explained. Figure 1.2a shows a copper phthalocyanine of the β-form (C.I. Pigment Blue 15:3)1 and Figure 1.2b shows a lead chromate (C.I. Pigment Yellow 34). Aggregates and agglomerates can be well discerned.
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  Figure 1.2a: Examples of pigment particles: Copper phthalocyanine blue, β-modification
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  Figure 1.2b: Examples of pigment particles: Monoclinic lead chromate




  Source: Works micrographe Hoechst AG




  A strict distinction must be made between agglomerates and flocculates. The latter are conglomerates formed of aggregates and crystals partly wetted by the binder solution and adhering more or less loosely together. They generally originate in systems with a low viscosity and can be separated again by low shear forces.




  The stability of agglomerates depends upon the number of contact sites between the particles and their attractive force. Although smaller particles attract each other less, they can pack more densely so that their agglomerates may be stronger. Large agglomerates tend to break more easily than small agglomerates so that, in the course of a dispersion, the fineness of grind goes down.




  1.2Crystal structure




  1.2.1Crystal modifications: polymorphism




  Apart from a few isolated cases, all pigments possess a crystal structure. Inorganic pigments consist of ionic crystals. Their lattice elements are positively and negatively charged ions, whose interlocking structure in the crystal lattice is based on the attraction between opposed electrical charges. Organic pigments are made up of molecular crystals. Their structural units are neutral molecules held together by the comparatively weak van der Waals forces.




  As with crystals of other materials, pigment crystals are not perfect; i.e. they show dislocations and other flaws in both interior and surface. From the energetic point of view, faulty crystal structures are less stable than flawless crystals and this can have a negative influence on some application properties – for example, dispersibility.




  Depending on conditions of crystallisation or other external factors, the molecules or ions of many organic and inorganic pigments can form several arrangements in the crystal lattice. This gives rise to different crystal phases, also known as crystal modifications. This phenomenon is called polymorphism. Thus, for example, quinacridones have three and phthalocyanine blue five crystalline forms. Examples of polymorphic inorganic pigments are titanium dioxide and lead chromate, each having three modifications.




  The crystal modifications of a pigment have different thermodynamic stabilities. Unstable modifications can always change into the energetically more stable phase when this is favoured by external conditions. Since crystal phases may differ in their physical properties, this transmutation from one phase to another also generally results in a change in the application properties. Thus, for example, the anatase form of titanium dioxide, unlike the rutile form, is not weather resistant. Furthermore, the rutile modification has a higher specific gravity, a higher refractive index and, thus, a better lightening power.




  A further example is the case of phthalocyanine blue, whose α-form transforms into the more stable β-modification in the presence of aromatic hydrocarbons. This conversion is associated with a decrease in tinctorial strength and a change of shade towards green. Nevertheless, pigment chemists succeeded in stabilising the α-modification by the introduction of chlorine atoms into the copper phthalocyanine blue molecule. In this way, the activation energy required for the polymorphic change is increased to such an extent that the transmutation, even in the presence of aromatic hydrocarbons, is no longer possible.




  Unsubstituted, linear trans-quinacridone (C.I. Pigment Violet 19) occurs, as mentioned above, in three crystal phases. Unlike the modifications of copper phthalocyanine blue, the α-, β- and γ-modifications of unsubstituted, linear trans- quinacridone differ considerably not only in their tinctorial but also in their fastness properties such as resistance to migration and fastness to light, weather and solvents. Other interesting products in this class of pigments are mixed crystals of quinacridone with substituted quinacridones or quinacridone quinone [2].




  Further physical properties and characteristics that may be determined by the crystal phase are particle size distribution, particle shape, hiding power, melting point and rheological behaviour.




  1.2.2Isomorphism and anisotropy




  When the crystal structures of two different substances are identical or very similar, we have a case of isomorphism. Isomorphic substances are capable of growing together in a common crystal lattice and thereby give rise to mixed crystals. This fact enables the manufacture of products having special properties and effects that are absent in the pure pigments. Such products are called mixed-phase pigments. Thus, it is possible to achieve a change of shade from yellow to red by incorporating lead molybdate into the lattice of lead chromate. Further examples are cadmium red, a mixed crystal of cadmium sulphide and cadmium selenide, and the rutile mixed-phase pigments, i.e. new coloured products that were obtained by introducing nickel and chrome oxides into the rutile lattice of titanium dioxide.




  Pigments made up of anisometric crystals show anisotropic behaviour or, in other words, their mechanical, optical and electrical properties vary with direction. Forms of anisotropy are dichroism and pleochroism, as is termed the orientation dependent absorption of differing wavelengths according to the number of resulting spectra. For example, monoclinic chrome yellow crystals, which exhibit pleochroism, show varying effects depending on light incidence, the angle of observation and on their alignment in the medium. The acicular copper phthalocyanine blue is another example of the dependence of absorption spectra upon the radiation path. They differ in the frequency of the absorption maxima, resulting in a change of shade towards reddish blue in reductions. For example, Figure 1.3 shows the extinction spectra of a perylene pigment (C.I. Pigment Red 179) measured at right angles and parallel to the direction of crystal growth.
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  Figure 1.3: Extinction spectra parallel and vertical to the main direction of growth of a perylene pigment




  Source: G. Benzing et al., Pigmente und Farbstoffe für die Lackindustrie, Expert Verlag, Grafenau, 1992




  1.2.3X-ray crystallography




  The structural elements of crystals – atoms, ions or molecules – form spatial lattices with constants, i.e. the distance between the planes, of the same magnitude as the wavelength of X-rays (0.01 to 10 nm). On passing an X-ray beam through such a lattice, the regularly arrayed units form scattering centres and interference effects occur. The X-rays are diffracted by the crystal lattices in the same manner as visible light is diffracted by a plane diffraction grating, and the diffraction patterns thus obtained are characteristic of the diffracting crystal lattice (Max von Laue, 1912). This phenomenon underlies all methods for the X-ray analysis of crystals (Laue, Bragg, Debye-Scherrer). The Debye-Scherrer method is particularly important for pigment characterisation.




  The interference or diffraction pattern results as follows. The elementary waves originating in the structural units of the crystal lattice may, depending on phase displacement, interfere constructively or destructively, giving rise to either reinforcement, attenuation or extinction. The so-called Bragg’s condition:




  2 d sinϑ = n λ (n = 1, 2, 3 ...)




  states that reinforcement of two waves originating from the same beam can only take place when their path-length difference ABC (Figure 1.4) is equal to the wavelength or to an integral multiple of it. This is the case when the incident beam of X-rays strikes the crystal plane at an angle J. This angle is termed Bragg’s glancing angle, d is the interplanar distance and n the arbitrary integer which specifies the order of reflection.




  The powder method of Debye and Scherrer is the usual technique for the structural determination of pigment crystals. A scheme of the experimental arrangement is illustrated in Figure 1.5. Instead of a single crystal, a sample is used which is made up of finely powdered crystals compressed to form a small rod. Since the orientation of the crystals in the sample is totally random, there will always be some crystals with their lattice planes in a position satisfying the Bragg condition when struck by an incident beam of X-rays. Such an arrangement makes it unnecessary to rotate the sample, as is the case in Bragg’s single crystal method. The “reflected” radiation spreads out conically around the incoming beam and results, in the case of photographic recording, in a pattern of circles with a central spot due to the undiffracted beam on a strip of film wrapped concentrically around the sample. The resultant diffractogram is practically an identity card for the examined crystal modification, i.e. of the corresponding pigment.
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  Figure 1.4: Reflection (and diffraction) of monochromatic X-rays at crystal planes according to the Bragg conditions




  [image: ]




  Figure 1.5: Experimental arrangement for the powder method of Debye and Scherrer




  Source: P. Atkins Physikalische Chemie, VCH Verlagsgesellschaft, Weinheim, 1988




  In modern diffractometers the diffraction pattern of the powdered sample is recorded electronically, by means of a suitable X-ray detector.




  In comparison with the single crystal methods of von Laue and Bragg, the powder method shows two advantages: Firstly, there is no need for large single crystals as samples, and secondly, the glancing angles of all lattice planes can be recorded in one operation without rotating the specimen. Further details are given in [3] and [4].




  Figure 1.6 shows by way of example the Debye- Scherrer diffraction diagrams obtained with three samples of monoclinic, tetragonal and rhombic modifications of molybdate red. Only the first two modifications have attained commercial importance. Both the monoclinic and the rhombic modifications are sensitive to grinding. Thus, intensive dispersion may cause primarily a decrease in hiding power.
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  Figure 1.6: X-ray powder-diffraction patterns for the three crystal modifications of molybdate red




  Source: W. Herbst and K. Merkle. Deutsche Farben-Zeitschrft, N°8, 1970, p. 365




  X-ray analysis also allows the detection of a possible isomorphism in pigments that are chemically different. Furthermore, this method is suitable for the examination and control of mixed-phase pigments.




  1.3Particle size measurement




  Being technical products, pigments do not form in a uniform particle size, but consist of different-sized particles. They are said to be polydisperse. The particle size of organic pigments varies between 0.01 and 0.1 μm, that of inorganic pigments being about twice as high. Titanium dioxide may even contain particles of up to 1 jam. Further exceptions are Prussian blue, with a particle size range corresponding rather to that of the organic pigments, high-quality carbon blacks and transparent iron oxides, which have a particle size easily a tenth power below the range of organic pigments.




  Data concerning particle size (average particle diameter, equivalent diameter, spread of distribution, particle size distribution, specific surface area) are considered to be, together with the particle shape and optical constants, the most important data for pigments. Properties such as light absorption and scattering, shade and dispersibility as well as the rheology of the pigmented system depend upon particle size.
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  Figure 1.7: Comparison of the ranges of particle size determinable by different methods




  1.3.1Particle size distribution




  Several methods have been developed for the assessment of particle size distribution. In all cases the preparation of the sample is very important, as this has a decisive influence on the result. In particular, the dispersing medium and the energy input during dispersion play a cardinal role. On the other hand, care must be taken that the level of dispersion does not change in the course of measurement. The dispersion medium usually consists of water or organic solvents. In the case of pigments that are not readily wetted, help is provided by the addition of surfactants.




  The methods most used in practice are:




  

    •Sieve analysis




    •Evaluation of transmission and scanning electron micrographs




    •Sedimentation analysis with disc or ultra-centrifuge




    •Optical methods




    •Ultrasonic attenuation spectroscopy




    •Electroacoustic methods




    •Coulter counter


  




  A classification of these and other methods according to their relevant ranges is shown in Figure 1.7.




  1.3.1.1Sieve analysis




  This method consists of the determination of particle size by means of sieves with different mesh sizes. As its measuring range only records the coarse fraction of the particle size spectrum, this process is only suitable for inorganic pigments to be used in emulsion paints. In many cases it is also of interest to determine the fractional residue of over-size pigment particles considerably exceeding the average particle size. Sieve analysis is not appropriate for reliable information on particle size distribution, all the more so for organic pigments, and is only considered here for the sake of completeness.




  The procedure is as follows: The pigment powder is suspended in water, and this suspension is poured through a sieve of suitable mesh width. The sieve is flushed repeatedly with tap water until the wash water remains clear. The sieve residue is dried, weighed and given as a percentage of the original sample (DIN 53 EN ISO 787-7). A mechanical sieve-residue determination by means of the Mocker apparatus (DIN EN ISO 787-18) also exists.




  1.3.1.2Determination by electron microscopy




  On account of its insufficient resolving power, the light microscope cannot be used for the examination of pigment aggregates, which are as a rule smaller than the wavelength of visible light. For this purpose, resort must be made to the electron microscope, which has a lower limit of registration more than a tenth power below that of the light microscope. The increase in resolving power was possible thanks to L. de Broglie’s theory that electron beams, when considered to be corpuscular radiation, must possess wavelike properties (1924). Hence, the interaction between electron beams and matter results in the same diffraction effects as in the interaction between light and matter. Moreover, advantage was taken of the fact that electron beams, like light radiation, spread in straight lines in a vacuum and can be focused by magnetic and electrical “lenses” just as light beams are focused by glass or quartz lenses.




  Electron microscopic examination enables both a qualitative and a quantitative characterisation of pigment particles. In the first case, transmission electron micrographs make possible the determination of particle size and morphology. The quantitative evaluation, usually requiring higher expenditure, aims at the assessment of particle-size distribution. In principle, differentiation between primary particles, aggregates and agglomerates due to their distinct transparency when viewed by transmitted electron beams is feasible. However, when evaluating clusters or anisometric particles of organic pigments with automatic counting devices, an absolutely reliable discernment of individual structural units concealed in agglomerates is not always possible, thereby impairing the accuracy of the measurement. In such cases, the scanning electron microscope has generally proven to be better.




  A further difficulty arises with coated pigments because, depending on their concentration, the measurement of particle size may be rendered somewhat problematic by the products coating the pigment surface.




  In spite of these limitations, the importance of information afforded by electron microscopic methods is beyond debate. Nowadays they have become an essential help for characterising pigment particles. Their particular advantage in comparison with sedimentation methods is the possibility of determining particle size distribution in the medium of application, e.g. in the coating layer.




  1.3.1.3Analysis by sedimentation techniques




  Sedimentation methods are based on Stokes’ law, which states the relationship between the free falling velocity of a spherical particle in a Newtonian fluid (see Section 3.4.1) and the particle diameter. If this is d, the particle density ρ1 the density of the fluid ρ0 and the gravity constant g, then the downward force F1 is given by the following equation:
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  As the particle settles through the viscous liquid, friction exerts an opposing force F2 on the particle:




  F2 = 3 π d η v




  where   η = viscosity coefficient and




  v = sedimentation velocity




  The settling velocity increases till F2 becomes equal to the downward force. F1 and F2 are then balanced and the particle falls at constant velocity. By equating the two opposing forces, we obtain the expression:
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  Solving this equation for d yields Equation 1.1:




  Equation 1.1:
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  Because of the diminutive size of pigment particles (< 1 μm), settling caused by gravity takes a considerable amount of time. An acceleration of the sedimentation process by means of centrifugal forces is feasible. Thus the ultracentrifuge allows the settling of particles even in the colloidal range (0.01 to 0.05 μm).




  A prerequisite for sedimentation analysis is that each particle must settle freely and independently of its neighbours. This requires concentrations in the range of 0.1 %, and thus the possibility of shock phenomena must always be kept in mind when dilution of the pigment suspension is carried out.




  Whereas the sedimentation process was formerly determined gravimetrically, this is nowadays performed by means of optical methods. In this so-called photosedimentometer technique, a beam of light is passed through the settling suspension and the changes in transmission are continuously measured by a photocell. The transmission values allow calculation of the extinction, which can be carried out on the settling suspension in only one operation. The particle size distribution can be ascertained from the extinction values with aid of Equation 1.1, which was derived from Stokes’ law, and the relationship between the relative extinction area, the optical constants of the pigment and the refractive index according to the theory of Mie. Both white and monochromatic (e.g. laser light) radiation are suitable for the transmission measurements [5].




  Critics of the sedimentation method have pointed out that Stokes’ law is strictly speaking only valid for spherical particles. The sedimentation behaviour of non-spherical particles has not been definitely determined as yet. Nevertheless, in the opinion of experts, the approximation to spherical shape is justified by the Brownian motion of the particles during settling.




  Details on the principles and performance of ultra-sedimentation can be found in the relevant literature [6–8].




  1.3.1.4Optical methods




  The most frequently used methods for determining mean particle sizes and particle size distributions rely on the measurement of scattered or diffracted light from the particles. Mainly, two different methods are used. One is dynamic light scattering (DLS) and the other is laser light diffraction (LLD).




  When light hits dielectric objects that are in the size range of the wavelength of the light, it is scattered. The reason for this is the interaction of the electric field of the light rays with the electrons in the objects, causing them to oscillate. The electrons then send out the energy once again, similar to radio antennas. An oscillating electron cannot send radiation out in the direction of its oscillation, but only perpendicular to it. Therefore the light is partly polarized, depending upon the angle from which it is observed [180]. The direction and the intensity of the scattered light depend upon the refractive index and the absorption coefficient for each wavelength as well as on the size of the particles. Both in LLD and DLS, lasers in the visible part of the spectrum are put to use as light sources.




  Dynamic light scattering (DLS)




  Dynamic light scattering is also called photon correlation spectroscopy (PCS) or quasielastic light scattering (QELS). This method is used to measure particles in the size range between 1 nm and 1 μm. The motion of suspended particles of this size range in liquids is determined by the Brownian motion within the liquid. The Stokes-Einstein equation relates the so-called translational diffusion coefficient with both the viscosity of the liquid and the particle size. By measuring the change in scattered light intensity over very short time periods, the diffusion coefficient is determined. Apart from a mean particle size (Z-average) which is related to the intensity of the scattered light, a polydispersity index is generated that relates to the spread of the particle size distribution. The Z-average can be transformed into a volume average (median) or a number average (mean). Since it is only necessary to determine the fluctuation in the scattered light intensity, the detector is placed only at one angle, normally at 90° to the incident light.




  The particle concentration during the measurement is typically very low. Otherwise, the particles would obstruct their diffusion paths by bumping into each other. Due to the poor light scattering ability of minute particles and their low concentration, the detected signal is very low also and any strong signal that might come either from a large particle or, for example, from a speck of dust will render the measurement meaningless. DLS is not only used to determine the size of nanoscaled particles, but also to establish the sizes of emulsions, polymers and micelles.




  It should be kept in mind that any adsorbed material on the surface of the particles will change their diffusivity. Therefore, the measurements might overestimate the particle size because the hydrodynamic volume may be larger than the geometrical one.




  Laser light diffraction (LLD)




  Laser light diffraction, sometimes also referred to as low angle laser light scattering (LALLS) is used for measuring particles in the size range between 30 nm and 1 mm. When coherent light is directed onto a particle, it is diffracted. Behind the particle the diffracted light can interfere so that a series of maxima and minima will appear, depending upon if the interference was constructive or destructive. Since smaller particles diffract the light to a larger extent (the angle of aperture is larger), the maxima and minima are farther apart from each other than for larger particles and also less pronounced.




  In the case of LLD, the light is either passed through a suspension of particles or through a cloud of particle dust. The pattern that is generated is analysed in order to obtain information on the particle size distribution. The basic requirement for instruments and for the method as a whole is described in the standard ISO 13 320.




  When the method was first utilized in the late 1970s, computers were unable to evaluate the diffraction patterns using, for example, the Mie theory of light scattering because random access memories were insufficient. Therefore, Fraunhofer diffraction algorithms were employed. This was fine for rather course particles, but not for the size range that pigments and fillers normally cover. Therefore, the particle sizes thus determined were, as a rule, too large. In the meantime, computation ability is no longer a limitation and the Mie theory, which covers the size range from the nano-scale onwards, is used for evaluations. In fact, the new ISO 13 320 states that the Fraunhofer evaluation method is only feasible for particles larger than 40 times the wavelength of the laser light used. So, when using for example a He-Ne-Laser with a wavelength of 633 nm, the lowest recommended particle size would be 25 μm.




  1.3.1.5Ultrasonic attenuation spectroscopy (ultrasound spectroscopy)




  In ultrasonic attenuation spectroscopy, an ultrasonic wave with a power in the order of several tens of milliwatts is passed through a suspension of particles and the attenuation α is measured as a function of the frequency and the distance between the source and a detector. The attenuation is given by




  [image: ]




  It has the physical dimension dB/cm MHz. In the above equation, f is the frequency and L the distance between the transducer and the detector. I0 and I are the intensities of the generated and detected ultrasonic waves.




  Ultrasonic waves passing through suspensions of particles in a liquid are attenuated by a number of processes. Firstly, there is an intrinsic absorption αint of the energy of the waves by the liquid phase, since the compression of liquids cause dissipation, meaning that the liquid gains heat. If the particles are compressible, then this will also cause a loss of energy of the ultrasonic waves. This is called thermal attenuation αth and is a major influence when measuring emulsions, for example. Particularly when the particles are rigid, the sound waves can be diffused by scattering, leading to a loss αsca. In ultrasonic spectroscopy this component becomes negligible if the particles are smaller than, say, 5 μm. Should there for some reason be a structural interaction between the particles due to, for example, a high concentration, then a component αst is to be considered. Lastly, there is a loss of energy due to shear and friction at the interface between the particles and the liquid phase, since the particles are accelerated and caused to move back and forth within the liquid by the ultrasonic waves. This component of attenuation is called visco-inertial, αvis. The total attenuation measured is the sum of the individual parts.




  [image: ]




  Using mathematical models and background measurements, it is possible to determine or estimate the individual components and determine a particle size distribution from the data [181]. The advantage of using ultrasonic attenuation spectroscopy to determine the particle size distribution is seen in the fact that concentrated suspensions can be measured. Compared to laser light diffractions techniques, ultrasound spectroscopy gives more detailed information especially on the particle fractions with less than 0.1 μm diameter.




  1.3.1.6Electroacoustic methods




  Particle size measurements can be carried out in combination with measuring Zeta potentials using electro-kinetic sonic amplitude (ESA) or the ultrasonic vibration potential (UVP) techniques. These methods are described in Section 4.2.3.4, “Measuring zeta potentials”.




  1.3.1.7The Coulter counter




  A strongly diluted dispersion of the pigment in an electrolyte has to be prepared for the assessment of particle size distribution with the Coulter counter. This suspension is allowed to flow through a narrow orifice situated between two electrodes. During passage through the aperture, each particle displaces its own volume of the electrolyte. Since the conductivity of the particles differs from that of the electrolyte, the volume displacements give rise to deviations in the conductivity that are proportional to the particle volume. These changes in conductivity are registered by means of an electronic counter.




  This method is suitable for particles of 0.2 μm and less. Opinions differ as to its accuracy. It has been stated that extremely small particles remain undetected, particularly when the particle size spectrum is very narrow. This is attributed to a “shading” effect of the bigger particles. On the other hand, the possibility of pigment re-agglomeration during dilution must be taken into consideration [9, 10].




  1.3.1.8Methods of presenting results




  The results of empirically determined particle size distributions can be presented in various ways, such as:




  

    •Tables




    •Histograms




    •Curves




    •Non-linear representations such as power-function and logarithmic grids for sum distributions


  




  In practice, graphical methods are preferred due to their better clarity (DIN ISO 9276-1). When the result consists of ten or less measurements, then a histogram is the proper procedure. In this case the relative size frequency is plotted in rectangular bar form versus a specific particle size parameter, e.g. equivalent diameter (Figure 1.8a). In case of more than ten measurements being available, the representation as a curve could be more convenient (Figure 1.8b). The sum distribution, which shows the cumulative size frequencies up to a given size as a function of the corresponding equivalent diameters (Figure 1.8c) is also often used. Plotting such sum distributions on non-linear grids (power, logarithmic or probability grid) enables easy inter- and extrapolations (Figure 1.8d). There are special standards for some of these representations, e.g. power-function grid (DIN 66 143) and log-normal grid (DIN 66 144).




  [image: ]




  Figure 1.8: Representation of particle size distribution: (a) histogram, (b) distribution curve, (c) cumulative distribution, (d) cumulative distribution on probability grid




  Frequency as well as cumulative distributions can be presented as relative number, volume, mass or surface area distributions plotted against the equivalent diameter. Ultimately, the manner of presenting the results will depend on the one hand on the method of determination, and on the other hand on the purpose for which the determination was carried out. Thus, for example, results from the evaluation of electron micrographs are best interpreted if presented as numerical distribution. When coloristic points of view are the most important criteria, mass or volume distributions should be preferred, as the extinction of the pigment particles, which plays the decisive role here, is proportional to their mass. When studying particle size distribution with a view to dispersibility, presentation of the results as a surface-area distribution is more informative because pigment dispersibility is connected with its surface energy.




  An example for the result of particle size distribution analysis is the bell-shaped normal or Gaussian distribution (Figure 1.8b). However, the particle size distributions of pigments, especially organic pigments, are very often unsymmetrical. In such cases, it is better to resort to log-normal distribution paper (DIN 66 144). When the particle size distribution in question corresponds to a log-normal distribution, its cumulative distribution on this kind of paper results in a straight line.




  1.3.2Specific surface area




  The specific surface area is defined as the surface area per weight unit of the pigment. It is usually given as square metres per gram. The mean particle diameter (in the case of spherical particles) or the mean equivalent diameter (when the particle shape diverges from the spherical) can be derived from this value. In addition, the specific surface area is, as a rule, an important concept for characterising pigments, as their application behaviour is strongly related to their surface area and its properties.
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