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  Preface




  This is not a conventional textbook about colloidal chemistry or the sol-gel process. Many excellent textbooks already have been written about these subjects [1, 2, 5, 23, 60, 137]. This book aims to be a guide for the practical worker and uses an unusual approach. It focuses on practical examples mainly from the patent literature, accompanied by interpretations and explanations. The theoretical basis for these explanations is given in a preface to each example at a minimum level.




  When I was a beginner in sol-gel chemistry, now almost 22 years ago, I often felt kind of lost because in publications, textbooks, or the patent literature the authors did not reveal the rationale behind their decisions to use exactly this solvent, that catalyst etc.




  I always wished for a book for the praxis-orientated beginner which explains all these questions. Now, since I never came across such a book, you hold in your hands my answer to this need.




  The interpretations and explanations stem from my own lab experience and are not official statements of the inventors or applicants. The explanations and examples cannot and will not be complete and are not meant to be so. They focus on some practical aspects and try to explain the theoretical background with the help of the examples. Where necessary, all examples have been reworked and adapted for better readability.




  Such a book always is a balancing act. A practical guide should be a pragmatic shortcut to a basic understanding and getting quick results. The necessary simplifications should be tolerated by the more experienced reader. Wherever it was possible and appropriate, further literature is recommended for a deeper understanding of the subject.




  I hope you can feel the joy and excitement I felt during my lab work and during the writing of this book. Even more so, I hope that you feel inspired and can enjoy your own experiences with sol-gel- and nanotechnology.




  Your feedback and comments are highly welcome and can be directed to the mail address sol-gel@arcor.de.




  Gerhard Jonschker




  Heppenheim, Germany, January 2014




  

    Important: Intellectual property rights:




    For sure the special feature of this book are the many examples and their interpretation. They are meant to teach the theoretical background and should help to transfer knowledge quickly to practical applications.




    The sources of these examples in most cases are patents. The author and publisher would like to emphasize, that by printing the examples and by explaining several aspects of them by no way the rights of the patent owners are restricted. Therefore, since some of these patents are still in place and binding, the buyer or reader of the book has no right to use these patents without permission of the owners.




    Please respect the intellectual property and contact prior to a commercialization of your product the owner of patents you could possibly infringe.




    The author and publisher do not accept any liability which might result from not respecting the legal frameworks.
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1 What is sol-gel and nanotechnology?




  
1.1 Definitions




  According to W. Ostwald, colloids are a field which is only for practical reasons separated within the larger field of dispersed systems [7].




  Definitions are important because they allow that a topic can be discussed without misunderstandings. When talking about sol-gel and nanotechnology this seems to be especially important, because nanotechnology is no scientific field on its own, but rather a conglomerate of almost all scientific disciplines, ranging from chemistry and physics over materials science to e.g. medicine.




  The BMBF (the German Ministry of education and research) defines the term nanotechnology as follows: “Nanotechnology describes the production, analysis and application of structures, molecular materials, inner interfaces and surfaces exhibiting at least one critical dimension or production tolerance smaller than 100 nm. The nanoscale nature of the components of the system alone is responsible for the new functions and properties to improve existing or develop new products” [3].




  The second part of this definition is very important, because it separates nanotechnology from many products which contain nanoparticles by nature or by accident, or those products where the nanostructures are not relevant for the value at use. Nanotechnology thus incorporates the knowledge about structure-property relationships and the deliberate production of particles or structure in the nanoscale.
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  Figure 1.1: Nanoparticles put into perspective of other materials and technologies
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  Figure 1.2: Important definitions of nanomaterials




  Now it becomes clear, that nanotechnology cannot be a defined market or a precisely defined industry. Nanotechnology rather is an artificially designed scientific discipline, which covers different materials and processes, as well as simply a description of a dimension in material- and process development.




  The sol-gel process is one aspect of nanotechnology. It describes the preparation of nanoscaled objects like e.g. particles and their processing to nanostructured materials. One process step thereby includes the solidification of a liquid nanoparticle dispersion (sol) by interparticulate forces to a gel.




  Figure 1.1 can help to put nanoparticles into perspective of other materials or technologies. The gray shading illustrates the relevant dimensions for the sol-gel process and nanotechnology. Some further definitions are shown in Figure 1.2.




  With regard to a consistent definition, it can be problematic that almost every material contains nanoparticles or consists of nanostructures, if you just look close enough with suitable microscopes. Therefore, the second part of the nanotechnology definition refers to the special, deliberate property profile which is caused by the nanostructures (compare “Health, safety and environmental aspects of nanoparticles”, Chapter 7).




  In order to be able to talk effectively about sol-gel- and nanotechnology, some further definitions are necessary. The german norms “ISO” help us out with useful descriptions. According to ISO TC 24/SC 4, TC 146, TC 209:




  Particle




  A very small piece of material with defined physical limits.
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  Figure 1.3: Illustration of different forms of nanomaterials




  Aggregate




  A collection of particles with strong interparticulate bonds (covalent or even sintered necks), whose resulting surface area is significantly smaller than the calculated sum of the surface areas of its components.




  Agglomerate




  A collection of weekly bonded particles or aggregates, whose surface area is comparable to the sum of the calculated surface areas of its components.




  The term “monodisperse”, in contrary to “polydisperse” describes a group of particles which are homogeneous with regard to their size and shape. Officially a special limit does not exist, but ±10 % variation seems to be a suitable value. Monodispersity in most cases is a desired property of the dispersion, because it allows a more precise control of the properties of the material which is to be synthesized. This is important, especially for the preparation of transparent nanocomposites or coatings to avoid haziness caused by larger particles or agglomerates.




  
1.2 Historical and actual facts




  “It’s a pity that even now, colloidal chemistry has become an almost unmanageable field of science” (W. Ostwald 1927).




  Nano- and sol-gel technology are not new and since centuries are used to prepare materials with extraordinary properties. Gold-ruby glass for example is one of the oldest nanomaterials. Described already by the sumerians in 700 BC, German chemist Kunkel rediscovered this ancient technology [4]. Nano gold particles are responsible for the beautiful red color. Their agglomeration is prevented by addition of SnO2 to the liquid glass melt. In 1900 Zsigmondy described monodisperse gold particles as the basis for this technology [5].




  Another example are carbon nanotubes, which can be found e.g. in the multiply folded steel blades of Japanese master forgers. In this case nanotechnology was used without knowing the structure-property relationships. Today’s discussion tends to use the term nanotechnology only in these cases, where knowingly and deliberately nanostructures are used to develop materials with new properties.




  In 1947 for the first time Taniguchi proposed the term nanotechnology for these applications [6]. Decades before him, Ostwald already described the “world of the neglected dimensions” in a lecture series around the year 1910. He focused on materials ranging in size from 1 to 100 nm known as colloids, materials, which are not held back by conventional filters. Still today, his book is a fascinating source of inspiration, describing some early commercial applications of nanotechnology [7].




  A decisive breakthrough for today’s popularity of chemical nanotechnology however was besides others the work of Schmidt et al who dealt with the synthesis and applications of organically modified inorganic materials [8, 87]. These materials, which are often referred to as “ormocers”, “ormosils”, or “ceramers”, open up a new world full of possibilities for materials science by combining organic polymers with inorganic building blocks. Some of them are described in more detail in the following pages.




  
1.2.1 Nanotechnology as part of our daily life




  We cannot avoid coming into contact with nanotechnology, because nanotechnology is a universal building principle of nature, even more so, it is a basis for our existence. It makes sense to look at the deliberate and coincidental points of contact with nanotechnology in our lives to better understand the breadth and the nature of nanotechnology.




  A typical day with nanotechnology




  We start the day with a refreshing shower in the nanocoated easy-to-clean shower cabin, put on our silver nanoparticle impregnated socks and impregnated stain-proof tie. On our way to work, we drive with fuel-saver tires, reinforced with nanoscaled carbon black and silica.




  During the drive with our new car with a scratch-proof clear coat due to silica nanoparticles we produce exhaust gases loaded with nanoscaled carbon black, even though they had been purified by our noble metal nanoparticles containing catalyst. At work, we use the newest CPU made by “26 nm technology” and print our documents with laser printers using nanostructured toner particles.




  After work we relax with a tennis match, of course with the carbon nanotubes reinforced new racket. Finally at home at candlelight we read the novel “prey” from Michael Crichton [9] and shiver at the thought of wild swarms of nanoorganisms turning the world into a gray goo. During reading, we inhale the nanoparticle soot produced by the candle flame. While brushing our teeth at the evening of this busy day with a toothpaste containing nano-apatite which remineralizes our teeth, we look in the mirror and see the most perfect nanomachine of all – ourselves, because most processes in our body run on the nanoscale [10]




  The different reports and estimations of the current and future market potential of nanotechnology were collected in fall 2011 by the German BMBF (Ministry of education and research). They outbid each other in euphoria and differed by billions of euro – why [11-13]?
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  Figure 1.4: Changes of “breakthrough”-technologies in the public perception over time




  Source (picture): Sumba, www.piqs.de




  Nanotechnology is, as already discussed before, no market of its own, therefore it is difficult to draw a line. Today’s computer processors are without doubt nanotechnology, proudly Intel advertises its 22 nm architecture.




  What turnover can now be accredited to nanotechnology? That of the processor, the motherboard, or that of the whole computer? How this question is answered will significantly affect the market potential of nanotechnology which is published.




  Of the whole computer, only a tiny fraction is nanotechnology, however a decisive one. This opens up the question how to generate turnover and profit with nanotechnology. This is occasionly called the “nano-trap” [14].




  A practical example can be an easy-to-clean coating of shower cabins. Calculated from the typical raw materials, a 100 nm thick coating, applied at 0.1 g/m2 causes € 2 – € 5 material costs when an area of 10 m2 is coated. An end customer however pays a premium of up to 250 € per shower cabin, thereby generating a value of roughly € 25,000 per kilogram nanocoating which is kept by the producer or seller of the shower cabin.




  For a material producer it should be difficult to get a significant piece of that cake if the technology and the application are not thoroughly protected by patents or other hurdles. At the end, the major part of the generated value stays with the producer or seller, in spite of the fact that the R&D of that nanotechnology coating might have been a risky venture, burning a lot of money. These and further problems in realizing the full monetary potential of nanotechnology innovations led to the discrepancy between the high expectations and the so far realized commercial success.




  Meanwhile, a more realistic approach to the market potential of nanotechnology is favored. Not nanotechnology by itself, but rather the achievable and affordable customer advantage is in the focus.




  This situation is nothing specific. Not only nanotechnology, but almost every new technology breakthrough in the beginning causes euphoria about the limitless opportunities. With time, market participants realize that not the technology itself can be sold, but only economically sound problem solutions for a paying customer.




  A consequence is, that the high expectations cannot be fulfilled and disappointment arouses. Sooner or later the new technology gets absorbed and integrated into current product development cycles and a market pull for the new problem solutions develops. It is this stage of development, nanotechnology is in today.




  
1.3 Nanotechnology in the development of paints and coatings




  Nanotechnology has already been used in the development of paints and coatings since a long time. Many pigments exhibit dimensions in the nanoscale and water-based coating resins consist of nanosized polymer droplets. So it is not surprising that the German organization of the coatings industry (VdL) describes the future perspective of nanotechnology like this: “Nanotechnology is a key technology of the future and gains more and more importance also in the fields of paints and coatings. The improvement of conventional coatings and the realization of new functions with the help of nanotechnology will increase in the following years” [353].




  Before nanomaterials can be used in the development of coatings, they have to be synthesized first. The problems and possibilities of the manifold synthesis processes are discussed in the next Chapter 2.




  
2 Synthesis of nanomaterials




  “The colloidal state is a universal state of matter” Wolfgang Ostwald wrote in 1922. Nanotechnology describes only a dimension, therefore in principle almost all materials can be brought into a nanoscaled state. During the synthesis of nanomaterials, three critical success factors are important and shown in Figure 2.1.




  The synthesis of nanomaterials with defined specifications in many cases is difficult, because structure-property relationships are not known and must be determined in largescale series experiments. After their synthesis, agglomeration of nanoparticles has to be prevented in order to make use of their specific properties. The third important point is the adaption of nanomaterials to their environment. Nanoparticles usually are not synthesized directly in the medium they are used in at a later stage of the process and the transfer requires a suitable surface modification.




  In the following chapters, step by step the critical success factors for the synthesis of nanoparticle dispersions are discussed, starting with the synthesis. Two basic routes are known to synthesize nanomaterials. Either something big is broken down into smaller pieces or something very small is grown in a controlled way to yield nanoparticles. These approaches are known as top-down and bottom-up synthesis pathways.
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  Figure 2.1: Critical parameters of success during the synthesis of nanomaterials [15]




  [image: image]




  Figure 2.2: Top-down und bottom-up approach for the synthesis of nanomaterials




  
2.1 Top-down processes




  During a top-down synthesis, bigger structures are broken down to smaller structures by energy-intensive processes like milling. In order to protect the particles from agglomeration, the generated new surfaces have to be coated with significant amounts of surface modifiers. For 20 nm sized particles, up to 15 weight% are necessary. Smaller particles due to their larger surface can need even more.




  During milling, more and more energy is put into the system in the form of freshly generated surfaces. At some point in time, the tendency of the system to reduce its energy content by agglomeration becomes so dominant, that longer milling does not lead to a further decrease of particle size




  A disadvantage of top-down processes is the high energy consumption. For dispersing an agglomerated, coarse powder into a nano-dispersion, ball mills of some kilowatts per hour are necessary, which need up to 10 hours to break down the bigger particles. During this process, a contamination of the nanoparticles by the mill has to be taken into account.
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  Figure 2.3: Surface modifiers are necessary to avoid the formation of agglomerates during milling
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  Figure 2.4: Transparency of zirconium dioxide dispersions as a function of milling time in a high energy mill




  Source: Bühler AG




  [image: image] Example 1: Preparation of a ZrO2 (zirconium dioxide) nanoparticle dispersion by milling [16]




  

    1,000 ml of distilled water, 400 g of zirconium dioxide (BET surface 150 ± 10 m2/g) and 60 g of 3,6,9-trioxadecanic acid are placed in a reaction vessel and mixed for 30 minutes while stirring. The obtained mixture is milled in an agitating ball mill for 4 hours (Drais Perl Mill PML-H/V, 1,700 g milling balls, zirconium silicate, ball diameter 0.3 to 0.4 mm, continuous operation in circular mode). The colloid obtained in this way contains particles with an average particle diameter of d50 = 0.0118 μm (UPA).


  




  Avoiding agglomeration




  During milling, the decisive point to avoid agglomeration is to occupy the newly generated surfaces quickly with a surface modifier. Trioxadecanic acid is such a modifier with an exceptionally strong affinity to metal oxide surfaces, which also is used to control the wet chemical synthesis of other oxides, like e.g. ITO.




  15 to 20 weight% surface modifier, in relation to the weight of the nanoparticles is a common value. This large amount of organic contamination is carried through all the following process steps and usually has to be removed at some point. Also, a contamination by the material of the mill should be considered.




  [image: image] Example 2: Preparation of an ITO indium tin oxide nanoparticle dispersion [17, 18]




  

    140 g indium (III) chloride (0.63 mol, anhydrous), 18 g tin (IV) chloride · 5 H2O and 5.6 g caprolactam were added to 1,400 ml water and stirred. After a clear solution had been formed, this was heated to 50 °C. Once this temperature had been reached, 105 ml ammonium hydroxide solution (25 %) were added dropwise under vigorous agitation. The produced suspension was stirred for a further 24 hours at a temperature of 50 °C. A further 280 ml ammonium hydroxide solution were then added to the mixture for full precipitation.




    A white deposit consisting of indium hydroxide was formed, which was centrifuged off (30 min at 4000 rpm). The powder was dried in a vacuum drying oven at 190 °C until a slight yellowing of the powder could be determined. The dried powder was finely ground in a mortar, spread out in crystallising trays and placed in a forming gas oven. The oven was evacuated, then flooded with nitrogen. The oven was heated at a heating rate of 250 °C/hour to 250 °C with a nitrogen flow of 200 l/h. This temperature was maintained for 60 minutes under a forming gas atmosphere at a gas flow of 300 l/h. The oven then cooled to room temperature under a nitrogen atmosphere (duration approx. 5 hours). This resulted in dark blue ITO powder.




    A mortar mill is charged with 25 g of a mixture of 50 % by weight ethylene glycol, 50 % by weight diethylene glycol monobutylether, and 5.6 g of 3,6,9-trioxadecanic acid. 75 g of ITO powder are added slowly, and milling is carried out for 2 hours. This results in a dark blue suspension of high viscosity which is homogenized on a roller bed for approximately 20 minutes. The resulting suspension is redispersed in ethanol by introducing 43 g of the suspension thus obtained into 57 g of ethanol and stirring.




    Separation of the ethanol produces ITO powders which are redispersible in ethanol to a particle size of less than 20 nm. The primary particle size is 10 to 11 nm, the specific surface area 70 m2/g. Isoelectric point: 7.2. The tin content is usually 8 mol-%. From these powders it is possible to apply sol-gel layers which, at a film thickness of 400 nm with a baking temperature of 550 °C, are able to realize a transmission > 90 % and a surface resistance of 160 Ω/square on glass.
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  Figure 2.5: Trioxadecanic acid is a surface modifier with the capability of establishing chelate bridges to the surface




  ITO indium tin oxide nanoparticle dispersion




  When synthesizing nanoparticles via controlled wet chemical methods, it is important to avoid the formation of irreversible aggregates. One possibility is to use surface modifiers right from the beginning during the precipitation step. Thereby the newly generated surfaces are immediately covered by the modifier and agglomeration as well as aggregation is reduced to a great extent.




  The use of caprolactam in this example is such a case. The co-precipitation of the ITO yields agglomerated nanoparticles which can be redispersed to primary particle size, because their active surface had been covered and growth had been stopped by the surface modifier. A further effect is that the size of the primary particles can be controlled by the amount of the surface modifier if the adsorption on the surface is strong enough (compare Figure 3.18, page 49) [63].




  If thermally treated nanoparticle agglomerates have to be dispersed, strong shear forces are necessary. In this example the thermal treatment was used to foster crystallization and thus a three roll mill is necessary to break down the aggregates. As pointed out before, the newly generated surfaces have to be protected again with a surface modifier. Trioxadecanic acid is a very effective modifier which coordinates with its carbonic acid function and the ether oxygen atoms to the surface of the nanoparticles.




  The first step in the nanoparticle synthesis of the example is the solubilizing, diluting and heating of indium and tin chloride. Under these conditions, already hydrolysis and formation of chloride-stabilized seed particles takes place (compare Table 2.2, page 25). It is not known if this step is decisive for the product quality, however it is important to understand, that even the smallest detail like the dilution of the salt solution can be very important for the final product.




  
2.2 Bottom-up processes




  Bottom-up processes use atoms, ions or molecules to build up the nanoparticles via physical or chemical processes. A rough segmentation can be done via the phase in which the reaction takes place, so gaseous, fluid and solid state processes are distinguished. Table 2.1 shows examples of several known bottom-up processes.




  Table 2.1: Physical and chemical methods for nanoparticle synthesis




  

    

      

      

      

    



    

      	

         


      



      	

        Physical processes


      



      	

        Chemical reactive processes


      

    




    

      	

        Gas phase processes


      



      	

        PVD


        LASER-evaporation


        Plasma processes


        Metal wire explosion


      



      	

        Flame pyrolysis


        CVD


        Hot wall reactors


      

    




    

      	

        Liquid phase processes


      



      	

        Dissolving and precipitation in solvents


        Dissolving in supercritical gases followed


        by relaxation


      



      	

        Controlled precipitation Sol-gel processes Electrochemical processes


      

    




    

      	

        Solid phase processes


      



      	

        Phase separation in glasses and metals during cooling (e.g. gold ruby glass)


      



      	

        Reactive milling [19]


      

    


  




  In a first step, the components/educts of the to-be-synthesized nanoparticle are evaporated or solubilized. Supersaturation leads to seed particle formation, which then aggregate to bigger structures (compare Figure 2.8, page 25).




  At this point in time it is decided whether the nanoparticles can be protected by surface modifiers against agglomeration and aggregation. Once built, bigger clusters are very hard to separate again in further processing steps.
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  Figure 2.6: General scheme explaining bottom-up nanoparticle synthesis




  
2.2.1 Nanoparticles synthesized by gas phase processes
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  Figure 2.7: Electronmicroscopy pictures of nanoscaled zinc oxide, synthesized via gas phase reaction (left) and by wet chemistry (right)




  Source: Merck KGaA




  Gas phase processes usually run at very high temperatures. Therefore organic surface modifiers cannot be introduced at the process step when seeds and particles grow. Only after having cooled down below the decomposition temperature of the organic component, the surfaces can be modified. At this point in time however, most aggregates and agglomerates are already generated. Big efforts therefore are necessary to break down these bigger particles down to primary particle size in formulations.




  One of the most well-known examples of the gas phase process for nanoparticle production is the flame hydrolysis of SiCl4 to pyrogenic silica, known as “Aerosil” or “Wacker HDK”. The highly aggregated structure of the SiO2 is the basis for its application as thickener in paints and coatings (compare Figure 3.4, page 38).




  In wet chemical processes, organic surface modifiers can be used right from the start of the reaction and thereby are able to suppress agglomerates and aggregates from the beginning. Smaller and monomodal particles can thus be produced more easily. This is evident when particles produced by wet phase and gas phase processes are compared directly like in Figure 2.7.




  The particles in the left picture show aggregates, whereas the particles in the right picture (wet process) are much more homogeneous in size and without aggregates. It should be noted however, that particles stemming from the gas phase synthesis were treated at higher temperature and thus can show higher mechanical and chemical stability compared to particles stemming from wet chemistry methods.




  
2.2.2 Nanoparticles synthesized by wet chemical methods




  If the concentration of a material in a solvent is increased beyond its solubility limits, seed formation takes place, followed by growth, aggregation and the formation of a precipitate.




  One of the first lessons in practical chemistry: If solutions of BaCl2 and Na2SO4 are mixed, a white precipitate of BaSO4 appears. What once was feared in the practical training now is one of the goals of nanotechnology: the formation of a colloidal precipitate, which cannot be held back by conventional filter paper. The following part of this book focuses on the aspects which should be considered to succeed in this goal.




  Table 2.2: Possibilities to synthesize nanoparticles by wet chemical synthesis [20]




  

    

      

      

      

    



    

      	

        Superordinate principle


      



      	

        Execution


      



      	

        Example


      

    




    

      	

        Y is displaced by X


      



      	

        Controlled precipitation of a hardly soluble compound MeX


      



      	

        BaSO4 from BaCl2 and Na2SO4


      

    




    

      	

        Hydrolysis by heating or diluting a concentrated salt solution


      



      	

        TiO2 Synthesis from TiOCl2 or TiOSO4 [20]


      

    




    

      	

        Hydrolysis of metal-organic groups in the sol-gel process


      



      	

        SiO2 “Stöber” synthesis (compare Example 3)


      

    




    

      	

        Y is removed or decomposed, X takes the free place


      



      	

        Chemical decomposition of Y by a redox-reaction or electrolysis


      



      	

        Electrochemical synthesis of ZrO2 starting from ZrOCl2 with Ir-electrodes


      

    




    

      	

        Thermal decomposition of Y


      



      	

        Cr2O3 from Cr-acetate (compare Example 19)


      

    




    

      	

        Ion exchange of Y against X


      



      	

        Synthesis of colloidal silica sol (compare Example 5)


      

    


  




  Many different processes to produce nanoparticles are known, but they all can be traced back to some basic concepts. When a nanoparticle of the composition MeX is to be synthesized from an educt MeY, Y has to be replaced by X. This can be done by different methods (Table 2.2).




  In a wet chemical synthesis of nanoparticles, first a supersaturated solution is prepared from which seeds are growing and in a following step aggregate to bigger clusters. In contrast to processes in the gas phase, the reactive species are not generated by evaporation but by a chemical reaction. The crucial point which determines the decisive difference in homogeneity and dispersability between gas phase and wet chemical processes is the possibility to introduce soluble surface modifiers and thereby controlling the seed formation and growth.




  LaMer [22] influenced the common understanding of these processes with his model. According to his model, seed formation happens in a homogeneously supersaturated solution.




  The rising concentration of the hardly soluble product in the reaction mixture first exceeds the saturation limit and enters the supersaturated area. Seed formation is kinetically hindered until the concentration reaches the critical seed formation concentration. Starting from this point, the speed of seed formation becomes measurable [21, 22].




  The seed formation and growth lowers the concentration of solubilized material until at some point in time it is again lower than the critical seed formation concentration. The time frame between exceeding and falling under this critical seed formation concentration is called seed formation phase.




  After that, in the supersaturated area, seed growth takes place until the super saturation approaches the equilibrium concentration (compare Figure 2.11, page 27, Figure 2.8) [5].
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  Figure 2.8: LaMer model of seed formation in homogenous supersaturated solutions [22]
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  Figure 2.9: Correlation between seed stability and surface tension. Surface modifiers decrease the region of instable seeds




  During the seed formation phase, formation and dissolution of seeds are concurring processes driven by the surface energy and the lattice energy of the seed.




  If the energy gain by the lattice formation is higher than the energy which is necessary for generating the new surface, the seed will grow. If not, the seed is instable and will dissolve again.




  Lattice energy is a material constant and can hardly be changed. Surface energy however can be influenced by additives, solvents and surface modifiers. If lowered, more stable seeds are generated earlier in the process, leading as a consequence to smaller particles in the final product (Figure 2.9).




  Finally, the concentration plays a decisive role. At concentrations below the critical seed formation concentration, dissolution of the seeds is favored, whereas at concentrations above, growing can lead to stable seeds more easily [23].




  By increasing the temperature, the critical seed formation concentration is reached faster and thus a greater number of seeds are generated compared to lower temperatures. The available material for seed growth is distributed between the larger number of surviving seeds, causing smaller particles in the final product.




  A general rule thus says: The higher the temperature, the smaller the particles. A practical application of this rule can be found in Example 3 on page 29, the Stöber synthesis of SiO2 nanoparticles. With identical composition, the final particle size can be varied in a wide range of approximately 15 to 800 nm just by changing the temperature [24, 25, 67].




  The structure of the resulting nanoparticle is influenced to a great extent by the colloidal stability of the seeds in the reaction media (compare “Stabilization of nanoparticles against agglomeration”, page 40). Stable seeds grow by deposition of soluble material on the seed, whereas instable seeds aggregate to bigger clusters. The formation of colloidal silica sol by ion exchange (compare Example 5, page 31) is carried out under conditions of stable seeds, whereas the Stöber process runs under destabilizing conditions due to the high-temperature and high ion strength of the reaction medium.




  [image: image]




  Figure 2.10: The further development of the seeds and thus the stability of the resulting particle is dependent on the colloidal stability of the seeds in the reaction medium (compare “Electrostatical stabilization”, page 41)




  Influence on the seed formation rate




  As a result, particle morphology and the resulting final material properties like density or porosity differ. For the synthesis of nanoparticulate dispersions and in order to avoid precipitation, the seed formation has to stop at a point, when the particles are still in the nanoscale region. This can be achieved by keeping the seed formation as short as possible, which translates into a very high seed formation rate. By keeping the seed formation short, the formation of monomodal dispersions, which means dispersions with a narrow particle size distribution is favored [26].




  In literature the separation of seed formation and seed growth is a widely accepted concept for the preparation of stable nanoparticle dispersions [5]. The nucleation period should be as short as possible and during the following phase of seed growth the concentration should never exceed again the critical supersaturation threshold (compare Example 3, page 29).
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  Figure 2.11: The separation of seed formation and seed growth is important for the synthesis of monodisperse nanoparticles
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  Figure 2.12: Critical parameters during seed formation.




  2.2.2.1 Ostwald ripening




  If in a dispersion particle sizes differ to a great extent, Ostwald ripening can be observed. The smallest particles dissolve and the solubilized material deposits on the bigger particles. The driving force for Ostwald ripening is the correlation of the solubility with the curvature radius of the particles. Analytical chemistry uses Ostwald ripening to improve the retention of fine precipitates in filtering processes (e.g. barium sulfate) [27].




  A very short nucleation phase needs a fast, complete and homogeneous mixing of the educts as a prerequisite. Unfortunately this is not often the case, because reaction speed exceeds mixing speed in most cases. So the reaction is completed before the educts have been mixed thoroughly, resulting in inhomogeneous seed formation and growth.




  Critical parameters of seed formation




  If, like it is the case for ionic reactions, the reaction speed is very high, Figure 2.13 shows two possibilities of particle size distribution development, depending on the speed of seed formation and mixing speed.




  If monomodal particle dispersions are the objective of the synthesis, mixing speed should always be higher than the speed of seed formation. Conventional mixing devices cannot always deliver such a high mixing speed, therefore processes have been developed, which ensure a thorough homogenization in short time. The “micro jet high gravity reactor” [28] or the “controlled double jet precipitation” [29] are examples of such devices.




  [image: image]




  Figure 2.13: Dependence of the particle size distribution on the speed of mixing and the speed of seed formation




  Synthesis of titanium dioxide or copper oxide with the “high gravity reactor” have been described [30, 31]. Since such special reactors cannot be used in every case, nanoparticle synthesis in conventional stirring vessels are conducted at low solid content to avoid uncontrolled agglomeration and precipitation.




  Even particles like dust which were brought in by accident can act as seeds for the formation of nanoparticles (compare “Interference pigments”, page 76). Therefore during synthesis and handling of colloids, cleanliness is important. Literally each dust particle is a potential seed.




  Special emphasis should be put on impurities and byproducts which act as electrolytes. A precipitation of BaSO4 from BaCl2 and Na2SO4, besides the product also generates NaCl which destabilizes the synthesized colloid (compare “Electrostatical stabilization”, page 41). If a simple peptisation by removal of the salt (e.g. by washing with deionized water) is not feasible, alternative sources for Ba2+ and SO42- have to be taken into consideration.




  2.2.2.2 Hydrolysis




  The basics of the hydrolysis of aqueous salt solutions are known to every chemist. If solutions of ZnCl2 or FeCl3 are diluted and/or heated, after some time a precipitate of the corresponding hydroxide or oxide is generated. OH- ions have displaced the chloride ions and the hydroxide precipitates.




  Commercially, this principle is used for the synthesis of titanium dioxide pigments. Details can be found in the reviews of Matijevic [32, 33].




  The hydrolysis of metal and silicon alkoxides is a central reaction step in the sol-gel process. The basics of these reactions are discussed in “Coating resins made by nanotechnology – The sol-gel process” starting in Chapter 5, page 91.




  [image: image] Example 3: Preparation of a SiO2 dispersion via the Stöber process [34]




  

    A hydrolysis mixture is prepared which consists of 13.5 g (0.75 mol) of water, 64.4 g (1.4 mol) of ethanol and 6.4 g (0.38 mol) of ammonia. To this hydrolysis mixture, thermostatted at 40 °C, 4.2 g (0.02 mol) of tetraethox- ysilane, likewise thermostatted, is added in one batch with thorough stirring. A sol of primary particles having mean particle diameters of 58 nm with a standard deviation of 5 % is obtained.




    To the sol of primary particles thus obtained, 650 g (3.1 mol) of tetraethox- ysilane and 5.9 l of hydrolysis mixture are added dropwise while stirring over a period of 5 days. Spherical SiO2 particles having mean particle diameters of 3.1 μm with a standard deviation of 1.3 % are obtained.


  




  Factors influencing the seed stability




  During the synthesis of colloidal silica sols (compare Example 5, page 31) a solution of metastable silicic acid Si(OH)4 is prepared via sodium ion exchange, starting from water glass solutions. The Stöber process however is performed under alkaline conditions using ammonia as a catalyst and organoalkoxysilanes as a silica source (compare: “Hydrolysis and condensation”, page 94).




  Under these conditions, hydrolysis, but especially condensation reactions take place at a very high speed and within seconds a large number of SiO2 seeds are generated which aggregate to larger particles. By variation of the temperature, the particle size can be increased or decreased in a controllable manner. The higher the reaction temperature, the smaller the particles will be.




  The pH during the synthesis of colloidal silica sol by ion exchange is acidic and it is only the final product which is stabilized by adding defined amounts of alkaline ions to adjust a high pH. But not only the difference in pH is crucial. Whereas the ion exchange process generates almost pure Si(OH)4, during the Stöber process large amounts of ions [NH4+, OH-] are present. This implies consequences for the stability of the seeds.




  In both processes, in a first step seeds are generated, which either can grow or aggregate to bigger particles. The ion exchange favors seed growth, whereas the Stöber process leads to seed aggregation. Thus the structures of the resulting SiO2 particles are different.




  In a variation of the Stöber process, seeds which have been prepared in a separate reaction are introduced to direct the particle growth. Patchwork-like the seed grows by aggregation of the newly created seeds. In the ion exchange process, new seed formation is suppressed, because freshly generated Si(OH)4 deposits on and reacts with the particles which are already present.




  2.2.2.3 Controlled precipitation and peptisation




  The first step when using peptisation for the preparation of nanoparticle dispersions is the precipitation of a hardly soluble product. Typically, the precipitate consists of agglomerates of nanoparticles which cannot remain dispersed in the reaction media. The reason may be a high ion strength caused by salt formation and/or a low zeta potential of the product at the pH of the reaction medium.




  As long as the precipitate is surrounded by a mother liquid with a high salt concentration, the nanoparticles cannot be redispersed again. During peptisation, the precipitate is washed until the salt concentration is significantly reduced.




  In some cases at this point the precipitate redisperses itself spontaneously, but more often the zeta potential has to be adjusted by a shift of pH or the adsorption of a surface modifier (compare “Electrostatical stabilization”, page 41). Shear forces, like intensive stirring support the dispersion step.




  [image: image] Example 4: Preparation of a colloidal ZrO2 dispersion by peptisation [35]




  

    To a zirconium oxychloride aqueous solution (1 l, concentration 0.5 M) are added 335 ml of an ammonia solution (concentration 3 M) under intense stirring by means of a homogenizer-type mixer (“Ultraturax type”). Thereafter the precipitate is recovered by filtration onto a sintered glass (porosity #4) or by centrifugation. The thus obtained wet cake is purified by alternate redispersion and filtration processes until the pH value of the washing water has become stable around pH 7. As observed by transmission electron microscopy of the thus purified zirconium hydroxide precipitate, an amorphous product is provided.




    The purified zirconium hydroxide cake is redispersed into a given amount of water under vigorous stirring, then under sonication. The thus obtained “milk” is introduced into a PTFE beaker and placed in an autoclave to carry out the hydrothermal treatment under continuous stirring. At the end of this step, a slightly blue-colored opalescent zirconia aqueous colloidal solution is obtained. To significantly improve the sol stability, it is necessary to reduce the ionic charge through a dialysis step. After sonication a stable sol containing about 7 % ZrO2 is obtained.


  




  Stabilizing a colloidal dispersion




  In this example a fresh precipitate is dispersed by removal of the salt load and by a following electrostatical stabilization.




  During the precipitation of ZrO2 from ZrOCl2 with NH3, NH4Cl is generated. The high ion strength decreases the range of the repulsive electric potential of the particle surface. This is the reason, why the dispersion is unstable and agglomerates precipitate. If the disturbing ions are removed before stable interparticulate bonds are generated, the agglomerates can be separated and redispersed again (compare Figure 3.11, page 42).




  However stabile dispersions can only be obtained, if the zeta potential of the particle surface is sufficiently high (higher than 20 mV). If crystalline particles should be obtained, usually a temperature treatment is necessary. The lack of suitable high boiling solvents makes the usage of an autoclave mandatory.




  2.2.2.4 Ion exchange




  According to the survey in Table 2.2, nanoparticles can also be synthesized by the removal of stabilizing an- or cations. The resulting hydroxides condense to oxide nanoparticles if suitable reaction conditions are given. The following example shows how such a process might look like.




  [image: image] Example 5: Preparation of a colloidal SiO2 dispersion in water [36, 37]




  

    An aqueous alkali silicate solution having a water content of 47 % and a ratio of SiO2 to Na2O of 2.4 was diluted with demineralized water to a water content of 97 %. 100 parts of this diluted solution were passed at a rate of 20 parts per hour through a column packed with an acidic ion exchanger and subsequently was supplied to a distillation receiver in which the incoming deionized silicate solution was held at boiling temperature and the water distilling off was removed from the solution. After the end of the introduction, the silica sol formed was concentrated by further heating to 10 parts. The pH was adjusted to 10.5 to 11.


  




  Synthesis of colloidal silica sols by ion exchange




  Starting with a sodium silicate solution, the Na+ ions are replaced by H+. As intermediate product thus silicic acid Si(OH)4 is formed, which then condenses to yield SiO2 seeds. Further addition of freshly ion exchanged silicate leads to a successive seed growth until the desired size is reached.




  Finally the pH is adjusted in the alkaline region using NaOH. This high pH increases the zeta potential to high absolute numbers and helps to stabilize the silica dispersion (compare “Properties and processing of nanoparticles”, page 35ff).




  A low solid content of the silicate solution is crucial to prevent premature aggregation and a polymodal particle size distribution.




  Many variations of this process exist. Instead of a continuous addition of silicate, a batch-wise temperature treatment can help to narrow the particle size distribution. A following controlled growth can then be realized by the addition of freshly exchanged silicate solution. The concentration and temperature determine the number of seeds, their size and the final particle size distribution.
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