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INTRODUCTION  

The textbook on the discipline çInnovative inorganic substancesè is 

designed in accordance with the master's curriculum and is intended to provide 

students with experience in the latest technologies for obtaining functional 

materials (bioorganic and magnetic materials, nanomaterials, photocatalysts, 

sensors, etc.) and in specific technologies aimed at environment protection. 

çInnovative inorganic technologiesè discipline belongs to the educational 

disciplines of professional training and is the basic for the profiling disciplines in 

the masterôs curriculum of specialty 161 çChemical technologies and 

engineeringè. The purpose of the textbook is to deepen the lecture course and 

provide methodological recommendations for laboratory work, analytical review, 

course work and independent study of the discipline. 

The lecture course contains 2 sections, which provide an overview of the 

synthesis processes of inorganic functional materials: magnetic and biomaterials, 

photocatalysts and sensors, and environmental protection using these newest 

inorganic functional materials. The curriculum section 1 çModern advanced 

inorganic technologies in industryè is presented in the textbook in chapters 1, 2, 4-

6, and section 2 çModern advanced technologies for environmental protectionè ï 

in chapter 3. Modern trends in technologies of inorganic substances for various 

industries, in particular, science-intensive technologies; traditional and special 

methods of obtaining functional materials (nanomaterials), and state-of-the-art 

environmental technologies are highlighted. 

Within the çInnovative inorganic technologiesè discipline in addition to 

lectures, there are laboratory classes, so the textbook additionally provides 

methodological recommendations for the conduction of laboratory work. 

According to the programs for the study of the çInnovative inorganic 

technologiesèÁ discipline, students independently prepare an analytical review with 

a presentation in Power Point software, therefore, the textbook provides 
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recommendations for its preparation. Also, recommendations for the course work 

will allow carrying out of high-quality independent studies. Provided remote study 

of the discipline, recommendations for self-study are also outlined. 

Thus, the textbook even during the independent study of the discipline 

allows students to acquire theoretical knowledge of the basics of the theory and 

methods of chemical and technological research in the technology of fine inorganic 

synthesis, to acquire modern ideas about the prospects and bases of 

nanotechnology, principles of environmental monitoring, technology assessment 

and the protection of wildlife, the knowledge and application in practice of the 

principles of building green industries, understanding the social and environmental 

consequences of their professional activity that helps them to navigate in the 

applied aspects of obtaining functional materials such as çsmartè materials, 

biomaterials, composites, nanomaterials, which are used in various industries and 

everyday life. 
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CHAPTER 1. FUNCTIONAL  INORGANIC  MATERIALS . 

SYNTHESIS AND METHOD S OF THEIR STUDY 

1.1. Classification and characterization of new high-performance and 

functional materials 

Today, the most important areas for the development of any country are the 

priority technologies. Priority technology is a technology that can radically change, 

"turn over" the entire structure of production and social conditions of human life. 

These technologies include information technology, biotechnology, genetic 

engineering and, of course, new materials [1], and there is a tendency to replace the 

materials used today with fundamentally new materials. The prospect of 

developing new materials is evidenced by the fact that almost one third of global 

patents are issued for inventions in this area. This is also evidenced by the 

dynamics of world markets growth of major types of new materials. 

The progress is especially noticeable in the development of the inorganic 

materials production of inorganic materials is construction materials (composite 

materials), materials for microelectronics (semiconductors, piezoelectrics, 

dielectrics), fiber optics, biomedical materials (biomass and bio-ceramics) and 

many other functional materials. Thus, proceeding from the foregoing, it is 

inorganic chemistry today that is the basis of future new functional materials. In 

addition, there is an intensive development of electronics, photonics1, sensors and 

spintronics2, which require new materials with special properties [1]. 

The transition from chemical elements to materials is rather complicated. 

Thus, 99.9% of inorganic materials are in a nonequilibrium state, so that something 

                                           
1 Photonics is the science of generation and application of light and other types of energy, the quantum unit 

of which is a photon.  
2
 Spintronics is a branch of electronics that uses quantum properties of the spin of the electrons 

characterized by two quantum states. 
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is happening to them over time, for example, metal is oxidized, and therefore its 

properties change. This process can be quite slow, so it seems that the material has 

stable properties. 

What is the difference between stable and unstable states of matter? Stable 

state is the state in which stability is preserved under big disturbances. There is 

also a metastable state that is the state in which stability is retained under minor 

disturbances. The collapse of stability at fairly small disturbances is typical of the 

unstable state of matter. 

In thermodynamics, the metastable state corresponds to one of the minima of 

the thermodynamic potential of the system under certain external conditions; stable 

state corresponds to the lowest minimum. If you fix all the parameters 

characterizing the state of the system, then only one will be stable and all the 

others will be metastable. There are infinitely many metastable states even for one 

substance with fixed composition, but the properties of these states are different. 

Let us consider some modern scientific areas on the basis of which new 

inorganic materials with certain functional properties are created [1]. 

Chemistry of ionic and molecular precursors3. When researchers aim at 

creating new materials, the ultimate goal is not the synthesis of compounds, but the 

precursor-based synthesis of materials with a certain set of properties, and the 

properties of materials depend on their structure. Each material has several levels 

of structure that are interconnected, and they all affect the properties of the 

material. There are the following levels of material structure: 

¶ the first structure level is crystal structure. This is the structure at the 

atomic and ionic levels of the matter organization; that is how the ions, atoms or 

molecules are arranged in a unit cell relative to one another;  

¶ the second level that is more distant from the atomic state is associated 

with the presence of various linear defects in the solid material; 

                                           
3 Precursor is a term used in inorganic chemistry to denote an initial compound that participates in a 

chemical reaction. 
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¶ the third level is macroscopic defects (for example, pores) that appear in 

solids during their formation or use. 

For example, crystal lattice in a single crystal is repeated throughout the 

whole volume, but more often we deal with polycrystalline solids consisting of 

small crystals ï so-called crystallites, which are randomly oriented. In this case, 

additional defects appear (dislocations, grain boundaries, pores, cracks) that make 

a significant contribution to the formation of material properties. 

So, if you obtain iron in the form of a single crystal, it will be completely 

chemically inert. If iron is obtained by decomposition of iron carbonyl or iron 

oxalate, then a polycrystalline material is formed that immediately burns in the air 

with the formation of oxides. Both obtained materials are iron, but they have 

different properties. When managing the properties (levels of structure) of the 

future functional materials, a certain state of the raw materials is required. 

Unfortunately, this cannot be always achieved. 

For the synthesis of complex substances, in particular of ferrite4 type, well-

know and simple solid-phase synthesis5 is usually used. 

Unfortunately, this method was found to be ineffective for the synthesis of 

complex substances, since it did not allow obtaining of a single-phase product. 

This makes the properties of the final material unstable that greatly impairs its 

quality. In order to overcome this difficulty, the use of initial products (precursors) 

ï solid saline solutions6 was proposed. 

Later, cryochemical synthesis7 was developed to obtain solid solutions. After 

a detailed study of the cryochemical synthesis processes (cryocrystallization, 

                                           
4
 Ferrites ï chemical compounds of iron oxide Fe2O3 blended with oxides of other metals. 

5 Solid-phase synthesis is a synthesis method based on mechanical mixing, compression of the obtained 

mixture and subsequent high-temperature treatment at 1200 Á C. 
6
 The following example can explain what saline solutions are. When dissolving the simple NaCl salt in hot 

water and subsequently lowering the temperature of the resulting solution, the latter becomes saturated and therefore 

precipitates. If KCl salt is additionally added to the solution, then during the lowering the temperature not only 

individual salts of NaCl and KCl precipitate, but also crystallites of the solid solution appear. In a solid solution, like 

in a liquid solution, substances are mixed at an atomic level that leads to their uniform mixing. This is the difference 

between the solid solutions and mechanical mixtures of crystals. 
7
 Cryochemistry is the study of chemical transformations in liquid and solid phases at low (up to 70 K) and 

ultralow (below 70 K) temperatures. 
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cryosedimentation, cryoextraction, cryodessication, etc.), it became the main 

technology for obtaining many functional materials, namely, high-strength 

ceramics, pigments, sorbents, catalysts and many others. 

An important feature of salt-type ionic precursors is the so-called 

topochemical memory, that is, the ability to remember its origin and transmit this 

information to subsequent reactions, which are also called topochemical8. 

Today, research on the synthesis of molecular precursors is also up-to-date, 

as the latter are ideal initial materials for the production of thin-film coatings on 

various materials by the method of molecular layer deposition. Certain properties 

are required from these substances: high volatility, relative thermal stability, ability 

to hydrolyse easily or decompose with the formation of certain compounds, for 

example, metal oxides. 

Inorganic nano- and supramolecular9 chemistry. Nanomaterials have been 

attracting a lot of interest due to their unusual physical and chemical properties. 

Nanomaterials consist of particles smaller than 100 nm and in this range there is a 

sharp change in the properties of almost all substances. For example, reducing the 

size of semiconductor particles below a certain critical value can lead to the change 

in the bandgap width; reducing the particle size of structural materials leads to the 

greater strength of these materials, etc. At the same time, the biggest problem  

of nanomaterials is the tendency of the free particles to aggregate that greatly 

affects their physical and chemical properties. One way to overcome this problem 

is to deposit nanoparticles on the inert matrix, which protects them from the 

influence of the environment and prevents aggregation. Inorganic chemistry also 

studies synthesis methods of such nanocomposites. Silica gel, carbon nanotubes 

and other materials with large specific surface or high porosity can be used as 

matrix for nanocomposite materials. 

                                                                                                                                        
 
8
 Topochemical reactions occur at the interface between the phases of the initial solid material. 

. 
9 Supramolecular chemistry is the interdisciplinary domain of science that studies chemical, physical and 

biological aspects of the research on chemical systems (more complex than molecules) that are bonded in a single 

whole through intermolecular (non-covalent) interactions. 
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Modern inorganic supramolecular chemistry studies supramolecular 

assemblies, which have special properties due to their structure. Their structure is 

determined by the structure of the framework (host molecule), while functional 

properties depend on the nature of the guest molecules. Such materials usually 

have low thermal conductivity, but high mobility of charge carriers. Fig. 1.1 shows 

an example of such structure ï [Hg6P4](TiCl 6)Cl, formed by the self-assembly of 

TiCl6
3ï and ʉlï in the cavities of the [Hg6P4]

4+ framework. 

 

Fig. 1.1. Supramolecular assembly [Hg6P4](TiCl6)Cl  

(ordered arrangement of the guests of two types: TiCl6
3ï and Clï  

in the cavities of the three-dimensional framework of [Hg6P4]
4+) [6] 

Non-stoichiometric compounds. Non-stoichiometric compounds were 

discovered more than 100 years ago by Kurnakov Nikolai Semenovich, who 

named them berthollides. It was found that almost all compounds with ionic 

bonding obtained by solid-phase synthesis do not have a constant composition. 

Depending on the composition, such compounds may have different properties. 

For example, it seems that NaCl salt has constant composition, but in fact it is a 

non-stoichiometric compound. However, its crystalline structure remains the same. 

So, for instance, stoichiometric NaCl is colorless, and if its crystals are treated with 

sodium vapour at high temperatures, they become blue and start conducting 

electric current. If the crystals of NaCl are treated with chlorine vapour, they turn 
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green and also conductive, but in this case it happens not because of the electrons 

movement, but due to the movement of the holes. 

Inorganic biomaterials. Today, such extremely necessary and promising 

biomaterials are being developed as calcium phosphate bioceramics (Fig. 1.2), 

dental biocements, biocomposites, biosensors, tumor markers, etc.  

 

Fig. 1.2. Titanium and bioceramic implants 

Obtaining of hydroxyapatite with certain physical and chemical properties 

is widely developing nowadays. Hydroxyapatite composite materials have attracted 

particular attention as analogues of human bone. Developing an analogue of a 

human bone is a rather complex task.  

From the point of view of the material scientist, a human bone is a 

composite material consisting mainly of hydroxyapatite (HA) (up to 63 %) and 

collagen (about 20 %). In addition, the bone contains a significant amount of such 

ions as Na, Mg, K, Cl, F, CO3
2- and water. Still, it is not absolutely clear what 

brings such a great strength to the bone. Therefore, today it is not yet possible to 

create a complete analogue of the bone tissue even using up-to-day techniques. The 

only alternative is to develop hydroxyapatite implants. However, synthesis, 

modification and study of calcium phosphates with given composition and 

morphology, assessment of their future bioactivity are challenging tasks for all 

chemists [1]. 
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Classification of functional inorganic materials. There are several ways of 

functional materials classifying. According to the classification proposed in 

work [1], functional materials are classified as follows: 

Å composite materials, 

Å çsmartè materials, 

Å nanomaterials and supramolecular assemblies, 

Å biomaterials, 

Å magnetic materials, 

Å semiconductor materials, 

Å catalysts and sorbents, 

Å membranes. 

Composite materials are materials consisting of two or more phases. 

Combination of heterogeneous substances leads to the creation of a new material, 

the properties of which quantitatively and qualitatively differ from the properties of 

each of its components and therefore composite materials have higher strength, 

higher hardness, etc. By varying the combination of the matrix and the filler, their 

ratio, orientation of the filler it is possible to obtain a wide range of materials with 

a necessary set of properties. Composites surpass traditional materials and alloys in 

mechanical properties while being at the same time lighter. Use of composites 

usually reduces the weight of the structure while maintaining or improving its 

mechanical characteristics. 

Smart materials are designed materials that are used for structures with 

adaptively-varying properties. Smart shell platings of sea vessels and helicopter 

rotor blades, which are capable of self-reinforcing, are being developed, as well as 

sound-absorbing industrial structures. 

Due to the development of smart materials based on dielectric and 

magnetic nanoparticles, it is possible to manipulate the viscosity of liquid 

substances under the influence of electric and magnetic fields. Under the influence 

of the fields chaotic arrangement of particles inside the liquid is disrupted that 

changes physical properties of the substance. Change of the properties in a 
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substance is directly related to the phenomenon of polarization. Performance of 

smart fluids is based on the ability of the charge to change its spatial orientation 

under the influence of external field (Fig. 1.3). Smart fluids belong (according to 

the classification) both to nanomaterials and magnetic materials. 

 

ʈʠʩ. 1.3. Smart fluid (magnetite-based fluid) 

The phenomenon of polarization (known from the courses of physics and 

chemistry) can be explained by the following illustration. Fig. 1.4 shows the model 

of the atom, and it can be seen that the shape of the atom before the influence of 

the field (on the left) differs from the shape after the influence (on the right). It is 

common knowledge that different charges attract one another while the same 

charges repel, and therefore, when creating a field a positively charged nucleus is 

made to move to the negative potential, and the negatively charged electron is 

made to move to the positive potential of another atom. Spatial orientation of the 

charges is achieved by this process [2]. 

 

Fig. 1.4. Model of the atom before applying magnetic field (on the left)  

and after applying (on the right) 

A brief description of nanomaterials, supramolecular assemblies and 

biomaterials is given above, and the characteristics of magnetic materials are 

presented together with the description of smart materials. 
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As a basis of semiconductors, sorbents, catalysts and membranes a class of 

metal oxides is considered, as well as metal oxide-based composites. It is discussed 

in detail below. 

1.2. Synthesis methods of inorganic functional materials 

Synthesis of functional materials is based, first of all, on the obtaining of 

materials with given properties, therefore, there are certain peculiarities in each 

individual case. However, any inorganic synthesis includes a number of common 

stages. These stages are as follows [1, 3]: 

1. Raw material preparation (grinding, purifying, dissolving, etc.). 

2. Synthesis procedure. 

3. Isolation of the end product and its purification. 

4. Drying, heat treatment, grinding, packing. 

Specific purpose of functional materials sometimes requires use of special 

methods and synthesis conditions. Thus, both well-known (traditional) and new 

(non-traditional) synthesis methods are used in the technology of functional 

materials obtaining [1]. 

Classification of functional materials synthesis methods. There are several 

approaches to the classification of functional materials synthesis methods. 

The first approach is classification based on the phase state of the reagents 

involved in the synthesis, according to which there are homogeneous and 

heterogeneous synthesis methods. This classification is widely used in inorganic 

chemistry, as well as in general chemical technology.  

The second approach, which is used in colloidal chemistry, is based on the 

methods of functional material particles obtaining. This approach includes 

dispersing and condensation methods. According to the same principle, the 

methods are classified as top-down and bottom-up (Fig. 1.5). 
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Fig. 1.5. Bottom-up (a) and top-down (b) methods 

The third approach is based on the nature of the processes used for the 

material synthesis, namely, on chemical, physical and mechanical processes. In 

this book, condensation methods of obtaining materials both from liquid and gas 

phases based on chemical and physical processes are considered. 

1.2.1. Liquid-phase synthesis methods of functional materials 

Methods used for liquid-phase synthesis of functional materials are 

presented in Fig. 1.6. Classification of methods in this case is based on the 

influence on liquid phase in order to obtain particles of the required dispersion and 

form. As it can be seen from Fig. 1.6, these methods include chemical precipitation 

in aqueous and non-aqueous solutions, hydrothermal and solvothermal syntheses, 

sol-gel method, crystallization in solutions, spray pyrolysis, spray drying and 

plasma-chemical synthesis. These methods are described in detail below. 

 

Fig. 1.6. Liquid-phase synthesis methods of functional materials  
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1.2.2. Chemical precipitation 

Chemical precipitation in aqueous solutions is a complex physical-chemical 

process that consists of the following stages [1]: 

1. Addition of reagents; 

2. Chemical reaction between precipitant and solution components; 

3. Formation of solid phase; 

4. Chemical interaction between precipitate and mother liquor (precipitate 

ageing). 

Addition of reagents is a physical process of mass transfer between reacting 

components. Efficiency of the mixing depends on the phase state of the reagents 

and the conditions of the process. Thus, depending on the phase state of the initial 

reagents, there are homogeneous precipitation and heterogeneous precipitation. 

During heterogeneous precipitation, the precipitant and the substance being 

precipitated are in different phases and their interaction begins when the phases are 

mixed. During homogeneous precipitation, the precipitant and the substance being 

precipitated are in the same phase ï solution. Precipitation starts only after 

formation of the precipitant or precipitating ions from the intermediate as a result 

of an additional reaction in the whole volume of the solution. Conditions that are 

formed during homogeneous and heterogeneous precipitation processes are 

significantly different. They affect the subsequent stages of the precipitation 

process differently and therefore determine the properties of the obtained 

precipitates. Rate of mixing processes depends on the conditions of reagents 

interaction (sequence of reagents addition and reagent addition rate). 

Chemical interaction in solution is determined by the solubility of the 

initial reagents in the solution where synthesis takes place and the solubility of the 

solid phase, which forms in that solution. The condition for the formation of solid 

phase during chemical precipitation is the obtaining of low solubility  compounds 

in the reaction products, which actually form a solid phase. At the stage of 

chemical interaction between the ions of precipitant and the ions of the substance 
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being precipitated, a new substance is formed as a result of the reaction, and its 

concentration increases until it exceeds the solubility of the substance in the 

solution, so that supersaturation10 takes place.  

Supersaturation is characterized by values of absolute (Ŭ) and relative (ɓ) 

supersaturation [4]: 

0Ŭ ʉʉ-= ;      (1.1) 

ʉʉ

ʉʉ Ŭ)(
ɓ 0 =

-
= ,     (1.2) 

where ʉ is the concentration of the solute at the given point of time Ű, mol/L; 

ʉʦ is the concentration (solubility) of the saturated solution at the given 

  conditions, mol/L. 

Precipitation of the solid phase occurs spontaneously only from 

supersaturated solutions. Depending on the degree of supersaturation and external 

conditions, supersaturated solutions can be labile and metastable. Precipitation in 

labile supersaturated solutions starts almost spontaneously, while supersaturation 

in metastable solutions is lower and, therefore, phase equilibrium can be 

maintained for a long time. Supersaturation greatly affects the final size of the 

solid phase particles. 

From classical literature [1] it is known that the process of a new phase 

formation consists of the two main stages: formation of nuclei and their growth. 

Nucleus is a solid phase, which is in equilibrium with the environment that has 

infinitely large dimensions in comparison with nuclei and is supersaturated in 

relation to the solid phase. Therefore, formation of nuclei is a heterogeneous 

process that occurs owing to the fluctuations of concentration in the solution by the 

relay mechanism with the sequential attachment of particles a: 

1ʘʘʘ =+ ,  21 ʘʘʘ =+ ,  1+=+ nn aaʘ . 

                                           
10 Supersaturation is an increase in the concentration of the substance above the solubility under given 

circumstances. 
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Nuclei, which are formed, are not stable and can break up. Above certain 

critical size nuclei are stable and start growing. Critical nucleus size ( kr ) depends 

on the formation of the solid phase, caused by surface tension ů at the interface 

between the phases, and the supersaturation Ŭ of the solution: 

Ŭlnɟ10

ů2
4 ÖÖÖÖ

ÖÖ
=

TR

M
rk ,     (1.3) 

where ʄ is molecular mass, g/mol; 

     ů is surface tension at the interface çnucleus-solutionè, J/m2;  

     ɟ is density, g/mL;  

     R is gas constant, J/(molȚK);  

     ʊ is absolute temperature, K. 

Formation rate (
yW ) of stable nuclei is defined by the following 

equation [3]: 

( )

3 2

1 3

ů
exp

3 ɟ lnŬ

A
y

a M N
W K

R T

å õÖ Ö Ö
= Ö -æ ö

æ öÖ Ö Ö Öç ÷
,   (1.4) 

wherʝ AN  is Avogadro constant;  

     K1, ʘ are constants. 

After formation of stable nuclei, their growing starts with the rate (
pW ), 

which is defined by the following equation [1]: 
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wherʝ K2 is a constant;  

     b is a constant, which considers shape of the nucleus; 

     ɢ is surface energy of two-dimensional nucleus, J/m2;  

     ɟ is thickness of two-dimensional nucleus, m. 

Size of the solid phase particles being formed are determined by the ratio of 

nucleus formation rate and nucleus growth rate. It is seen from the equations above 

that with the increase of supersaturation the possibility of nuclei formation 
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increases sharply and dispersion of the formed solid particles also increases. 

Otherwise, if  supersaturation is low, growth of particles predominates over their 

formation, leading to the increase of particle size. Similar situation also occurs if, 

after nuclei formation, supersaturation in the system decreases to the level that new 

nuclei formation becomes impossible but their growth can still continue.  

Inorganic substances obtained by chemical precipitation usually belong to 

low-solubility compounds, formation of which leads to high supersaturation. As a 

result, highly dispersive systems with particle size of 30-50 ¡ occur, which are 

called primary particles. The highly dispersive systems formed are unstable and 

coagulate more or less over time, depending on the formation conditions and the 

substance nature. 

Coagulation process runs gradually ï as a result of the collision aggregates 

form from the primary particles and have shape of chains and clusters, in which the 

particles are joined by weak intermolecular forces. Dimensions of the primary 

particles aggregates can reach the size from 200 ¡ to 1000 ¡ and even more, 

depending on chemical nature of the substance and precipitation conditions (T, pH, 

precipitation method, etc.). Coagulation bonds are not strong, and the obtained 

precipitate can turn again into a highly dispersive system under changing 

conditions, for example, under mechanical effects or after addition of a peptizer 

(disintegrator). Formed coagulation aggregates further interact with the solution, 

undergo structural and chemical transformations, so that precipitate ageing occurs. 

Processes of interaction between the obtained precipitate and mother liquor 

are divided into physical and chemical ageing. Irreversible structure changes of the 

precipitate after its formation are called physical ageing. Chemical ageing means 

chemical composition change of the precipitate and mother liquor as a result of 

their interaction. 

Physical ageing process that runs irreversibly and spontaneously can occur 

in three different mechanisms: a) aggregation; b) recrystallization; c) Ostwald 

ripening. 
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Aggregation of precipitate particles manifests itself in the oriented growth 

of the particles with the formation of aggregates up to 1 micron and larger, and the 

surface decreases by more than 10 times leading to possible block crystallization. 

Recrystallization of precipitate particles is the main process of physical 

ageing, which manifests itself in a sharp reduction of the inner surface compared to 

external. Recrystallization is caused by the precipitate internal structure ordering 

through the dissolution of excessive surface defects of crystalline formations or 

aggregates. 

Ostwald ripening consists in dissolution of small precipitate particles and 

growth of large particles due to the dissolved mass of small particles, caused by the 

difference in solubility of small and large particles. Dependence of the particles 

solubility on their size is described by the Ostwald-Freundlich equation: 
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where ʉ0
1 and ʉ0

2 are solubilities (mol/L) of the spherical particles with radii (m) 

r1 and r2; and r2 > r1. 

The process occurs under the influence of surface tension forces, which are 

aimed at reducing the interphase boundary. 

Recrystallization and Ostwald ripening can be slown down or suspended by 

impurities adsorption of organic and inorganic nature, for example, of methyl 

violet dye or gelatin. Structural recrystallization can be accelerated by the local 

heating of precipitate particles. 

Chemical ageing is typical of systems like metal hydroxide-water and low 

soluble salt-water. During this process small and large crystals are being formed 

from the primary amorphous precipitate with the simultaneous transition of 

metastable modifications into stable modifications. This is corroborated by clear 

Debye patterns11. For example, during chemical ageing of coprecipitated ferrum 

                                           
11 Debye patterns are diffraction patterns. 
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hydroxides from Ni2+and Co2+ new chemical compounds (ferrites, spinelles) are 

formed. 

Chemical ageing of óprecipitate-solutionô system can cause the following 

processes: 

1. Interaction between basic precipitate and acidic salt in mother liquor ï 

neutralization reaction; 

2.  Interaction between precipitate and water ï hydrolysis reaction; 

3.  Interaction between solid precipitate and neutral salt ï exchange reaction; 

4.  Interaction between components of the complex precipitate that leads to a 

new compound formation ï synthesis reaction; formation of substitutional solid 

solutions; as well as interaction between precipitate and dissolved gases in an open 

system (oxidation, carbonization, etc.). 

On the surface of the solid phase several types of processes can occur, 

completeness and duration of which determine intermediate and final properties of 

the system and precipitate. Chemical ageing runs at the same time as physical 

ageing that changes the properties of the çprecipitate-solutionè system, so that 

properties of the solid phase can either improve or deteriorate. 

In order to obtain materials with certain characteristics using chemical 

precipitation, different methods and techniques are used in practice. These methods 

include addition of precipitating agent to reagent solution method çpouringè and 

simultaneous mixing of precipitating agent and reagent solution method çpouring 

togetherè (Fig. 1.7). At the same time, óaddition of precipitating agent to reagent 

solution methodô can be performed in two different ways ï direct and indirect. 

Sequence of reagents addition makes it possible to obtain precipitates of constant 

and variable composition, as it contributes to the formation of medium 

composition and surface charge of the obtained solid phase. Ions of mother liquor, 

which are identical charged to the ions of solid phase, are sorbed on the solid phase 

surface, defining its charge. Surface charge affects chemical composition, its 

formation rate and properties of both surface and volume of the precipitate. 



24 

 

When obtaining precipitates with certain properties, generalized laws of 

P. P von Weimarn are used [1]: 

1. In case of a continuous increase in the concentration of reactive solutions, 

the average size of the precipitate particles, being formed at predetermined time 

intervals after the start of precipitation, passes through the maximum. At solution 

concentrations from 0.001 to 1 M, formed precipitates are less perfect with a large 

proportion of dendrite forms. At solution concentrations of more than 1 M, 

jellylike precipitates are firstly formed, which gradually turn into a fine-grained 

precipitates. 

 

Fig. 1.7. Addition of precipitating agent to reagent solution (a) and simultaneous mixing of 

precipitating agent and reagent solution (b) techniques 

2. Product of reactive substances concentrations (ʉ, mol/L), and particles 

size (d, m) is a constant value: 

nʉ d constÖ = ,     (1.7) 

where n ï is an index. 

3. If the substance has different solubility in different dispersion media, then 

at any solution concentration particles of the smallest size will be formed in the 

medium with lowest solubility. 

On the basis of these laws, the rule of obtaining precipitates with better 

physical properties is formulated (Weimarn-Haber rule): chemical precipitation 

should be carried out in diluted solutions, under vigorous stirring and with slow 

addition of precipitating agent. 
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Ratio of orientation and aggregation determines the shape of the precipitate 

that is formed ï crystalline or amorphous. This rule does not consider ageing and 

the role of seeding (çcloggingè, initiating of çcrystallizationè) during precipitation. 

M. O. Tananayev formulated the following rule of obtaining amorphous and 

crystalline precipitates: amorphous precipitates should be precipitated quickly in 

concentrated solutions; crystalline precipitates should be precipitated slowly in 

dilute solutions. 

According to N. P. Klyachko and Yu. A. Kondratyuk [1], lyophobic solids 

should be precipitated according to the classical rule ï in diluted solutions and 

slowly, or according to the rule of M. O. Tananayev ï in concentrated solutions 

and quickly. 

Depending on the conditions of precipitation process, many precipitates can 

be either lyophobic or lyophilic. For the determination of the type, there are several 

rules: the substance is precipitated in dilute solutions once quickly and then slowly. 

If  the precipitate is more compact when obtained during rapid precipitation, then it 

is lyophilic under these conditions, and it should be precipitated according to the 

rule of N. P. Klyachko and Yu. A. Kondratyuk; otherwise according to the rule of 

M. O. Tananayev. 

O. A. Nikolayev [1] concluded that limitation of the particle size growth was 

due to the fact that low soluble precipitates were recrystallized crystals formed 

from improperly joint primary blocks. That causes tension and limits the growth of 

particle size, and therefore determines density of precipitates and their filtration 

rate. 

Thus, physical and chemical properties of a precipitate are determined by 

synthesis conditions, precipitate composition, its structure and presence of 

impurities. Physical ageing is typical only of constant composition precipitates, 

while precipitates with variable composition undergo chemical ageing. 

To obtain a solid with a given chemical composition and physical properties, 

first of all, it is necessary to establish functional relationship between the structure 

and properties of the solid phase with the solution supersaturation during 
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precipitation process. Secondly, it is important to determine how solid phase 

composition depends on the secondary topochemical reactions, which take place 

during chemical ageing in the periodic process. 

Chemical composition of the solids in the systems of precipitates with 

variable composition depends on the chosen precipitation method. In case of an 

excess of one of the reagents in a solution, synthesis, neutralization and exchange 

reactions take place during chemical ageing. Therefore, precipitates with variable 

composition should be obtained by continuous or semi-continuous method with 

adjusting stoichiometric ratios of the reagents. 

1.2.3. Sol-gel method 

Sol-gel process includes transition from a dispersed system (sol) to an 

integrated system (gel) by coagulation, structurization, etc. Sol is an 

ultramicroheterogeneous system with a liquid dispersing medium and a solid 

dispersed phase, particle size of which range from 5 to 100 nm (so, they participate 

in the Brownian motion), while gel is a dispersed colloid system with a liquid 

dispersing medium in which solid particles form a spatial structural network. 

Sol-gel technology as a method for synthesis of inorganic oxide materials 

(ceramics, glass, etc.) was firstly used in the mid-19th century. P. Ebelman and 

V. Graham [3] showed in their works that hydrolysis of tetraethoxysilane 

(tetraethyl orthosilicate) under acid conditions leaded to the formation of SiO2 in 

the form of vitreous material. From a viscous gel, it was possible to stretch fibers 

or form monolithic optical lenses. But later (in the 1950's) a new stage in the 

development of sol-gel technology appeared due to the development of the 

chemistry of metal alkoxides. On the basis of these alkoxides, many new ceramic 

oxide compositions were synthesized including Al, Si, Ti, Zr oxides and other 

metals that could not be obtained using conventional powder ceramic techniques. 

Main stages of the sol-gel method are as follows [2]: 

1. Mixing of the initial reagents; 

2. Formation of a solid phase (sol); 
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3. Sol transformation into a gel; 

4. Drying; 

5. Thermal treatment. 

Schematically, processes of sol-gel technology can be represented as shown 

in Fig. 1.8. Firstly, initial reagents are mixed with the formation of a true solution, 

in which a sol is later formed under the influence of external or internal factors. 

Depending on the product to be obtained, the sol-gel technology is carried 

out according to the following methods: 

1. Colloidal sol-gel method. In this case, the process is performed in two 

stages. First of all, hydrolysis of the initial components is carried out in order to 

form a stable concentrated sol. Then films or fibers are formed from the obtained 

sol through gel formation. However, this method has certain difficulties. In case of 

multicomponent systems, it is difficult to obtain stable concentrated sols. 

2. Combined method. Stages of sol and gel obtaining are combined, so that 

gel formation is carried out directly after the formation of fine particles, and 

sometimes even at the same time. The difficulty that may arise in obtaining 

materials such as fibers, fine powders, monoliths, aerosols is the need to ensure the 

same rate of hydrolysis of all the initial reagents. 

 

Fig. 1.8. Processes of the sol-gel technology 
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3. Method of controlled hydrolysis. In this case, partial hydrolysis is carried 

out in the absence of water, resulting in the immediate formation of a 

homogeneous gel (or polymer gel) due to the appearance of metal-oxide bonds 

throughout the volume of the solution. Oxide particles are formed during drying 

and heat treatment of the gel. Such kind of sol-gel method is used for obtaining 

films, fibers, monoliths. This method is the most complicated in terms of 

controlling the processes of the sol-gel technology. 

Colloidal and combined methods are very similar in terms of their chemism. 

The fundamental difference is that the stages of obtaining sol and gel are separated 

in time in the first case, but not in the second case. It is possible to affect the rate of 

a certain stage of the process by varying such parameters as pH (initial and final) 

of the medium, temperature of the process, precursor nature, solvent type, 

concentration of metal salts in aqueous and non-aqueous solutions. For example, 

Fig. 1.9 shows the effect of pH on the hydrolysis process rate, that is on the sol 

formation rate. 

 

Fig. 1.9. Effect of pH on the hydrolysis process rate 

Controlled hydrolysis is the hydrolysis of metal alkoxides in alcoholic 

solutions when adding a certain amount of water. By adding some certain amount 
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of water it is possible to influence the amount and size of the sol particles being 

obtained. 

So, sol-gel technology allows synthesis of powders, monoliths, coatings, 

films, fibers, aerogels, glass, ceramics, hybrid materials. At the same time, 

powders can be obtained both in crystalline and amorphous phases. 

Hydrolysis12, condensation and drying are key stages of the sol-gel 

technology, which determine particle size of the final product. Hydrolysis of metal 

alkoxides can be represented as follows: 

ʄʝ(OR)z + xH2O = Me(OR)z-xOH +x ROH.   (1.8) 

Mechanism of this reaction involves introduction of the negatively charged 

group ʅʆŭ- into a positively charged center of the metal ʄʝŭ+, after which a 

positively charged proton is attached to the alko group with the subsequent 

removal of ROH: 

   (1.9) 

.  

Condensation is carried out only if  hydroxide molecules are bound together 

that results in the release of water molecules and in the formation of hydroxide gel-

net: 

 

. (1.10) 

 

                                           
12 Hydrolysis of metal alkoxides is a nucleophilic reaction with water. 
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Hydrolysis and polycondensation rates are the main parameters that 

influence the properties of the final product. Slower and more controlled 

hydrolysis usually allows obtaining of smaller particles. 

Sol-gel synthesis of metal oxides is carried out from inorganic precursors in 

the same way. Hydrolysis and condensation reactions for inorganic precursors can 

be represented by the following general equations, respectively: 

Me(H2O)x
z+ ź [Me(H2O)x-1OH](z-1)+ + H+,    (1.11) 

Me(H2O)x
z+ ź [(H2O)x-1Me(OH)2Me(OH)x-1]

(2z-2)+ + H+,  (1.12) 

where Me are metal ions; ʭ is metal valency; z is anion charge. 

Based on the presented reactions (1.8ï1.12), sol-gel method can be 

performed either through hydrolysis process (interaction of metals with water to 

form metal aquo complexes), or through the processes of condensation-

polymerization (also with the formation of metal aquo complexes). Both in the first 

and in the second cases, a sol is formed, which transforms further into a gel. 

According to the reactions (1.8ï1.12), a scheme of the typical sol-gel 

method of nanosized metal oxide powders synthesis can be presented as shown in 

Fig. 1.10, and a flow chart as shown in Fig. 1.11. 

Advantages of the sol-gel method are as follows: 

Å possibility of ensuring the purity of the final materials in case of use of 

such precursors as metal alkoxides; 

Å possibility of obtaining a highly homogeneous product; 

Å possibility of obtaining gels with an adjustable microstructure (density, 

porosity, pore sizes and specific surface can be widely varied, which is very 

important in the production of catalysts, sorbents, porous films, etc.); 

Å sol-gel method allows synthesis of new crystalline and amorphous 

substances, etc.; 

Å possibility of obtaining fine powders with low polydispersity (very close 

to monodispersion). 
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Fig. 1.10. Scheme of the sol-gel method of metal oxide powders synthesis [3] 

 

 

Fig. 1.11. Flow chart of the sol-gel method 
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1.2.4. Hydrothermal synthesis 

Hydrothermal synthesis is based on heating of the initial reagents solutions 

at given temperatures and pressures for a certain period of time. The essence of the 

method is that during the process of heating (hydrothermal treatment) of reagents 

aqueous solutions in a sealed autoclave reactor up to the temperatures exceeding 

100 Áʉ, the pressure of saturated vapor increases to values greater than 0.1 MPa 

(1 atm). At the same time, temperature can reach 550 ÁC, and pressure can increase 

up to 100 MPa [3]. 

This method is used for the synthesis of many metal oxides due to the 

running of hydrolysis reactions under the given conditions: 

   MeCl2 + H2O Ÿ MeO + 2HCl,    (1.13) 

    Me(NO3)2 + H2O Ÿ MeO + 2HNO3.   (1.14) 

At high pressures, a process of metal salts transition into nanodispersed 

powders (oxides) takes place, skipping the stage of salt conversion into hydroxide. 

Under normal conditions, these reactions do not occur, as metal oxides dissolve in 

acids. Such method is used to synthesise extra pure oxides with the possibility to 

obtain particles in nanoscale. The temperature should be above the equilibrium line 

of oxide ï hydroxide on the P-T diagram. 

The autoclave used is a steel thick-walled reactor, lined with teflon, quartz, 

or glassy carbon and hermetically sealed. Thus, this is a batch reactor. 

Hydrothermal method allows obtaining metal oxide nanoparticles of a 10 nm 

size with high monodispersity [2, 3]; and it is possible to add acids or alkalis to 

avoid pH change of the solutions during treatment, as well as hydrogen peroxide to 

inhibit hydrolysis, and therefore obtain smaller particles. When obtaining 

nanobjects by hydrothermal method, it is found that with a longer duration of 

hydrothermal treatment it is possible to synthesize metal oxide nanoparticles of 

larger size. The same applies to temperature: larger solids are obtained when 

treated at higher temperatures. 
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At the same time, hydrothermal synthesis is complicated in terms of 

equipment and energy efficiency. Moreover, materials used for reactors (Fig. 1.12) 

and autoclaves production have to satisfy strict requirements: they must be 

chemically inert in acidic and alkaline environments at elevated temperatures and 

pressures. However, hydrothermal synthesis is more reasonable and efficient in 

terms of main process control parameters (pressure and temperature) compared to 

sol-gel and thermal methods.  

 

Fig. 1.12. Reactor for hydrothermal synthesis 

1.2.5. Cryochemical synthesis 

The essence of the cryochemical technology is that the initial solution with 

dissolved salts is sprayed in a low-temperature solvent, where the droplets are 

cooled. 

After cooling the droplets harden in the form of ice. Under reduced 

pressure, the ice sublimate, so that drying without melting takes place ï freeze-

drying. During the drying process, aqueous solution is not formed, which means 

that there is no particles growth and their coagulation. In Fig. 1.13 and Fig. 1.14 

flow chart of the cryochemical technology and scheme of the oxide powders 

production are shown, respectively. This method is used for the synthesis of many 

powders of both inorganic and organic origin. This technology is very often 
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applied to multicomponent systems in order to increase their homogeneity and to 

obtain powders of a certain dispersion. 

 

Fig. 1.13. Flow chart of cryochemichal technology [8] 

 

 

Fig. 1.14. Scheme of the oxide powders production by cryochemical technology [1] 
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1.2.6. Gas phase and plasma chemical syntheses of functional nanopowders 

Gas-phase and plasma-chemical synthesis methods are very similar by 

nature due to the similarity of their key process ï transformation of raw materials 

into gaseous state using energy carriers (heated gas or plasma). At the same time, 

raw materials can also undergo chemical and/or physical transformations.  

By adjusting parameters of the processes, it is possible to obtain particles of  

a certain size and morphology, as well as with the given composition. 

Spray drying. Spray drying is already a well-known process and, moreover, 

is well-tested. It is used to produce a lot of dry food products, as well as many 

functional inorganic materials such as metal oxides. 

Spray drying is used to obtain powdered or granular dry product from 

solutions or suspensions. For spray drying, special devices are used, schematic 

diagram of which is presented in Fig. 1.15. Quality of the final product depends on 

the drying process, implementation of which is achieved throught the use of 

special devices ï nozzles, disks, etc. At the same time, there is an intensive heat 

and mass transfer with a gas carrier (heated air, exhaust gases). Dry powdered 

product falls to the bottom of the spray dryer chamber and is discharged from it 

into the product bin. Part of the product that does not fall down and flies away with 

gas is captured in cyclones and is returned to the product bins. 

 

Fig. 1.15. Schematic diagram of a spray dryer [9] 

In a spray dryer, the main technological process is the interaction of solution 

(or suspension) drops with a high-temperature heat carrier. Spray dryers are 
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divided into two categories taking into account such main features: direction of gas 

and product movements in the drying chamber; method of liquid phase spraying. 

According to the first feature, dryers are divided into those that work under 

parallel, counter-current and mixed streams of gas and product being dried. 

The most widely used dryers are those with the top-down solution supply 

under parallel flow (Fig. 1.16, a). Advantages are as follows: ability to use high-

temperature gas without overheating the solution (temperature of dry particles is 

determined by gas temperature at the outlet); less adhesion of particles to the 

chamber walls; homogeneous size of the spheroidal particles. Besides, apart from 

vertical spraying of the liquid, it is also possible to implement horizontal spraying 

(Fig. 1.16, b). 

In parallel flows (Fig. 1.16, c) it is necessary that the flow rate of the gas is 

higher than the flight speed of the largest particles. Such method allows drying 

process to be performed more evenly (large particles stay longer than small ones). 

The drawback is the necessity of the strict control of the spraying uniformity [1]. 

 

Fig. 1.16. Work scheme of drying chambers [1]: ʘ, b, c ï under parallel flow; 

d ï under counter-current flow; e, f ï under mixed flow 
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Realization of the process under counter-current (Fig. 1.16, d) is a 

convenient method due to product removal from the bottom of the chamber. 

However, low temperature of the heat carrier leads to the low drying efficiency 

and, therefore, there is a high probability of particles adhesion to the chamber 

walls. Counter-current is used when there is a need to combinie drying and 

calcination, or to obtain a large amount of powder. Dryers according to the scheme 

in Fig. 1.16, e are more manufacturable (large particles are unloaded from the 

bottom, while small particles ï from the top), but their efficiency is also low. 

Mixed scheme (Fig. 1.16, e) is more efficient, but because of collisions between 

large and small particles in the upstream, they stick together, and the product is not 

homogeneous in size [1]. 

In a spray drying process it is necessary to ensure homogeneity of the gases 

distribution in the cross section (maximum turbulent mode is needed). One of the 

crucial stages of the technological process is a rational preparation of the 

suspension composition for spraying. Suspension composition refers to the 

percentage ratio of dispersed phase (powder), dispersion medium (water) and 

organic matter of different functional purposes. By varying the composition of the 

suspension and technological regimes for obtaining powders, it is possible to 

regulate properties of the dried materials in a wide range. 

Typical technological process of obtaining powder by spray drying 

(Fig. 1.17) is considered further in details. On the basis of this process, production 

of a number of technological powders with various functional purposes was 

established. After a chemical analysis of the basic substance content and the 

calculation of the charge composition, initial materials are weighed on the scales, 

pre-mixed in the mixer and, together with the estimated amount of water and 

organic additives, are loaded into the attritors for the suspension preparation. If 

necessary, the charge after mixing undergoes a chemical analysis. The prepared 

suspension is transfered into a mechanical stirrer and is further stirred vigorously 

to avoid delamination and formation of coagulated structures. At the same time, 

the mixer is a feedtank for a spray dryer. Then, drying and granulation of the 
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charge take place in the spray dryer. Granulated charge is pre-calcinated in a rotary 

kiln. Then, crushing of the calcinated granules and preparation of the suspension in 

the second attritor are carried out simultaneously. Pressed powders are prepared in 

the second drying-granulation unit. The obtained pressed powder is dissipated by 

fractions on a special vibrosieve and then undergoes the operation of products 

pressing.  

Advantages of the spray drying process are as follows: high speed of the 

process; ability to regulate powder characteristics in a wide range (size and shape 

of particles, humidity, bulk density, etc.); ability to perform drying process in a 

large temperature range. Disadvantages of the process include large dimensions of 

the dryer; significant investments and high energy costs. 

 

Fig. 1.17. Flow-chart of the obtaining powders by spray drying [1] 
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Plasma-chemical synthesis. Plasma-forming gas plays a key role in this 

synthesis. Theoretically, plasma-forming gas can be any gas that allows creating 

necessary environment (oxidizing, reducing or neutral) in a reactor. 

Plasma-forming gas is characterized by the following parameters [1]: 

1. Value of specific enthalpy (it characterizes heat content ȹʅ, kJ/kg); 

2. Maximum heating temperature (ʊ, K); 

3. Physical and chemical properties (density, viscosity, diffusion 

coefficient, thermal conductivity, etc.); 

4. Designated purpose (carrier or carrier-reagent); 

5. Behaviour during quenching and purification. 

Fig. 1.18 demonstrates flow-chart of the plasma-chemical synthesis. Gas 

should be purified from dust, impurities, water, oxygen and analyzed on the 

content of impurities before entering the plasmotron. Dust removal is carried out in 

oil filters with Raschig rings, while water vapour is removed by adsorption using 

silica gel or active alumina. Synthetic zeolites and ion exchangers are used to 

remove water vapour, CO2, Ar, O2, NH3, SO2, H2S, etc. 

To create a plasma stream (plasma13 generation), special devices ï 

plasmotrones ï are used. In plasma-chemical technology of powders, both arc and 

high-frequency plasmotrones are used. Depending on the gas used, plasmotrones 

can produce plasma temperature up to 4000ï10000 K. 

At the stage of raw materials preparation, chemical mixture is maximally 

homogenized (by crushing, grinding, mixing) and harmful impurities are removed. 

Raw materials are fed by a feeder, which must provide the uniformity of the feed 

and the possibility of regulating the flow. Solid raw materials are fed through the 

dispenser and further by pneumatic transport into the reactor. Liquid raw materials 

are fed into the reactor in the form of droplets, and gaseous raw materials are fed 

through calibrated holes.  

                                           
13 Plasma is a partially or completely ionized gas characterized by electrical conductivity and in which the 

density of positive and negative charges is almost similar. 



40 

 

Synthesis in a plasma-chemical reactor is carried out according to the 

following stages: 

1. Mixing raw materials with plasma. 

2. Heating of raw materials. 

3. Chemical reaction. 

4. Formation and growth of particles. 

 

Fig. 1.18. Flow-chart of plasma-chemical synthesis [1] 

Processing of raw materials in a plasma-chemical reactor is accompanied by 

processes of melting, evaporation, condensation and crystallisation. In the high 

temperature zone, almost all the substances are in a gaseous state. When cooling at 

temperatures close to the evaporation temperature of the solid phase, two zones can 

be distinguished: of minor supersaturation (three-dimensional embryos are not 

formed) and of minor and major supersaturation (two processes run 
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simultaneously: formation of new centers and growth of previously formed 

centers; a polydispersed product is formed). 

Dispersion of the end product is influenced by such factors as reaction rate, 

temperature and its change rate, presence of nucleation centers in the system, and 

chemical nature of the crystallizing substances. 

Quenching is used to fix products formed at high temperatures and to 

prevent their decomposition. Quenching is cooling, which is expressed in K/s, that 

is for how many Kelvins a gas mixture is cooled in a second. Quenching can be 

provided by various methods: recuperative or regenerative heat exchange; bringing 

into the flow of cold streams or particles of reagents; use of de Laval nozzle. 

Mainly a mixture of end-products and by-products (unreacted raw materials, 

plasma gas, liquid or gas used for quenching) leave the reactor. Methods and 

apparatus used to separate end-products do not differ from those used in traditional 

technologies. For the separation of gas-solid systems, the following methods are 

most commonly used: gravity separation, inertial separation, filtration, wet 

scrubbing, electrostatic separation. 

Production of oxide powders in a plasma-chemical reactor is considered 

further in details. The process of thermolysis of salts, which are usually in a liquid 

phase, is described by the following general chemical equation: 

Me(NO)3ĀnH2O Ÿ İMe2O3 + 3NO + 9/4O2 + nH2O ï Q. 

Shape and size of the oxide particles being formed during decomposition 

depend on many factors [9]: 

¶ initial drop size, which is determined by the type and operating mode 

of the nozzle; 

¶ dynamic interaction of the drops with the flow of heat carrier, which 

leads to the drop breakage; 

¶ grinding of particles at the stage of a solid crust formation as a result 

of evaporation in the presence of a liquid core (typical of salts, which do not form 

melts in crystallization water); 
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¶ self-breakage of the particle into smaller ones, when decomposed 

according to the scheme (ɸɺ)s ŸAs + ɺs, and when the volume of the (ɸɺ)s phase 

is usually greater than that of the ɸs. 

The main advantages of this synthesis method are as follows: high 

productivity of the method and high purity of the end-products; opportunity of 

obtaining complex compounds with different degrees of alloying (doping); high 

activity of obtained powders (in case of catalysts). The disadvantages include high 

corrosion and enormous energy costs. 

Plasma-chemical technology is used to obtain simple and complex metal 

oxides that are utilized in ceramics, microelectronics, as ferrites and catalysts, etc. 

Besides, the latter obtained by this technology are considered to be more active 

catalysts than those obtained by other technologies (due to nonequilibrium 

conditions of the process). 

1.2.7. Gas phase synthesis 

According to modern classification, gas-phase synthesis methods of 

functional materials can be divided into physical and chemical. Physical methods, 

or PVD (physical vapor deposition), are based on evaporating the material at 

controlled temperature in an inert atmosphere or in the vacuum followed by 

condensation near or on a cold surface. This method is considered to be the easiest 

due to its high performance. Unlike evaporation in the vacuum, atoms of the 

substance evaporating in an inert atmosphere lose their kinetic energy faster due to 

the collisions with inert gas atoms, and form clusters. 

Chemical methods, or CVD (chemical vapor deposition), are based on 

thermal decomposition of various salts at a given temperature with the formation 

of end-products. Both methods are shown schematically in Fig. 1.19 [4]. 
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Fig. 1.19. Gas phase deposition 

Devices intended for synthesis of functional materials by PVD method differ 

in the way of introducing evaporating material; way of energy supply for 

evaporation; working environment; organization of condensation process; and in 

the method of removing the powder being obtained. For example, in Fig. 1.20 and 

1.21 two methods of PVD synthesis implementation are shown. In the first case, 

evaporation of the material (copper) occurs directly by its heating that results in the 

formation of cuprum atoms. They are transported and deposited on the tube, which 

is cooled from the inside by liquid nitrogen. In the second case, material evaporates 

due to the electric arc discharge in plasma and is deposited on a specially prepared 

plate ï the so-called substrate.  

 

 

Fig. 1.20. Obtaining of cuprum coating by PVD method [4] 
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Using PVD method, particles can be obtained with the size of 2 nm and 

bigger. This method is mostly used for scientific purposes ï for obtaining small 

amounts of powders, or ultra-thin films. 

 

Fig. 1.21. Obtaining of films (powders) by PVD method using electrical arc discharge in 

plasma [4] 

CVD method is used to obtain functional coatings, films and powders by 

chemical decomposition of precursors followed by products deposition on a 

surface or in a volume. 

Main advantages of the CVD method compared to PVD are the opportunity 

to obtain functional materials in lower energy consumption modes that do not 

require special conditions (high vacuum, solutions of electrolytes, melts, etc.). In 

addition, the opportunity to use a large number of different initial reagents 

(precursors), which allow synthesis of the same substances with different 

functional characteristics and thus optimization of materials with given properties. 

Initially, chemical deposition was used to obtain coatings from refractory 

metals by decomposition of iodides, hydrides, carbonyls. This determined 

çclassicalè scheme of the CVD method, which includes the following components 

and processes [5]: 

1. As precursors mainly coordination complexes are used, which consist of 

a central metal atom and one or more ligands, capable of passing into gas phase 

and being resistant to the reaction medium conditions on the way to substrate; 

2. Reaction medium is a volume, in which reagent vapor is transported to 

the area where the initial reagents are decomposed; 
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3. Carrier is a substance that does not react with precursors and 

decomposition products. It provides transportation of precursors to the reaction 

medium and removal of decomposition products from the reaction medium; 

4. Substrate is a substance on which decomposition and products formation 

from the reaction medium take place. 

Scheme of the CVD method can be presented, as shown in Fig. 1.22. 

In recent years, numerous modifications of the CVD method have been 

developed, which differ in terms of synthesis conditions, equipment design, and 

precursor type. Therefore, CVD methods are divided into atmospheric, low 

pressure and vacuum; aerosol and of direct fluid injection; plasma and a number of 

specific CVD methods.  

 

Fig. 1.22. Scheme of chemical vapor deposition (CVD method) [1] 

 

A special method of CVD is the epitaxy method. In Fig. 1.23 examples of 

carbon nanotubes and silicon nanowires formation via this method are presented. 

In the first case, a carbon nanotube grows on a catalyst; in the second case in order 

to obtain a silicon nanowire, a gold nanoparticle is placed into the silane 

atmosphere (SiH4) as a catalyst, on which silane decomposes to Si and H2. Liquid 

Si slips under the Au nanoparticle and crystallizes there. Nanowire grows as long 

as epitaxy process continues. Diameter of the catalysts determines diameters of the 

nanowires. 
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         ʘ                                     b 

Fig. 1.23. Synthesis of nanowires by epitaxy method: a ï carbon nanotube grows, b ï silicon 

nanowires formation 

Synthesis of functional materials by aerosol CVD method is very attractive, 

as it allows obtaining of spherical powders in the form of a porous or dense shell 

(particle). Such a variety of particles can be obtained by changing certain synthesis 

conditions: nature of precursors, their concentration, temperature, pressure, etc. 

Fig. 1.24 demonstrates a scheme of aerosol CVD method. 

 

Fig. 1.24. Aerosol CVD method 

The most common CVD method is that, for which metalorganic precursors 

are used. Synthesis is carried out in a specially designed reactor (Fig. 1.25) that 
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consists of an evaporator, in which initial reagents are introduced (through the 

injector), as well as oxygen and carrier gas. The reagents are transported through a 

hot zone to the quartz reactor, where reaction and deposition of the obtained 

products on the substrate take place. Unreacted product and carrier gas are 

removed from the reactor by a pump. 

 

Fig. 1.25. Metalorganic CVD method 

1.2.8. Template synthesis 

Recently, template synthesis has gained wide popularity. Template, or 

matrix, synthesis is performed in a confined space that makes it possible to control 

phase structure being formed, which is set using a template. At the same time, 

polymerisation or polycondensation of the template occurs, and the particles 

structure being formed is determined by template (matrix) macromolecules. The 

most striking example of the template synthesis is the synthesis of protein 

molecules, matrixes for which are nucleic acids [1]. 

Using template synthesis, materials are obtained with pores of a given size 

(mesoporous materials), certain forms and nanoparticle size. Besides, porous 

matrix determines not only the shape and size of the particles, but also their spatial 

arrangement. 
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Template is a center around which the main structural units of the matrix are 

organized, and a frame is formed. Micelles formed by organic molecules (surface-

active substances) in solutions can be used as templates. Further removal of the 

template leads to the formation of a cavity of particles of the same size and shape 

as an organic micelle. Scheme of the template synthesis is shown in Fig. 1.26. 

 

Fig. 1.26. Scheme of the template synthesis [1] 

Accuracy of the template form repetition by pores form depends on three 

factors: 

1. Nature of the interaction between the template and the matrix; 

2. Ability of the matrix to repeat the template's form; 

3. Correlation of the template size and the size of "building" blocks. 

Depending on the nature of the template molecules, templates are subdivided 

into the following groups: 

¶ Anionic (sulfonic acids, carboxylic acids, etc.); 

¶ Cationic (various alkylammonium and alkylpyridinium salts); 

¶ Nonionic (primary amines and esters). 

The main requirement for templates is the ability to form micelles. It is the 

micelles formation and their concentration that determine the structure of the future 

mesoporous material. Crucial role in the future structure formation is played by 

critical concentrations of surfactant micelles in solutions where the synthesis takes 

place, the so-called CCM114 and CCM215. Besides, the structure of the mesoporous 

material is influenced by the synthesis conditions (temperature, solvent type and 

                                           
14 CCʄ1 is a surfactant concentration in a solution, at wich a new colloidal (micellar) phase appears. 
15 CCM2 is a surfactant concentration in a solution, at which overlapping of the double electric layer of the 

micelles occurs while maintaining their spherical shape. 
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template type) and the interaction between hydrolysis products and template 

molecules. Fig. 1.27 shows a phase diagram of cetyltrimethylammonium bromide 

(CTAB). 

 

Fig. 1.27. Schematic phase diagram of ʉ16ʅ33(ʉʅ3)3NBr (ʉʊɸɺ) ï water 

Most fully, today, the template synthesis of mesoporous SiO2 has been 

studied, the scheme of which is presented in Fig. 1.28. Oxide mesoporous 

materials are obtained using hydrolysis of various precursors (organometallic, 

complex and inorganic) in the solutions containing templates. Today, template 

synthesis of mesoporous SiO2 is the most studied, the scheme of formation of 

which is presented in Fig. 1.28. 

 

Fig. 1.28. Scheme of mesoporous silicon dioxide obtaining 
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1.3. Methods of functional materials study 

Study of functional materials (so-called characterization) is an integral part 

of inorganic synthesis aimed to control and obtain substances with given 

properties. The following study methods are distinguished: 

1. Chemical (chemical analysis is carried out; reactivity of substances is 

determined); 

2. Physical (identification of substances is carried out, their phase 

composition and structure are determined; dependence of their properties on 

certain parameters is established); 

3. Physicochemical (ócomposition-propertyô diagrams are obtained). 

In the study of inorganic matter, first of all, its structure should be identified. 

Depending on the structure of the compound (molecular16 or non-molecular17), two 

different approaches are used in the study. 

If a chemical compound has molecular structure, it is analyzed by chemical 

and spectral analysis methods. For molecular compounds, identification and study 

of the structure is not usually the ultimate goal. Attention in this case is mainly 

focused on studying of the properties and chemical activity of such compounds. 

In the study of non-molecular crystalline bodies, in most cases, X-ray 

methods are used, which are supplemented with the results of either chemical or 

spectral analysis methods [1]. For non-molecular compounds, the notion of 

óstructureô is of the utmost importance. A solid is considered to be fully 

characterized if the following is defined: 

1. Whether body is monocrystalline or polycrystalline (for polycrystalline 

bodies, quantity, size, shape of crystallites are indicated); 

2. Type of crystalline structure; 

3. Distribution of various crystalline structure defects, their nature and 

concentration; 

                                           
16 Molecular compounds are compounds, the smallest structural particles of which are molecules. 
17 Non-molecular compounds are compounds, the smallest structural particles of which are atoms or ions. 
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4.  Presence of impurities, which appeared in a random and non-random 

manner, and their distribution in a volume; 

5. Surface structure, including its heterogeneity and presence of absorption 

layers. 

Usually, a solid can not be completely characterized by only one method of 

study. Therefore, several methods are often used for characterization, which, as a 

rule, relate to physical methods. All physical methods used for the study of solids 

can be divided into the following main groups: 

1. Diffraction methods (X-ray diffraction, neutron diffraction, electron 

diffraction); 

2. Spectral methods (vibrational: ɯR and Raman spectroscopy; resonant: 

NMR, EPR, Mºssbauer spectroscopy, NQR spectroscopy; electron: UV, PES, 

ESCA, Auger electron spectroscopy); 

3. Microscopic methods (electron microscopy: TEM, SEM, AFM, optical 

microscopy); 

4. Thermal methods (thermography: ʊGɸ, DTA; calorimetry); 

5. Electrophysical and magnetic methods. 

Table 1.1 provides information on which data on the compound structure 

can be obtained using some study methods of materials. 

Diffraction methods are the most important methods for the investigation of 

crystalline solids, among which radiography is the most popular method, the 

essence of which is as follows. When an X-ray beam falls on an organized crystal 

lattice, atoms of the latter become the centers of secondary wave emission. At a 

certain wavelength, X-rays are amplified under certain angles of scattering 

(Fig. 1.29, a). As a result, roentgenogram is obtained, which is a set of peaks of 

different intensity, and their position is determined by lattice spacing (d) or Bragg 

scattering angles (ɗ) (Fig. 1.29, b). For each crystalline compound, position of  

X-ray lines is strictly fixed and is characteristic only of it. Each crystalline 

substance has its individual (typical only of this substance) diffractogram, which 

can be used for its identification. 
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Table 1.1. Characterization of solids by some study methods [7] 
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Radiography (+)   (+)  (+) + + + + (+) 

Electron diffraction 

and electron 

microscopy 

   

+ 

 

+ 

 

+ 

  

+ 

 

+ 

 

+ 

 

+ 

 

+ 

Neutron diffraction       + + (+) (+) + 

Optical microscopy    + (+)    + + (+) 

IR spectroscopy (+)  (+)  + +    +  

Ultraviolet-visible 

spectroscopy  
+ + (+)   +     (+) 

NMR and EPR 

spectroscopy 
(+) (+) +   +    (+) (+) 

Electron spectroscopy 

(ESCA, XPS, UPS, 

AES, EELS) 

+ + +  + +     (+) 

X-ray spectroscopy 

(XRF, EXAFS, 

XANES) 

(+) (+) +  + +     (+) 

Mºssbauer 

spectroscopy (nuclear 

ɔ-resonance) 

(+)  (+)   +      

 

Identification is performed by comparing experimental data with the data of 

standard diffractograms (Fig. 1.30). 

 

 

ʘ b 
Fig. 1.29. X-ray diffraction on a crystal (ʘ) and typical roentgenogram (b) 
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Coincidence of the major peaks provides a basis for determining the 

substance. Standard diffractograms are collected in a database of powder 

diffraction patterns, known as the ICDD (formerly JCPDS). In this database, more 

than 35,000 diffractograms of inorganic powders are collected, which are 

replenished annually. 

 

 

Fig. 1.30. Roentgenogram (NH4)6(NiMo9O32)Ŀ6ʅ2ʆ 

Using data obtained from diffractograms, it is possible to calculate lattice 

spacing (Braggôs law) [1]: 

2 sinɗ= ɚd nÖ ,     (1.15) 

where  ɚ is the wavelength of the wave, ¡; 

  d is the lattice spacing, ¡; 

  n=1 (order of diffraction, taken as 1); 

  ɗ is the Bragg angle, rad. 

Peaks present in the diffractogram have their own indexes hkl, called Miller 

indiʩes. After identification and determination of hkl, it is possible to calculate 

lattice parameters and crystallite size (coherent scattering domain size ï CSD size).  

Lattice parameters are calculated according to the following equation: 

2 2 2

2 2 2 2

1 h k l

d a b c
= + +,     (1.16) 
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where h, k, l are Miller indices; 

 a, b, c are parameters of a unit cell (lattice constants). 

From the obtained values of lattice spacing and quadratic forms, which link 

d2 and lattice constants (Table 1.2), it is possible to calculate real lattice parameters 

for all crystallographic systems. 

Crystallite size is calculated according to Scherrer equation: 

0.9ɚ

cosɗ
t

B
=
Ö

.      (1.17) 

where B is the line broadening at half the maximum intensity, rad. 

Line broadening is calculated according to the following equation: 

2 2

s stB B B= - ,      (1.18) 

where ɺs is line broadening in a sample, rad; 

 ɺst is line broadening of a standard macrodispersed powder, rad. 
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So, diffraction methods allow substance identification, calculating of the unit 

cell parameters and CSD size, identification of the crystalline lattice structure. For 

example, TiO2 has three modifications ï rutile, anatase and brookite. Each of them 

has its own structure, and hence its own X-ray pattern (Fig. 1.31). 

 

Fig. 1.31 Substances with the same chemical composition, but with different crystalline structure 

Electron diffraction and neutron diffraction also belong to diffraction 

methods. Electron diffraction is based on the wave properties of electrons and their 

high dissipation ability. The disadvantage of this method is secondary diffraction. 

This method is often used together with transmission electron microscopy. Neutron 

diffraction refers to the expensive analysis methods, because for the creation of an 

intensive neutron source, a nuclear reactor is needed. Only some laboratories in the 

world have such equipment. This method is very valuable for the study of 

magnetic materials. 

Today, many different spectral methods are used to study substance 

structure (Table 1.3). They are based on the same principle: under certain 

conditions, a substance can absorb or release various types of energy. This is 

usually electromagnetic radiation, but there may be also acoustic waves, material 

particles, etc. Spectral data (spectra) obtained during the study represent 

dependence of absorption or emission intensity on energy (or frequency, or 

wavelength). 
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Table 1.3. Characteristic scale of spectroscopy methods 

Scale/ 

spectrum 
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9
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7
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2
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-7
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-7
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-3
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Energy, eV 10
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3
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Spectroscopy 

Mºssbauer 

spectro-

scopy18 

XPS19 UV, visible 
IR, 

Raman20 
EPR21 

NMR, 

NQR22 

 

IR and Raman spectroscopies are used, first of all, to identify functional 

groups, mainly organic, and some inorganic: OH-, CO3
2-, SO4

2-, NO3
-, PO4

3-, etc. 

Vibrational spectra of inorganic solids can be used to identify phases, but inorganic 

compounds can not be unambiguously identified with this method (unlike organic 

compounds). Vibrational methods may also be useful for obtaining structural 

information (Fig. 1.32). 

 

                                           
18 Mºssbauer spectroscopy (recoilless nuclear resonance fluorescence) is based on the Mºssbauer effect, 

which consists in the resonant absorption of monochromatic ɔ-radiation emitted by a radioactive source. 
19 X-ray photoelectron spectroscopy is based on the external photoelectric effect. XPS spectra are obtained 

by irradiating a material with a beam of X-rays in an ultra-high vacuum while registrating dependence of the number 

of electrons emitted on their kinetic energy. The analyzed electrons are emitted by the top 1ï10 nm layer of the 

investigated material. 
20 Raman spectroscopy being a part of visible spectroscopy is based on the interaction between 

monochromatic radiation and matter, which is accompanied by a change in the energy of scattered radiation 

compared to the energy of exciting radiation. 
21 Electron paramagnetic resonance spectroscopy or electron spin resonance (ESR) spectroscopy is a 

method for recording transitions between spin levels of unpaired electrons of a molecule in an external magnetic 

field. EPR (ESR) spectroscopy is based on the absorption of microwave energy of an electromagnetic field by a 

sample placed in such a field. Absorption is a function of the unpaired electrons present in a molecule. 
22 Nuclear quadrupole resonance consist in the resonant absorption of radio waves due to the quantum 

transitions of nuclei between energy states with different orientation of the electric quadrupole moment of the 

nucleus caused by the presence of electric field gradients in crystals. Unlike nuclear magnetic resonance (NMR), 

pure NQR can be observed in the absence of an external magnetic field. 
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Particles energy and wavelength are linked according to the equation:  

E = hf = hcɚ-1,     (1.19) 

where  h is the Planck constant, JĿs; 

     f is the frequency, s-1; 

    ʩ is the speed of light, m/s; 

    ɚ is the wavelength, m. 

At f irst, spectral methods were used to study molecular substances, mainly 

liquids or gases. Today they are also used to study solids, both crystalline and 

amorphous. The study of solids by spectral methods is supplemented with the 

diffraction results. Diffraction methods allow obtaining information on the long 

range order in a substance, while spectral methods are aimed to determine the short 

range order, namely, the symmetry of molecules, defects, impurities. 

 

Fig. 1.32. Spectrum obtained by IR spectroscopy 

Electron spectroscopy (visible and UV) is used to obtain information on the 

structure of amorphous solids and laser materials, by obtaining data on energy 

levels and possible electronic transitions. Resonant spectroscopy, in particular 

NMR, makes it possible to carry out structural study, to determine the degree of 

covalency of chemical bonds, etc. [1]. 

Using microscopy studies, in addition to the particles size, it is possible to 

establish morphology (shape of the particles) of the obtained powders, which 

sometimes plays a crucial role in the properties of a substance. Microscopy studies 

use different types of microscopes that can be divided into optical and electronic.  
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With optical microscopes it is possible to observe particles with a diameter 

of several micrometers. Particle size that can be observed in an optical microscope 

is limited to the wavelengths of visible light in the range 0.4ï0.7 microns. To 

investigate smaller particles, electron microscopes are used. Using electron 

microscopes, it is possible to observe particles with diameters of several 

angstroms, that is, today it has become possible to observe individual atoms.  

Both in optical and in electron microscopy, two types of devices are used. 

The first ones are those that work on the registering an image in the reflected light 

(light rays or electrons are reflected from the surface of the sample), the latter are 

those that work on the transmission of light or electrons through it (light rays or 

electrons pass through the sample). 

In optical microscopy, the first type includes polarized light microscopes 

(the light is reflected from the sample being studied); the second type includes 

metallographic microscopes (the light passes through the sample); in electron 

microscopy ï scanning microscopes SEM (electrons are reflected from the sample) 

and transmission microscopes TEM (electrons pass through the sample), 

respectively. Depending on the microscopes being used, electronic photographs 

shown in Fig. 1.33 are obtained, where a and b are TEM images; c and d are SEM 

images. Thus, TEM images allow obtaining information on the particles size and 

shape, crystallographic defects, crystal structure; while SEM images provide 

information on the size and shape of the particles, texture and surface structure. 

In practice, both transmission and scanning electron microscopes are used. 

Many SEMs and TEMs are also equipped with numerous additional attachments 

that allow studying the elemental composition of the samples (point analysis), 

obtaining electron spectra (Auger spectroscopy) and electron diffraction patterns 

(electron diffraction).  
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ʘ b 

  
c d 

Fig. 1.33. ʊɽʄ (a and b) and Sɽʄ (c and d) images 

Thermal analysis is used to study solid-phase reactions, thermal 

decomposition reactions, phase transformations, and to build phase diagrams. 

Many substances that change their properties with temperature change can be 

studied by thermal analysis. 

The main types of TA are thermogravimetric analysis (TGA) and differential 

thermal analysis (DTA). In the first case, mass change is recorded, depending on 

the temperature or time; in the second case, temperature difference (ȹT) is 

recorded in the heating or cooling mode. Fig. 1.34 shows a typical mass loss curve 

in the process of a substance decomposition.  
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Fig. 1.34. Typical thermogram 

In the experiment, a sample (usually ~ several mg) is heated at a constant 

rate (1ï20 ÁC/minute, usually 10 ÁC/minute). As can be seen from Fig. 1.34, 

decomposition starts at the temperature of ʊ̔ and ends at ʊf. The values Wi, Wf, 

ȹW are the main characteristics that are determined experimentally and are used 

further for quantitative calculations. Temperatures Ti, Tf depend on the heating rate 

of the solid and on the environment. The impact of the environment can be 

significant (Fig. 1.35).  

 

Fig. 1.35. Influence of the environment on the decomposition temperature 

Differential thermal analysis is based on the comparison of the sample 

temperature with the temperature of the standard during programmed temperature 
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change, which results in the obtaining dependence of ȹT on T. DTA method 

allows establishing of thermal effects that arise in the sample heating process. 

Quiz 

1. Point out the essence and benefits of sol-gel technology for obtaining 

functional materials. 

2. Give the flow chart of sol-gel technology. 

3. Describe gas-phase and plasma-chemical synthesis methods for obtaining 

materials with given properties. 

4. Describe cryochemical technology and give its flow chart. 

5. Describe PVD and CVD methods. 

6. Describe PVD techniques. 

7. Describe components and processes of the óclassicalô scheme of CVD method. 

8. Whar are the advantages of CVD method compared to PVD method?  

9. Describe template synthesis. What are crucial parameters? 

10. Bring the classification of research methods used to study functional inorganic 

materials. 

11. What information is obtained in the study of solids by different research 

methods? 

12. What information is obtained using diffraction methods? 

13. What is the basis of spectral analysis methods? 

14. What information is obtained using microscopy studies? 

15. What properties of substances are determined by thermal analysis? 
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CHAPTER 2. CHEMICAL  BONDING, ELECTRONIC  AND REAL  

STRUCTURE OF CRYSTALS 

2.1. Chemical bonding 

In nature, there are three force fields that can influence material particles ï 

electric, magnetic and gravitational. The latter two types are very weak and can not 

be responsible for the experimentally established high strength of interatomic 

bonds, so bonding in atoms is caused only by electrical interaction between 

positive and negative charges. This leads to a decrease in the potential energy of all 

atoms of a substance and in the energy of valence electrons, which are involved 

into chemical bonding. 

The specific mechanism of electrical interaction depends on the electronic 

structure of the atoms of the given substance, that is, from their position in the 

Mendeleevôs periodic table. At the same time, the following types of electrical 

interaction and the types of chemical bonding, respectively, are distinguished [1]: 

1. Coulomb interaction. It can be static (interaction between the iones or 

the displaced centers of gravity of the opposite charges ï a case of ionic 

(heteropolar) bonding) or dynamic (interaction between the opposite interatomic 

(intermolecular) charges caused by dynamic polarization ï a case of Van der 

Waals bonding). 

2. Interaction of valence electrons with nuclei. This type of interaction is 

also dual in nature. In the first case, when the atoms are approaching, orbitals of a 

pair of valence electrons with opposite spins overlap. Such pairs are continuously 

moving from one atom to another. But such moving occurs only along the so-

called "bridges", which combine the adjacent atoms in certain directions. Electron 

density is concentrated only in these directions, hence, the valence electrons are 

localized ï this is a case of covalent (homeopolar) bonding. In the second case, 

there is an interaction of delocalized (collective) valence electrons of all atoms 
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formed by the such possible mechanism of delocalization as numerous overlapping 

of valent orbitals. This is a case of metallic bonding. 

The general characteristic of the bond type is the electron density ŭ23. It 

describes the character of the valence electrons distribution in a crystal lattice. In 

chemical elements (and especially in compounds), there is an overlap of several 

bond types. Besides, considering four possible bond types (Van der Waals, 

covalent, metallic and ionic), elementary substances have only first three types, 

while compounds ï all four types. 

2.2. Structure and properties of the substances with different types of 

chemical bonding 

Ionic bonding occurs due to the electrostatic Coulomb interaction between 

various charged ions, which differ in the ability to attract electrons. The ability of 

atoms to attract electrons in a chemical bond is called electronegativity. Elements 

of Group I are characterized by the minimum electronegativity, while elements of 

Group VII have the maximum electronegativity (Fig. 2.1). In general, ionic 

compounds are those in which electronegativity difference of the compound 

components is 1.5ï20 eV [6]. 

Ionic bonding is nondirectional, so the ion crystal lattices are relatively 

compact and are characterized by high symmetry (often cubic crystal system). The 

most compact is crystal lattice of NaCl type (Fig. 2.2), which can be considered as 

two cubic fcc24 lattices (Na and Cl). However, other ionic crystals with the same 

stoichiometric formula (for example, CsCl, ZnS) have another type of cubic  

lattice ï bcc25 lattice. This is due to the fact that the divergence of lattice types in 

substances with the same stoichiometric formula depends not only on the 

stoichiometric formula, but also on the size of anions and cations. Such 

coordination numbers as 4, 6 and sometimes 8 are typical of ionic crystals. 

                                           
23 Value of the electron density ŭ is el/nm3. Electron density is also called probability density. 
24 Face-centered cubic. 
25 Body-centered cubic. 
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Fig. 2.1. Dependence of elements electronegativity on their location in the periodic table 

The lattice energy of ionic crystals is almost completely characterized by the 

Coulomb attraction forces. An important feature of the ionic bonding is its 

polarization, which is caused by polarization of the ions, that is, the displacement 

of the centers of negative and positive charges. 

 

Fig. 2.2. NaCl crystal lattice 

Van der Waals (polarization) bonding, like ionic one, is caused by the 

Coulomb interaction between different charges, in which the centers of gravity are 

shifted relative to one another. Although, in case of ionic bonding, different 
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charges belong to different atoms ï cations and anions, in case of Van der Waals 

bonding, different charges, which are displaced relative to one another (dipoles), 

are formed inside the atom (molecule) due to the charge polarization of the nucleus 

and electrons (the so-called electron polarization). Van der Waals bonding is a very 

weak type of bonding. Besides, energy of Van der Waals bonding decreases 

sharply as the distance between the atoms increases. From the above, it follows 

that this type of bonding must be present in the atoms of all substances without 

exception. However, in the atoms of the substances, in which, along with the Van 

der Waals bonding, other (stronger) bonds are present, this type of bonding either 

does not form at all, or forms in the directions in which strong bonds are weak. In 

the elements of the periodic table in which external valence shells are completely 

filled, strong bonds do not form. In this case, Van der Waals bonding is the only 

bonding present. Therefore, elements of the Group VIII ï noble gases ï are 

chemically inert and usually do not form compounds; they have the lowest melting 

point. Van der Waals bonds are nondirectional, therefore these substances have 

simple cubic lattices [1].  

Metallic bonding arises from the delocalization of valence electrons of the 

atoms. Valence electrons of metals, due to a number of reasons, are weakerly 

bound to the nucleus, and therefore are more easily detached from nuclei, forming 

the so-called electron gas, which freely moves from one nucleus to another. 

One important difference between metals and other solids is that their 

chemical bonds are nondirectional and unsaturated, and therefore metals have high 

symmetry and compact structures. Close packed crystal structures with 

coordination numbers 12 and 8 (Fig. 2.3) are the most widespread among metals. 

Due to the unsaturated metallic bonding, metals can form solids with a high 

content of impurities. 

It has been experimentally shown [1] that in crystals with covalent bonding 

(Fig. 2.4) electron density of valence electrons is unevenly distributed in space. 

The bonding is formed by pairs of valence electrons, which are located on a 

common for two neighboring atoms binding orbit. Besides, in case of elementary 
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compounds, each atom ñgivesò one valence electron to a bond. Thus, in order to 

form a covalent bond, it is necessary to have two unpaired electrons with opposite 

orientation of the spins. In the formation of a covalent bond, each atom completes 

its shell to 8 electrons at the expense of the unpaired binding electrons from each 

of the 4 closest neighbors in the lattice.  

 

Fig. 2.3. The most widespread types of metal crystal lattices:  

ʘ ï body-centered cubic crystal lattice, b ï face-centered cubic crystal lattice,  

c ï hexagonal close packed lattice 

In general case, s-, p- and d- electrons are involved into formation of 

covalent bonding. In some cases, during bonding formation, orbits of valence 

electrons are almost unchanged; in other cases there is a sharp change ï mixed and 

hybrid orbits form. Covalent bonding has a direction. The idea about the covalent 

bonding direction in a crystal is presented in the theory of directed valence. 

Direction of the chemical bonding can be determined by the molecular orbitals 

method and by the valence bond method [6].  

Covalent bonding leads to the formation of specific crystal structures, as 

well as to peculiar energy spectrum of valence electrons. The main peculiarity of 

the structures with covalent bonding is the band gap between the valence band and 

the conduction band. Band gap (ȹɽ) depends on temperature and pressure. At a 

temperature of 0 K, the valence band is completely full, and the conduction band is 
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completely empty (Fig. 2.5, a). Thus, electrical resistance of such a semiconductor 

tends to infinity, and it is not conductive. 

 

Fig. 2.4. Distribution of electron density in the diamond lattice [1] 

Table 2.1 shows examples of compounds with different types of bonding, 

some of their characteristics and properties. 

 

Fig. 2.5. Energy distribution of conduction electrons in undoped semiconductors [1]:  

ʘ ï at ʊ Ÿ 0 K, b ï at ʊ > 0 K 
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An increase in temperature above 0 K leads to the occurance of temperature 

fluctuations in the crystal lattice, which ensure transfer of electrons from the 

valence band to the conduction band (Fig. 2.5, b). Thus, in semiconductors at 

T > 0 K electrons appear in the conduction band, and holes ï in the valence band. 

Also, hydrogen bonds can occur in crystals, which are formed in some molecular 

substances that include hydrogen and one of the most electronegative elements 

(fluorine, oxygen, nitrogen). Hydrogen bond has a direction, and is stronger than 

Van der Waals bonding, but much weaker than covalent one. 

 

Table 2.1. Examples of compounds with different types of bonding, some of their 

characteristics and properties [1] 

Type of 

bonding 

Compound characteristics 

General properties 
Com-

pound 
Crystal 

structure 

Bond 

energy, 

ʝV/molecule 
a, ¡ 

Ionic 

KCl 
AgBr 
BaF

2
 

Cubic 
7.3 
5.4 
17.3 

3.14 
2.88 
2.69 

Dielectrics at low 

temperatures. Ionic 

conductivity at high 

temperatures. Transparent 

in the visible spectrum. 

Light absorption in the IR 

spectrum 

Covalent 

Si 
InSb 

Mg
2
Sn 

Cubic 
3.7 
3.4 
1.0 

2.35 
2.80 
2.92 

High melting point. High 

strength. Dielectrics or 

semiconductors 

Metallic 
Na 
Ag 
Ni 

bcc, 
fcc, 
fcc 

1.1 
3.0 
4.4 

3.70 
2.88 
2.48 

High electrical 

conductivity. Non-

transparency 

Hydrogen Ice Hexagonal 0,5 1.75 
Dielectrics. Optical 

transparency 

Van der 

Waals 

Ar 
Cl

2
 

fcc, 

tetragonal 
0.1 
0.3 

3.76 
4.34 

Low melting and boiling 

points 

 

2.3. Electronic structure 

Regularities of the atom electronic structure of various substances form the 

basis of the Mendeleev periodic table. Deep understanding of the atom electronic 
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structure and the behavior of electrons is given by quantum mechanics that is based 

on the wave functions of electrons, which are described by the Schrºdinger 

equation. Solution of the Schrºdinger equation for one electron makes it possible 

to find the value of the electron energy in a crystal [1].  

When a crystal is formed, energy level of the electron splits into the energy 

bands26. A simplified energy scheme (Fig. 2.6) is usually used to demonstrate 

energy bands of a crystal. Since many processes in the crystal (electric, magnetic, 

optical) are caused by the state of valence electrons, only two bands are shown in 

the scheme: the valence band corresponding to the ground (non-excited) state of 

these electrons and the conduction band corresponding to the excited state of the 

electrons. Band theory27 explains the distribution of the substances on conductors, 

semiconductors and dielectrics depending on the filling of the valence band and the 

conduction band of the crystal with electrons. 

 

Fig. 2.6. Simplified energy scheme of a crystal 

Formation of energy bands in the crystals of some chemical elements and 

filling of these bands with electrons are considered below.  

In the atom of Lithium in its ground state there are two electrons at 1s level 

and one electron at 2s level. When a crystal is being formed from lithium ions, 

there is expansion and splitting of both levels into bands. Fig. 2.7 shows the 

                                           
26 Band theory explains formation of the band structure. 
27 Quantum mechanical theory of electron movement in a solid. 
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splitting (on the right) of these levels, depending on the distance between the atoms 

d (where d0 is the constant of the crystal lattice (unit cell parameter) of lithium in 

the ground state) and the scheme of energy bands of the Lithium crystal (on the 

left). In the 1s zone, all levels are filled, and they can not participate in creating 

electric current in the crystal. In the 2s zone, only half of the level is filled, so these 

electrons take part in the electrical conductivity, and therefore, crystals of lithium 

ions are conductors, as well as crystals of sodium ions, potassium, and others. 

 

Fig. 2.7. Energy diagram of lithium crystal [14] 

In the atom of Beryllium, the 2s level is completely filled and, in theory, 

electrons do not participate in the electrical conductivity. However, the 2p level is 

empty and, as can be seen from the scheme (Fig. 2.8), the filled 2s zone overlaps 

with the empty 2p zone, and at d=d0 a partially filled zone is formed. Thus, the 

crystal made of beryllium ions conducts electric current. 

If a fully filled valence band in a crystal is separated from the conduction 

band by the band gap, then in the absence of external excitation (for example, 

heating or irradiation), the crystal is not conductive. 

In the atom of diamond (covalent bonding), there are 4 valence electrons that 

are distributed equally at 2s and 2p levels. When carbon atoms are approaching, 2s 

and 2p levels split first into two separate bands, and then at d1 < d < d2 the bands 

merge. With further approaching, the energy band splits into two zones again. 

However, both 2s and 2p electrons are at the bottom level, completely filling it due 
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to the sp3 hybridization, so that the upper zone remains empty. Diamond is a 

dielectric with ȹE=5.6 eV. 

 

Fig. 2.8. Energy diagram of beryllium crystal [20] 

For convenience, semiconductors are considered to be the substances with a 

band gap less than 3 eV (in some sources, less than 4 eV). Dielectrics (insulators)  

 

Fig. 2.9. Energy diagram of diamond crystal [8] 

In NaCl crystals (ionic bonding), energy bands are formed as a result of the 

expansion and splitting of energy levels of sodium and chloride ions, which have 

filled electron shells of the noble gases type (Na+ of Ne type; Cl- of Ar type). From 

Fig. 2.10 it can be seen that in the separated atoms, 3s level of Na atom is located 

below 3p level of Cl, but when the atoms are approaching, 3p zone is below 3s 

zone. This is due to the fact that the valence 3s electrons of the Na atom transfer 

into the 3p zone of the Cl atom and fill all the vacant energy levels there. Thus, 3p 
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zone is full, and 3s zone is empty. At the same time, these zones are separated by a 

wide band gap (6 eV), hence, the crystal is not conductive. 

Thus, the main difference between semiconductors, dielectrics and metals is 

associated with the difference in the nature of chemical bonding and electronic 

structure of these materials; with the nature of energy bands filling with valence 

electrons; with the presence of both positive and negative charge carriers, etc. 

 

Fig. 2.10. Energy diagram of sodium chloride crystal [1] 

2.4. Defects in crystals 

Any deviation from the crystal symmetry is called a defect. Defects can 

occur if an atom does not exist in a lattice site; if there is a different atom; if there 

are additional atoms, etc. Defects substantially affect the properties of crystalline 

materials. Such properties as electrical conductivity, photoconductivity, plasticity, 

transparency, color, luminescence are very sensitive to even a small number of 

defects. 

There are the following types of defects [1]: 

¶ point (0-dimensional); 

¶ line (1-dimensional); 

¶ planar (2-dimensional); 

¶ bulk (3-dimensional). 

Point defects include vacancies, interstitial atoms, substitutional atoms 

(Fig. 2.11).  
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a b 

  

c d 

Fig. 2.11. Point defects: a ï vacancy defect, b ï distortion of a crystal lattice because of an unoccupied 

site, c ï interstitial atom in a crystal lattice and d ï distortion of a crystal lattice because of an interstitial 

atom [7] 

There are two main mechanisms of the point defects formation. In the first 

case, an atom moves from the crystal lattice site into an interstitital site, and creates 

both a vacancy and an interstitial atom (Fig. 2.12, ʘ). Such pairs are called Frenkel 

defect. These defects often occur in crystals with large interatomic gaps. In the 

tightly packed structures other defects appear, which are called Schottky defects. In 

this case, a vacancy occurs, when an atom leaves the crystal structure 

(Fig. 2.12, b). As a rule, this occurs on the surface of the crystal when an atom 

moves from the upper layers of matter to the surface as a result of thermal motion. 

The formed vacancy migrates into the crystal volume. 
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Fig. 2.12. Frenkel (ʘ) and Schottky (b) defects [1] 

Point defects can occur as a result of heating solids, deviations from 

stoichiometry, plastic deformation, etc. Point defects have a great influence, 

especially in ionic crystals, on such properties as electrical conductivity and 

photoconductivity. 

Line defects include various dislocations and chains of point defects 

(Fig. 2.13), which extend far beyond the parameters of the unit cell. Dislocations 

usually occur in the process of plastic deformation, crystal growth or during 

subsequent treatment.  

 

Fig. 2.13. Line defects: ʘ ï dislocations,  

b ï chains of point defects [1] 

Planar defects have dimensions that are many times larger than the unit cell 

parameters. These include grain boundaries, crystal faces, interfacial boundaries, 

etc. Planar defects affect catalytic, sensor and sorption properties of materials. 
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Bulk defects include micro-voids, cracks, inclusions of another phase. Their 

effect extends to properties such as strength, sorption and ion exchange capacity, 

etc. 

Impurities are the most important and widely spread defects in the structure 

of real crystals. They significantly affect the electronic structure of materials, 

especially of semiconductors.  

Quiz 

1. Give the mechanism of chemical bonding formation and the types of chemical 

bonding according to it. 

2. What kinds of interaction do you know? 

3. Give the specifics of ionic bonding formation. 

4. Describe the Van der Waals and hydrogen bonding. 

5. Describe the properties of metallic bonding. 

6. Give the specifics of the substances with covalent bonding. 

7. Give a simplified energy diagram of a crystal. 

8. Give a scheme of the electronic structure of dielectrics, semiconductors, and 

metals. Specify the main differences between them. 

9. What types of defects can occur in crystalline bodies? 

10. Explain formation of Frenkel and Schottky defects. 

11. Which properties are affected by different types of defects? 
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CHAPTER 3. SEMICONDUCTORS: CHEMICAL  SENSORS, 

PHOTOCATALYSTS , QUANTUM DOTS  

3.1. Chemical sensors 

According to the IUPAC28 classification, a chemical sensor is a device that 

converts chemical information into analytical signal. Information can be obtained 

either from the chemical reaction of the analyte or from the changes in the physical 

properties of the system being studied. Chemical sensors usually consist of sensing 

elements and transducers.  

There are several classifications of chemical sensors. A classification based 

on the nature of the interaction between a sensing element and analyte is very 

convenient. According to it, chemical sensors are divided into physical, chemical 

and biochemical sensors [1]. 

Physical sensors record information that is obtained from a physical process 

such as change in mass, absorption, refraction, temperature, or conductivity. Work 

of chemical sensors is based on the registration of chemical reactions between the 

analyte and the sensing element. Biochemical sensors also belong to chemical 

sensors, but with one difference ï they record information about biochemical 

processes. Chemical sensors are considered below in more detail.  

Chemical sensors are classified according to [1]: 

1. The principle of action: optical, electrochemical, magnetic and others; 

2. The type of sensing element: metal oxide, polymer, inorganic; 

3. The production technology: screen printing, gas synthesis, tableting, 

pressing, sintering; 

4. The scope of application: automotive, medical and for environment 

monitoring. 

Metal oxide (semiconductor) gas sensors are considered below. They are 

used to detect gas components in a mixture and are manufactured on the basis of 
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inorganic metal oxide systems, also called chemoresistive. The essence of the 

chemoresistance effect is the change in the conductivity of semiconductors during 

chemisorption of gases. The main sensing element (receptor) of such sensors is a 

metal oxide compound, mainly tin (IV) oxide (SnO2). The structure of a typical 

metal oxide film gas sensor with SnO2 as sensing material is shown in Fig. 3.1.  

 

Fig. 3.1. Structure of a typical gas sensor based on metal oxides [1] 

A sensitive layer of metal oxide is applied to the substrate, which already 

has pre-deposited platinum (possibly silver or gold) electrodes 0.5 mm thick that 

measure conductivity of the sensitive layer. Dielectric materials such as glass (in 

laboratory), Al2O3 and Si (in industry) are used as a substrate. The substrate 

usually has such dimesions as 10 mm x 10 mm. A platinum heater and a 

temperature controller are placed underneath the substrate to create working 

temperature during the measurement.  

Today, film gas sensors are the most widely used sensors in industry. They 

include thin-film gas sensors (up to 2 microns) and thick-film gas sensors (more 

than 2 microns). Other types of sensors also exist. Types of block sensors are 

schematically depicted in Fig. 3.2. In these two devices, sensing layers of metal 

oxide are obtained in fundamentally different ways. In the first case, screen 

                                                                                                                                        
28 IUPAC ï International Union of Pure and Applied Chemistry. 
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printing or gas-phase synthesis are used. In the second case, the powder is pressed 

into a tablet and then sintered or applied to the surface of the ceramic tube by 

sputtering with subsequent sintering. 

 

Fig. 3.2. Types of block sensors: a ï tablet-shaped, b ï applied to the ceramic tube [1] 

Today, the most widespread technology of a sensing layer applying in 

industry is screen printing. However, in this case the sensing layer is thick that 

results in high energy costs to maintain the operating temperature. Therefore, the 

solution to this problem at the moment is to obtain a nanoparticle sensing layer of 

metal oxide on the substrate. 

The efficiency of gas sensors is characterized by the following important 

parameters [19]: 

1. Sensitivity is the change in the measurement signal with the change in 

analyte concentration, i.e. the slope of the calibration curve. 

2. Selectivity is the characteristic that determines how effectively a 

sensor responds to the target analyte in a mixture. 

3. Stability is the ability of a sensor to ensure reproducibility of the 

results over a period of time. 
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4. Limit of detection is the lowest concentration of analyte that can be 

detected. 

5. Response time is the time required to receive a signal. 

Other parameters for characterizing gas sensors include dynamic range, 

linearity of the calibration curve, recovery time, life cycle, etc. 

All these parameters are used to describe the properties of a particular 

sensing material or device. An ideal chemical sensor should have high sensitivity, 

large dynamic range, high selectivity and stability, low detection limit, linearity, 

short response time, long life cycle. Different types of real sensors have some 

properties more or less close to the ideal characteristics. 

Mechanisms of the processes that take place during the measuring of analyte 

with metal oxide gas sensors (SnO2) is considered below. A change in the 

electrical conductivity of metal oxide semiconductors during the measurement of 

analytes is usually caused by the chemisorption of oxygen from air on the SnO2 

surface. The following reactions may occur [19]: 

ʆ2gas + ʝ
- Ÿ ʆ2

-
ads, (353ï423 K)   (3.1) 

ʆ2
-
ads + ʝ

- Ÿ 2ʆ-
ads, (423ï573 K)   (3.2) 

ʆ-
ads + ʝ

- Ÿ ʆ2-
ads, (573ï873 K)   (3.3) 

So, as can be seen from reactions 3.1ï3.3, the form of oxygen adsorbed on 

the SnO2 surface depends on the operating temperature of the sensor. At the 

temperatures below 423 K, surface oxygen is in the molecular form of O2
-; above 

423 K ï in the ionic forms: O- and ʆ2-. As a result of this electron transfer from the 

SnO2 surface to the chemisorbed oxygen, an electron-depleted area is formed 

which is an area of high resistance. Therefore, conductivity of the sensing material 

decreases. This mechanism is shown on the left in Fig. 3.3.  



80 

 

 

Fig. 3.3. Processes on the SnO2 surface without analytes (on the left) and with analytes  

(on the right) [7] 

In the presence of analytes (for example, CO), the following surface 

reactions with chemisorbed oxygen occur: 

2ʉʆ + ʆ2
-
ads Ÿ 2ʉʆ2 + ʝ

-,      (3.4) 

ʉʆ + ʆ-
ads Ÿ ʉʆ2 + ʝ

-,      (3.5) 

resulting in the electron being released and returned to SnO2, and thus, electrical 

conductivity of the material increases. 

Today, two mechanisms, electronic (physical) and catalytic (chemical), have 

become widespread to describe physical and chemical processes that take place 

when gases interact with the SnO2 surface. Electronic and catalytic mechanisms 

occuring on the surface of a sensing layer are considered below using the example 

of a metal-doped metal oxide (Fig. 3.4).  
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Fig. 3.4. Representation of electronic and catalytic mechanisms occuring on the surface of a 

metal-doped metal oxide [7] 

According to the electronic mechanism, also called Fermi29 level control 

mechanism, compressed gas reacts with the surface of a metal dopant, releasing an 

electron that is transported to SnO2. Changes in electron density near the SnO2 

surface lead to the decrease in resistance.  

According to the catalytic mechanism, metal dopant acts as a catalyst, from 

which the compressed gas is transported to the SnO2 surface, where it reacts with 

the adsorbed oxygen, and the electron release leads to the decrease in resistance. 

So, the difference between these mechanisms is the way of charge transfer. 

According to the mechanisms presented, the following general stages of 

analyte detection by the sensing material can be proposed: 

1. Adsorption of oxygen on the surface; 
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2. Transfer of an electron to it; 

3. Adsorption of the analyte; 

4. Chemical reaction; 

5. Electron transfer to the metal oxide; 

6. Desorption of reaction products. 

Development of sensor materials with high sensitivity and low detection 

limit has become possible today thanks to the latest scientific achievements in the 

world. According to the latter, the greatest effect on sensing characteristics of a 

sensing layer is caused by the dimensional effects and doping of metal oxide 

materials by metals or oxides of other metals.  

Fig. 3.5 shows the experimentally found dependence of the SnO2 gas sensor 

sensitivity on the size of its crystallites [8]. As can be seen from Fig. 3.5, a 

significant increase in sensor sensitivity begins when the crystallite size is reduced 

to 10 nm or less. However, such small particle sizes are difficult to apply in 

practice because sensors with sensing material consisting of SnO2 crystallites 

smaller than 10 nm have low mechanical strength. In addition, during operation at 

the temperatures of 473ï873 K, crystallites tend to aggregate. 

 

Fig. 3.5. Dependence of sensitivity on the size of tin (IV) oxide crystallites [20] 

                                                                                                                                        
29 Located approximately in the middle of the band gap. 
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Various carriers, such as carbon nanotubes, which stabilize SnO2 particles, 

have already been proposed to overcome this problem. 

N-type30 semiconductors, such as SnO2, have a low adsorption capacity 

towards O2 compared to, for example, noble metals. This is caused by potential 

barriers on the particle surface. In addition, the part of SnO2 surface, which can be 

occupied, is quite small (<1%) [8]. Thus, the addition of compounds, which form 

additional adsorption centers, can significantly increase the sensitivity of the 

material, but as shown in Fig. 3.6, presence of the dopants can also have a negative 

effect, increasing (if aluminum is added to SnO2) or decreasing (if stybium is 

added to SnO2) the Debye length31, and therefore the sensitivity of the sensor. 

Also, when modifying the surface of tin (IV)  oxide with different dopants, nature 

of the interaction between gases and sensor surface changes, and therefore transfer 

of the charges on the surface also changes. All of this ultimately affects the 

sensitivity of the sensors. 

 

Fig. 3.6. Influence of different dopants on the sensitivity of sensors [8] 

Fig. 3.7 shows the mechanisms of sensor signal generation in the 

measurement of hydrogen in the air: catalytic (a) and electronic (b). As can be seen 

                                           
30 N-type semiconductors include semiconductors, in which the main charge carriers are conduction 

electrons. 
31 This is the shielding radius ï length that characterizes shielding of the Coulomb potential. 
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from the figure, catalytic mechanism of the reaction occurs on the surface of the 

oxide, and electronic mechanism ï on the surface of the metal dopant. Metal oxide 

is used as a material to measure the change of electrical signal. 

 

Fig. 3.7. Mechanisms of sensor signal generation: ʘ ï according to the catalytic mechanism,  

b ï according to the electronic mechanism [9] 

 

3.2. Photocatalysts 

Photocatalysis refers to the processes of accelerating chemical reactions 

(oxidation or reduction) caused by activation of a catalyst (semiconductor), usually 

a metal oxide, by ultraviolet or visible radiation. It has recently become a 

widespread method of water and air purification from organic and, in some cases, 

inorganic compounds. As photocatalysts, such semiconductor materials as TiO2, 

ZnO, CdS, Fe2O3 and WO3 are considered first of all. 

In 1972, Japanese scientists Fujishima and Honda found out that water could 

oxidize to oxygen on the TiO2 electrode under UV irradiation [10]. This discovery 

initiated research on photoinduced oxidation-reduction reactions on semiconductor 

surfaces. 

Photocatalytic properties of the catalysts are characterized by such 

parameters as activity and efficiency. Activity of a photocatalyst depends on the 

ability of the catalyst to generate electron-hole pairs; the latter are capable of 
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generating free radicals that participate in secondary photocatalytic reactions. 

Efficiency of the photocatalyst is determined by the quantum yield of the 

photocatalytic reaction and the action spectrum of the photocatalyst. 

Photoreaction quantum yield is the ratio of the number of product molecules 

formed as a result of photocatalytic reaction to the number of photons absorbed by 

the catalyst. The quantum yield can be represented as: 

ʌ = ɖ̔ Ŀ ɖr ,       (3.6) 

where  ɖ̔ is the part of charge carriers that reached the surface;  

      ɖr is the part of charge carriers that participated in the reaction (i.e., those  

  carriers that avoided recombination32).  

The following stages of the photoreaction process are distinguished for 

semiconductor particles as photocatalysts: 

1. Absorption of light by the photocatalyst and generation of an electron-

hole pair in it; 

2. Diffusion of electrons and holes to the photocatalyst surface; 

3. Bulk recombination of electrons and holes; 

4. Surface recombination of electrons and holes; 

5. Photocatalytic reactions of electrons and holes with molecules adsorbed 

on the photocatalyst. 

The mechanism of the photoactive surface formation of the catalyst involves 

formation of holes in the valence band (h+
VB) and electrons in the conduction band 

(e-
CB) by absorbing a photon of energy greater than or equal to the band gap  

(hɜ Ó EBG) of the semiconductor (for TiO2 the band gap is 3.0 eV for rutile; 3.2 eV 

for anatase) [1]. At the same time, holes contribute to the formation of hydroxide 

radicals and oxidation of organic compounds, and electrons ï to the generation of 

superoxide radicals and decomposition and oxidation reactions [1]. So, 

                                           
32 Recombination is a process characterized by a decrease in charge carriers because of the collision with 

the charges of the opposite charge and which is the reverse of the ionization process. 
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photocatalytic activity of the semiconductors (in particular, TiO2) is characterized 

by hydroxide and superoxide radicals obtained by the following reactions [11]: 

TiO2 + hɡ Ÿ TiO2 (e
- CB + h+ VB),    (3.7) 

TiO2 (e
- CB + h+ VB) Ÿ TiO2 (recombination),  (3.8) 

TiO2 (h
+ VB) + ʆʅ- Ÿ TiO2 + ʆʅ

Å,    (3.9) 

TiO2 (e
- CB) + ʆ2 Ÿ TiO2 + ʆ2

Å,    (3.10) 

where  CB is conduction band,  

     VB is valence band. 

Schematically the mechanism of a semiconductor particle photoactivation by 

ultraviolet radiation is shown in Fig. 3.8. 

 

Fig. 3.8. Schematic representation of the mechanism of photoactivation and photocatalysis on 

the TiO2 surface [24]: ʈ ï pollutants, ɽ ï band gap 

Wavelength of the photon that has the required energy can be calculated 

using the known equation: 

ɽ =h Ŀ ɜ = h Ŀ ʩ / ɚ,     (3.11) 

where  h is the Planck constant, eVĿs (JĿS);  

      ɜ is the frequency, s-1, Hz;  

      ʩ is the speed of light, m/s;  
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      ɚ is the wavelength, m. 

Substituting the energy value into formula (3.11), it can be found that for 

generating free electrons and holes in a TiO2 particle, the wavelength of the photon 

for irradiation must be at least 390 nm. 

So, when photocatalysts are irradiated with energy greater than 3.2 eV, free 

electrons and holes are generated. Captured electron and hole are completely 

specific chemical particles. For example, an electron is Ti3+ on the TiO2 surface, 

and a hole (electron vacancy) is localized on the surface oxygen, forming O-  

(see Fig. 3.8). They are reactive with corresponding potentials: electron ~ -0.1V, 

and hole ~ + 3V (relative to normal hydrogen electrode). 

An electron that reaches the semiconductor particle surface under 

irradiation, is able to react with the oxygen adsorbed on it, as a result, the 

following reactions may occur: 

ʝ + ʆ2 Ÿ ʆ2
-,      (3.12) 

ʆ2
- + ʝ Ÿ ʆ2

2- Ÿ ʆ-+ʆ-,    (3.13) 

ʆ2
2- + 2ʅ+ Ÿ ʅ2ʆ2,     (3.14) 

ʆ-  + ʝ Ÿ ʆ2-,      (3.15) 

ʅ2ʆ2 + ʝ Ÿ ʆʅÅ +ʆʅ-,      (3.16) 

ʆ- + ʅ+ Ÿ ʆʅÅ,      (3.17) 

at the same time, such strong oxidants as oxidʝ (ʆ-), superoxide (ʆ2Å) and 

hydroxide (ʆʅÅ) radicals. 

Formed hydroxide and superoxide radicals react with organic pollutants, and 

oxidation of the latter occurs. The general scheme of photocatalytic degradation of 

organic pollutants can be represented as:  

TiO2/hɡ 

Organic Pollutants (ʈ) Ÿ Reaction intermediates Ÿ ʉʆ2 + ʅ2ʆ. (3.18) 

Thus, photocatalytic oxidation of organic pollutants occurs according to the 

following stages: 
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1.  Transfer of the mass of an organic pollutant from the liquid phase to the 

TiO2 surface; 

2. Adsorption of the organic pollutant on the photoactivated TiO2 surface; 

3. Photocatalytic reactions on the TiO2 surface; 

4. Desorption of products (including intermediates) from the TiO2 surface; 

5. Mass transfer of products to the aqueous medium. 

According to the presented mechanism, it is obvious that for effective 

photocatalytic process in the visible light, TiO2 should have high specific surface 

area (in order to increase efficiency of organic compounds adsorption), small 

particle sizes (to reduce recombination of electrons and holes), and low band gap. 

The latter follows from the following considerations. The wavelength of the light 

required for the photoactivation of the titanium (IV) oxide surface should be less 

than 390 nm. So, TiO2 will only absorb UV radiation. Proportion of the latter in the 

visible light is about 4 %. Therefore, such a photocatalyst will not be effective in 

the visible light. In addition, providing UV radiation for the photocatalytic process 

will generate additional energy costs. At the same time, proportion of visible 

natural radiation in the spectrum is up to 43 %. Thus, development of the catalyst 

based on titanium (IV) oxide, which would work in the visible radiation range, is a 

very important scientific and practical task that requires reducing the band gap of 

the catalyst based on TiO2. 

Photocatalytic oxidation (PCO) in applications. PCO can be used to purify 

both air and aqueous solutions through destroying organic compounds [1]. 

The advantages of air and wastewater (WW) purification technologies from 

harmful compounds include the fact that organic substances are either completely 

degraded (mineralized) or destroyed to harmless compounds. The disadvantages of 

air PCO include low efficiency of humid air PCO because of the non-wettable 

TiO2 surface. The disadvantage of wastewater PCO is inefficiency of the flow 

reactors because of the slow diffusion of organic compounds to the surface of TiO2 

in water. What is more, usage of TiO2 suspension is not effective because of the 

complexity of removing TiO2 fine particles. In addition, UV lamps are used in both 
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air and WW purification, leading to the need in periodic replacement of UV lamps, 

disposal of mercury lamps, and significant energy costs, which is another 

drawback of the PCO technology. 

Typical devices for photocatalytic air purification are shown in Fig. 3.9. This 

device consists of a porous substrate (usually porous glass), on which TiO2 is 

deposited and which is irradiated with UV light. When air contaminated with 

organic matter is passing through the device, organic molecules are adsorbed on 

the TiO2 surface and decompose under UV irradiation (ideally, organic molecules 

are oxidized to CO2 and water). Thus, air is purified and then removed from the 

device by a fan. Such air PCO devices are manufactured by çToshibaè, çSharpè, 

çTOTOè. 

 
 

ʘ b 

Fig. 3.9. Air PCO devices: ʘ ï laboratory photoreactor, b ï industrial photoreactor 

Photocatalytic reactions in aqueous solutions occur in a similar way. 

Moreover, according to literature [12], today almost all organic compounds can be 

oxidized by photocatalysts under the UV light. 

Fig. 3.10 shows devices used for the study of photocatalytic reactions in 

aqueous solutions and for the conducting water PCO process on industrial scale. 

Both laboratory cell (Fig. 3.10, a) and industrial reactor (Fig. 3.10, b) 

contain such basic elements as an immersive UV lamp, a TiO2 layer deposited on 

the reactor surface, and a cooling jacket. In addition, industrial reactor contains a 

pipe with tangential inlet of waste water. As a result, turbulent regime is created in 
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the reactor, which helps to increase the rate of photocatalytic decomposition of 

organic matter. 

 
 

ʘ ʙ 

Fig. 3.10. Water PCO devices: a ï laboratory cell, b ï industrial reactor 

In order to intensify the operation of flow reactors (to increase the rate of 

diffusion), block photoreactors have been developed, the designs of which are 

shown in Fig. 3.11. 

 

 
 

  

Fig. 3.11. Examples of çsandwichè type block photoreactors 
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These photoreactors contain blocks with reactor panels interconnected by 

panels of UV lamps, manufactured in a çsandwichè type. Reactor panels are 

interconnected by canals in order to increase residence time in the reactor. Such 

design of the photoreactor provides a fairly high efficiency of photocatalytic 

decomposition of organic substances. 

When using sufficiently photoactive catalysts, it is possible to purify 

aqueous solutions from dyes, phenolic compounds, pesticides, pharmaceuticals, 

destroy microorganisms, etc. 

One of the practical and rather interesting applications of a TiO2-based 

photocatalyst is to use it as a film on the glass that is capable of self-cleaning and 

does not become misted (Fig. 3.12). The ability of the glass coated with a thin film 

of TiO2 to self-cleaning and resistance to becoming misted can be explained as 

follows. Glass with TiO2 is purified from organic compounds under light due to 

photocatalytic process, resulting in the glass surface being well wettable, and water 

is not collected in droplets but is spread on the surface, and thus evaporated.  

  

Fig. 3.12. Self-cleaning glass 

One of the rather interesting, scientifically and practically actual uses of 

photocatalysts is their use in the processes of water photolysis for hydrogen 

production. 

Fig. 3.13 shows a typical photoelectrochemical cell consisting of an n-type 

TiO2 electrode (anode), a platinum electrode (cathode), a membrane, gas burettes, 



92 

 

a resistor and a voltmeter. Under UV irradiation of an electrode with TiO2, the 

oxidation reaction (oxygen evolution) occurs on it, and the recovery reaction 

(hydrogen evolution) takes place on the platinum electrode. 

Under UV irradiation of the TiO2 surface, an electron-hole pair is generated: 

ʊʽʆ2 + hɡ Ÿ e- + h+.    (3.19) 

At the same time, an oxidation reaction takes place on the anode:   

2ʅ2ʆ + 4h
+ Ÿ ʆ2 + 4ʅ

+,   (3.20) 

and a recovery reaction ï on the cathode:  

2ʅ+ + 2ʝ- Ÿ ʅ2.     (3.21) 

General reaction of water photolysis: 

2ʅ2ʆ + 4hɡ Ÿ ʆ2 + ʅ2.    (3.22) 

 

Fig. 3.13. Photoelectrochemical cell: 1 ï anode, 2 ï cathode, 3 ï membrane, 4 ï gas burettes, 5 ï 

resistor, 6 ï voltmeter 

Today, unfortunately, such system has a very small quantum yield. It 

should be taken into consideration that in order to obtain 1 molecule of oxygen it is 

necessary to decompose 2 molecules of water. This requires 113.4 kcal/mol. 
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Ultraviolet light (252 nm) is almost absent in solar radiation (0.3ï1 microns) that 

falls on the Earthôs surface. To increase the quantum yield of water photolysis, 

scientists in the whole world synthesize highly active photocatalysts that would 

also work in visible light. 

Methods of photocatalytic activity intensification (both in the processes of 

PCO and water photolysis) and its increase in visible light include metals 

deposition on TiO2 surface and creating TiO2-based nanocomposites. 

Deposition of metallic dopants (usually noble metals, and recently d-metals) 

on the surface of a semiconductor substantially changes physical and chemical 

properties of the surface, thereby changing the photocatalytic properties. The 

presence of a metal on the TiO2 surface can alter the final product composition 

and/or the rate of photocatalytic reaction [13]. Photocatalytic process on such 

deposited systems is possible provided that the semiconductor is only partly coated 

with metal. In this case, at the metal-semiconductor border, Schottky barrier 

appears, where the metal acts as a catalyst by changing the electronic structure of 

the semiconductor. After excitation, the electron migrates to the metal, which 

entraps it, and electron-hole recombination is suppressed. The holes diffuse to the 

semiconductor surface, where they take part in photocatalytic reactions. The 

decrease in the electron density of a semiconductor leads to an increase in the 

acidity of hydroxide groups on the surface that also affects photocatalytic 

properties of the semiconductor. In practice, Pt/TiO2 system is widely used. 

Platinum deposition on the TiO2 surface is particularly effective for photocatalytic 

reactions in which gas is emitted. 

Development of composites (in particular, heterostructures) based on two 

semiconductors represents a promising direction for increasing efficiency of the 

photocatalytic process due to better charge distribution and widening of the 

operating light range [1]. For example, for a CdS-TiO2 composite photocatalyst, 

when using a photon of less than 3.2 eV (TiO2 band gap) but more than 2.5 eV 

(CdS band gap), photoneôs energy is not enough for direct excitation of TiO2, but it 

is enough to transfer an electron from the CdS valence band to the conduction 
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band. According to this scheme, the holes formed in the CdS valence band as a 

result of excitation remain in the CdS particle, whereas the electron is transferred 

to the TiO2 conduction band that increases the efficiency of the photocatalytic 

process. Separated electrons and holes can then participate in the electron transfer 

process on the surface with the participation of the adsorbate.  

3.3. Quantum dots 

Quantum dots are small particles of atoms of one material, consisting of on 

average of 50-105 atoms. Electronic spectrum of an ideal quantum dot corresponds 

to the electronic spectrum of a single atom, although the quantum dot sometimes 

even consists of several thousand atoms. That is why quantum dots are also called 

çartificial atomsè. 

Fig. 3.14, a shows a quantum dot in the form of a pyramid located on a 

single crystal of other material. Based on such quantum dots, different 

semiconductor devices that use quantum dimensional effects for their work are 

being developed. At the same time, by varying the location, size, morphology 

(pyramid, plate, etc.) it is possible to change the crystal properties. 

Colloidal quantum dots are semiconductor nanocrystals of 2 to 10 nm in 

size, consisting of 103-105 atoms. Usually, colloidal quantum dots are created from 

inorganic semiconductor materials (Si, InP, CdS, etc.) that are covered by a 

monolayer of the stabilizer ï the so-called çfur coatè (Fig. 3.14, b). 

 
 

ʘ b 

Fig. 3.14. Quantum dots: a ï in the form of a pyramid located on a single crystal of other 

material, b ï a colloidal quantum dot covered with a ñfur coatò 
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Quantum dots are characterized by composition and size. Also, quantum 

dots are classified into broad-band (absorption in ultraviolet range), mid-band 

(absorption in visible range), and narrow-band (absorption in near-infrared range) 

semiconductors. 

In addition, quantum dot shape has a great influence on its properties. There 

are spherical, ellipsoidal quantum dots and nanocrystals with complex geometry. 

Among the mentioned, spherical quantum dots are mostly used due to the ease of 

their manufacturing. There are also doped quantum dots and quantum dots on the 

basis of solid solutions and heterostructures33. 

Chemical methods based on the growth of nanocrystals are used for the 

synthesis of colloidal quantum dots. Obtaining of high-quality quantum dots of a 

narrow size distribution is quite challenging. Quantum dots of high quality are 

obtained by the method of growth in nonpolar solutions, the so-called colloidal 

method, which has the followings advantages: opportunity to control the process of 

quantum dots growth, narrow size distribution and the possibility of subsequent 

separation and purification of quantum dots [14]. 

In colloidal synthesis, three main stages are distinguished: nucleation, nuclei 

growth and Ostwald ripening. According to the classical nucleation theory, 

nucleation occurs spontaneously (Fig. 3.15). The rate of nuclei formation is 

proportional to the relative supersaturation and can be expressed by the following 

equation: 

U = kĿS = kĿ(ʩsp ï ʩs)/ʩs,     (3.23) 

where  k is the proportionality factor,  

     S is the degree of supersaturation,  

     ʩsp is the concentration of the supersaturated solution, mol/L,  

     ʩs is the concentration of saturated solution, mol/L. 

                                           
33 Heterostructures are semiconductor structures consisting of layers of heterogeneous semiconductors with 

heterojunctions between them. 
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The greater the difference (ʩsp ï ʩs) and the smaller the ʩs, the faster the 

nuclei are formed, the more crystallization centers appear and the closer to some 

average size colloidal particles form. 

The growth of crystals runs at high speed and depends only on the diffusion 

rate. According to that, the main parameter that can be used to regulate nuclei 

growth is the temperature. 

 

Fig. 3.15. Change in the concentration of the condensing matter during nucleation and its growth 

from a supersaturated solution [14] 

When the reagents are exhausted because of the crystal growth, the process 

of Ostwald ripening begins. If the reaction is stopped at this stage, the particles will 

have a wide size distribution. At this stage it is impossible to obtain monodisperse 

particles. Such particles can only be obtained by explosive nucleation and stopping 

the reaction after its completion but before the Ostwald ripening. For explosive 

nucleation it is necessary to create a high degree of supersaturation. 

To obtain stable sol, it is necessary to achieve not only the desired 

dispersion, but also to stabilize the particle size over time. This is achieved through 

the use of stabilizers. Adsorbed at the interface, they create a structural-mechanical 

barrier and thus prevent aggregation (Fig. 3.16). The proper choice of stabilizer is 

crucial in the colloidal synthesis of quantum dots. 
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The requirements for the stabilizer are extremely high. It should prevent the 

aggregation of particles of the dispersed phase, but not impede the diffusion 

growth of quantum dots. In addition, being on the surface of the colloidal particle, 

stabilizer molecules should be firmly bonded to it on one side, and on the other 

side, the free end should have a strong affinity for the solvent to ensure a 

sufficiently high çsolubilityè of quantum dots.  

 

Fig. 3.16. Mechanisms that counteract the approach of colloidal particles: ʘ ï by the local 

increase in the concentration of the stabilizer, b ï by the mechanical repulsion 

Possible organic stabilizers are any nucleophilic reagents with long-chain 

radicals. These include amines (mostly aliphatic), thiols and higher carboxylic 

acids (oleic acid is considered to be the best of this class). 

Quantum dots are larger in size than traditional molecular clusters34 (~ 1 nm 

if the dot consists of more than 100 atoms). Colloidal quantum dots combine 

physical and chemical properties of molecules with the optoelectronic properties of 

semiconductors. 

Quantum-size effects play a key role in the optoelectronic properties of 

quantum dots [14]. The energy spectrum is fundamentally different from the same 

                                           
34 ʉluster is a bunch [29]. 
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of a bulk semiconductor. Fig. 3.17 shows transformation of the semiconductor 

band structure when the size of the semiconductor is reduced.  

 

Fig. 3.17. Transformation of the band structure of the semiconductor in case of its size reduction: 

ʘ ï microcrystalline semiconductor, b ï quantum dot made from semiconductor [28] 

An electron in the quantum dot (nanocrystal) behaves as if  it is in a potential 

well. In this case, electron energy and hole energy have several stationary levels 

with a characteristic distance between them: 

ɴ2/(2md2),      (3.24) 

where d is the size of a quantum dot. 

Thus, the energy spectrum depends on its size. 

Similarly to the transition between energy levels in an atom, a photon can be 

absorbed or emitted when a charge carrier moves between energy levels in a 

quantum dot. The frequencies of such transitions (absorption or luminescence 

length) can be easily controlled by resizing the quantum dot (Fig. 3.18). 

Quantum dots have dimensions of about several nanometers, in some  

cases ï tens of nanometers. According to the laws of optics, if the particle sizes are 

smaller than the wavelength of light (ɚ = 400ï800 nm), they have no shadow, and 

no light can be reflected, that is, they cannot be seen.  
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Fig. 3.18. Fluorescence of colloidal CdTe particles suspensions of different sizes [28]: from left 

to right from 2 to 5 nm 

However, the light wave should still have an effect on the nano-objects, just 

like the electromagnetic field. For example, by falling on a semiconductor 

nanoparticle, light with its electric field can detach one of the valence electrons of 

the nanoparticle from its atom. This electron will become a conduction electron for 

a while, and then return back, releasing a photon that corresponds to the width of 

the band gap, i.e. the minimum energy required to make the valence electron free 

(Fig. 3.19). Thus, semiconductors, even nanoscale ones, should feel the light 

falling on them, emitting the light of less frequency. In other words, semiconductor 

nanoparticles can become fluorescent in the light, emitting light of a specific 

frequency that corresponds to the band gap. 

Although fluorescence of the semiconductor nanoparticles was known at the 

end of the 19th century, this phenomenon was only described in detail at the very 

end of the last century. And the most interesting thing in this case was that the 

frequency of the light emitted by these particles decreased with the increase in size 

of these particles. This dependency can be explained as follows. The minimum 

energy required to detach a valence electron and transfer it to the conduction band 

depends not only on the charge of the atomic nucleus and the electron position in 

the atom, but also on the amount of the atoms around. The more atoms around, the 
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easier it is to detach an electron, since the nuclei of neighboring atoms also attract 

it to themselves.  

 

Fig. 3.19. The occurrence of fluorescence [1] 

Dependence of the energy spectrum on the size provides an enormous 

potential for the practical use of quantum dots. First of all, quantum dots are of 

practical interest as fluorescent materials. They are applied in optoelectric systems, 

such as light-emitting diodes, flat light-emitting panels, lasers, solar cells, 

photoelectric converters, biological markers, i.e. wherever optical wavelength-

adjusting properties are required. 

Biological markers is a very useful application of quantum dots. Different 

cellular structures are equally transparent and not colored, and when looking at 

them in a microscope, it is possible to see nothing but their edges. Quantum dots 

are used to color them. 

The smallest quantum dots (green) adhere to the microtubules that form the 

inner skeleton of the cell. Medium-sized quantum dots (yellow) adhere to the 

Golgi membranes, and the largest (red) ï to the nucleus of the cell. When a cell 

was immersed into the solution containing all these quantum dots and held there 

for some time, the quantum dots penetrated inside and stuck in certain places. The 

cell was then rinsed in a solution containing no quantum dots and placed under a 

microscope. As expected, the above-mentioned cellular structures became 

multicolored and clearly visible. 
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In Fig. 3.20 it is seen that the microtubules are colored green, the 

membranes ï yellow and the nuclei ï red. 

 

Fig. 3.20. Coloring different intracellular structures in different colors using quantum dots: red 

color ï nucleus; green ï microtubules; yellow ï Golgi apparatus 

Quiz 

1. Give the definition of the sensors and their classification. How do they work? 

2. How are chemical sensors classified? 

3. Basic structural elements of a typical metal oxide gas sensor and their brief 

description. 

4. Give the parameters that characterize the efficiency of gas sensors based on 

metal oxides. 

5. List the mechanisms that take place in the process of measuring the analyte 

with metal oxide sensors. 

6. Name and characterize the factors that affect the sensitivity of the metal oxide 

gas sensors. 

7. Give the definition of photocatalysis. Which materials are considered as 

photocatalysts? 

8. Give parameters that determine photocatalytic properties of photocatalysts. 

9. Give the stages of photoreaction on semiconductor particles. 

10. Summarize briefly the mechanism of photocatalysis on semiconductor 

particles. 

11. PCO of aqueous solutions and air: advantages and disadvantages. 
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12. Give other examples of TiO2-based photocatalyst usage (except from PCO). 

13. Give and briefly describe the methods of intensification of semiconductor 

photocatalytic activity. 

14. What are quantum dots? What kinds of quantum dots are there? 

15. Give the specifics of the energy spectrum of quantum dots. 

16. Give practical use of quantum dots. 

17. What characterizes quantum dots? 
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CHAPTER 4. NANOMATERIALS  AND NANOTECHNOLOGIES  

Recently, the terms ñnanotechnologyò and ñnanomaterialsò have become 

quite popular. What is ñNanoò? ñNanoò (Greek word ñnannosò) in Greek means 

ñdwarfò. The nanometer is very small: it is less than one meter in number of times 

the thickness of a finger is smaller than the diameter of the Earth. 

Most atoms have a diameter of 0.1 to 0.2 nm, and the DNA thickness is 

about 2 nm. The erythrocyte diameter is 7,000 nm, and the human hair thickness is 

80,000 nm. Fig. 4.1 shows various objects in order of increasing size from left to 

right ï from an atom to the Solar System [2]. 

 

 

Fig. 4.1. Various objects ï from an atom to the Solar System 

Today, nanotechnology is considered as a key technology of the 21st century. 

It offers solutions to many existing problems. Nanotechnology is opening up a new 

market of opportunities, namely, development of new materials, development of 

biotechnology, catalytic and sorption processes, nanoelectronics, energy, health 

care, and armament. 
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The term ñnanotechnologyò combines different ideas and approaches, as 

well as different methods of affecting the matter. Nanotechnology can be 

considered as a set of technologies or techniques based on the manipulation of 

single atoms or molecules in the range of 1 nm to 100 nm. 

The idea of the possibility to work with nano-sized objects was first 

expressed in a speech of Nobel Prize laureate Richard Feynman in 1959. A classic 

example of nanotechnology achievements was the development of scanning 

tunneling microscopes (Fig. 4.2). The first microscope of this type was developed 

by IBM laboratory. 

 

 

 

 

 

 

 

A       b 

Fig. 4.2. Scanning tunneling microscope needle: a ï the needle at a constant distance above the 

layers of the study surface atoms, b ï self-organization with the help of the scanning tunnel 

microscope needle 

The principle of such microscope operation is as follows: when the probe 

approaches the surface of the sample at less than 0.1 ɛm, an electric current occurs 

between them due to the quantum-mechanical tunneling effect. The essence of the 

tunneling effect is that the electric current between the sharp metal needle and the 

surface depends on the distance between them. The smaller the distance, the 

greater the current. By measuring this current and keeping it constant, it is possible 

to keep constant distance between them, thus scanning the surface. This 

microscope can be used only to study the surface of metals or semiconductors. 

The scanning tunneling microscope can also be used to move atoms or 

molecules across the surface to create certain nanoelectric circuits. For example, 
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Fig. 4.3 shows a nickel plate with 35 deposited xenon atoms in the shape of IBM 

name. 

 

Fig. 4.3. Name of the IBM company, which is made up of 35 xenon atoms on a nickel plate 

(made by the companyôs employees using a scanning probe microscope in 1990) 

This method of creating monolayers of molecules or patterns from them is 

called nanolithography [1]. 

4.1 Classification of nanomaterials  

There are nanoobjects and nanomaterials, which are the basis of 

nanotechnology. Nanotechnology is a set of techniques for manipulating a 

substance at the atomic or molecular level in order to obtain objects with new 

chemical, physical and biological properties. Nanotechnology includes 

technologies that allow the nanomaterials to be created and modified in a 

controlled manner, and to integrate them into fully functioning larger-scale 

systems. 

Today, the main branches of nanotechnology are nanomaterials, 

nanoinstruments, nanoelectronics, microelectromechanical systems and 

nanobiotechnologies. Nanomaterials, thanks to their unique properties, initiated 

occurrence of new industries (Fig. 4.4). 



106 

 

 

Fig. 4.4. Branches of science related to nanotechnology [1] 

Variety of nanoobjects and nanomaterials is presented in Table. 4.1. 

 

Table 4.1. Nanoobjects and nanomaterials, which are the basis of nanotechnology [1] 

Nanoobjects 

NANO-

TECHNOLOGIES 

Nanomaterials 

Nanoclusters Aerosols 

Nanotubes, nanofibers Nanopowders 

Nanocrystals, 

nanocrystallites 
Porous nanoceramics 

Layered nanostructures 
Dense nanoceramics, 

nanocomposites 

Adsorption layers Heterostructures 

 

There are many different ways to classify nanoobjects. According to one of 

them, all objects are divided into solid (çexternalè) and porous (çinternalè). Solid 

ones include nanoclusters, nanofilms, nanowires, nanodots; while porous ï 

nanotubes, nanoporous materials. 

Solid nanoobjects in nanochemistry35 are classified as 0D, 1D, 2D, and 3D 

objects (Fig. 4.5). Objects that belong to 0D objects are ordinary nanodots (or 

quantum dots) that are nanosized in all directions. 1D objects include whiskers, 

nanothreads, and others where one of the dimensions is not nanosized. Similarly, 

                                           
35 Nanochemistry deals with the development of synthesis methods and the study of chemical and physical 

properties of nanoobjects. 
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2D objects are nanofilms (two dimensions are not in the nanoscale), and 3D 

objects are three dimensional structures called nanoclusters. Besides, nanoclusters 

consist of metal atoms or relatively simple molecules and have their own 

classification [1].  

 

Fig. 4.5. D dimensions of nanoobjects 

Some properties of nanomaterials (for example, their color, thermal and 

electrical conductivity, melting point) are significantly different from the 

properties of the same materials but of the ordinary size. This is caused by the so-

called dimensional effects36. 

Such dimensional effects include, first of all, quantum dimensional 

effects [1]. Depending on the object size, there are classic and quantum 

dimensional effects37, which can affect almost any property of the substance. It is 

clear that nanometer objects, in which the particle size is comparable to the de 

Broglie wavelength, to the mean free path of the charge carrier, are characterized 

by quantum dimensional effects that determine such substance properties as heat 

capacity, electrical conductivity, some optical properties, etc. 

The most striking representative of quantum size effects is quantum 

tunneling, a phenomenon that plays a very important role in nanotechnology. The 

essence of the quantum tunneling is the overcoming of the potential barrier by the 

                                           
36

 Dimensional effect is the dependence of the substance specific characteristics on the size of its particles. 
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microparticle when the particle total energy is lower than the barrier çheightè 

(Fig. 4.6). 

 

Fig. 4.6. Quantum tunnelling scheme 

This is a quantum phenomenon, since a classical particle cannot be inside 

the potential barrier of height V if its energy E<V, because the particle kinetic 

energy becomes negative, while its momentum ï an imaginary value: 

VE
m

ʨ
-=

2

2

,     (4.1) 

where  ʨ is the momentum;  

 m ï is the microparticle mass. 

However, this conclusion is not true for the microparticle. Due to the 

uncertainty ratio, fixing the particle inside the barrier makes its momentum 

uncertain. Since the particle potential energy is uniquely determined by its 

coordinate, kinetic energy ï by the momentum, and as it is impossible to determine 

the coordinate and momentum of the particle simultaneously and accurately 

because of the uncertainty ratio, then the distinguishing between kinetic and 

potential energy is meaningless in quantum physics. Therefore, there is a 

probability that a particle will pass through the potential barrier. 

Size effect is one of the most important effects in nanochemistry. It has 

already found a theoretical explanation in terms of classical science ï chemical 

thermodynamics. The change in thermodynamic characteristics with the decrease 

in particle size can be considered using an example of melting point. Dependence 
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 Just as the laws of physics are divided into classical (according to Newton, light is considered to be a 

stream of particles (corpuscles)) and quantum (according to Huygens, light is considered to be a wave process).  
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of the melting point on the size is explained by the fact that the atoms inside the 

nanoparticles are exposed to the additional surface tension, which changes their 

Gibbs energy.  

Analyzing the dependence of Gibbs energy on pressure and temperature, it is 

easy to derive the equation that links the melting point and the nanoparticle radius 

ï Gibbs-Thomson equation [1]: 

solid-solution
m m

m solid

2ů
( ) ( )(1 ),

ɟ
T r T

H r
= ¤ -

D
    (4.2) 

where  Tm(r) is the melting point of nanoobjects with radius (r) of nanoparticles;  

  Tm(Ð) is the melting point of metal (bulk phase);  

  ůl-s is the surface tension between liquid and solid phases;  

  ȹHm is the specific heat of fusion,  

  ɟs is the density of solids.  

Using this equation, it is possible to estimate from what size nanophase 

properties start to differ from the properties of ordinary material. 1 % difference in 

melting point (about 14 ÁC for gold) can be taken as criterion. From the literature 

[1], the following data is provided for gold: ȹHm = 12.55 kJ/mol = 63.71 J/g; ɟs = 

19.3 g/cm3; for the surface tension ůl-s = 0.55 N/m = 5.5ï10-5 J/cm2. The following 

inequality can be solved using the data mentioned above: 

2
( ) 0,01,solid solution

m solidH r
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r᾽8.95Ŀ10-6 cm = 89.5 nm.
 

Although this calculation is quite rough, resulting value correlates perfectly 

with the value of 100 nm, which is commonly used as a limiting size of 

nanoparticles. Obviously, dependence of the heat of fusion on temperature and 

dependence of surface tension on particles size were not taken into account, while 
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the latter effect may be quite significant, as evidenced by the results of scientific 

studies. 

Fig. 4.7 shows how the melting point of aluminum nanoparticles changes as 

their size decreases. It can be seen that the melting point of 4 nm (40¡) particles is 

140 ÁC less than that of an aluminum sample of standard size. 

 

Fig. 4.7. Dependance of the melting point of aluminum nanoparticles on their size 

Similar dependencies were obtained for many other metals. For example, as 

diameter of tin nanoparticles decreases to 8 nm, their melting point drops by 

100 ÁC (from 230 ÁC to 130 ÁC). The greatest decrease in the melting point (more 

than 500 ÁC) was observed in case of gold nanoparticles. 

So, the reason for the decrease in melting point with decrease in particles 

size is that atoms on the surface of all crystals are in special conditions; and  

the proportion of such çsurfaceè atoms in nanoparticles is very large. Proportion of 

çsurfaceè atoms for aluminium is estimated below. 

It is known that 1 cm3 of aluminum contains approximately 6Ț1022 atoms. 

For simplicity, it can be assumed that atoms are located in the nodes of cubic 

crystal lattice. Then the distance between adjacent atoms in this lattice is equal to 

about 4Ț10-8 cm. Therefore, atoms density on aluminum surface is 6Ț1014 cm-2. 

If an aluminum cube with an edge of 1 cm is considered, then the number of 

surface atoms in it is 36Ț1014, and the number of atoms inside is 6Ț1022. Thus, 
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proportion of surface atoms in such an aluminum cube of çordinaryè size is only 

6Ț10-8. 

If the same calculations for a cube of aluminum with a size of 5 nm are 

done, it turns out that on the surface of such a "nanocube", 30 % of all its atoms are 

located. And on the surface of 1 nm cube, there are more than half of all atoms. 

Dependence of the amount of surface atoms on the particle size is shown in 

Fig. 4.8. 

 

Fig. 4.8. Dependence of the amount of surface atoms on the particle size 

The forces that make them stay in the nodes of crystal lattice affect them 

only from below. Therefore, surface atoms (or molecules) can easily evade 

çembracesè of molecules located in the lattice, and if this happens, then several 

surface layers of atoms behave in such a way. As a result, a film of liquid is formed 

on the surface of all crystals. Besides, ice crystals are no exception. That is why ice 

is slippery (Fig. 4.9). 
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Fig. 4.9. Schematic representation of a cross-section of the ice 

The example of ice demonstrates the difference between surface atoms and 

bulk atoms. In surface atoms with temperature increase, crystal lattice can be easily 

destroyed, and a liquid film is formed on the surface. As temperature increases, 

thickness of such a film also increases. If the film thickness exceeds 1/10 size of 

the crystal, then the entire crystal lattice is destroyed and the material turns into 

liquid. Thus, it is evident that melting point decreases with the decrease in size.  

Also, as particle size decreases, electrical characteristics of material also 

change. It was found out that resistance (R, Ý) of a cylindrical nanosized resistor 

cannot be calculated using the well-known formula [2]:  

R=ɟL/S,      (4.3) 

where  L is the length of the resistor, m;  

  S is the cross-sectional area of the resistor, m2;  

  ɟ is the specific electrical resistance of the material, ÝĿm.  

However, sometimes resistance Rʦ of nanoresistors does not depend on their 

size and the material they are made of, and is determined by two fundamental 

physical constants only [4]:  

Rʦ =h/(2e2)=12,9 kÝ,    (4.4) 

where  e is the electron charge, 1.6Ā10-19 C,  

  h is the Planck constant, 6.6Ā10-34 J/s.  

  Rʦ was called the quantum of electrical resistance, given that resistance of  

  all resistors is the same in nanoscale. 
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Quantization of electrical resistance is not the only feature of conductivity in 

nanoscale. It turned out that sometimes Joule heating is not generated in 

nanoresistor when electric current passes through. This unusual conductivity in the 

nanoscale, which does not depend on the resistor length, its cross-sectional area 

and is not accompanied by heat generation, has been called ballistic38. By this 

name, its authors wanted to emphasize that electrons, like well launched shells, 

move through the nanoresistor without colliding with its atoms in the nodes of 

crystal lattice.  

An example of nanoresistors with ballistic conduction is carbon nanotubes. 

Discovery of the quantum (discrete) nature of conductivity in carbon nanotubes 

was made when measuring dependence of their resistance on nanotube length by 

immersing them into mercury. The diameter of nanotubes during the experiment 

ranged from 1.4 to 50 nm and the length ï from 1 to 5 microns, but despite such a 

large variation in dimensions, resistance of all nanotubes was about 12.9 kÝ. 

Existence of ballistic conduction allows engineers further reduce the size of 

electronic circuits, because theoretically the circuit elements, reduced to nanosize, 

should not heat up. 

Change in optical characteristics with the decrease in nanoparticle size was 

considered using the example of quantum dots in Section 3.3. Photonic crystals 

should be also mentioned. 

Photonic crystals are materials with a structure that is characterized by a 

periodic change in the refractive index in spatial manifestations; a medium with a 

spatial periodic dielectric permittivity. Principle of their action is similar to the 

materials with electrical conductivity, but in this case, it is not the electric current 

but the light that is being conducting. Fig. 4.10 demonstrates natural photonic 

crystals ï opal, butterfly wings and peacock feathers. 

                                           
38 From the Greek ballein meaning to throw; ballistics is the science about the flight behaviour of 

projectiles. 
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Fig. 4.10. Examples of natural photonic crystals 

Photonic crystals are made of dielectric or semiconductor structures with a 

band gap, which impedes the spread of light in a certain frequency range [15]. By 

creating point defects in such structures, it is possible to implement so-called 

çphotonic trapsè in which the spread of light is not possible beyond their 

boundaries. By creating combinations of point defects, it is possible to implement 

basic elements of modern circuitry in photonic crystals, which will significantly 

improve the performance and quality of calculations on modern computers.  

Depending on the number of heterogeneity directions, photonic crystals are 

divided into one-dimensional, two-dimensional and three-dimensional photonic 

crystals. 

One-dimensional photonic crystal can be obtained by alternate deposition of 

dielectric layers with different refractive index, the so-called Bragg mirror. For 

example, a pair of TiO2/SiO2 dielectrics (when deposited as 5 paired layers) has a 

reflectance index of about 99 %. A two-dimensional photonic crystal is obtained 

by forming a periodic structure from vertical silicon rods (Si) deposited on silicon 

dioxide (SiO2) substrate, or using macroporous silicon, in the structure of which 

excessive macropores are removed. Three-dimensional photonic crystals are a 
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regular symmetric structure consisting of cubes or spheres arranged in a cubic 

order. 

Fig. 4.11 gives a schematic representation of photonic crystals types. 

 

Fig. 4.11.ʊypes of photonic crystals 

Photonic crystals can be used to solve global problems, such as development 

of high-power computers based on photon integrated circuits (PICs). Also for a 

number of complex functional problems, such as rotation of the beam by 90ʦ, 

intersection of two waveguides, filtration of a separate light wave from the flux, 

and many others [1]. 

At a sufficiently high load, all materials break and adjacent atoms move 

away from each other at the point of fracture. However, strength of many materials 

is determined not only by the force that must be applied to separate two adjacent 

layers of atoms. In fact, it is much easier to break any material if it has cracks. 

Therefore, strength of solid materials depends on how many microcracks there are 

and how they spread through this material. In the place of crack, the force, which 

tests the material strength, is applied not to the whole layer, but to the chain of 

atoms at the top of the crack, and therefore it is very easy to move the layers from 

each other (Fig. 4.12).  

Spreading of cracks is often hindered by the microstructure of a solid 

material. If a solid consists of microcrystals, such as metals, then the crack, 

splitting one of them into two, may bump into the outer surface of adjacent 

microcrystal and stop there. Thus, the smaller the particle size of which a material 

is made, the more cracks spread over it. 

Samples of materials made of nanoparticles are much stronger than usual 

materials. Mechanical load of nanophase material, similar to usual materials, 
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causes microcracks in it. However, the straightforward spreading of this 

microcrack and its transformation into a macrocrack are hindered by numerous 

boundaries of the nanoparticles that form this material. Therefore, the microcrack 

bumps into the nanoparticle boundary and stops, and the sample remains intact.  

 

Fig. 4.12. Schematic representation of a crack between two layers of atoms spreading under the 

applied forces (red arrows) 

Fig. 4.13 shows how strength of copper depends on the size of microcrystals 

or nanoparticles that form it. It can be seen that strength of a nanophase copper 

sample is 10 times higher than that of ordinary copper, which consists of crystals 

of about 50 microns in size. 

 

Fig. 4.13. Dependence of copper strength on granule size 
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Introduction of a small amount of nanoparticles into other materials can 

significantly increase their strength. For example, density of nanotubes is five 

times less than that of steel, but the strength is ten times higher. Thus, in order to 

make polymeric materials stronger without increasing their weight, carbon 

nanotubes are included into their composition. If a nanotube is placed between 

adjacent fibers of a polymeric material, binding it with them by hydrocarbon 

chains, then the strength of this part of material will be close to the nanotube 

strength (Fig. 4.14).  

Introduction of 0.6 % nanotubes into a polymer provides 4 time increase in 

the polymer strength. Scientists believe that if nanotubes occupy 10 % of a 

polymer volume, they will be able to increase its strength by 20 times. 

Reactivity increases with the decrease in particles size. For example, inert 

under normal conditions, gold and silver start participating in various chemical 

reactions when particle size is reduced to 3ï5 nm: 

2Ag + 2HCl ­ 2AgCl + H2.    (4.5) 

 

Fig. 4.14. Schematic representation of a nanotube embedded between polymer molecules and 

binded with them by butyl groups 

In order to perform chemical reaction between one substance and another, 

special conditions are needed, and very often there is no opportunity to create such 

conditions. Therefore, many chemical reactions exist only in theory. In order to 
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carry out such reactions, catalysts are needed ï substances that initiate reaction but 

are not consumed in it. 

Scientists [2] have found that inner surface of carbon nanotubes also has a 

high catalytic activity. They believe that when a graphite sheet made of carbon 

atoms is rolled up into a tube, electron concentration on its inner surface becomes 

lower. This explains the ability of the inner surface of nanotubes to weaken, for 

example, the bond between oxygen and carbon atoms in a CO molecule, becoming 

a catalyst for CO oxidation into CO2. 

Combining carbon nanotubes with transition metal nanoparticles (left part of 

Fig. 4.15) allowed performing the reaction scientiscts could have only dreamed of 

before ï direct synthesis of ethanol from synthesis gas (a mixture of carbon 

monoxide and hydrogen) obtained from natural gas, coal and biomass (right part of 

Fig. 4.15). 

 

Fig. 4.15. Synthesis of ethanol from synthesis gas using nanocomplex of catalysts: on the left ï 

microphotograph of nanotubes containing metal nanoparticles; on the right ï schematic 

representation of ethanol production from synthesis gas using nanotubes and nanoparticles [2] 

So, it should be added that emergence of nanotechnology is not something 

new ï nanoparticles have also been used before. For example, silver nanoparticles 

were used as bactericidal agents; metal nanoparticles ï in glass, ceramic materials, 

etc. In addition, size of pores or particles in aerosols and pigments lies in the 

nanoscale. 
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4.2. Nanoeffects in nature 

Strange feet. Gecko is a mountain lizard that has attracted attention of 

scientists with its unique ability to climb anywhere. For a long time, scientists 

could not understand how a gecko ran on a perfectly smooth glass, without falling 

and not slipping. Unraveling of this phenomenon has shocked the public ï when 

moving, gecko uses the laws of molecular physics. The whole thing is in its feet 

(Fig. 4.16).  

  

ʘ b 

Fig. 4.16. Gecko (ʘ) and its foot (b) 

After careful study of the foot structure under microscope, it was found out 

that it was covered with small hairs diameter of which was smaller than the 

diameter of human hair (Fig. 4.17). At the tip of each hair there were thousands of 

small pads, which were covered with sheets, and those in turn were covered with 

hundreds of thousands of thin hairy whiskers, and whiskers were covered with 

shovellike tips, up to 200 nm in diameter (0.04 % was enough). 

 

Fig. 4.17. Enlarged image of geckoôs foot 



120 

 

By analogy, scientists and designers from IBM company have developed  

a robot that can crawl on the glass (Fig. 4.18). It is planned to use this effect when 

creating specific clothes. 

 

Fig. 4.18. A robot designed by employees of the American iRobot company [2] 

Nanograss. Lotus and magnolia leaves are very different from each other. 

The first are always clean, although they grow in the swamps, and the latter are 

dirty. The matter is the structure of their leaves. Lotus leaves are covered with 

hairy growths, the villi of which are about 200ï400 nm in diameter. Such leaves 

are not wetted with water, and water that has fallen on such leaves always rolls 

down, taking all the dirt with it. This phenomenon has pushed the scientists to 

create clean surfaces used in construction, especially skyscrapers. 

4.3. Examples of nanomaterials 

When considering nanomaterials, it is impossible not to mention such 

materials as graphene, carbon nanotubes, fullerenes. 

Carbon is a unique element. It is the only one that can form long (up to 

hundreds of thousands of atoms) chains of interconnected atoms. This is explained, 

first of all, by the properties of carbon-carbon bond. From the Table 4.2 it can be 

seen that carbon atoms form the strongest bonds in comparison to other elements. 

Due to such high strength, carbon skeleton of molecules remains unchanged in 

many chemical reactions. In addition, carbon atoms can form different types of 

bonds: single, double, triple; and each type is characterised by different carbon 
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hybridization. As can be seen from Table 4.3, bond energy increases with 

multiplicity. 

 

Table 4.2. Energies of homonuclear bonds [1] 

Chemical bond  ʉ-ʉ N-N O-O Si-Si P-P S-S 

Bond energy, kJ/mol  348 163 146 226 201 264 

 

It is the variety of types of carbon-carbon chemical bond that accounts for 

the large number of known allotropic forms of carbon. These include long-known 

graphite and diamond, as well as recently discovered fullerenes (molecular forms) 

and "nanoforms" ï carbon nanotubes and graphene. 

 

Table 4.3. Energies of carbon-carbon bonds [1] 

Chemical bond ʉ-ʉ ʉ=ʉ ʉſʉ 

Bond energy, 

kJ/mol 
348 612 838 

Carbon 

hybridization  sp
3

 sp
2

 sp
1

 

 

Graphene looks like a single flat sheet consisting of carbon atoms, which are 

interconnected and form a lattice, each cell of which has a shape of a honeycomb 

(Fig. 4.19). The distance between the nearest carbon atoms in graphene is about 

0.14 nm. 

A single layer of graphene has a wavelike structure that confirms the 

instability of two-dimensional crystals (Fig. 4.20). If several layers of graphene are 

placed one above the other, the surface becomes flat (Fig. 4.19). In graphene, 

carbon atoms have sp2 hybridization. 
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Fig. 4.19. Schematic representation of three sheets of graphene, placed one above the other in 

graphite 

For the discovery of graphene, the Nobel Prize in 2010 was won by Andre 

Geim and Konstantin Novoselov. 

 

Fig. 4.20. Graphene surface 

If a rectangle is cut from a graphene layer and its opposite edges are 

connected, a hollow cylinder ï carbon nanotube is obtained (Fig. 4.21). 

Crystal lattice of carbon nanotubes consists of separate flat layers formed by 

regular hexagons. Each carbon atom in nanotube has sp2 hybridization. 

  

Fig. 4.21. The idea of manufacturing a nanotube (on the right) from a molecular layer of graphite 

(on the left) 
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Carbon nanotubes are synthesized not by graphene rolling up, but by CVD 

method, or using arc discharge method. Carbon nanotubes are divided into single-

layer, multilayer, and nanotubes with different twisting angles (Fig. 4.22). 

Depending on the structure (chirality), carbon nanotubes can have conductive or 

semiconductive properties. In addition, carbon nanotubes are very strong due to 

their perfect structure. 

 

 

ʘ b 

Fig. 4.22. Schematic representation of a single-layer carbon nanotube (a) and two-layer, straight 

and spiral nanotubes (from top to bottom) (b) 

Mutual orientation of hexagonal graphite lattice and longitudinal nanotube 

axis defines a very important structural characteristic of the nanotube, called 

chirality. Chirality is characterized by two integers (m, n) that indicate location of 

the hexagon of the lattice, which after rolling up, must coincide with the hexagon 

at the origin. The above mentioned is illustrated in Fig. 4.23 that shows a part of a 

hexagonal graphite lattice, rolling up of which into a cylinder results in the 

formation of single-layer nanotubes with different chirality.  

Nanotube chirality can also be determined by the angle Ŭ formed between 

the direction of nanotube rolling up and the direction in which adjacent hexagons 

have a common bond. These directions are also shown in Fig. 4.23. There are 

many options for nanotubes rolling up, but there are those that do not result in 

distortion of the hexagonal lattice structure. This can be performed at the angles 

Ŭ = 0 and Ŭ = 30Á that correspond to the chirality of (m, 0) and (2n, n), 

respectively. 
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Fig. 4.23. Formation of nanotubes with different chirality when a hexagonal graphite lattice is 

rolled into a cylinder [39] 

Chiral indices of a single-layer nanotube determine its diameter D: 

2 2 03
,

ˊ

d
D m n m n

Ö
= + - Ö Ö    (4.6) 

where d0 = 0.142 nm is the distance between carbon atoms in a hexagonal graphite 

lattice. 

Multilayer carbon nanotubes differ from single-layer nanotubes by a greater 

variety of shapes and configurations. Possible varieties of cross structure of 

multilayer nanotubes are shown in Fig. 4.24. 

 

Fig. 4.24. Cross-sectional models of multilayer nanotubes: a ï the Russian Doll model, b ï the 

Parchment model 
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As the number of layers increases, deviations from the ideal cylindrical 

shape are increasingly manifested. In some cases, the outer shell obtains the form 

of a polyhedron. Sometimes surface layer is a structure with an unregulated 

arrangement of carbon atoms. In other cases, defects in the form of pentagons and 

heptagons are formed on the ideal hexagonal lattice of the outer nanotube layer, 

which lead to the disruption of cylindrical shape. Presence of the pentagon causes a 

convex, while the hexagon causes a concave bend of the cylindrical nanotube 

surface. Such defects lead to the formation of curved and spiral nanotubes, which 

twist and roll up during the process of growth, forming loops and other structures 

with complex shape. 

Fullerenes have been one of the most researched objects in the world 

literature for the last 25 years. Fullerenes are a molecular form of carbon with a 

shape of spherical polyhedra denoted by empirical formula ʉn, where n starts from 

20. In a fullerene, carbon atoms also have sp2 hybridization. For the discovery of 

fullerenes, the 1996 Nobel Prize was awarded to Robert Curl, Harold Kroto and 

Richard Smalley. 

Molecules of the most symmetric and the most studied fullerene consist of 

60 carbon atoms with a diameter of 1 nm (Fig. 4.25). Fullerenes can be easily 

modified both internally and externally. In addition, they penetrate easily 

biological membranes. Due to this, they are mainly used in medicine as markers or 

in biomedical research. 

 

Fig. 4.25. Schematic representation of C60 fullerene 
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All these molecular compounds of carbon atoms are called fullerenes by the 

name of the American engineer, designer and architect R. Buckminster Fuller, who 

used pentagons and hexagons, which are the basic structural elements of all 

fullerenes, for the construction of domes of his buildings. 

Another example of nanomaterials is dendrimers [2]. Dendrimers are 

treelike polymers, nanostructures ranging in size from 1 to 10 nm. Fig. 4.26 shows 

how dendrimers are formed. They are mainly applied in medicine for cancer 

diagnosis and drug delivery. 

Inside the dendrimer, cavities can form, which can be filled with any 

substance. If a dendrimer is synthesized in a solution containing any medicine, 

then the dendrimer becomes a nanocapsule with this medicine. Besides, cavities 

inside the dendrimer may contain radioactive markers that are used to diagnose 

various diseases. Once inside the tumor, they change conformation of the chains, 

and medicine stored inside the dendrimer is released. 

 

Fig. 4.26. Assembly of a dendrimer from a branched Z-X-Z molecule (on top); different types of 

dendrimers (at the bottom) [2] 

Various bacteria (erythrocytes, etc.) are also used for drug delivery, as they 

have a natural ability to penetrate into living cells. 

It is known [4] that spinal cord injuries are not often treatable. In such cases, 

trauma to the spinal cord confines a person to a wheelchair for the rest of life. The 
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reason for this incurable injury of spinal cord is the protective function of the body 

ï fast formation of a scar from solid connective tissue, which serves as a border 

between the damaged and intact nerves that run along the spinal cord. 

The scar always protects living cells from the dead ones, which are located 

near them, and is formed when any tissue of the body is damaged. However, when 

spinal cord is injured, the scar formed impedes the growth of nerves and 

restoration of the main function of spinal cord ï conduction of nerve impulses 

from the brain to different parts of the body and back. 

Nerves cannot grow through scars and cavities. In order to grow, they need a 

frame or directions, as well absence of obstacles. Thus, for fast recovery of spinal 

cord injury it is necessary to prevent appearance of the scar; to fill the space 

between damaged and intact nerve fibers with a frame. Nanotechnology solves 

both of the tasks. 

It is known that amphiphilic molecules, that is, molecules in which 

hydrophilic and hydrophobic areas are spatially separated, have the ability to self-

assemble. These molecules are eventually assembled into cylindrical nanofibers, 

and different molecules can be placed on the surface of these nanofibers, such as 

those that prevent scar formation and stimulate nerve tissue growth. Such 

nanofibers form a lattice structure, creating a framework for nerve growth 

(Fig. 4.27). 

 

Fig. 4.27. Formation of nanofibers from amphiphilic molecules: schematic representation of 

nanofibers formed from amphiphilic molecules (on the right); a microphotograph of the 

frame formed from such nanofibers where spinal cord was injured (on the left) [2] 
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If a solution containing such amphiphilic molecules is injected into the place 

of injury within a day after injury (Fig. 4.28), these molecules, when assembled 

into a three-dimensional network of nanofibers, will prevent scar formation. Then 

nerve fibers will be able to grow, restoring the conduction of impulse through the 

spinal cord. Such experiments were performed on rats and were successful. 

 

Fig. 4.28. Schematic representation of the damaged area of a spinal cord (arrow) and syringe, by 

which fluid with amphiphilic molecules is introduced into this area [2] 

Quiz 

1. What is nanotechnology? 

2. What are size effects? 

3. Where is the location of nanoscale objects on the overall size scale? 

4. Give a classification of nanoobjects dimensions. 

5. Describe two main approaches to the obtaining of nanostructures. 

6. What is the difference between auto-assembly and self-assembly? 

7. Give several real examples of nanomaterials utilization. 

8. Describe special properties of carbon that make possible formation of various 

nanostructures. 

9. What methods are used in the study of nanomaterials? 

10. How do scanning microscopes work? 



129 

 

11. Give the definitions of graphene, carbon nanotubes and fullerenes. What are 

the areas of their application? 

12. Give the definition of dendrimers. Where are they used? 

13. Give the definition of quantum dots, wires, and planes. 

14. Describe methods of obtaining nanorods. 

15. How does friction occur in the nanoscale? 

16. Describe methods of obtaining nanoparticles.  

17. What are advantages and disadvantages of the thermal methods of nanoparticle 

synthesis? 

18. Give examples of nanoeffects that exist in nature. 

19. What are nanocomposites and where are they used? 

20. Give examples of nanotechonologies being applied in medicine. 
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CHAPTER 5. MAGNETIC  MATERIALS  

5.1. Classification of magnetic materials 

Depending on the materialôs behaviour in the magnetic field, all materials 

are divided into weak magnetic (weakly interact with the magnetic field) and 

strong magnetic materials (strongly retain magnetization) (Fig. 5.1). The degree of 

materialôs interaction with the magnetic field is magnetic induction B, that is, the 

average magnetic field intensity inside the material when located in an external 

magnetic field with certain intensity H. Weak magnetic materials include 

diamagnets and paramagnets; and strong magnetic materials include ferromagnets, 

which, in turn, are subdivided into magnetically çsoftè and magnetically çhardè 

materials [1]. 

Diamagnets are materials that do not have their own magnetic moment due 

to the absence of unpaired electrons. They retain magnetization only under applied 

magnetic field; and the induced magnetic field is created in the opposite direction. 

Diamagnetic materials are repelled by a magnetic field. These materials include 

Cu, Zn, Au, etc. 

Paramagnets are materials that have their own magnetic moment due to the 

presence of unpaired electrons. Paramagnetic materials are attracted by an 

externally apllied magnetic field. However, in the absence of the magnetic field, 

they are randomly oriented, and their magnetic moment is equal to zero. In the 

external magnetic field, magnetic moments become ordered and are oriented 

mainly by the field. This creates a small total magnetic moment. Paramagnets 

include Al, Pt, Ni, etc. 

Ferromagnets are materials in which, in the absence of an externally applied 

magnetic field, magnetic moments are oriented in the same direction. 

Ferromagnetic materials are attracted by permanent magnets. In the presence of an 

external magnetic field, the internal magnetic field can be hundreds and even 

thousands of times greater than that external one. Ferromagnetic materials include 
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Fe, Co, Gd, as well as their alloys and magnetite Fe3O4. Ferromagnetic properties 

are highly dependent on temperature. When heated to a certain temperature ï the 

Curie temperature, ferromagnetic properties disappear. 

 

Fig. 5.1. Ferromagnetic properties of materials [1] 

Antiferromagnets are magnetically ordered crystalline materials, which at 

low temperatures have two fully magnetized spin lattices that fully compensate 

each other. The transition temperature of the antiferromagnet from a magnetically 

ordered state to a disordered state is called the N®el temperature. 

Antiferromagnetic materials include FeO, NiO, CoO, CoF2, NiSO4, etc. 

At small external magnetic fields, antiferromagnets behave as paramagnets. 

However, starting from a certain critical magnetic field, they become magnetized. 

Magnetization first increases linearly with the external field intensity, and then 

comes to saturation. 

Ferrimagnets are magnetically ordered materials that at low temperatures, 

consist of two (or more) spin lattices with opposite orientations, and magnetic 

moments of these lattices are not fully compensated. The behavior of ferrimagnets 

in a magnetic field is very similar to the behavior of ferromagnets. However, there 

is a certain temperature at which magnetic moments of the lattices are fully 

compensated. 

The temperature of transition from ferrimagnetic state to paramagnetic is 

called, as for ferromagnets, the Curie temperature. Ferrimagnets include ferrites, 
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which are either oxides, or complex salts of transition metals, for example, 

MnFe2O4, FeFe2O4, CoFe2O4, etc. 

The most important characteristics of magnetic materials are: 

¶ ʎS is the specific magnetic saturation, which shows magnetic force of the 

material, ɸĀm2/kg; 

¶ ʅʩ is the coercivity that characterizes magnetic hardness of a material and 

is equal to the magnetic field intensity that must be applied to the material to fully 

demagnetize it. If ʅʩ < 80 A/m, then the material is soft (magnetic films), 80 A/m 

< ʅʩ < 8000 A/m ï material of medium hardness, ʅʩ > 100 A/m ï magnetically 

hard material (permanent magnets); 

¶ Br is the residual induction that characterizes the degree of magnetization 

remaining in the magnetic material when the external magnetic field disappears, T. 

5.2. Nanoscale magnetic materials 

A domain demonstrates the idea of nanoscale magnetic materials. It is a 

region of crystallite 10-4ï10-6 m in size where magnetic moments of atoms are 

oriented parallel to the defined crystallographic direction (Fig. 5.2). 

 

 

 

Fig. 5.2. Energy-efficient four-domain structure with a closed magnetic field [1] 

In the absence of external magnetic field, each domain is spontaneously 

magnetized to saturation. However, magnetic moments of the individual domains 

are oriented differently and the total magnetic moment of the ferromagnet is 0. 
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Between the domains, there are transitional layers (domain walls) 10-7ï10-8 m 

wide, in which spin magnetic moments swing gradually (Fig. 5.3). 

 

Fig. 5.3. Change in the orientation of atomsô magnetic moments in a domain boundary [1] 

The coercive force Hc of different magnetic materials depends non-

monotonically on the size of their crystallites. It increases when crystallite size is 

below 30ï70 nm; has a flat maximum when crystallite size is in the range of 30ï

70 nm, and then decreases with further growth of crystallites (Fig. 5.4). 

In magnetite, for example, the change in magnetization mechanism from 

reorientation of magnetic moments (single-domain state) to displacement of 

domain walls (polydomain state) occurs at about 30 nm. Single-domain particles of 

approximately the same size have the same magnetization due to the similar 

orientation of all spins.  

After transition of magnetic oxide nanoparticles to the single-domain state, 

there is some critical value of their size at which the coercive force disappears. In 

case of Fe3O4, the critical diameter corresponds to 5ï6 nm. In a superparamagnetic 

state, nanoparticles behave as a quasi-paramagnetic substance, consisting of very 

small ferro- or ferrimagnetic particles that weakly interact with each other 

(Fig. 5.4). 
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Fig. 5.4. Influence of magnetic particle size on magnetic properties [1] 

5.3. Use of magnetic materials 

Magnetic materials are used in electrical engineering, electronics, medicine 

and in various fields of chemical technology. In order to use magnetic materials for 

the information storage, materials consisting of very small particles (up to 

nanoscale) are being obtained, thus the size of the storage medium is reduced. 

Oxide magnetic materials include mainly MeOĀFe2O3 ferrites, spinels, 

Me3Fe5O12 garnets, MgOĿAl2O3 aluminates, and Fe3O4 magnetite. 

Ferrites are ferrimagnetic ceramics obtained by ceramic technology, namely, 

by sintering oxides or carbonates of the corresponding metals. The latter materials 

are obtained by chemical co-precipitation in solutions with the following thermal 

treatment. 

Ferromagnetic fluids play a special role among ferromagnetic materials. 

These fluids are colloidal solutions of Fe3O4 or ferrite nanoparticles. Various 

stabilizers, including surfactants, are additionally used to make ferromagnetic 

fluids stable. Water, ethanol, various non-polar solvents are used as a liquid phase.  

High-quality ferromagnetic fluids not only retain stability and unchanged 

magnetic properties over time, but also have high fluidity. Due to this, they can be 
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used in the conversion of mechanical energy into electrical energy, in medicine, as 

a lubricant, and in cooling systems. 

 

 

Fig. 5.5. Ferromagnetic fluid 

Obtaining of magnetic fluids consists of two main stages: obtaining of 

magnetic particles with a colloidal degree of dispersion and stabilizing them in a 

liquid. There are two approaches used to obtain magnetic fluids: top-down and 

bottom-up. 

The first approach involves dispersion methods that are grinding of 

magnetite in ball mills in the presence of different surfactants. The saturation 

magnetization in this case is about 8ï80 kA/m, the particle size is about 10 nm. 

The main disadvantages of the method include low efficiency, contamination of 

the ferromagnetic fluid by the products of layers abrasion, significant dispersion of 

particles in size. 

The second approach includes condensation methods: carbonyl, electrolytic, 

electro-condensation, vacuum, and chemical condensation. Magnetization of 

ferromagnetic fluids that can be achieved by these methods is given in Table. 5.1. 

Carbonyl method is achieved by CVD based on thermal decomposition of 

Fe(CO)5 and involves evaporation, transfer by inert gas, and decomposition at 

250 ÁC. Despite the high magnetic characteristics of the fluids based on ferrum 

nanoparticles, they have low magnetic characteristics because of the thick 

surfactant layer (~20 nm) on these particles, which is necessary to prevent their 

aggregation. Other methods allow obtaining of magnetic fluids with better 
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magnetic characteristics, but they are characterized by poor performance and are 

not widely used. 

 

Table 5.1 Magnetization of ferromagnetic fluids that is achieved by various methods 

of synthesis [1] 

Synthesis method Magnetization, kA/m 

Carbonyl 0.5 

Electrolytic 10 

Electro-condensation 2ï6 

Vacuum 13.1 

Chemical 30ï90 

 

Method involving chemical condensation of the highly dispersed magnetite 

and proposed by Elmore has become most wide-used. It includes interaction of 

dissolved ferric salts with alkalis in the ratio Fe(II):Fe (III) = 1:2 at pH 7ï9 and at 

temperatures of 323ï363 K. The size of nanomagnetite obtained in this way varies 

from 2 nm to 20 nm with a particle magnetization of 400 kA/m and developed 

surface, which provides high adsorption capacity and effective stabilization of 

surfactants. 

The use of ferromagnetic fluids is wide enough. However, the most 

promising methods are those based primarily on the heat transfer of ferromagnetic 

fluid. If a magnetic field is applied to a ferromagnetic fluid with different 

susceptibilities (for example, through temperature gradient), than an 

inhomogeneous magnetic force is produced, which leads to thermomagnetic 

conversion. In other words, magnetic fluids become less magnetic as the 

temperature increases and more magnetic as the temperature decreases. 

Ferromagnetic fluids are used in cooling systems as shown in Fig. 5.6.  

A strong magnet attracts a cold ferromagnetic fluid more than a hot one. Therefore, 

if such a magnet is placed in front of the processor, then the magnetic fluid will 

constantly circulate from the processor to the magnet. This cooling method does 
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not require additional energy consumption, which is a significant advantage of 

such cooling systems. This method will be very promising for cooling computer 

processors, replacing the cooler, and will therefore significantly reduce the cost of 

using computers. 

 

Fig. 5.6. Use of heat transfer of ferromagnetic fluids in cooling systems [1] 

Ferromagnetic fluids obtained on the basis of hydrocarbons (octane, decane, 

kerosene) are used to purify water from petroleum products. Water purification 

from petroleum products consists of the preliminary magnetization of the latter by 

introducing a ferromagnetic fluid into them and then collecting them with a special 

magnet collector. Usually, ferromagnetic liquids are used on the basis of 

hydrocarbons that are insoluble in water and well soluble in petroleum products. 

Water-based ferromagnetic fluids are used for the separation of non-

magnetic materials, in printing inks and in medicine. 

The use of ferromagnetic fluids as printing inks is as follows. A drop of 

magnetic ink flies out of the typewriter nozzle, while magnets create a non-uniform 

magnetic field and control the flight of the drop (Fig. 5.7). As a result, the drop 

appears in the desired point of paper or any other object on which the image is 

printed. The advantages of this method include the abandonment of moving parts 

of the printing machine and high quality of printing. 
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Fig. 5.7. Magnetic printing [1] 

Ferromagnetic fluids have become widely used in biomedicine, where they 

are used for drug delivery (using a magnet), for cancer treatment (under applied 

alternating magnetic field, magnetite particles heat up and suppress the growth of 

cancer cells), and in surgery (magnetic plugs are used to block blood flow). 

Quiz 

1. Give a brief description of non-magnetic materials. 

2. Describe magnetic materials and give their classification. 

3. Define the term "domain". 

4. Describe the mechanism of magnetization. 

5. Descrive the main methods for the synthesis of ferromagnetic fluid. 

6. Describe the application of magnetic materials. 
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CHAPTER 6. MATERIALS  OF BIOMEDICAL  PURPOSE 

6.1. General characteristics of biomaterials of inorganic origin 

A characteristic feature of the third millennium is a desire to improve life 

quality and life expectancy of humans. The progress in development and use of 

new biomaterials, that is, materials used in medicine to support vital functions and 

normal functioning of the body, play a significant role in achieving these goals. At 

the same time, huge sums of money are being invested in the development of 

biomaterials, and the market of biomaterials is estimated at tens of billions of 

dollars. 

According to modern concepts, biomaterials are materials that are 

constantly in contact with body tissues. They are divided into the following 

categories according to the nature of their biological (biochemical) reactions with 

the surrounding tissues [2]: 

1. Toxic (this applies to most metals; they cause tissues to die off); 

2. Bioinert (these materials do not cause immune responses and are not 

rejected by the body. They include ceramic materials such as Al2O3, ZnO2); 

3. Bioactive (perform biological functions, simulating natural tissues: 

polymeric materials, hydroxyapatite (HA), bioglass); 

4. Bioresorbable materials (gradually dissolve within the body and are 

replaced with natural tissues ï polymeric materials). 

There are certain requirements for biomaterials, the most important of which 

is biocompatibility. Biocompatibility is a set of specific biochemical and 

biomechanical characteristics. 

Biochemical characteristics include solubility of the ingredients in biological 

environment (corrosion, etc.), accumulation of these ingredients in the body, their 

effect on vital functions, absence of inflammatory processes at the implant-tissue 

border, etc. 
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Biomechanical characteristics include mechanical properties, absence of 

overloads and micro-disruptions on the surface of implant-tissue border, long-term 

functioning of the implant in a human body, etc. 

Implants of inorganic origin are used, first of all, for the manufacture of 

joints, bone tissue, teeth. Also, they are already used in medicine transportation 

and as biosensors. Some examples of inorganic implants are considered below. 

Materials made of stainless steel and titanium alloys (Fig. 6.1) belong to 

metal implants. The disadvantages of these implants include corrosion, which 

reduces mechanical strength, causes inflammatory processes, and might lead to 

formation of galvanic vapors in the human body. 

 

Fig. 6.1. Metal implants for replacement of damaged hip joints 

To overcome negative reactions arising from the use of metal implants, their 

surface is covered with bioceramic materials. The latter include silicon oxides and 

certain metal oxides (Al, Ti, Zr, Y), as well as carbides, nitrides, bioglass 

(Na2OĀCaF2ĀP2O5ĀSiO2) and calcium phosphates (Fig. 6.2) [1]. 

 

Fig. 6.2. Ceramic parts for artificial joints 
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The advantages of ceramic materials are as follows: they are durable, 

chemically inert, non-corrosive, non-abrasive, biocompatible, bioactive and have 

low density. The disadvantages are fragility (easy to break) and complicated 

production. In order to increase the hardness of bioceramic materials, they are 

made porous (Fig. 6.3) that also increases their bioactivity. 

 

Fig. 6.3. Porous ceramics (based on hydroxyapatite) 

One of the principles of creating new biomedical materials is that they are 

obtained as close as possible to the bone tissue in terms of chemical, biological and 

morphological characteristics. Deviations in crystallite size and composition of the 

artificial material from the natural counterpart can be used for the synthesis of 

biomaterials with a given bioactivity. Thus, it is necessary to consider chemical 

composition and structure of bone tissue. 

In Table 6.1, chemical composition of bone tissue and teeth, consisting of 

organic component, HA, water and impurities of different ions are given. 

From the point of material science, bone tissue is a composite material. The 

bone has a rather complex structure and diverse tissue composition. Significant 

mechanical characteristics of the compact bone are provided by a special spatial 

arrangement of its structural components ï bone plates 3ï10 microns thick. 

Three main groups of substances form the bone: collagen (approximately 

25 wt. % ï organic component of bone tissue, or bone matrix), calcium phosphates 

(approximately 65 wt. % ï inorganic component) and water (10 wt. %). In addition 

to these substances, other organic compounds (other than collagen proteins, 



142 

 

polysaccharides, lipids) are present in bone tissue in small quantities. Apart from 

Ca2+ and PO4
3-, bone tissue also contains other inorganic ions. 

 

Table 6.1. Chemical composition of bone tissue and teeth (wt. %) [1] 

Component Bone tissue Tooth tissue 

(dentin) 

Ca 34.8 35.1 

P in the form of PO4
3- 15.2 16.9 

Na 0.9 0.6 

Mg 0.72 1.23 

K 0.03 0.05 

C in the form of CO3
2- 7.4 5.6 

F 0.03 0.06 

Cl 0.13 0.01 

Inorganic component 65 70 

Organic component 25 20 

Water 10 10 

Molar ratio of ʉʘ/ʈ 1.71 1.61 

 

Collagen provides body tissues with the necessary mechanical strength for 

tensile and compressive deformation. Collagen molecules consisting of three 

helically twisted polypeptide filaments can assemble into fibers with diameters of 

100ï2000 nm. The compressive strength of bone tissue is provided by its mineral 

component ï calcium phosphates (mainly in the form of hydroxyapatite 

ʉa(PO4)6(OH)2). Hydroxyapatite crystals are present in the bone in the form of 

plates with dimensions of 50Ĭ20Ĭ5 nm, oriented in a certain way in relation to the 

axis of the collagen fibers. 

Fig. 6.4 shows the structure of bone tissue, which is divided into seven 

levels of bone tissue organization (architecture). The lowest level is a kind of 

nanocomposite consisting of collagen fibers with a diameter of 1 nm and HA 

particles with a plate size of up to 50 nm. This composite is the basis of the fibrils 
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that make up the fibers. Fibers form lamellae, and lamellae form the osteon, which 

makes up the bone. 

By reproducing this composite only in chemical composition, it is 

impossible to achieve the strength of bone tissue. Bone structure is also very 

important. Today scientists try to reproduce natural bone tissue. It has been almost 

achieved, but today there is still no analogue of this tissue. It is difficult  to 

reproduce morphology and structure of the bone tissue, not the chemical 

composition. However, chemical composition is also of great importance. For 

example, presence of a small amount of carbonate ions increases tissue strength, 

while high content of these ions makes the bone tissue brittle. Thus, in the near 

future, it is impossible to reproduce thoroughly the bone morphology in vitro ï that 

is, experimentally ï (and, therefore, to achieve the same combination of biological 

and mechanical properties as in the bone). 

 

Fig. 6.4. Hierarchical levels of bone organization [1] 
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As an example, Fig. 6.5 shows tensile deformation of ceramics, metal, bone, 

and polymers. As can be seen from the figure, ceramics has the highest fragility. 

To strengthen the ceramics, it has been proposed to use composite materials based 

on, for example, ceramics with carbon nanotubes or carbon nanofibers.  

Biomaterials being used for implants must satisfy the requirements dictated 

by the structure, composition and properties of bone tissue [1]: 

1. Chemical properties ï absence of unwanted chemical reactions with 

tissues and interstitial fluids, absence of corrosion; 

2. Mechanical properties of bioceramics must be close to those of the bone 

(for example, differences in elasticity may result in implant loss because of the 

resorption of the bone substance that is in contact with it); 

3. Biological properties ï absence of reactions from the body's immune 

system, growth with bone tissue, stimulation of the bone formation process 

(osteosynthesis); 

4. For the fast growth of bone tissue into the implant, the latter must have 

through pores of 100ï150 microns in size. 

  

Fig. 6.5. Tensile deformation of different materials [1] 

Among the materials that satisfy almost all requirements are bioceramics. 

So, bioinert ceramics, bioactive ceramics and materials based on calcium 

phosphate are distinguished. 

Bioinert ceramics include mainly Al2O3 and ZrO2-based materials. Their 

mechanical characteristics are given in Table 6.2. 
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The advantages of bioinert materials include exceptional chemical inertness 

and high strength. Unfortunately, both of these advantages have their downside. 

Stability of ceramics in the body leads to the impossibility of the bone to grow into 

the implant. As a result, the place of contact is being filled with fibrous connective 

tissue that mechanically covers a foreign object. It is clear that such contact cannot 

be strong. 

 

Table 6.2. Mechanical characteristics of ceramics based on Al 2O3 and ZrO 2 [1] 

Properties Al 2O3 Mg-PSZ TZP 

Chemical composition 99.9% 

Al 2O3+MgO 

ZrO2 ZrO2 

Density, g/cm3 3.97 5.74ï6 >6 

Bending strength, MPa 500 450ï700 900ï1200 

Compressive strength, ʄPa 4100 2000 2000 

Young's modulus 380 200 210 

Fracture resistance, ʄPʘ/m2 4 7ï15 7ï10 

Thermal conductivity, (WĿm)/K 30 2 2 

Vickers hardness 2200 1200 1200 

 

Bioactive ceramics are very promising as they are characterized by high 

biocompatibility and bioactivity. These materials, first of all, include bioglass. 

Bioactive glass contains the following oxides: Na2O, CaO, SiO2, P2O5. Thus, 

bioglass differs from regular glass only in terms of P2O5 presence. Mechanical 

characteristics of bioglass are not as good as its biocompatibility and bioactivity. 

As a result, bioglass is used as small implants in dentistry and especially in 

maxillofacial surgery. 

Bioglass and materials on its basis are not perceived by the body as 

something foreign. On the contrary, a series of biochemical reactions (Fig. 6.6) at 

the bioglass-bone border leads to the intense formation of bone tissue in the 

contact area and ultimately to the implant implantation into the bone tissue. It 

should be noted that the transition layer between the bioglass and the bone can be 
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of up to 1 mm thick (when bioinert ceramics is used as an implant, the layer of 

fibrous connective tissue has a thickness of about 1 ɛm) and will be so strong that 

the fracture will occur in any other place, but not in the fusion zone. Due to the 

surface bonds (-O- or -OH) on the bioglass, the bone tissue can grow together with 

the bioglass according to the mechanism shown in Fig. 6.6.  

 

Fig. 6.6. Processes at the boundary between bioglass and bone tissue: 1 ï formation of Si-OH 

groups on the glass surface as a result of ion exchange; 2 ï formation of amorphous calcium 

phosphate on the surface of hydrated glass and its crystallization into hydroxyapatite; 3 ï 

adsorption of biologically active substances by apatite layer; 4 ï çactivationè of the immune 

system; directed selection and adsorption of specific bone proteins; 5 ï attachment of 

undifferentiated cells and their transformation into bone cells; 6 ï growth of bone matrix and its 

mineralization; 7 ï restructuring of bone tissue and çovergrowthè of the gap between the glass 

and the bone. Relatively speaking, the boundary between çinanimateè and çaliveè passes 

through stages 4ï5 [1] 

In bioglass production, the following composition is usually used: 24.5 % 

Na2O, 24.5 % CaO, 45 % SiO2, 6 % P2O5. By changing the composition, it is 

possible to change the bioactivity of such materials within a wide range. Slow 

cooling of the melt of these oxides under certain temperature conditions allows 

partial crystallization of the glass (most often calcium metasilicate ï wollastonite 

CaSiO3 is formed). In addition, it is possible to obtain mixed, glass crystalline 

materials ï biositals, which have better mechanical properties than glass. 
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6.2. Calcium phosphate-based biomaterials 

Calcium phosphates are the most suitable materials for the bone tissue 

replacement due to their close chemical composition. Calcium phosphates 

presented in Table 6.3 have the widest application. 

 

Table 6.3. Calcium phosphates that are used as biomaterials [1] 

Calcium phosphates 

Formula, name Marking  ʉʘ/ʈ 

Interval  of 

pH stability 

(298 ʂ) 

Solubility 

equilibrium  

Ks 

(298 ʂ) 

Ks 

(310 ʂ/ 

37 ʦʉ) 

Ca(H2PO4)2  

monocalcium phosphate 
ʄʉʈɸ 0.5 ï 1.14 ï 

Ca(H2PO4)2ĿH2O 

monocalcium phosphate 

monohydrate 

ʄʉʈʄ 0.5 0ï2 1.14 ï 

CaHPO4Ŀ2H2O  

dicalcium phosphate 

dihydrate 

DCPD 1 2ï6 6.59 6.63 

CaHPO4  

dicalcium phosphate 
DCP 1 2ï6**  6.90 7.02 

Ca8(HPO4)2(PO4)4Ŀ5H2O 

octacalcium phosphate 
ʆʉʈ 1.33 5.5ï7 96.6 95.9 

Caʭ(PO4)ʫĿzH2O 

amorphous calcium 

phosphate 

ɸʉʈ 1.2ï2.2 >5 
25.7ï

32.7 
ï 

Ca10-x(HPO4)x(PO4)6-x 

(OH)2-x (0᾽x᾽1)  

non-stoichiometric 

hydroxyapatite (calcium 

deficiency) 

ʉDʅɸ 
1.5ï

1.67 
6.5ï9.5 -85.1 -85.1 

Ca10(PO4)6(OH)2  

hydroxyapatite 
ʅɸ 1.67 9.5ï12 116.8 117.2 

ŬïCa3(PO4)2  

Ŭïtricalcium phosphate 
Ŭïʊʉʈ 1.5 ï***  25.5 25.5 

ɓïCa3(PO4)2  

ɓïtricalcium phosphate 
ɓïʊʉʈ 1.5 ï***  28.9 29.5 

Ca4P2O9   

tetracalcium phosphate 
ʊʊʉʈ 2 ï***  38ï44 37ï42 

* Stable at t>373 ʂ; ** production conditions ï concentrated salt solution, t>333 ʂ; *** solid 

phase synthesis. 
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Important parameters characterizing calcium phosphates as biomaterials are 

their stoichiometry n (ʉʘ) / n (ʈ) and solubility. In general, the smaller the 

n (ʉʘ) / n (ʈ) ratio, the more çacidicè and more soluble is calcium phosphate. 

Also, from the Table 6.3 it can be seen that as HA is the least soluble, its formation 

is the most thermodynamically probable. This is confirmed by the data on 

solubility isotherms of different calcium phosphates, which are presented in 

Fig. 6.7. 

 

Fig. 6.7. Solubility isotherms of various calcium phosphates at 310 ʂ (37 Áʉ) [1] 

Also, using Fig. 6.7, the probability of calcium phosphates formation in 

aqueous solutions can be evaluated depending on the synthesis conditions. 

All methods of obtaining calcium phosphates in solutions can be divided 

into two large groups: chemical deposition and hydrolysis (including hydrothermal 

techniques). The use of precipitation or hydrolysis methods to obtain biopowders is 

based on different solubility of calcium phosphates. Among biocompatible 

calcium-based phosphate materials, dicalcium phosphate dihydrate, octacalcium 

phosphate, amorphous calcium phosphate and hydroxyapatite are of the greatest 

interest. 

Calcium hydrophosphate dihydrate (Fig. 6.8) is the most soluble among 

biocompatible calcium phosphates. It has been found in the bone marrow area, 
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kidney stones, plaque, cholesterol clots. In laboratory, calcium hydrophosphate 

dihydrate can be obtained at ʨʅ 3ï4.5 according to the reaction:  

CaCl2+ Na2HPO4 + 2H2O = CaHPO4Ț2H2O + 2NaCl.  (6.1) 

 

 

Fig. 6.8. Calcium hydrophosphate dihydrate [1] 

Octacalcium phosphate (Fig. 6.9), which is often formed as an intermediate 

in the synthesis of HA, can be obtained according to the following reactions: 

¶ by hydrolysis reaction (in the presence of alkali): 

8CaHPO4 + 4NaOH + H2O = Ca8(HPO4)2(PO4)4Ț5H2O + 2Na2HPO4,  (6.2) 

¶ by precipitation reaction: 

8CaCl2 + 6Na2HPO4 + 4NaOH + H2O = Ca8(HPO4)2(PO4)4Ț5H2O + 16NaCl. (6.3) 

Calcium octaphosphate (as well as amorphous calcium phosphate) is a 

precursor for the subsequent production of bone hydroxyapatite during bone 

formation: 

Ca8(HPO4)2(PO4)4Ț5H2O + 2Ca2+ + 4OH- = Ca10(PO4)6(OH)2 + 2H2O. (6.4) 
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Fig. 6.9. Calcium octaphosphate [1] 

In laboratory, amorphous calcium phosphate is obtained by the following 

reaction: 

xCa2+ + yHPO4
2- + yOH- + (n-y) H2O = Cax(PO4)yȚnH2O.  (6.5) 

Amorphous calcium phosphate (Fig. 6.10) is also a biocompatible and 

highly bioresorbable material. It was previously mistakenly believed that 

amorphous calcium phosphate, not crystalline HA, was the basis for the inorganic 

bone component. In fact, bone formation occurs through the intermediate form of 

amorphous calcium phosphate, followed by its crystallization into HA in two 

possible ways: 

ɸʉʈ    HA,      (6.6) 

ɸʉʈ    Oʉʈ    HA.   (6.7) 

Hydroxyapatite is thought to be an ideal candidate for bone tissue 

replacement. The first attempt to use HA for these purposes dates back to 1920. 

However, widespread commercial distribution of HA happened not long ago (in 

80's of the last century). Hydroxyapatite is well compatible with muscle tissue and 

skin, and after implantation it is able to grow together with the bone tissue in the 

body. High biocompatibility of HA is explained by the crystal-chemical similarity 

between the artificial material and bone tissue. 
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Fig. 6.10. Amorphous calcium phosphate [1] 

In fact, HA (Fig. 6.11) is a substance of variable composition, and its formula 

can be represented as Ca10-x(HPO4)6-x(OH)2-x, where 0ÒxÒ1 (Ca/P molar ratio can 

vary from 1.5 at x=1 to 1.67 at x=0). In the crystalline structure of apatite, partial 

replacement of calcium cations with other ions (for example, Sr2+, Ba2+, Be2+, Pb2+) 

is possible. Phosphate ions can be substituted by SiO4
4- or CO3

2-, and OH groups 

by Cl-, Br-, F- ions. A significant amount of fluorine is part of the HA contained in 

the teeth. 

 

Fig. 6.11. Hydroxyapatite [1] 

Carbonate ion is one of the major sources of apatite lattice deformation that 

creates local mechanical stresses and defects in HA crystals. These processes 
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determine biological activity of bone apatite, called carbonate-apatite. In general, a 

formula of the mineral component in bone tissue can be represented as 

Ca9(CO3)x(HPO4)y(PO4)5(OH) (where x + y = 1). Interestingly, the content of 

carbonate ion in bone HA increases with age. This leads to the decrease in 

mechanical strength of the bones in older people. In synthetic HA production, it is 

desirable that it consists, like bone apatite, of small-sized (50 nm) plate crystals 

and has carbonate ions in its composition. 

Production of hydroxyapatite powder is carried out either by "wet" methods 

or via solid phase synthesis. In precipitation from aqueous solutions at pH> 6, fine 

crystalline powder is obtained. The classic "wet" methods of HA synthesis include 

the following equations: 

10ʉa(NO)3 + 6(NH4)2HPO4 +8H2O = Ca10(PO4)6(OH)2Ź + 20NH4NO3, (6.8) 

10Ca(OH)2 + 6H3PO4 = Ca10(PO4)6(OH)2 + 18H2O.  (6.9) 

Besides, other salts, such as calcium chloride and sodium phosphate, can be 

used as reagents in reaction (6.8). At the initial stage of the reaction, amorphous 

precipitates of calcium phosphates are formed with Ca/P ratio, which might not 

coincide with the ideal ratio of 1.67. Only after a certain period of time (several 

days), crystallization of hydroxyapatite occurs. Shape of crystals obtained by 

precipitation from solutions can vary: rods, needles, round particles, thin plates. In 

addition to the crystallization time and concentration of reagent solutions, the size 

and shape of the crystals are also determined by the impurities present in the 

solution. The size and shape of HA crystals affects bioactivity of  the obtained 

powder. 

HA is also obtained by the reaction of calcium phosphates with alkalis (for 

example, calcium hydrophosphate). However, this synthesis is used relatively 

rarely because of the very slow speed of HA powders synthesis: 

10ʉaHPO4 + 8NaOH = Ca10(PO4)6(OH)2Ź + 4Na2HPO4 + 6H2O. (6.10) 
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In addition, such hydrolytic reactions play a significant role in curing 

processes where they are used as fast curing phosphate cements. 

Solid-phase synthesis allows obtaining of large-crystalline material with a 

predetermined Ca/P ratio, but requires long thermal treatment at the temperatures 

of 1273ï1573 K. High-temperature calcination is also used for sintering of 

previously obtained (for example, by çwetè methods) powders in the manufacture 

of phosphate ceramics: 

6CaHPO4Ț2H2O + 4CaO = Ca10(PO4)6(OH)2 + 4H2Oŷ,  (6.11) 

10CaCO3 + 6(NH4)2HPO4 = 

= Ca10(PO4)6(OH)2 + 10CO2ŷ + 12NH3ŷ + 4H2Oŷ.  (6.12) 

In the manufacture of ceramics based on pure HA, unfortunately, it is not 

always possible to obtain ceramics with the required strength that significantly 

limits the scope of its application. The HA-based ceramics are characterized by a 

fairly low resistance to crack propagation and a large variation of the experimental 

values of strength from sample to sample. A moist environment that mimics the 

body environment only increases these negative ceramic properties. Therefore, an 

intensive search for new composite materials with improved mechanical 

characteristics is carried out. Low solubility of synthetic HA leads to its low 

bioactivity: bone cells çdigestè slowly a proposed source of calcium and 

phosphorus. As a result, the bone grows very slow into a ceramic implant. To 

increase the bioactivity of HA, it is diluted with more soluble calcium phosphates, 

for example, with trisubstituted orthophosphate, or porous HA ceramics are 

manufactured (Fig. 6.12).  

Porous hydroxyapatite ceramics are widely used as bone substitutes due to 

high bone fusion. Bone tissue sprouts into the pores of the implant, but the 

presence of large pores significantly impairs its strength. 
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Fig. 6.12. HA-based porous ceramics [1] 

Calcium-phosphate bone cements are of particular interest as biomaterials. 

They are a mixture of calcium phosphates powders of different composition: 

ʉʘʅʈʆ4Ț2ʅ2ʆ, ʉʘ4(ʈʆ4)2ʆ, ʉʘʅʈʆ4, ʉʘ8ʅ2(ʈʆ4)6Ț5ʅ2ʆ, ʉʘʅʈʆ4Țʅ2ʆ, Ŭ-ʊʉʈ 

and water (or solutions of ʅ3ʈʆ4, Na2HPO4). Such a mixture converts into HA 

even at 37 ÁC during cement curing, forming a porous mass. The classic is the 

phosphate cement system, which is based on the following reaction: 

2Caʅʈʆ4 + 2ʉʘ4ʈ2ʆ9 = Ca10(PO4)6(OH)2.    (6.13) 

Caʅʈʆ4 hydrophosphate is more acidic (ʉʘ/ʈ (=1) < 1.67) and tetracalcium 

phosphate is a more basic substance (Ca/P (=2) > 1.67) than hydroxyapatite. So, 

reaction (6.13) can be considered as a kind of neutralization reaction. The 

advantages of phosphate cements include their high bioactivity and 

biocompatibility. Besides, it is easy to shape cement mass that is very convenient 

when filling bone defects or dental canals. The main drawback is their low strength 

characteristics. If  their strength is improved, then phosphate cements will be able 

to replace the cements based on polymethyl methacrylate, which are used for 

fixation of bones and implants. In this case, phosphate cements are used for filling 

dental canals, in drug transfer systems. Apatite crystals formed after curing of the 

cement mixture are small in size (50 nm wide and 1000 nm long). Small size of the 

crystallites, their nonuniformity, presence of pores all lead to a better resorption of 

cement material compared to dense ceramics. 
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The desire to improve mechanical properties of calcium phosphate ceramics 

has led to the creation of composite materials based on calcium phosphates and 

various polymers. In this direction of biomaterials development, one can observe 

the general tendency of modern material science for widespread use of composite 

materials. However, it is probably more important to see here an attempt to learn 

from nature, an attempt to simulate the composition and organization of bone 

tissue by means of modern science. At the same time, polymers that biodegrade ï 

gelatin, collagen, polyglycolides, polylactides are used as organic component 

(Fig. 6.13). 

 

Fig. 6.13. HA coating on polymer and titanium alloys [1] 

HA-collagen composites correspond to the real bone in terms of chemical 

composition, although they do not have the appropriate structural organization. 

Such composites can be obtained, for example, by pressing for several days a 

mixture of collagen and hydroxyapatite powder or by deposition of HA crystals 

from solutions having interstitial fluid composition on collagen fibers. In the first 

case, materials with rather low mechanical characteristics are obtained. The second 

method simulates not only the composition but also the mechanism of bone 

formation (mineralization of the organic matrix). For this reason, this technique is 

called biomimetic, that is, reproducing the natural process. The distance between 

the collagen fibers determines the size of the growing crystals of apatite. The thus 
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obtained porous material is characterized by high bioactivity, greater than HA and 

collagen alone. 

Awareness of the fact that HA-collagen composites are identical to bone 

tissue in their composition and are in fact a source of mineral and organic 

substances for bone cells, has led to the emergence of a regenerative approach. In 

this approach, the emphasis is not on replacing the defect with an implant with 

acceptable mechanical characteristics, but on the fast biodegradation of the 

material and its replacement with bone tissue. In this case, such a composite 

implant first plays the role of a supporting and guiding element that promotes bone 

growth, and then is gradually resorbed. Of course, it is desirable that the implant 

has a certain level of mechanical characteristics and could carry the load in the 

postoperative period before it is completely replaced with bone. 

Among bone substitutes, mechanical and biological properties of implants 

are of particular importance. Comparison of mechanical properties of these 

materials and bone tissue is shown in Fig. 6.14, where all materials are located on 

the coordinate plane in accordance with the values of their hardness (elasticity) and 

fracture resistance. A reasonable compromise between the contradictory 

requirements offered for bone implants are HA polymer composites that have 

mechanical properties close to the bone and exhibit high bioactivity. 

The use of the regenerative approach, where biological properties of 

materials come first, is quite promising in the treatment of small bone defects. The 

fact of developing materials that stimulate osteosynthesis means that after almost 

half a century of active use of biomaterials, comes the understanding of the 

complexity of the task of repairing and replacing bone tissue. The use of some 

certain material depends on both medical and biological characteristics of the bone 

defect and, probably, on the particular case. Therefore, the solution to this problem 

exists only in the presence of a wide range of biomaterials. Choice of the most 

appropriate case-specific material is the key to success. 
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Fig. 6.14. Comparison of mechanical properties of different biomaterials [1] 

Thus, from all the mentioned above about biomaterials, it follows that 

implants or simply biomaterials should be chemically inert materials in biological 

environments, there should be no corrosion in the conditions of the human body or 

there should be dissolution at a controlled rate. These materials should be strong, 

stable, have resistance to destruction, have no reactions from the immune system, 

should fuse with bone tissue and stimulate osteosynthesis.  

Quiz 

1. Give the definition of biomaterials. 

2. Give the classification based on the nature of the interaction with human body 

tissues. 

3. What is biocompatibility? 

4. Give the principles of biomaterials manufacture for bone tissue. 

5. Describe natural bone tissue. 

6. Give the description of bioinert ceramics. 

7. What is bioactive ceramics? Give examples. 

8. Give particular features of calcium phosphate-based ceramics. 

9. Which calcium phosphates are the most promising for the use as implants? 
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10. Give methods for producing bioceramics based on calcium phosphate. 

11. Describe HA. 

12. Compare different methods of obtaining HA and suggest a scheme for its 

synthesis. 
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LABORATORY  MANUAL  

Laboratory experiment 1. Synthesis of zirconium(IV) oxide by 

homogeneous precipitation and the effect of temperature of final treatment on 

the specific surface area 

Aim of work: to synthesize zirconium(IV) oxide powders using method of 

homogeneous chemical precipitation and establish the effect of the final thermal 

treatment on the specific surface area. 

Background 

Crystalline zirconium (IV) oxide (ZrO2) can exist in monoclinic 

(thermodynamically stable up to 1433 ʂ), tetragonal (stable from 1433 ʂ to 

2633 ʂ) and cubic (stable from 2633 ʂ up to the decomposition temperature of 

compound ï 2973 ʂ) modifications [45]. Fig. L.1 presents polymorphic 

modifications of ZrO2: their atomic structures and corresponding unit cells. 

In industry, zirconium (IV) oxide is produced by methods involving 

treatment of zirconium minerals, zirconium transfer into solution and its 

subsequent selective precipitation. The main industrial mineral from which ZrO2 is 

produced is zircon (ZrSiO4). The essence of the process of obtaining ZrO2 lies in 

the separation of Zirconium from Silicon. For transfer into aqueous solution, 

obtained zirconium compounds (zirconates of alkali metals) are treated with acid 

solutions (usually chloride or sulfate acids) [51]. In this way, monoclinic or 

tetragonal modifications of ZrO2 with crystallite size of 300ï500 nm are obtained. 

They are used as catalyst supports, nanoceramics, protective coatings, and recently 

in dentistry as bioceramics for implant production. Cubic modification of ZrO2 is 

obtained when considerable amount of rare earth metals (Y, Yb, Ce) as well as Ca 

and Mg are introduced into the reaction medium. To obtain nanoparticles of 
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zirconium (IV) oxide in the laboratory, the following methods are utilized: 

chemical precipitation, hydrothermal, thermal, sol-gel and others [1].  

 

a        b     c 

Fig. L.1. Atomic structures (top) and coordinated relative to each other Oxygen atoms (black) 

and Zirconium atoms (white) of the unit cells (bottom) of different of ZrO2 modifications: 

a ï cubic; b ï tetragonal; c ï monoclinic 

Chemical precipitation method is based on the interaction of substances, 

soluble in water or other solvents, with the precipitants. This results in the 

formation of insoluble compounds, which, if necessary, are washed, separated and 

annealed to obtain the final product. Chemical precipitation in both aqueous and 

non-aqueous media is a complex physicochemical process that consists of several 

stages: 1) mixing of reagents; 2) chemical reaction between precipitant and 

components of the solution that leads to low-soluble compound formation and 

solution saturation; 3) formation of solid phase; 4) interaction of the formed 

precipitate with mother liquor, change in chemical composition and solid phase 

structure (sediment aging) [1]. Each stage of chemical precipitation is important 

because organization of each of them influences the final physicochemical 

properties and morphology of the obtained precipitate. 

Chemical precipitation can be used to vary the properties and morphology of 

the obtained particles over a wide range. However, a disadvantage of this method 
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is the complexity to control physical and chemical characteristics of the 

precipitates. More stable properties of the precipitates are obtained by the so-called 

homogeneous precipitation method. 

In the method of homogeneous chemical precipitation, precipitant and 

precipitating substance are in the same phase (solution) and do not react with each 

other. The interaction process can only occur due to additional chemical reaction. 

For example, in the case of zirconium salts precipitation, the additional reaction 

includes urea hydrolysis as a result of heating with the formation of ammonium 

hydroxide. 

In homogeneous chemical precipitation, zirconium (IV) oxide is obtained in 

the form of zirconium (IV) oxyhydroxide (ZrO(OH)2) suspension, which after 

filtration, washing, drying and annealing is converted to ZrO2 powder [16]. 

The essence of the homogeneous chemical precipitation to obtain ZrO2 is as 

follows. When aqueous solution of zirconium oxysalt (for example, chloride, 

nitrate, etc.) is heated to the temperature of 368ï373 ʂ in the presence of excess 

precipitant (urea), the latter undergoes gradual hydrolysis with the formation of 

ammonium hydroxide [16]: 

(NH2)2CO + H2O Ÿ 2NH3 + CO2ŷ,    (L.1) 

NH3 + H2O = NH4OH.      (L.2) 

NH4OH obtained in reaction (2) reacts with zirconium oxysalt that results 

into ZrO(OH)2 formation [52]: 

ZrOCl2 + 2NH4OH = ZrO(OH)2 + 2NH4Cl.   (L.3) 

By adjusting the temperature, it is possible to change the hydrolysis degree 

of urea and thus affect the size of the formed ZrO(OH)2 particles [16]. 

Besides, characteristics of the liquid phase in a newly formed suspension 

will depend on the type of anion of the zirconium salt. These anions should be 

removed from the suspension, because, if deposited on the particles surface, they 

contaminate the final oxide powder. 
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Experiments 

 

Apparatus and chemicals 

Hotplate magnetic stirrer, 1 pc. Precision balances (readability Ñ0.02 g). 

Analytical balances (readability Ñ0.0002 g). Drying oven. Fume hood. Muffle 

furnace. Buchner funnel with Bunsen flask and vacuum pump, 1 pc. Blue ribbon 

filter paper. Thermometer (up to 373 ʂ), 1 pc. Porcelain mortar with pestle, 1 pc. 

Porcelain cup, 1 pc. Porcelain crucibles, 4 pcs. Desiccator with benzene, 1 pc. heat-

resistant chemical beaker of 250 cm3, 1 pc. Weighing bottles with lids, 4 pcs. Glass 

test tube, 1 pc. Crystallizer, 1 pc. Plastic bags for samples, 4 pcs. Zirconium (IV) 

oxychloride (ZrOCl2), powder. Urea ((NH2)2CO), powder. Argentum (I) nitrate 

(AgNO3), solution (0.1 M). 

Description of the laboratory installation 

The laboratory installation consists of a hotplate magnetic stirrer and a stand 

with a thermometer attached (Fig. L.2).  

 

Fig. L.2. Laboratory installation for obtaining zirconium(IV) oxide by homogeneous chemical 

precipitation: 1 ï hotplate magnetic stirrer, 2 ï regulator of mixing intensity, 3 ï stir bar,  

4 ï heat-resistant chemical glass, 5 ï thermometer, 6 ï stand, 7 ï power button, 8 ï heating 

button, 9 ï readiness light indicators 
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The main structural elements of the laboratory installation: 1 ï hotplate 

magnetic stirrer, 2 ï regulator of mixing intensity, 3 ï stir bar, 4 ï heat-resistant 

chemical glass, 5 ï thermometer, 6 ï stand, 7 ï power button, 8 ï heating button, 9 

ï readiness light indicators. 

Obtaining a suspension of zirconium (IV) oxyhydroxide 

Put a stir bar into a heat-resistant chemical beaker and pour 200 cm3 of 

distilled water. Place the beaker on the hotpot magnetic stirrer. Immerse 

thermometer into the beaker and secure it with a clamp. Press the power button and 

the heating button. Readiness lights should light up. The stir bar is set in motion by 

regulator of mixing intensity. Using precise balances, weigh 2 g of ZrOCl2 and 

4.8 g of urea (for a saturated solution of 0.4 mol/dm3 (NH2)2CO). Place ZrOCl2 and 

(NH2)2CO into the heat-resistant chemical beaker, wait for the reactants to dissolve 

and allow the mixture to warm up. After solution temperature reaches 368 K, keep 

it for another 20 minutes, and then, when a gel precipitate is formed, turn off the 

heater (sometimes it is necessary to hold the solution for a longer time). Turn off 

the magnetic stirrer using power button and heating button. Lights should go out. 

Carefully remove the thermometer from the solution by unscrewing the clamp on 

the stand. Cool the solution in the beaker by placing it into the crystallizer filled 

with tap water. 

Filtering and washing of the synthesized zirconium(IV) oxyhydroxide 

Connect a vacuum pump to the water supply, connect the Buchner funnel to 

the Bunsen flask. Put a filter paper into the Buchner funnel, pour a small amount of 

distilled water into it and unscrew the tap of domestic water supply. In this case, 

distilled water must flow intensively through the filter into the Bunsen flask. This 

indicates that the system is sealed. After a leak test, pour the contents of the beaker 

into the Buchner funnel. Remove the stir bar from the precipitate using medical 

pincette. Wash the precipitate four times with distilled water. After that, disconnect 

the Buchner funnel from the Bunsen flask, collect a few drops of the filtrate into a 

glass tube and add 2ï3 drops of AgNO3 solution to it. If the filtrate turns from 
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transparent into turbid, then continue washing until there is no turbidity when 

AgNO3 is added. This indicates that the precipitate does not contain Cl- ions. 

Drying and calcination of zirconium(IV) oxyhydroxide 

After washing, put the precipitate together with the filter into a porcelain cup 

and place it into the oven. Drying is carried out for 2 h at the temperature of 

110 ÁC. After drying, remove the intermediate product from the drying oven, 

separate from the filter, put into a porcelain mortar and ground to obtain fine 

powder. Weigh the obtained powder and write down its weight (to within 0,01 g) 

into Table 1 (mactual, g). Divide the resulting powder into approximately four equal 

portions, put into into porcelain crucibles, and place them one by one in a muffle 

furnace. Calcine the samples for 1 h at the following temperatures: 150, 250, 350, 

450 ÁC. After calcination, allow the obtained ZrO2 samples to cool down in the 

muffle furnace. After cooling, remove the samples from porcelain crucibles and 

put them into plastic bags, indicating chemical formula and calcination 

temperature. Keep the plastic bags tightly closed to prevent from water vapor in 

the atmosphere. 

Determination of the specific surface area of the zirconium(IV) oxide 

samples 

After pre-drying in the oven, weigh the weighing bottles with lids on the 

analytical balances. Then, fill  them with the same amount of ZrO2 samples in the 

range of 0.5ï1 g. Weigh on the analytical balances weighing bottles with lids and 

samples inside (to within 0.0001 g). Note the obtained masses (m0, g) into 

Table L.2. By subtracting the masses of the empty weighing bottles with lids from 

the masses of the weighing bottles with lids containing samples, masses of the 

samples (mʟ, g) are obtained. Remove the lids and place the weighing bottles into 

the benzene desiccator to saturate the samples with benzene vapor. Close tightly 

the desiccator with a lid. At intervals of 15 min, remove the weighing bottles from 

the desiccator and, with the lids closed, weigh them on the analytical balances. 

Note the masses into Table L.2. After weighing, remove the lids again from the 

weighing bottles and put the bottles into the benzene desiccator. Repeat the 
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weighing procedure until the difference between the next and previous weights of 

the weighing bottles with lids and samples in the last four measurements is less 

than 0.05 g. 

Calculation of the product yield of hydrated zirconium(IV) oxide 

Calculate the mass of ZrO(OH)2 (ZrO2ĿH2O) according to the stoichiometry 

of the reactions (1ï3) given in the background section (mtheor, g), and note in 

Table L.1. Calculate the product yield of ZrO2ĿH2O (Y, %) using the formula  

Y = (mactual/mtheor)Ŀ100 %,     (L.4) 

where mactual is the mass of the obtained product ZrO2ĿH2O after drying (g). 

 

Table L.1. Theoretical and actual masses of the sample ZrO 2ĿH2O  

ZrO 2ĿH2O sample after drying 

mactual (g) mtheor (g) 

  

 

Product yield Y =_________%. 

 

Drawing of adsorption isotherm and determination of specific surface areas 

of zirconium(IV) oxide samples 

Using obtained masses of the adsorbed benzene vapor, calculate the molar 

adsorption value (am, mol/g) according to the formula: 

am = (mn - m0)/(MC6H6Ŀms),     (L.5) 

where mn ï mass of the weighing bottle with lid containing sample after saturation  

 with benzene vapour, g;  

 m0 is the mass of the weighing bottle with lid containing sample before  

 saturation with benzene vapour, g;  

 MC6H6 is the molar mass of benzene (78 g/mol);  
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 ms is the mass of the ZrO2 sample, g.  

Note the obtained values of am in Table L.2. Draw the adsorption isotherm as 

a function of the molar adsorption value over time (Ű, min) (am=f(Ű)). 

Using molar adsorption values, calculate specific surface areas of ZrO2 

samples (SSA, m2/g) according to the formula: 

SSA = amĿNAĀS0,      (L6) 

where  NA is the Avogadro constant, mol-1;  

    S0 is the surface ocuppied by one benzene molecule, 39Ŀ10-20 m2.  

Note the obtained values of SSA into Table L.2 and plot the specific surface 

area on the temperature of the final thermal treatment of ZrO2 samples (T, K) (SSA 

= f(T)). 

 

Table L.2. Change in the mass of ZrO 2 samples when saturated with benzene vapor 

and in the adsorption value, mol/g 

Weighing 

bottle 

m0, 

g 
ms, g m15, g m30, g 

m45, 

g 

m60, 

g 
é mn, g 

am, 

mol/g 

SSA, 

m2/g 

150 Áʉ           

250 Áʉ           

350 Áʉ           

450 Áʉ           

 

Make conclusions about the experiment and the results obtained. 

Safety rules 

1. Obey the rules for working with electric heating appliances. 

2. Do not leave the working installation unattended. 

3. Handle all the chemicals used in the experiment with care. 
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Test questions 

Admission to work 

1. What is the aim of work? Provide safety rules for performing 

experiment. 

2. What is homogeneous chemical precipitation? 

3. How and under what conditions is hydrolysis of urea carried out? 

Defence of work 

1. What is the method of homogeneous chemical precipitation? 

2. Give chemical reactions that take place in the synthesis of ZrO2 

powder by homogeneous chemical precipitation. 

3. Why does the specific surface area of ZrO2 depend on the final 

treatment temperature? 

Laboratory  experiment 2. Hydrothermal synthesis of ZrO2 and SnO2 

sols and the study of their sizes by turbidimetry 

Aim of work: to synthesize nanoparticles of zirconium (IV) and tin (IV) 

oxides by hydrothermal method and determine their sizes by turbidimetry. 

Background 

Hydrothermal method, in contrast to other methods such as chemical 

precipitation or sol-gel, is more rational and effective in terms of basic control 

parameters (pressure and temperature). Hydrothermal treatment is carried out in an 

autoclave reactor with an air layer (without reactor overflowing with a solution) 

and with heating of aqueous reagent solutions to the temperatures that exceed 

100 ÁC. Such process conditions increase saturated vapor pressure above the 

solution to the values of 0.1 MPa (1 atm). Under high pressure, transition of 

zirconium or tin salts into nanodispersed powders of the corresponding oxides 

takes place, avoiding conversion of the salt into hydroxide. In this case, nature of 



168 

 

the liquid phase in the newly formed suspension depends on the anion type of the 

selected salts. As a rule, these anions should ultimately be removed from the 

suspension, since when precipitated on the nanoparticle surface, they contaminate 

the nanodispersed powders.  

Hydrothermal method allows obtaining of metal oxide nanoparticles of 

10 nm size with a high degree of monodispersity. Acids or alkalis can be added 

into solutions to avoid changes of pH during treatment. Moreover, hydrogen 

peroxide can be added to inhibit hydrolysis and thereby to obtain smaller particles 

of metal oxides [17]. It was found out, that in the synthesis of nanoobjects by 

hydrothermal method, longer hydrothermal treatment leaded to the larger sizes of 

metal oxide nanoparticles. The same is true of temperature: when treated at higher 

temperatures, larger sizes of solid phase are obtained [18].  

The essence of the hydrothermal method is as follows. When aqueous 

solutions of reagents are heated in a closed autoclave reactor to the temperatures 

exceeding 100 ÁC, saturated vapor pressure above the solution increases to the 

values greater than 0.1 MPa (1 atm). Under high pressure, transition of metal salt 

into the oxide powder occurs (powder dispersion depends on the duration and 

temperature of the hydrothermal treatment), bypassing the stage of salt conversion 

into hydroxide [17]: 

MeCl4 + 2H2O = Meʆ2 + 4HCl.    (L.7) 

In this case, nature of the liquid phase in the newly formed suspension 

depends on the anion type of zirconium salt. As a rule, these anions should 

ultimately be removed from the suspension because, when precipitated on the 

surface of the nanoparticles, they contaminate the nanodispersed oxide powder. 

By hydrothermal method, metal oxides are obtained in the form of so-called 

çwhiteè sols (in the form of colorless dispersed systems) with particle radius 

varying from 5 to 100 nm [1]. In such çwhiteè sols with known concentrations, it 

is possible to determine particle sizes by turbidimetry, which is a simple, cheap 

and fast method. Obviously, this method is not as accurate and qualitative as, for 
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example, electron microscopy. However, it is effective enough to estimate the 

average particle size of the formed particles and to study the effect of hydrothermal 

synthesis parameters on the dispersion of the obtained sols. 

Turbidimetry (from lat. turbidus meaning turbid) is a method of quantitative 

chemical analysis based on the measurement of light intensity passing through a 

suspension formed by particles of a substance to be determined in the liquid 

phase [1]. If a solvent and light-scattering particles are colorless, maximal 

sensitivity is achieved when blue-visible and soft UV radiation are used.  

For colored systems, it is preferred to select the optimal wavelength 

experimentally. 

The use of turbidimetry is quite limited primarily because the measured 

signal is significantly influenced by the particle size. Therefore, strict adherence to 

the similar conditions of calibration graph construction and test solution analysis is 

crucial. It should be also noted that turbidimetry is also useful in case of selective 

analytical reactions which result in the formation of a solid compound within 

certain concentration limits. 

Advantages of the turbidimetry method include its quickness, simplicity and 

absence of sophisticated and expensive equipment (only a spectrophotometer is 

required) [19]. 

It is known [1] that if a particle radius is not more than 30 nm (half the 

wavelength of incident light), then the Rayleigh equation can be used to calculate 

the size of such particles. As the particle radius increases, the Rayleigh law ceases 

to be true. In this case, equations derived from the general theory of light scattering 

or empirical relations may be used. The most popular of the latter is the Heller 

equation [1]: 

ɸ=kĿɚ-n,      (L.8) 

where ɸ is the optical density of the solution;  

k is the constant that does not depend on the wavelength;  

ɚ is the wavelength (nm); n is the constant that does not depend on the  
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correlation between the particle sizes and the wavelength of incident light.  

This equation is used if the particle radius is from 20 to 100 nm (from 1/10 

to 1/3 of the light wavelength). The range of particle sizes almost coincides with 

the range of particle sizes of metal oxides, which, according to the literature, are 

formed in hydrothermal synthesis. 

Experiments 

Apparatus and chemicals 

Autoclave. Teflon reactor, 2 pcs. Spectrophotometer. Cuvettes. Volumetric 

flask 100 cm3, 4 pcs. Volumetric flask 50 cm3, 2 pcs. Beaker 100 cm3, 2 pcs. 

Pipettes, 10 cm3, 2 pcs. Glass rod, 2 pcs. Zirconium (IV) oxychloride (ZrOCl2) 

solution 50 g/dm3. Tin (IV) chloride (SnCl4) solution 50 g/dm3. 

Description of the laboratory installation 

The laboratory installation is a Teflon-lined steel reactor and an autoclave 

with heater. 

 

Fig. L.3. Steel reactor body with Teflon-lined reactor chamber 



171 

 

Obtaining of metal oxide sols 

Fill one Teflon reactor of 100 cm3 capacity with 50 cm3 of ZrOCl2 solution, 

and the other one ï with 50 cm3 of SnCl4 solution. Seal the reactors tightly with 

Teflon lids and place them into steel reactor bodies. Transfer steel reactors to the 

autoclave. Heat the reactors to the temperature of 413 K, then turn off the 

autoclave and wait until the temperature drops below 373 K. Cool the steel reactors 

under a stream of cold tap water, unscrew the lids and pour the contents of the 

reactors (must be turbid) into chemical beakers. Stir the obtained sols vigorously 

with a glass rod. 

Measurement of metal oxide particle sizes by turbidimetry 

Turbidimetric measurement of particle sizes of metal oxides in sols is carried 

out using a spectrophotometer. For this, transfer the obtained sample to a cuvette 

(l=10 mm) and place it in the measuring compartment of the spectrophotometer. 

Measure the optical density of the sol in the range of 400ï600 nm with 25 nm 

increments, each time zeroing the value of the optical density after changing the 

wavelength. Note the experimental data into Table L.3. 

 

Table L.3. Experimental data 

Wavelength ɚ, (nm) Optical density ɸ lg ɚ lg ɸ 

400       

425       

450       

475       

500       

525       

550       

575       

600       

 

Determination of refractive index of the obtained çwhiteè sols 

For the processing of experimental data, the logarithmic form of equation 

(L.8) is used. After logarithmization, this formula looks like: 
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lgɸ=nĿlgɚ+lgk.       (L.9) 

Using the logarithmic form of the Heller equation and the experimental data 

obtained, construct a straight line plot  ɸ=f (lgɚ). According to the graph, 

determine the refractive index n as a tangent of the inclination angle of the straight 

line to the positive direction of the abscissa axis. According to the obtained value 

of n, determine the corresponding Z (Table L.4). 

 

Table L.4. Correlation between the refractive index and the coefficient Z 

n Z 

3,812 2 

3,868 2,5 

3,573 3 

3,436 3,5 

3,284 4 

3,06 5 

2,659 6 

2,457 7 

2,329 8 

 

Calculation of particle radius of çwhiteè sols 

Using the obtained value of refractive index n, calculate the particle radius 

of çwhiteè sols according to the equation [2]: 

Z=8ˊr/ <ɚ>,      (L.10) 

where Z is the coefficient characterizing the correlation between particle size and  

wavelength (determined from Table L.3);  

r is the average particle radius, nm;  

<ɚ> is the wavelength arithmetic mean, nm.  

Note the obtained values of the average radii of the particles (r) in Table L.5. 

In formula (L.10) it is assumed that the particles of the dispersed phase have a 

spherical shape. 
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Table L.5. Particle radii of çwhiteè sols 

Formula of the 

substance in 

dispersed phase 

Average radius of 

the particles r, nm 

ZrO2   

SnO2   

 

Make conclusions about the experiment and the results obtained. 

Safety rules 

1. Obey the rules for working with pressurized heating appliances. 

2. Do not leave the working installation unattended. 

3. Handle all the chemicals used in the experiment with care. 

Test questions 

Admission to work 

1. What is the aim of work? Provide safety rules for performing 

experiment. 

2. What is a çwhiteè sol? 

3. What is the basis of the turbidimetric method? 

Defence of work 

1. Describe the hydrothermal method. 

2. Give the chemical reactions that take place during the synthesis of 

ZrO2 and SnO2 sols by hydrothermal method. 

3. What are the other methods of obtaining nanoparticles? 

4. Why is turbidimetric method used for estimation of nanoparticle size 

and not for their size measurement? 
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Laboratory  experiment 3. Synthesis of tin(IV) oxide by template sol-gel 

method and determination of its specific surface area 

Aim of work: to synthesize tin(IV) oxide by sol-gel method with and without 

template; determine and compare the specific surface area of the obtained samples. 

Background 

Tin (IV) oxide (SnO2) has been attracting considerable attention from 

chemical scientists through its use in the production of lithium-ion batteries, solar 

panels, catalysts and gas sensors. However, for its effective use in these areas, it 

should be nanocrystalline and have a high specific surface area [20]. 

The properties that determine potential areas of application of tin (IV) oxide 

and materials based on it depend largely on the methods for its synthesis. Synthesis 

methods influence such important parameters of nanostructured materials as size, 

crystallinity, morphology and purity. 

The most commonly used methods for obtaining nanodispersed tin (IV)  

oxide powders include liquid phase chemistry methods: chemical precipitation 

from aqueous and non-aqueous solutions; sol-gel technology with different 

variations, usually with the stage of decomposition of chemically unstable tin 

compounds; and gas phase methods: physical vapor deposition (PVD) and 

chemical vapor deposition (CVD) [1]. 

Among the liquid phase methods, sol-gel technologies based on colloidal 

chemistry methods have become most widespread. The initial colloidal solutions 

used in the technology for the synthesis of various inorganic substances are 

composed of very small particles (10ï100 ¡), which, when dried, are distributed 

differently in space, and thus materials can be obtained with a variety of properties. 

The processes that take place in sol-gel technology are based on the transition from 

colloidal solution (sol) to colloidal precipitate (gel). 

Gelling can be organized in various ways and results in either micellar or 

polymer gels. In the former case, precipitation conditions are determined by the 
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presence of electrolytes in a solution that neutralize the double electric layer on the 

micelle surface. Precipitation conditions also depend on spatial factors including 

association and adhesion of particles (both processes complicate micelle 

formation). In the second case, the determining parameters are the depth and rate 

of chemical reactions that regulate the growth and branching of the polymer chain. 

In polymer systems, the gel consists of long-chain molecules that cross-link with 

each other, forming dense grids. Micellar gels consist of separate colloidal particles 

that form branched chains by hydrogen bonds or electrostatic interaction. 

Sol-gel method is carried out through hydrolysis and subsequent 

polycondensation of SnO2 precursors in aqueous and alcohol-aqueous media. 

Tin (IV) chloride is used as a precursor for obtaining SnO2 nanostructures. A 

significant advantage of the sol-gel method is the opportunity to obtain high 

uniformity of materials. At the same time, all initial reagents are in the liquid 

phase, and therefore, their mixing is carried out at molecular level, resulting in 

high homogeneity. Thus, it is possible to ensure high quality of materials in terms 

of purity, composition and structure uniformity and to create a highly developed 

material surface. 

1D structure, the so-called filamentous SnO2, is quite promising. Typically, 

1D SnO2 nanostructures are synthesized using CVD method by evaporating pure 

powders of tin, tin (II) or tin (IV) oxides, or their mixtures with a subsequent 

condensation. However, for carrying out these processes, temperatures of 1173 K 

and above are required [21].  

In sol-gel synthesis, in order to obtain metal oxide structures with certain 

morphology and high structural-sorption characteristics, various templates are 

added. That is why, the method in which templates are used is called template 

synthesis. Template synthesis refers to the processes that occur under the influence 

of various factors of spatial constraint, which allow control of the structure of the 

phase being formed, which is set using a template. In case of 1D nanostructures, 

the template provides channels for the direction of growth or precipitation of 

materials in 1D form. In general, template influence can be diverse (Fig. L.4) [22].  
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Non-ionic surfactants, such as polyethylene glycol, have become the most 

popular templates. Polyethylene glycol, due to its structure, çlinesè the embryos of 

tin (IV) hydroxide along its molecules, which promotes the formation of a 

filamentous structure. 

 

 

Fig. L.4. Influence of templates on the material morphology 

It is well-known that filamentous structures have large specific surface areas. 

Such material characteristics as catalytic activity, electrostatic properties of 

powders, light scattering, agglomeration ability, moisture retention capacity, shelf 

life, and many other properties are strongly related to the specific surface area. 

Therefore, determination of the specific surface area is one of the most common 

methods of studying the dispersion of nanomaterials. Specific surface area is 

expressed by the ratio of the total surface area of the porous or dispersed material 

to its mass, or, more rarely, to its volume. 

Usually, outer and inner specific surface areas are distinguished. Such 

distinguishment is to some extent relative. However, the outer surface is usually 

considered as the total surface of all particles, taking into account their roughness, 

while the inner surface is considered as the total surface of all deep cracks, pores 

open to the surface. Closed pores that are inaccessible for gas or liquid molecules 



177 

 

are not taken into account. Total surface area is equal to the sum of the outer and 

inner surface areas. While the outer surface area can be determined using 

microscopic methods of analysis, adsorption methods are the most accurate and 

widespread to determine the inner surface area. 

Experiments 

Apparatus and chemicals 

Thermostat. Electronic balance (readability Ñ0.01 g). Analytical balance. 

Compressor. Separatory funnel (titration burette). Buchner funnel. Drying oven. 

Muffle oven. Refractometer. Glass rod (spatula). Volumetric cylinder, 100 cm3. 

Conical heat-resistant flask. Cylindrical vessel with Schott filter. Petri dish. Mortar 

and pestle. Ceramic heat-resistant crucible. Benzene desiccator. Weighing bottle. 

Test tube with a lid. Paper indicator. Paper filter. Crystalline tin(IV)  chloride 

pentahydrate SnCl4Ā5H2O. Crystalline polyethylene glycol (PEG). Aqueous 

ammonia solution, w(NH3) = 25 %. Silver nitrate solution, C(AgNO3) = 0.1 N. 

Toluene. Isooctane. 

Synthesis of tin(IV) oxide 

Calculate the required sample of crystalline hydrate for the preparation of 

100 cm3 0.5 M solution of tin (IV) chloride, weigh the calculated amount of 

SnCl4Ā5H2O using electronic balance and dissolve in ~ 75 cm3 of distilled water (if 

necessary, heat the mixture). Transfer the resulting solution quantitatively into a 

100 cm3 volumetric flask and fill the volumetric flask with water up to the mark. 

Pour the prepared solution into a conical flask and, according to the teacher 

instruction, add a certain amount of the template: PEG1500, PEG6000 or 

PEG10000. Stir the mixture until completely dissolved. 

Synthesis is carried out using the installation shown in Fig. L.5. Connect the 

reactor to the compressor with a rubber tube and switch on the compressor. 

Transfer the prepared solution to the reactor, which is fixed on a stand in a 

prematurely switched thermostat as shown in the figure. Keep it for  

15ï20 minutes to heat the solution to the process temperature (according to the 
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teacher instruction). Place a separatory funnel above the reactor and fill it with 

ammonia solution (~35 cm3). Open the funnel in such a way that the flow rate of 

ammonia solution is approximately 1 drop in three seconds. 

The synthesis is completed when pH reaches 7ï8. Close the funnel tap, pour 

the residues of ammonia solution into the vessel and keep the mixture in a 

thermostat for two hours. 

After keeping in the thermostat, filter the reaction mixture through a paper 

filter on a Buchner funnel. Wash the obtained precipitate on the filter with distilled 

water until the reaction with chloride ions is negative (reaction with silver nitrate). 

After that, dry the precipitate in a Petri dish at ambient temperature for 11 h, and 

then keep it in the drying oven at 373 K for two hours. 

The final thermal treatment is the annealing of the ground in a mortar 

precipitate at 723 K for one hour. 

 

Fig. L.5. Installation for the synthesis of tin (IV) oxide 

Determination of the specific surface area of the samples by benzene 

adsorption from gas phase 
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Before testing, place the samples with mass ~1 g (to within 0.001 g) into 

pre-weighed (together with the lid) weighing bottles and dry them with the lid 

open in a vacuum dryer at 373ï423 K for 1 hour. 

The crystals obtained at this stage are weighed to determine the yield of the 

reaction: 

Y = _________ %. 

Put the weighing bottles with samples in a benzene desiccator and weigh 

them every 30 minutes on the analytical balance until constant weight is 

established. Then calculate specific surface area (SSA, m2/g) according to the 

formula [1]: 

A 0
spec

sorb ben

,
g N S

S
g M

D Ö Ö
=

Ö  (L.11) 

where  gD  is the mass of the adsorbed benzene, g;  

 Na is the Avogadro constant (6,02Ŀ1023 mol-1);  

 0S
 is the surface occupied by one benzene molecule (39Ŀ10-20 m2);  

 gsorb is the mass of the sample, g;  

Mben  is the molar mass of benzene (78 g/mol). 

Determination of the specific surface area of the samples by toluene 

adsorption from its solutions in isooctane  

Before testing, place the samples with mass ~1 g (to within 0.001 g) into 

pre-weighed (together with the lid) weighing bottles and dry them with the lid 

open in a vacuum dryer at 373ï423 K for 1 hour. 

Place SnO2 sample into into a test tube with a lid, add 3 cm3 of the solution 

containing 40 vol.% toluene and 60 vol.% isooctane (refractive index 

nD(i) = 1.4329). After establishing the adsorption equilibrium (after 24 hours), 

determine the refractive index of the solution and calculate the specific surface 

using the following formula [29]: 
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where ma  is the amount of the adsorbed toluene, mol/g;  

AN  is the Avogadro constant (6.02Ŀ1023 mol-1);  

mɤ=53 ¡;  

V is the volume of the initial toluene solution in isooctane, cm3;  

g is the smple mass, g;  

nD(i) and nD(e) are refractive indeces of the initial and equilibrium solutions, 

respectively;  

ʊɟ is the toluene density (0.86694 g/cm3);  

k is the change in refractive index when toluene concentration is changed on 

1 vol.% (0,001054); ʩ is the volume fraction of toluene in solution (0.4);  

ʄ is the molar mass of toluene (92 g/mol). 

According to the obtained values of the specific surface area and assuming 

that particles have spherical shape, calculate the particle diameter of tin (IV) oxide 

using the formula: 

2spec SnO

6

ɟ
d

S
=

Ö ,     (L.13) 

where 
2SnOɟ  is the density of tin (IV)  oxide, 7.036 g/cm3. 

Present all the obtained experimental results in Table L.6. 

 

Table L.6. Experimental results 

Sample Temperature, K Yield, % 
Benzene specific 

surface area, m2/g 

Toluene and 

isooctane specific 

surface area, m2/g 

     

     

     

     



181 

 

 

Make conclusions about the experiment and the results obtained. 

Safety rules 

1. Obey the rules for working with electric heating appliances. 

2. Do not leave the working installation unattended. 

3. Handle all the chemicals used in the experiment with care. 

Test questions 

Admission to work 

1. Describe sol-gel and template synthesis methods. 

2. Give methods for determining the specific surface area. 

3. How do the methods for determining specific surface area using 

benzene and toluene differ? 

Defence of work 

1. Give definitions of 0D, 1D, 2D, and 3D nanostructures. 

2. Give the areas of tin (IV) oxide application. 

3. Give methods for influencing material properties. 

4. Give SnO2 synthesis methods that allow obtaining powders with 

different properties. 

Laboratory  experiment 4. Synthesis of tin(IV) oxide and study of its 

optical properties 

Aim of work: to synthesize tin (II) oxalate by vapor-gas transport; to 

determine the edge of its own absorption and calculate the bandgap. 

Background 

Metal oxides form the basis of various modern intellectual and functional 

materials and devices due to the possibility of regulating their physical and 
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chemical properties. Functional properties of metal oxides depend on many 

chemical and structural characteristics: chemical composition, various defects, 

morphology, particle size, specific surface area, etc. By altering any of these 

characteristics, you can control electrical, optical, magnetic and chemical 

properties. Unique characteristics of metal oxides make them the most diverse 

class of materials with properties covering almost all aspects of materials science 

and physics in the fields of conductivity, ferroelectrics and magnetism [25]. 

Among metal oxide semiconductors, tin (IV) oxide is the most researched 

and popular in literature due to its manufacturability and low cost, high chemical 

stability, mechanical strength, heat resistance, high adhesion to glass and other 

substrates [25]. SnO2 belongs to the class of materials that combine high electrical 

conductivity (n-type conductivity semiconductor with a bandgap of 3.6 eV at 

300 K [61]) with a number of functional properties ï low electrical resistance, high 

optical transparency in visible region, chemical stability at high temperatures, 

etc. [27]. 

Different methods are used to obtain tin(IV) oxide: sol-gel, vapor-gas 

transport, hydrothermal method, thermal evaporation. Among the many 

approaches, method of vapour-gas transport (CVD) deserves special attention 

because it provides high performance with relative simplicity and accessibility. In 

addition, this method allows obtaining single crystals of SnO2 with controlled and 

diverse morphology and high crystallinity [28]. 

CVD method is carried out in inert atmosphere at high temperatures (up to 

1300 ÁC). The starting materials are usually metal tin, tin (II) oxide or a mixture of 

carbon and tin (IV) oxide powders [29]. 

Optical and electrical properties of tin (IV) oxide are determined by its band 

gap. The band gap of a semiconductor can be determined by the wavelength 

corresponding to the edge of its own absorption, the essence of which is as 

follows [30]. When monochromatic light with intensity I0 strikes a thin 

semiconductor film, part of the incident light is reflected, part of it is absorbed, and 
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part of it with with intensity ɯ passes through the film. For a thin film with 

thickness d, Bouguer law holds: 

0 exp( Ŭ )I I d= Ö - Ö,     (L.14) 

where Ŭ is the absorption coefficient. 

Equation (1) can be rewritten as follows: 

01
Ŭ ln( )

I

d I
= Ö .      (L.15) 

Thus, if one determines experimentally the incident intensity I0, the intensity 

I passing through the film, and the film thickness d, then the absorption coefficient 

Ŭ can be calculated. Having done this for several wavelengths ɚ and constructing 

the dependence of the absorption coefficients on the length of the incident light 

(Fig. L.6), it is possible to find the value of the absorption edge ɚgr. The 

dependence Ŭ=f(ɚ) is a characteristic of the material and reflects possible types of 

electronic transitions in it. 

As the quantum energy hɜ decreases and approaches the band gap, the 

absorption coefficient of the crystal decreases, that is, the intensity of the 

transmitted light increases continuously. At hɜ = æE, the absorption coefficient 

Ŭ=0 and all light (except from reflected) passes through the crystal, so that with a 

further decrease in the quantum energy, the intensity of light passing through the 

crystal remains constant and maximum. Thus, it can be assumed that the 

wavelength ɚgr, at which the intensity of the passing light ceases to depend on ɚ, 

will correspond to the band gap, which is determined by the formula: 

ɜ
ɚʛʨ

h c
E h

Ö
D = Ö =,      (L.16) 

where  h is the Planck constant;  

  ɜ is the photon energy ɜ
ɚ

ʩ
= ;  

  ʩ is the speed of light. 
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Fig. L.6. Dependence of the absorption coefficient on the wavelength (absorption spectrum) 

To determine the band gap using absorption spectrum, it is necessary to plot 

the square of the product of the absorption coefficient and quantum energy (Ŭhɜ)2 

from the quantum energy hɜ (Fig. L.7), to separate its linear section and 

extrapolate it to the intersection with the abscissa axis. The intersection point of the 

line with the axis allows determination of æE. 

 

Fig. L.7. Graphic method of determining the bandgap 
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Experiments 

Apparatus and chemicals 

Precision balance. Analytical balance. Water bath. Vacuum filter 

installation. Ultrasonic ionizer. Drying oven. Lamp. Tubular furnace. 

Spectrophotometer. Heat resistan flask 250 cm3. Heat resistan flask 500 cm3. 

Porcelain bowl. Crucible. Quartz tube. Test tube. Pipette 5 cm3. Quartz cuvettes, 2 

pcs. Filter paper. Tin(IV) chloride. Sodium oxalate. Silver nitrate. Ethanol. 

Nitrogen. 

Synthesis of tin(II) oxalate 

Tin(II) oxalate is obtained by mixing hot solutions of tin(II) chloride 

SnCl2Ŀ2H2O and sodium oxalate Na2C2O4. The required amount of sodium oxalate 

with a half-fold excess of sodium oxalate per 20 g of SnCl2 is calculated using a 

chemical equation (to be compiled independently).  

Dissolve the initial reagents in 200 cm3 of distilled water and heat in a water 

bath. After reaching temperature of 333ï343 K, mix the solutions (add sodium 

oxalate solution to tin(II) chloride solution). Cool the resulting solution under a 

stream of warm and then cold water. Separation of the obtained precipitate is 

carried out in a vacuum filter installation using two or three "green tape" filters. 

Wash the obtained precipitate on the filter with distilled water until the negative 

reaction with chloride ions (reaction with silver nitrate). Then dry the precipitate in 

a drying oven at 378 K for two hours and weigh on the precision balance. 

The product yield is determined by the formula: 

Y=(mac/mtheor)Ŀ100%,     (L.17) 

where  mac is the amount of the obtained powder, g;  

  mtheor is the theoretically possible amount of the powder, calculated 

according to chemical equations, g. 
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Synthesis of tin(IV) oxide  

To obtain tin (IV)  oxide by vapor-gas transport, place a quartz substrate with 

a required amount of tin (II) oxalate into a quartz tube (Fig. L.8). Then, introduce 

the quartz tube into a tubular furnace so that the sample is located in the center of 

the furnace. Connect nitrogen hoses to the ends of the quartz tube. After fixing the 

reducer, slowly and carefully open the valve of the gas cylinder, turning the 

flywheel counterclockwise. When the high pressure gauge on the reducer shows 

the gas pressure in the cylinder, release the gas using the adjusting screw of the 

reducer, and set the required gas flow rate (according to the obtained instructions). 

Decomposition of tin(II) oxalate occurs within 1 hour at a temperature of  

1123 K by the following reaction: 

SnC2O4 Ÿ SnO2 + 2CO.     (L.18) 

Cool the obtained SnO2 powder, weigh on the precision balance and 

calculate the product yield according to the formula (L.18). 

 

Fig. L.8. Laboratory installation for synthesis of tin(IV) oxide filamentous crystals 

Band gap determination of the obtained tin (IV) oxide sample by optical 

method using absorption spectra 

Measurements are performed on a UV-5800 PC spectrophotometer (see 

Appendix 1 for specifications). Spectrophotometer controls are implemented with 

the help of special software in MS Windows, computer coonection is via USB 

cable (software description is given in Appendix 2). 
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Turn on the device and allow it to warm up for 10ï15 minutes. Meanwhile, 

prepare a solution of tin (IV) oxide in ethanol with a concentration of 1 g/dm3. 

Disperse the resulting solution in an ultrasonic bath for 5 minutes and then pour 

into a quartz cell. Place the sample cuvette and the cuvette with distilled water 

(comparison) into the device chamber, connect the spectrophotometer to the 

computer, and run the software. Measurement of the absorption coefficient is 

carried out in the wavelength range of 200ï900 nm. Prior to measuring the 

absorption coefficients of the prepared sample, the device is automatically 

calibrated using a comparison cuvette. 

When measurement of the absorption spectra is completed, transfer the 

obtained data to the MS Excel workbook. Calculate the values of (Ŭhɜ)2 and hɜ and 

put the obtained data into Table L.7. Plot the graphical dependence of 

(Ŭhɜ)2 = f(hɜ) and determine the band gap of the tin (IV)  oxide sample. 

 

Table L.7. Experimental results 

 

Make conclusions about the experiment and the results obtained. 

Safety rules 

1. Do not leave the working installation unattended. 

2. Obey the rules for working with chemical reagents, electric appliances 

and gas cylinders. 

3. To prevent thermal burns, use a metal grip when removing hot 

porcelain bowl from the oven and quartz reactor from the tubular furnace. 

ˉ 

Wave-

length, 

nm 

Wave-

length, 

m 

Absorption 

coefficient 

(Abs1) 

Absorption 

coefficient 

(Absé) 

Abs1 Absé 

(Ŭhɜ)^2 hɜ (Ŭhɜ)^2 hɜ 

1         

2         

3         
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Test questions 

Admission to work 

1. Aim of work. Safety rules. 

2. Areas of tin (IV) oxide application. 

3. Methods for tin (IV) oxide synthesis. 

4. What type of semiconductors (narrowband or wideband) does tin (IV) 

oxide belong to? Why? 

Defence of work 

1. Give the reaction of tin oxalate formation from tin (II) chloride. 

2. Calculate the required amount of the sample to prepare a solution of 

tin (IV) chloride in the mixture of ethanol : water with a concentration of 

0.5 mol/dm3. 

3. Describe the method of tin (IV) oxide synthesis by sol-gel technology 

(ethanol as solvent). 

4. For what purpose do solutions undergo aging process (exposure to air) 

in sol-gel technology? What processes can thus take place? 

5. What is the purpose of using an ultrasonic ionizer? 

Laboratory experiment 5. Synthesis of titanium (IV) oxide and study of 

its adsorption and photocatalytic properties 

Aim of work: to synthesize a series of sorbent-photocatalyst samples based 

on titanium (IV) oxide by sulfate method; to study their sorption and photocatalytic 

properties; to determine the influence of synthesis conditions on the sorption-

photocatalytic characteristics of titanium (IV) oxide samples. 

Background 

Titanium(IV) oxide exists in several modifications. In nature, there are 

crystals of tetragonal crystal system ï anatase, rutile (Fig. L.9, a and b) and 
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orthorhombic crystal system ï brookite (Fig. L.10). Two more high-pressure 

modifications have been artificially obtained ï orthorhombic IV and hexagonal V. 

 

Fig. L.9. Crystal structure: ʘ ï anatase; b ï rutile [31] 

During heating, both anatase and brookite are converted to rutile (transition 

temperatures of 773ï1273 K and about 1023 K, respectively). The basis of the 

structures of these modifications is the TiO6 octahedra, in which each ʊ̔4+ ion is 

surrounded by six ʆ2- ions, and each ʆ2- ion is surrounded by three ʊʽ4+ ions. The 

octahedra are arranged so that each oxygen ion belongs to three octahedra. In 

anatase, there are 4 common edges per octahedron, while 2 in rutile. 

 

 

Fig. L.10. Crystal structure of brookite [32] 

In 1972, Fujisima and Honda discovered the phenomenon of photocatalytic 

decomposition of water on a TiO2 electrode irradiated with ultraviolet light. This 
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discovery gave the impetus for an in-depth study of the physicochemical properties 

of titanium (IV) oxide, the development of synthesis methods of powder materials 

consisting of nanoparticles, the search of new areas of TiO2 application. By this 

time, commercial titanium(IV) oxide had been used mainly as a pigment in paint 

and polymer materials, dental pastes and as a component of sunscreen cosmetic 

products. In addition, titanium(IV) oxide is used for production of photonic 

functional materials for modern optical devices, film electrochromic coating, gas 

sensors, adsorbents for hydrogen storage [31]. 

At the present stage of science development, photocatalysis is defined as 

çthe change in the rate or excitation of chemical reactions under light in the 

presence of substances (photocatalysts) that absorb light quanta and participate in 

chemical transformations, repeatedly taking part in intermediate reactions and 

regenerating their chemical composition after each cycle of such interactionsè [33]. 

Mechanism of the catalytic surface formation in a catalyst involves 

formation of holes in the valence band (h+
VB) and electrons in the conduction band 

(e-
CB) by absorbing a photon of energy greater than or equal to the band gap (hɜ Ó 

EBG) of the semiconductor (band gap for rutile is 3.0 eV, for anatase 3.2 eV) [11]. 

At the same time, holes contribute to the formation of hydroxyl radicals and 

oxidation of organic compounds, while electrons ï to superoxide radicals 

formation and reactions of decomposition and oxidation. Thus, photocatalytic 

activity of semiconductor structures (in particular, TiO2) is characterized by 

hydroxyl and superoxide radicals, generation of which is schematically depicted in 

Fig. L.11. 

The formed hydroxyl and superoxide radicals react with organic pollutants, 

so that oxidation of the latter occurs. General scheme of photocatalytic degradation 

of organic pollutants can be represented as follows: 

TiO2/hɡ 

Organic pollutants (ʈ) Ÿ Intermediate products Ÿ ʉʆ2 + ʅ2ʆ.  (L.19) 

 

Practical applications of TiO2 include the following areas [67].  
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Fig. L.11. Mechanism of photoactivation and photocatalysis on TiO2 surface [1] 

Purification of air from organic impurities. On the surface of TiO2, almost 

all organic compounds can be oxidized to CO2 and H2O. If the compounds include 

nitrogen or halogen X atoms, then impurities of HNO3 and HX will be observed in 

the reaction products. 

Self-cleaning glass. TiO2 is a compound that is transparent to visible light, 

so thin TiO2 films deposited on glass are invisible to eye. And the glass covered 

with a thin film of TiO2 is capable of self-cleaning from organic pollution under 

light due to the photocatalytic oxidation processes. 

Non-fogging glass and mirrors. Glass fogging is associated with poor 

surface wettability, that is, formation of water droplets that scatter light on the 

surface. Usually, the glass or mirror surface is poorly wetted because of the 

contamination with organic matter from air or when touched, for example, with 

hands. A thin, transparent film of photoactive TiO2 under the action of light 

destroys organic pollutants, the surface is well wetted and water that appears on 

such a surface is not collected in droplets but spreads over the surface and then 

evaporates. 

Use of photocatalysts for water purification. Just like in the air, in water, 

organic impurities on the surface of TiO2 particles, can be oxidized to CO2 and 

water. The most promising use of TiO2 for wastewater treatment is in storage tanks 
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and reservoirs. For example, pesticides used in agriculture are destroyed in 

reservoirs for several months. Adding small amounts of harmless TiO2 allows to 

reduce this time to a few days without using artificial light sources. 

There are several methods for obtaining TiO2, the most common of which 

are presented below [1]. 

The sol-gel method of titanium (IV) oxide synthesis combines the processes 

of chemical conversion of solutions of titanium salts or titanium-organic 

substances into titanium hydroxide ʊʽ(ʆʅ)4: 

ʊʽ(OR)4 + 4H2O = ʊʽ(OH)4 +4ROH.    (L.20) 

and its further polycondensation with the formation of colloidal particles 

Compared to other methods, sol-gel technologies make it possible to influence the 

structure and morphology of TiO2 particles, optimize energy costs, and use simple 

and affordable technological equipment. 

Hydrothermal and solvothermal methods are used to obtain homogeneous and 

well crystallized TiO2 nanoparticles. Synthesis is carried out in a high-pressure 

reactor. Under high pressure, the process of transition of titanium salts into TiO2 

nanodispersed powder takes place avoiding the stage of the salt conversion into 

hydroxide: 

ʊʽʆSO4 + H2O = Tiʆ2 + 2H2SO4.    (L.21) 

The solvothermal method provides a higher degree of crystallinity for the 

synthesized TiO2 as well as dimensional homogeneity of the nanoparticles 

compared to the hydrothermal one. 

Template method has found application in the synthesis of titanium (IV) 

oxide in the form of nanowires, nanotubes or porous materials with one-

dimensional and oriented in one direction pores. Synthesis of such materials is 

carried out using liquid-phase sol-gel technologies in the pore volume of another 

material ï template, which has corresponding porous structure. As templates in the 
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synthesis of anatase or rutile nanorods , porous aluminum oxide membranes are 

widely used. 

Gas-phase conversion of the titanium-containing precursor is based on the 

deposition of TiO2 particles from the gas phase. One of the methods of gas-phase 

TiO2 synthesis used in industry is based on TiCl4 combustion in oxygen 

atmosphere (Chemical Vapor Deposition (CVD) technology) according to the 

following equation: 

ʊʽCl4 + ʆ2 Ÿ ʊʽʆ2 + 2Cl2.     (L.22) 

A kind of gas-phase condensation methods is a plasma-chemical method of 

obtaining TiO2. It is performed by injection of electrons with energy of  

450ï500 keV and a pulse rate of 0.5 Hz into the reaction mixture containing TiCl4 

vapor, hydrogen and oxygen. The interaction of TiCl4 with hydrogen and oxygen 

during electron beam injection is explosive. 

The sulfate method for titanium(IV) oxide production is based on the 

hydrolysis of titanium(IV) oxosulfate in sulfuric acid at temperatures of 353ï

373 K. This produces titanium(IV) hydroxide (ʊʽʆ(ʆʅ)2Ŀnʅ2ʆ), which is 

calcined, and then crystalline TiO2 powder is obtained (anatase or rutile, depending 

on the temperature) [1].  

Experiments 

Apparatus and chemicals 

Magnetic stirrer with hotplate. Electric hotplate. Drying oven. 

Photoelectrocolorimeter. Ultrasonic bath. Precision balance. Analytical balance. 

pH meter. Adsorption-photocatalytic installation. Heat-resistant glass reactor. 

Chemical beaker 250 cm3. Glass rod. Porcelain bowl. Thermometer. Vacuum 

filtration unit. Benzene desiccator. Filter paper. Titanium oxosulfate. Sulfuric acid. 

Methylene blue. Methylene red. 

Installation for the synthesis of titanium (IV) oxide by sulfate method 

For the synthesis of titanium (IV) oxide by sulphate method, a laboratory 

installation shown in Fig. L.12 is used. It consists of a magnetic stirrer with a 
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hotplate (or electric hotplate) 1, a heat-resistant glass reactor 2, which houses a 

magnet in Teflon 3, and a thermometer 4. The laboratory installation is equipped 

with an air condenser 5. 

 

Fig. L.12. Laboratory installation: 1 ï magnetic stirrer; 2 ï heat-resistant glass reactor; 3 ï 

magnet in Teflon; 4 ï thermometer; 5 ï air condenser 

Synthesis method of titanium (IV) oxide 

Introduce 5.0 g of titanium oxosulfate into a heat-resistant glass reactor 

using a dry chemical funnel and add a solution of sulfuric acid. For this purpose, 

dilute the concentrated sulfuric acid with water (Caution! Pour acid into water) to a 

certain concentration (as instructed by the teacher). Introduce 100 cm3 of the 

prepared acid solution into the reactor and shake it with a hand. Wrap the heat-

resistant glass reactor with alumina foil for thermal insulation, put a thermometer 

into it, and place reactor on a magnetic stirrer, turning on the heating. Synthesis of 

the sorbent-photocatalyst is carried out at the temperature of 353ï373 ÁC and for 

60ï120 minutes (as instructed by the teacher). At the end of the process turn off 

the heating and stirrer; cool the contents of the flask under a stream of warm and 

then cold water. Separation of the resulting precipitate is carried out in a vacuum 

filter unit using two or three filters with çgreen tapeè. Wash the obtained 
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precipitate on the filter with water (five times the volume of water per 100 cm3). 

Dry the washed sample of the sorbent-photocatalyst at 373 K for 2 hours and 

weigh it on a precision balance. 

Product yield is calculated according to the following formula: 

Y = (m2 / m1) Ŀ 100%, (L.23) 

where m1 is the theoretical mass of titanium (ɯV) oxide, calculated according to  

 chemical reactions (compile yourself), g;  

 m2 is the mass of the obtained titanium(IV) oxide, g. 

Study of the adsorption and photocatalytic properties of titanium (IV) oxide 

Laboratory installation for the study of adsorption and photocatalytic 

properties is shown in Fig. L.13, a and b, respectively. It consists of a magnetic 

stirrer 1, a glass beaker of 100 cm3 2 and a UV lamp 3. 

  

ʘ ʙ 

Fig. L.13. Laboratory installation for the study of adsorption and photocatalytic properties of the 

samples: a ï study of adsoption properties, b ï study of catalytic properties 

To determine sorption and photocatalytic properties of the obtained 

catalysts, dye solutions are first prepared. To do this, weigh a sample of 0.01 g of 

the corresponding dye (methylene blue or methylene red) on the analytical balance 

in a glass beaker and quantitatively transfer to a measuring flask of 1 dm3. Bring 

the solution to the mark with distilled water, close with a lid and mix thoroughly. 

Measure the optical density of the prepared solution, selecting the required 

wavelength and cuvette thickness, as well as pH of the resulting dye solution.  
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Sorption properties of photocatalysts are studied as follows. Pour 50 cm3 of 

dye solution into a glass beaker using a cylinder and add 0.05 g of titanium (IV) 

oxide weighed on a precision balance. Disperse titanium (IV) oxide in the dye 

solution in an ultrasonic bath for 5 minutes and measure pH of the solution. Place 

the glass beaker with the suspension on a magnetic stirrer and carry out adsorption 

process for 30 minutes. At the end of the process, separate the precipitate from the 

solution in a centrifuge (set time and revolutions per minute as instructed by the 

teacher). Measure optical density in the resulting solution. 

Photocatalytic properties of photocatalysts are studied in the same way, but 

with additional use of a UV lamp to irradiate the suspension (place the lamp as 

close as possible to the glass surface, see Fig. 1.3 b). 

Adsorption and photocatalytic properties of titanium(IV) oxide are estimated 

by the degree of discoloration: 

0

0

100%,xA A
X

A

-
= Ö      (L.24) 

where  ɸ0 is the optical density of the initial dye solution;  

   ɸʭ is the optical density of the dye solution after sorption (photocatalysis). 

Determination of the specific surface area of the samples  

Prior to the start of the studies, place a sample of ~ 1 g, taken to within 

0.001 g, in a pre-weighed weighing glass with a lid and dry with the lid open in a 

vacuum oven at 373ï423 K for 1 hour. To do this, place the weighing glass in a 

benzene desiccator and weigh every 30 minutes on the analytical balance until 

constant mass is established. Then calculate the specific surface area SSA (m2/g) 

according to the formula [1]: 

A 0

sorp benz

g N S
SSA

g M

D Ö Ö
=

Ö
,     (L.25)

 

where gD  is the mass of the adsorbed benzene, g;  
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AN  is the Avogadro constant (6,02Ŀ1023 mol-1); 0S  is the surface occupied by 

one benzene molecule (39Ŀ10-20 m2);  

sorpg
 
is the sample massʙ g;  

benzʄ  is the molar mass of benzene (78 g/mol). 

Note all the obtained experimental results in Table L.8. 

 

Table L.8. Results of the experimental studies 
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Make conclusions about the experiment and the results obtained. 

Safety rules 

1. Do not leave the working installation unattended. 

2. To prevent thermal burns, use a metal grip when removing hot 

porcelain bowl from the oven and quartz reactor from the tubular furnace. 

3. Obey the rules for working with chemical reagents and electric 

appliances. 

Test questions 

Admission to work 

1. What modifications of titanium (IV) oxide do you know? List the 

methods for obtaining it. 
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2. What is the aim of work? 

3. Describe the laboratory synthesis method of titanium (IV) oxide and 

the study of its sorption-photocatalytic properties. 

Defence of work 

1. Give chemichal reactions of the titanium (IV) oxide synthesis by 

sulfate method. 

2. What are the areas of titanium (IV) oxide application and on what 

properties of TiO2 are they based? 

3. Describe the techniques used to obtain a particular modification of 

titanium (IV) oxide. 

Laboratory  experiment 6. Modeling of adsorption kinetics of dyes from 

aqueous solutions 

Aim of work: to study the kinetics of adsorption using pseudo-first and 

pseudo-second order models, Boyd-Adamson diffusion model; to identify adequate 

adsorption models that describe the dye extraction process and to determine 

thermodynamic values of the sorption extraction of dyes. 

Background 

Adsorption treatment with a wide range of sorption materials and equipment 

is a versatile method for the treatment of both highly concentrated and low 

concentrated wastewater. Mathematical modeling is used to determine 

characteristics of the adsorption process of the pollutants of different origin on any 

sorption material. 

Mathematical models of kinetics are based on the adsorption rate of the 

slowest stage. Adsorption limitation is usually determined by diffusion intensity in 

the outer film of the sorbent granule and inside the porous sorbent structure [69]. 

Pseudo-first, pseudo-second order models and Boyd-Adamson diffusion model are 

used to describe the kinetics of pollutant adsorption from aqueous systems. 
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The pseudo-first-order model is based on the dependence of the adsorption 

rate on the sorbent adsorption capacity. The pseudo-second order model is based 

on the similar dependence on the square of the sorption capacity. The pseudo-first 

order model adequately describes adsorption if  the effect of the film diffusion 

velocity is decisive. The simulation of the adsorption kinetics using the pseudo-

second order model is reliable, provided that the process of sorbent-sorbate 

interaction and intermolecular interaction of adsorbate is limited. Mathematical 

modeling according to Boyd-Adamson kinetic model allows clear differentiation 

between the processes taking place in external diffusion or internal diffusion 

areas [35 37]. 

The most reliable mathematical models of the adsorption process include 

Langmuir, Freundlich, Temkin, and Dubinin-Radushkevich equations. 

The Langmuir adsorption model quantitatively describes the formation of a 

monolayer of adsorbate on the pore surface the sorbent and predicts the energy 

equality of the entire sorbent surface. To describe adsorption on the heterogeneous 

surface, the Freundlich model was used. According to this model, the adsorption 

sites have different values of the interaction energy with the adsorbate. The 

Temkin adsorption model, considering the interaction between adsorbent and 

adsorbate, assumes a linear inversely proportional relationship between the 

adsorption heat of the adsorbate molecules and the degree of adsorbent surface 

filling . To establish the mechanism of adsorption and Gaussian heat distribution on 

heterogeneous surface of the adsorbent, the Dubinin-Radushkevich model is 

used [35 37]. 

To determine the nature of adsorption interaction, thermodynamic values of 

the process are crucial. The main thermodynamic characteristics of the adsorption 

process include [34]: 

ï change in Gibbs free energy (ȹG) that is a part of the adsorption energy 

effect, which determines the possibility (probability) of the spontaneous process 

(ȹG < 0); 
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ï enthalpy change (ȹH) that is a thermal effect of the adsorption interaction 

between a sorbent and a sorbate; 

ï entropy change (ȹS) that is a measure of the disorder of adsorbate 

molecules. 

Experiments 

Apparatus and chemicals 

Water bath shaker. Spectrophotometer. Cuvettes. Centrifuge. Analytical 

balance. Precision balance. Samples of sorbents and dyes. Volumetric flask 1 dm3. 

Conical flasks 250 cm3, 8 pcs. Volumetric pipettes 1, 2.5, 10, 25, 50 cm3. 

Determination method of dye concentration in solutions 

Spectrophotometric method is used to determine dye concentrations 

(selected by teacher). For this purpose, model aqueous solutions of dyes (in the 

range of initial concentrations of ʉ0 10ï4000 mg/dm3) are prepared. Then, the 

solutions are photometrically analyzed at the required dilution (according to the 

teacherôs instruction) relative to distilled water at a wavelength corresponding to 

the maximum dependence ɸ = f(ɚ) on the spectrum of the corresponding dye. 

After that, a calibration graph in coordinates çoptical density ï dye contentè is 

constructed. 

Method of adsorption process 

Place 0.5 g of two powder sorbents (according to the teacherôs instruction) 

into numbered round-bottom flasks of 250 cm3 volume, filled with model solutions 

of 50 cm3 volume (Table L.9). Shake the obtained suspension in a shaker for 

1 hour. After that, separate the sorbent from the solution using settling type 

centrifuge at the frequency of 3000 rpm. The obtained fugate is used to determine 

the equilibrium concentration of the dye. 

Using the calibration graph and taking into account dilution of the test 

sample, find the content of the residual dye concentration. Calculate the dye 

content in a solution by the formula: 
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f
p

a

,
C V

ʉ
V

Ö
=      (L.26) 

where  ʉ is the dye concentration determined using calibration graph, mg/dm3;  

  Vf is the flask volume (Vf=100 cm3);  

  Va is the aliquot volume, cm3. 

 

Table L.9. Composition of the initial model solutions for modeling adsorption 

ˉ Dye 

1 10 

2 50 

3 100 

4 250 

5 500 

6 1000 

7 2000 

8 4000 

 

Calculate the adsorption value for each sorbent according to the 

formula [34]: 

t ,
x

Q
m
=       (L.27) 

where Qt is the adsorption of ʭ mg of pollutant on 1 g of adsorbent, mg/g;  

ʭ is the amount of the adsorbed pollutant in 50 cm3 of solution ï adsorbtion 

rate, mg;  

 m is the adsorbent mass, g. 

The amount of adsorbed pollutant in 50 cm3 of solution is calculated by the 

formula: 

0 p( ) 50
,

1000

C C
x

- Ö
=      (L.28) 

where ʉ0 is the initial pollutant concentration in a model solution  
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  (ʉ0=100 mg/dm3);  

 ʉʨ is the residual pollutant concentration, mg/dm3.  

Note the defined and calculated data into Table L.10. Build the adsorption 

isotherms Qt=f(Cʨ) for each sorbent and compare their adsorption properties. 

Calculate the degree of dye extraction: 

0 r

0

( )
100%,

C C
X

C

-
= Ö      (L.29) 

ʜʝ ʉ0 is the initial pollutant concentration in a model solution (ʉ0=100 mg/dm3);  

     ʉr is the residual dye concentration, mg/dm3.  

 

Table L.10. Results of the study of organic dyes sorption 

ˉ ɸ0 ʉ0, mg/dm3 ʉr, mg/dm3 X, %  X, mg ʘʨ, mg/g 

1st sorbent 

1       

2       

3       

4       

5       

6       

7       

8       

2nd sorbent 

1       

2       

3       

4       

5       

6       

7       

8       

 

Study of adsorption kinetics 

Introduce 50 cm3 of a model solution with a dye concentration of 

100 mg/dm3 and 0.5 g of corresponding sorbent into five numbered flasks with a 

volume of 250 cm3. Seal tightly the flasks with the resulting suspensions and place 

them in the shaker for 5, 10, 15, 30, 60, 120 and 180 minutes. After that, centrifuge 
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the suspensions and determine residual dye concentration in the samples. Record 

the obtained results in Table L.11 and construct kinetic curves of the adsorption 

dye extraction from aqueous solutions ʉʨ=f(t) . 

 

Table L.11. Results of the kinetics study of dye adsorption 

ˉ T, min Val,, cm3 ɸ 
ʉt, 

mg/dm3 
ʍ, %  Qt, mg/g 

1st sorbent 

1       

2       

3       

4       

5       

6       

7       

2nd sorbent 

1       

2       

3       

4       

5       

6       

7       

 

Determination of thermodynamic adsorption parameters 

Into three numbered round-bottom flasks with a capacity of 250 cm3, 

introduce 50 cm3 of a model dye solution with a concentration of ʉ0=100 mg/dm3 

and 0.5 g of sorbents. Seal the flasks with the resulting suspensions and placed 

them in a shaker for 60 min at temperatures of 293, 323, 343 K. After that, 

centrifuge suspensions and calculate the residual pollutant concentration in the 

water sample ʉɸʝ (mg/dm3) and in the sorbent ʉɺʝ (mg/dm3) (by the difference 

between the initial ʉ0 concentration and the residual ʉɸʝ). Note the obtained results 

into Table L.12. 
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Table L.12. Results of the thermodynamics study of sorption 

ʊ, K ɸ ʉɸʝ, mg/dm3 ʉɺʝ, mg/dm3 

1st sorbent 

293    

323    

343    

2nd sorbent 

293    

323    

343    

 

Adsorption modeling 

Langmuir model. The Langmuir adsorption isotherm is represented by the 

equation [70 71]: 

t(e)

0 L t(e)

L t(e)

,
1

Q K C
Q

K C

Ö Ö
=
+ Ö

     (L.30) 

where  ʉt(ʝ) is the equilibrium concentration of the pollutant, mg/dm3;  

  Qt(ʝ) is the equilibrium adsorbtion ï the amount of pollutant adsorbed by 1 g  

  of sorbent, mg/g;  

  KL is the Langmuir constant, dm3/mg;  

  Q0 is the maximum capacity of the monolayer, mg/g. 

The linearized form of the equation is: 

t(e)

t(e) t(e)

0 0 L

1
,

C C

Q Q Q K
= +

Ö
     (L.31) 

.y ax b= +       (L.32) 

To check the adsorption compliance of the Langmuir model, plot the 

dependence ʉt(ʝ)/Qt(ʝ) = f(ʉt(ʝ)). Calculate Q0 (mg/g) by the tangent of the slope of 

the obtained straight line: 

0

1
Ŭa tg

Q
= =  Ÿ 0

1
.
Ŭ

Q
tg
=     (L.33) 
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The Langmuir isotherm constant KL (dm3/mg) is determined using the value 

of b from the linear dependence ʉt(ʝ)/Qt(ʝ) = f(ʉt(ʝ)):  

 
0 L

1
b

Q K
=

Ö
 Ÿ L

0

1
.K

b Q
=
Ö

   (L.34) 

Note the obtained results into Table L.5. 

Freundlich model. Freundlich adsorption model is described by the 

following equation [35 37]: 

 
1

t(e) f t(e),
nQ K C= Ö      (L.35) 

where  ʉt(ʝ) is the equilibrium concentration of the pollutant, mg/dm3;  

Qt(ʝ) is the equilibrium adsorption ï the amount of pollutant adsorbed by 1 g  

of sorbent, mg/g;  

Kf is the Freundlich equilibrium constant, mg/g;  

1/n is the parameter indicating the intensity of adsorbent-adsorbate  

interaction. 

The linearized form of the equation is as follows: 

 t(e) f t(e)

1
ln ln ,Q K C

n
= +      (L.36) 

.y ax b= +        (L.37) 

Adsorption correspondence to the Freundlich isotherm is determined by 

constructing a linear dependence corresponding to the coordinates 

ln(Qt(ʝ))=f(ln(ʉt(ʝ))). Parameter n is calculated by the tangent of the slope of the 

obtained straight line: 

 
1

Ŭ= ,a tg
n

=  Ÿ 
1

.
Ŭ

n
tg
=     (L.38) 



206 

 

Calculate the Freundlich isotherm constant Kf (mg/g) using the value of b 

from linear dependence ln(Qt(ʝ))=f(ln(ʉt(ʝ))). 

flnb K=  Ÿ  f .bK e=     (L.39) 

Note the results of mathematical modeling into Table L.13. 

Temkin model. Adsorption equations of Temkin model [70-71]: 

t(e) t(e)ln( ),TQ B A C= Ö      (L.40) 

  
T

,
R T

B
b

Ö
=        (L.41) 

where  ʉt(ʝ) is the equilibrium concentration of the pollutan, mg/dm3;  

  Qt(ʝ) is the equilibrium adsorbtion ï the amount of pollutant adsorbed by 1 g  

  of sorbent, mg/g;  

  ɸT is the equilibrium constant of the Temkin isotherm, dm3/g;  

  bT is the constant of the Temkin isotherm;  

  ɺ is the constant of adsorption heat, J/mol;  

  R is the gas constant, J/molĿK;  

  qT is the temperature, K. 

The Temkin model in linear form is as follows: 

 t(e) T t(e)ln ln ,Q B A B C= +      (L.42) 

.y ax b= +        (L.43) 

Mathematical modeling according to this model is carried out as follows. 

Build a linear dependence of the Temkin equation in the coordinates 

Qt(ʝ)=f(ln(ʉt(ʝ))) and determine parameter B by the tangent of the slope of the 

obtained straight line: 

 Ŭ= .a tg B=       (L.44) 
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Calculate the equilibrium constant of the Temkin isotherm ɸʊ (dm3/g) using 

the value of b from the linear dependence Qt(ʝ)=f(ln(ʉt(ʝ))). 

 Tlnb B A=   Ÿ  T .
B

bA e=    (L.45) 

Note the calculated parameters into Table 5. 

Dubinin-Radushkevich model. The adsorption model is described by the 

following equation [35 37]: 

 
2

t(e) s adsexp( ),Q Q K e= -     (L.46) 

 
t(e)

1
ln(1 ),RT

C
e= +      (L.47) 

where ʉt(ʝ) is the equilibrium concentration of the pollutant, mg/dm3;  

 Qt(ʝ) is the equilibrium adsorption ï the amount of pollutant adsorbed by 1 g  

 of sorbent, mg/g;  

 Qs is the theoretical saturation capacity of the sorbent, mg/g;  

 Kad is the equilibrium constant of the Dubinin-Radushkevich isotherm,  

 mol2/kJ2;  

 Ң is the constant of the Dubinin-Radushkevich isotherm. 

The linearized form of the equation is as follows: 

 
2

t(e) ad sln ln .Q K Qe=- Ö +     (L.48) 

For modeling adsorption according to the Dubinin-Radushkevich isotherm, 

it is necessary to plot the dependence lnQt(ʝ) = f(Ң2). Calculate the constant Kad by 

the tangent of the slope of the obtained straight line: 

adŬa tg K= =-  Ÿ ad Ŭ.K tg=-     (L.49) 
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Determine theoretical saturation capacity of the sorbent Qs (mg/g) using 

value of b from the linear dependence lnQt(ʝ) = f(Ң2): 

slnb Q=   Ÿ s .bQ e=    (L.50) 

Calculate the energy expended on the extraction of pollutant molecules from 

the sorption medium E, kJ/mol: 

 
ad

1
.

2
E

K
=      (L.51) 

Note the obtained results into Table L.13. 

 

ʊable L.13. Constants of linearized sorption isotherms 

Sorbent Pollutant 
Langmuir isotherm Temkin isotherm 

Q0, mg/g KL, dm3/mg R2 AT, dm3/g bT B, J/mol R2 

 
 

       

        

Sorbent Pollutant 
Freundlich isotherm Dubinin-Radushkevich isotherm 

n Kf, mg/g R2 Qs, mg/g Kad, mol2/kJ2 E, kJ/mol R2 

 
 

       

        

 

Correlation coefficient (R2) determines the models that most accurate 

describe the process of dye sorption on certain sorbent samples. 

Kinetics modeling 

Boyd-Adamson diffusion model. The Boyd-Adamson diffusion model of 

kinetics is described by the equation [35 37]: 

2 2

2 2

ɗ 6 1 ˊ
1 exp ,

ɗ ˊ

t D n t
F

n r¤

å õÖ Ö Ö
= = - -æ ö

ç ÷
ä    (L.52) 

where ɗt and ɗÐ are the saturation degrees of the sorbent after time t and at infinite  

 duration of the process, respectively;  

 F is the degree of equilibrium;  

D is the diffusion coefficient (cm2/s); r is the radius of sorbent particles, mm;  
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n is the number of integers 1, 2, 3, 4, 5. 

Fourier criterion:  

2

T2

ˊ
.

D t
B

r

Ö Ö
=       (L.53) 

where Bt is the diffusion rate constant equal to: 

2

2

ˊ
.

D
B

r

Ö
=       (L.54) 

Substitution (L.54) into equation (L.53) yields: 

2

2
1

6 1
1 exp( ),

ń

F Btn
n

¤

=

= - -ä     (L.55) 

where Bt is the dimensionless quantity, which is the solution of the solid particle 

diffusion model. 

The Bt value is set according to the experimentally determined value F 

according to the table of solutions of the Boyd-Adamson diffusion model 

(Table L.14).  

Graphic dependences of Bt and -ln(1-F) on t are constructed to determine 

diffusion limitation of the adsorption process. Presence of the linear dependence 

Bt=f(t) indicates that the limiting stage of adsorption is internal diffusion of the 

polutant in a sorbent particle, while linear dependence -ln(1-F)=f(t) indicates that 

adsorption rate is determined by the stage of external diffusion. 

In case of linearity of the dependence Bt=f(t), the value of constant B 

corresponds to the tangent of the slope of the line Bt=f(t). Constant B is calculated 

as the average value of the diffusion coefficient by the formula (cm2/s): 

2

2
.

ˊ

B r
D

Ö
=       (L.56) 

Note the obtained results into Table L.14. 
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Table L14. Solutions of diffusion model [78] 

BtĿ104 F BtĿ102 F Bt F 

0.1 0.0035 0.2 0.035 0.8 0.720 

0.2 0.0050 1.0 0.090 1.0 0.775 

0.4 0.0070 2.0 0.125 1.3 0.818 

0.6 0.0083 3.0 0.155 1.5 0.865 

0.8 0.0095 4.0 0.180 2.0 0.915 

1.0 0.0105 5.0 0.205 2.5 0.950 

1.5 0.0130 6.0 0.225 3.0 0.970 

2.0 0.0153 8.0 0.265 3.5 0.980 

3.0 0.0190 10.0 0.300   

4.0 0.0228 15.0 0.365   

5.0 0.0240 20.0 0.420   

6.0 0.0260 25.0 0.462   

8.0 0.0300 30.0 0.497   

10.0 0.0340 40.0 0.555   

15.0 0.0420 50.0 0.605   

20.0 0.0480 60.0 0.650   

30.0 0.0590 70.0 0.690   

 

Pseudo-first order model. The pseudo-first order velocity model proposed 

by Lagergren is presented in the form [35 37]: 

1 t(e) t( ),tdQ
k Q Q

dt
= Ö -      (L.57) 

where Qt(e) and Qt are sorption capacities of dyes at equilibrium and at some point  

in time t, mg/g;  

 k1 is the velocity constant of pseudo-first order, 1/min. 

Equation (32) when integrating with boundary conditions from t = 0 to t = t 

and from Qt = 0 to Qt(ʝ) = Qt takes the following form: 

1
( ) t(e)ln( ) ln .

2.303
t e t

k
Q Q Q t- = - Ö    (L.58) 

Modeling of adsorption kinetics according to the pseudo-first order model is 

carried out by constructing a linear dependence ln(Qt(ʝ)Qt) = f(t). The tangent of 

the slope of the obtained straight line is used to calculate the rate constant of 

pseudo-first order, min-1: 
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1Ŭ
2.303

k
a tg= =-  Ÿ  1 2.303 Ŭ.k tg=- Ö   (L.59) 

Determine the value of equilibrium sorption capacity Qt(ʝ) (mg/g) using the 

value of b from the linear relationship ln(Qt(ʝ)Qt) = f(t): 

t(e)lnb Q=   Ÿ  t(e) .bQ e=    (L.60) 

Note the obtained results into Table L.15. 

Pseudo-second order model. The pseudo-second order velocity model is also 

used to describe sorption processes in aqueous solutions [35 37]: 

2t
2 t(e) t( ) ,

dQ
k Q Q

dt
= Ö -      (L.61) 

where Qt(e) and Qt are sorption capacities of dyes at equilibrium and at some point  

 in time t, mg/g;  

 k2 is the velocity constant of pseudo-second order, g/(mgĀmin). 

The integral form of the classical pseudo-second order velocity equation is 

as follows: 

t

2

2 t(e) t(e)

.
1

t
Q

t

k Q Q

=

+
Ö

     (L.62) 

This equation can be represented as: 

2

t 2 t(e) t(e)

1
.

t t

Q k Q Q
= +
Ö

     (L.63) 

Modeling of the adsorption kinetics using the pseudo-second order model is 

carried out as follows. Construct a linear dependence in the coordinates t/Qt=f(t). 

Tangent of the slope of the obtained straight line is used then to calculate the value 

of the equilibrium sorption capacity Qt(ʝ) (mg/g): 
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t(e)

1
Ŭa tg

Q
= =  Ÿ t(e)

1
.
Ŭ

Q
tg
=    (L.64) 

Calculate the rate constant using the value of b from linear relationship 

t/Qt=f(t): 

 2

2 t(e)

1
b

k Q
=
Ö

Ÿ 2 2

t(e)

1
.k

b Q
=
Ö

   (L.65) 

Note the obtained results into Table L.15: 

 

Table L.15. Parameters of kinetic models 

Sorbent 

Boyd-Adamson diffusion model 
Pseudo-first order 

model 

Pseudo-second order 

model 

-ln(1-F)=f(t) Bt=f(t) 
k1,1/min R2 

k2, 

g/(mgĀmin) 
R2 

R2 R2 D, cm2/s 

        

        

 

Determination of thermodynamic adsorption parameters 

Using the following equation, calculate the change in Gibbs free energy for 

the adsorption process at different temperatures [35 37]: 

ln ,G RT KD =-      (L.66) 

where  R is the gas constant, J/molĿK;  

 K is the equilibrium constant;  

 ʊ is the temperature, K.  

Calculate the value of the equilibrium constant: 

Be

Ae

,
C

K
C
=       (L.67) 

where CBe and CAe are the equilibrium concentrations of the polutant in adsorbent 

and in solution, respectively. 



213 

 

A change in the Gibbs free energy can be expressed by the values of 

enthalpy change (æHo) and entropy change (æHo): 

0 0.G ʅ ʊ SD =D - ÖD     (L.68) 

Combining equations (L.67) and (L.68) leads to the following expression: 

0 0

ln ,
S ʅ

K
R RT

D D
= -      (L.69) 

.y ax b= +       (L.70) 

Construct the dependencies of logarithm of the adsorption equilibrium 

constant on the inverse to temperature value lnK=f(1/ʊ). Use the tangent of the 

slope of the obtained straight line to calculate enthalpy change æHo: 

o

Ŭ
H

a tg
R

-D
= =  Ÿ 

o Ŭ.H R tg-D = Ö   (L.71) 

The entropy change æSo is calculated according to the formula: 

 

oS
b

R

D
=  Ÿ 

o .S b RD = Ö   (L.72) 

From the determined æHo and æSo, calculate the values of Gibbs free energy 

change at 293, 323, and 343 K. 

Note all the calculated values of thermodynamic parameters into Table L.16. 

 

Table L.16. Thermodynamic parameters of adsorption 

Sorbent Pollutant ʊ, K  ȹGo ȹHo ȹSo 

  293    

323    

343    

Sorbent ʊ, K  ȹGo ȹHo ȹSo 

 293    

323    

343    

 

Make conclusions about the experiment and the obtained results. 
































































