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Abstract 

Bolivia is a country with considerable quantities of non-metallic resources. Some important deposits 
of these resources are located in the high and cold Altiplano as well as in the tropical areas. These 
deposits are not being exploited industrially but both areas have production of some ceramics in a 
handmade and empiric way. The present study deals with the characterization and production of 
ceramics by using available Bolivian raw materials such as clays and diatomaceous earth. The study 
also investigates how the performance of the raw materials could be improved by addition of agro-
industrial residues produced locally, for example rice husks and ashes from Brazil nut shells and sugar 
cane bagasse. The aim of this study is to add values to these raw materials and residues for production 
of porous, lightweight ceramics with low thermal conductivity and high enough strength for building 
applications.  

Various characterization techniques were used to evaluate the quality of the raw materials and to 
characterize the obtained products, such as X-ray diffractometry, chemical analysis by ICP-SFMS, 
differential scanning calorimetry, thermogravimetry, dilatometry, mass spectrometry, SEM-EDS and 
N2-physisorption. Bulk density, open porosity, thermal conductivity and compressive strength 
properties were also evaluated on the sintered samples.  

The studied clays contain kaolinite, illite phases along with quartz and flux elements. Mullite is a 
crystalline phase that strengthens the ceramics and it was formed during heating. The clays differ in 
alkalis and Fe content and the conclusions are that clays with high amounts of alkalis and Fe can be 
used in the fabrication of dense products with low porosity and red tonality especially for bricks, roof- 
and floor tiles. The clay with relatively low Fe content can be used for the production of white 
ceramics such as sanitary ware and porcelain bodies. 

Diatomaceous earth raw material from Llica-Altiplano area was characterized and used to produce 
lightweight ceramics. The morphology of diatomaceous earth shows shapes of fossilized diatom shells 
with open micropores of less than 1μm. Diatomaceous earth consists of amorphous phase of SiO2 and 
some small amounts of impurities.  

The agro-industrial residues such as rice husk, Brazil nut shell ash and sugarcane bagasse ash were 
characterized using the techniques mentioned above. Rice husk is a source of silica where the large 
organic content gives porosity to the final product. The rice husk shows a total weight loss of 82.5 % 
due to the burnt off organic content up to 600 °C. Brazil nut shell ash (BNS ash) is a combustion 
residue rich in K and Ca which is an advantage as it can form low melting phases that bond the 
particles together. Sugar cane bagasse ash is another source of silica that when added to the clay will 
reduce shrinkage and improve the workability of the clay for example for extrusion processes.  

Lightweight ceramics were prepared by mixing diatomaceous earth with different amounts of BNS ash 
and sintering the samples at temperatures between 750-950 °C. The best combination of strength and 
thermal conductivity was achieved for a mixture of 10 wt% of BNS ash in the diatomaceous earth 
sintered at 850 °C. The achieved open porosity and density were 49 % and 1.06 g/cm3, respectively. 
Also this sample shows a thermal conductivity of 0.20 W/mK and compressive strength of 8.5 MPa, 
which is adequate strength that satisfies the regulations for building brick applications. 

Porous ceramics were prepared by mixing red clay, rice husk and BNS ash in different amounts and 
sintering at various temperatures between 950-1150 °C. The results show the beneficial effect of 
adding both BNS ash and rice husks to the clay based ceramic material as the resulting open porosity 
was as high as 40 % and the linear shrinkage only 1 % at 1150 °C for a sample with 20 % BNS ash 
and 10 % rice husks. The achieved thermal conductivity was 0.27 W/mK, bulk density 1.4 g/cm3 and 
compressive strength 7.6 MPa.  

Another study in this thesis deals with synthetic silica based ceramics. Mesoporous silica SBA-15 was 
synthesized and functionalized with organic functional groups for application as template for 
synthesizing nanoparticles. 
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1. Introduction  
 
 
The word ceramic is derived from the greek terms keramos, which means “potter’s clay” and 
keramikos which means “clay products”. Until the 1950s, the most important types of 
ceramics were the traditional clays, made into pottery, bricks, tiles etc. Ceramic artefacts play 
an important role in historical understanding of the technology and culture of the people who 
lived thousands of years ago (Singer and Singer, 1963). This chapter will give an introduction 
to ceramic materials as well as the aim and objectives of the project.  
 

1.1 Introduction to ceramic materials 

The subject of ceramics covers a wide range of materials. Ceramics are classified based on 
composition into silicates, oxides ceramics, non-oxide ceramics and glasses. Depending on 
the applications ceramics can also be classified into traditional ceramics and advanced 
ceramics. Traditional ceramics refer to those materials that have been developed since the 
earliest civilizations. Advanced ceramics has paid much more attention in the last 50 years. 
They include technical, special and structural engineering ceramics (Basu and Balani, 2011). 
 
Chemically, ceramics are inorganic and non-metallic compounds. Examples are silicates such 
as kaolinite (Al2Si2O5(OH)4), and mullite (3Al2O3·2SiO2), simple oxides such as alumina 
(Al2O3) and zirconia (ZrO2), complex oxides such as barium titanate (BaTiO3), etc. In 
addition, there are non-oxides including carbides such as silicon carbide (SiC) and boron 
carbide (B4C), nitrides such as silicon nitride (Si3N4) and aluminum nitride (AlN). Latest 
advancements are in the bio-ceramics with examples like dental implants and synthetic bones.  
 
Structurally, all ceramic materials are either crystalline or amorphous or a combination of 
both. Ceramic structures are generally more complex than those of most metals, because of 
their structures being composed of at least two or more elements, as described above. The 
atomic bonding in ceramic materials ranges from ionic to covalent. Generally, ceramics 
exhibit a combination of these two bonding types, the degree of ionic character being 
dependent on the electro negativities of the atoms. The bonding of atoms is much stronger in 
covalent and ionic bonding than in most metallic materials. The properties of the materials 
depend upon the types of atoms present, the types of bonding between the atoms, the number 
of bonds and the way the atoms are packed (Rahaman, 1995). Figure 1.1 shows a summary of 
some important properties of ceramics.  
 
Up to date, many studies on the morphological, physical and structural quality of ceramic 
products exist. However, few studies exist on the thermal conductivity which is another 
important property of ceramics (Gualtieri et al., 2010). 
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Fig. 1.1 Properties of ceramic materials. 
 
 
Urban buildings in equatorial and tropical countries are often subjected to constant solar 
radiation. Therefore, better indoor conditions of the houses should be pursued. It is known 
that the largest energy users in buildings are the heating and cooling systems. A significant 
portion of this energy goes toward replacing heat loss in winter through walls and, similarly, 
to remove heat gained in the summer time. The energy costs for cooling of buildings is 
typically three times higher than the energy cost for heating. Thus, thermophysical properties 
such as thermal conductivity of ceramics play a significant role in the quality of end-products 
(Orosa and Oliveira, 2009).  
 
In Bolivia, hollow and perforated clay bricks are widely used in building constructions due to 
their thermal properties. These bricks have better insulating properties than their solid 
counterparts due to air in the voids. In addition, hollow brick construction results in wall 
coverings with less mass, which is of benefit in seismic and structural safe designs (Bennett et 
al., 2007). Experimental work and monitoring of test wall structures have shown that hollow 
bricks save heating and cooling energy (Chiraratananon and Hien, 2011). However, the 
performance of the hollow bricks frequently does not conform to the requirements or the 
values required for high efficiency buildings. In this case, some alternative solutions are 
applied such as filling the enclosures with an insulation material such as fiberglass wool and 
perlite (Elias-Ozkan et al., 2006; Zukowski and Haese, 2010). Consequently, the demand for 
high insulation ability bricks is increasing in building constructions. Thermal conductivity is a 
decisive factor for thermal insulating material (Sabrah and Burham, 1981). The porosity in 
the ceramics is intrinsically related to thermal conductivity, i.e. porosity in the ceramics  
reduce the energy requirements by slowing unwanted loss of heat from the houses but also 
slowing unwanted heat coming through the walls from outside. One method of increasing the 
porosity in clay ceramics is the addition of combustible organic residues of pore-forming 
additives, such as for example paper processing residues and sawdust (Sutcu and Akkurt, 
2009). Several types of agricultural residues and ashes are also utilized and added to clay 
bricks (Demira et al., 2005; Görhan and Şimşek, 2013).  
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Inevitably, ceramic properties such as strength, water absorption, shrinkage, density and 
thermal properties are intrinsically correlated to the porous system. Therefore, all these 
properties have been well addressed in this work. Therefore, the production of porous 
ceramics with very low thermal conductivity is needed and they could serve as an alternative 
to those hollow bricks that are used normally in building constructions. 
 
The ceramic industry in Bolivia is mainly directed towards production of bricks, roof tiles and 
glazed tiles and has grown fast during the last 15 years. The brick production is now about 
645 million pieces per year (EELA, 2011). However, there is some lack of knowledge on the 
chemical and mineralogical features as well as of other technical aspects in the manufacturing 
of bricks in Bolivia. The characterization of new deposits of clays is important to promote the 
production of bricks of good quality in an efficient way. 
 

1.2 Aim of the project 

The aim of this work was to investigate the feasibility of Bolivian raw materials for 
production of bricks with improved thermal insulating properties.  
 

1.3 Objectives 

 Characterize available raw materials, residues and ashes from the agricultural industry 
in Bolivia.  

 Improve the thermal properties of Bolivian red clay by addition of agricultural 
residues and ashes. 

 Produce lightweight ceramics based on diatomaceous earth using Brazil nut shell ash 
as fluxing additive.  

 Produce porous clay based brick, by addition of both rice husk and Brazil nut shell 
ash. 

 Study the effects of sugarcane bagasse ash addition to red clay on microstructure, 
shrinkage, absorption and strength of the fired ceramic.  
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2. Silica Based Materials  
 
 
Many raw materials found in the Earth’s crust belong to silica based materials. Some silica 
based materials such as clays, feldspars, quartz and diatomaceous earth materials are 
presented in this chapter. Many of these silica based materials correspond to silicate minerals. 
The silicates are the most abundant class of rock-forming minerals. Silicates constitute 
approximately 90 % of the crust of the Earth. They are classified based on the structure of 
their silicate group which contain silicon and oxygen (Singer and Singer, 1963). In the next 
sections this classification will be described. 
 

2.1 Feldspars 
Feldspar is a group of anhydrous alumina silicate minerals called orthosilicates. These 
silicates are in general igneous rocks. Igneous rock was at one time molten and cooled to its 
present form. Some examples of igneous rocks are granites, feldspars, rhyolites, basalts, etc. 
The composition of feldspars can vary significantly, having different end-members such as K, 
Na and Ca. These feldspars are orthoclase (KAlSi3O8) albite (NaAlSi3O8) and anorthite 
(CaAl2Si2O8). Feldspar is often left unaltered in certain amounts during the formation of clay 
deposits (Bétard et al., 2009).  
 
Feldspars play an important role in ceramic materials, acting as fluxing agents to reduce the 
sintering temperatures of the clays. Potassium is a very powerful flux during firing and 
determines the fusibility of the feldspars and their ability to form eutectics with other 
components. The formation of eutectics makes it possible to reach a high densification of the 
ceramic materials even at low temperatures (Das and Dana, 2003; El-Maghraby et al., 2011).  
 
Feldspars are often used in formulations of porcelain pastes for production of stoneware tiles, 
tableware and sanitary ware bodies. The raw materials for the manufacture of such products 
are mixtures composed mainly of white kaolin, talc, feldspar and quartz. In fact, the large 
densification and high mechanical resistance showed by these ceramic materials after firing 
are due to the action of feldspars (Esposito et al., 2005). 
 

2.2 Clay minerals 
The term “clay mineral” refers to phyllosilicate minerals (particle size < 2μm), which impart 
plasticity when wet and harden upon drying and firing. Essentially, the clay minerals belong 
to a group of hydrous alumina silicates that are typically found in the clay fractions of 
sediments and soils. The nomenclature committee of the Association Internationale Pour 
l’Etude des Argiles (AIPEA, 1996) defined clay as any naturally occurring material that is 
composed primarily of fine-grained minerals consisting of phyllosilicates. In addition, the 
clays are sedimentary minerals that at one time consisted of particles deposited as sediment by 
water, wind or glaciers. Most of the clays are deposited at the bottom of lakes or seas 
(Guggenheim and Martin, 1995; Murray, 2000). 
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2.2.1 Chemistry and mineralogy 
Clay minerals consist of layers identified by a specific arrangement of sheets (Brindley et al., 
1951). One sheet comprises two planes of oxygen atoms arranged in tetrahedral coordination 
around Si atoms by sharing the basal oxygen between adjacent tetrahedral. The other sheet 
consists of OH groups ordered in octahedral coordination around centrally Al atoms, as 
illustrated in Figure 2.1.  
 
 

  
Fig. 2.1 Tetrahedral and octahedral layers as basic 
units of the clay minerals (Vogt and Vogt, 2003). 

 
The tetrahedral and octahedral layers of Si and Al are linked together in a planar arrangement of 
sheets. The clays can be formed by two layers, three layers, etc. Thus, the clays can be 
classified according to the number of layers. The corresponding classification of the most 
common clay minerals is listed in Table 2.1.  
 
Table 2.1 Classification of clays minerals. The layer type refers to the tetrahedral: octahedral sheet 
ratio (Mackenzie, 1959).  
 

Layer  
type 

Group Mineral species 

1:1 
 

2:1 
 

 

Kaolin-Serpentine 
 
Mica-Illite 
Smectite 
Chlorite 
Vermiculite 

- kaolinite, dickite, nacrite and halloysite. 
 
- muscovite, illite, glauconite, celadonite, paragonite. 
- montmorillonite, beidellite, nontronite. 
- clinochlore, chamosite, pennantite. 
- vermiculite.  

  
As shown in Table 2.1, the most basic arrangement is kaolin and serpentine. Kaolin is formed 
by two layers that comprise of one tetrahedral and one octahedral sheet in the unit cell. Illite-
mica, smectite, vermiculite and chlorite consist of three layers built up by one octahedral 
sheet sandwiched by two tetrahedral sheets in the unit cell (Murray, 2000), see Figure 2.2. 
 
Each clay mineral group can be identified by a characteristic arrangement of the sheets in 
layers. These layers are displaying very distinct basal spacing (d) for a specific clay mineral 
which can be identified by XRD. Figure 2.2 shows the clay structures of kaolin, mica-illite 
and montmorillonite which are described below.  
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a) 
 

 

 

b) 
 

 

c) 

 

Fig. 2.2 Most common clay structures: Kaolin 2 layer (1:1) type (a), illite 3 layer (2:1) type (b), and 
montmorillonite 3 layer (2:1) type (c). (Adapted from Grim R.E. 2006). 

2.2.2 Kaolin group 
Kaolin is an important raw material for the ceramic technology. It is predominantly used for 
the production of porcelain and refractory products. Beyond the ceramic applications, kaolin 
is utilized as filling agent to paper, plastics, rubber, cosmetics, etc. To the kaolin group belong 
the kaolinite, dickite, nacrite and serpentine minerals with two layer 1:1 type structure. 
Kaolinite (Al2Si2O5(OH)4) is the essential component of kaolin. Kaolins have one tetrahedral 
and one octahedral structure in the unit cell (Figure 2.2a), with no net negative charge on the 
composite layers and consequently no compensating interlayer cations or water layers in the 
structure (Bailey, 1963). Kaolinite with interlayer spacing of 7.2 Å is the principal clay of its 
group and it is the most common clay used commercially. Kaolinite can range from well 
crystallized varieties to poorly crystalline forms (Schwaighofer and Muller, 1987). 
 
The mined kaolinite is generally associated with the presence of various other minerals 
depending on the geological conditions under which the kaolinite was formed. These 
associated minerals can modify the physical and chemical properties of a kaolinite and affect 
its use as an industrial mineral. This type of clay mineral is generally found in tropical soils in 
areas with high rainfall (Milheiro et al., 2005). Moreover, kaolinite is known as the most 
refractory clay mineral for its high content of alumina (Al2O3) and low content of fluxing 
agents. The main product phase after firing of kaolin at high temperatures is mullite 
(3Al2O3·2SiO2) (Murray, 1991). 
 

2.2.3 Mica-illite group 
The name mica can refer to both mica and illite, depending on the potassium content, so the 
nomenclature can vary. Approximate formulae deduced for illite, can be written as 
K0.88Al2Si3.12Al0.88O10(OH)2·nH2O or (Si4)(AlMgFe)2.3O10(OH)2(K,H2O) (Brown, 1954; 
Mackenzie and Mitchell, 1966). Illite is a three layer 2:1 clay structure (Figure 2.2b). In the 
illite structure, the substitutions of Si4+ by Al3+ produce a net negative charge. So the 
potassium ion is the principal interlayer cation. Water may also be present in the interlayer 
sites to fill up empty spaces in the structure (Wilson, 1999). 
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There are many fields where illitic clays play an important role, for instance illite is one of the 
components of the red clays often used in the production of cooking pots, plates, tiles and 
bricks (Ferrari et al., 2006). 
 

2.2.4 Smectite group 
Smectites are three layer or 2:1 clay minerals, one octahedral sheet sandwiched in between 
two tetrahedral sheets, (Figure 2.2c). They have a charged layer, which is offset by hydrated 
interlayer cations, mainly Mg2+ and Na+. The hydration of the interlayer cations causes the 
interlayer crystalline swelling that characterizes the smectites, i.e. water is absorbed into the 
interlayer sites in the molecular sheets, well known as crystal water (Garrels, 1984). 
 
Montmorillonite is one of the most common of its group, with a nominal composition of   
(½Ca,Na)0.7(Al,Mg,Fe)4((Si,Al)8O20)(OH)4·xH2O where x is a variable depending on the level 
of water absorbed. Montmorillonite is a colloidal mineral of very high specific surface area 
and is a scavenger for cations. Because of that, montmorillonite clay has high cation exchange 
capacity, high porosity and high surface area. Chemical and structural analysis of some 
smectites revealed a montmorillonitic composition with iron and iron-rich smectites. Some 
other smectites are richer in Mg. Some of them contain Fe3+ and Mg2+ in the octahedral 
position, replacing Al atoms (Robertson, 1986). 
 

2.3 Firing transformations and phase evolution 

By heating, the clays undergo a series of chemical and physical changes that transform the 
layered mineral to a combination of crystalline mullite and an amorphous siliceous phase. 
This is conducted through intermediate phases, such as metakaolinite and spinel rich phases in 
amorphous silica. Three kinds of processes take place during heating of the clays, 
decomposition, phase transformations and sintering. The decomposition and phase 
transformations influence the evolution and intensity of the sintering process (Gastuche et al., 
1963; Mota et al., 2008). 
 

2.3.1 Metakaolinite and spinel phases 
Once the crystalline clay structures exceed their stability limits during firing, they partially 
decompose and simultaneously other phases are being formed. An overview of these 
transformations of kaolinite to spinel-amorphous silica (γ-Al2O3-rich silica) with an 
intermediate phase, namely metakaolinite, is given below:  
 
 
 
 

 
 
The thermal transformation of kaolinite to metakaolinite (dehydroxylation), as shown in 
Equation (2.1), can be divided into two steps. First, the structural water is removed and 
disruption of the kaolinite sheet structure (delamination) proceeds. The second step is mostly 
explained as a kinetically controlled recombination of alumina and silica to form an 
amorphous metakaolinite structure. Kinetic analysis showed that dehydroxylation of kaolinite 
is a third-order rate reaction (Ptacek et al., 2010).  

Al2O3·2SiO2·2H2O  Al2O3·2SiO2 + 2H2O                              (2.1) 
kaolinite  metakaolinite    

 
Al2O3·2SiO2  1/2(2Al2O3·3SiO2) + 1/2(SiO2)                              (2.2) 
metakaolinite  Spinel  amorphous  
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The dehydroxylation process takes place within a temperature interval from 400 to 700 °C. 
This is an endothermic reaction accompanied by weight loss. When the temperature increases 
to about 980 °C, metakaolinite undergoes a structural transformation, Equation (2.2). At this 
temperature, spinel and an amorphous phase is formed. This is an exothermic transformation 
without weight loss. The spinel phase is similar in structure to the cubic transitional alumina, 
γ-Al2O3, and the amorphous phase is mainly silica, but it also contains the impurities from the 
original clay. In addition, the spinel-silica crystallizes within metakaolinite, which has been 
reported at various temperatures between 900 and 980 ºC (McConville et al., 2005).     
 

2.3.2 Mullite phase 
When spinel-silica phase is heated to about 980 °C, a small fraction of mullite crystals start to 
form and then they continue to grow at further heating. Mullite growth is accompanied by the 
disappearance of spinel phase at a slow rate, see Equation (2.3). 
 
 
 
 
Mullite can be described as a solid solution between Al2O3 and SiO2, where the amount of 
Al2O3 can vary between 55 and 90 mol % depending on the manufacturing conditions (Lee et 
al., 2008). It can be described by the mole fraction according to the formula: Al4+2xSi2-2xO10-x 
where x is the number of oxygen vacancies. See the phase diagram of K2O·Al2O3·SiO2 
system, Figure 2.3. The crystal structure of mullite is orthorhombic. It consists of AlO6 
octahedral chains, parallel to the c-axis, which are cross-linked by the (Al,Si)O4 tetrahedral 
chains. Mullite itself is very stable at high temperatures, i.e. it has refractory properties, low 
thermal expansion coefficient, low thermal conductivity and a high melting temperature 
(Ghorbel et al., 2008).  
 
The two most stable mullite-type compositions were proposed as (3Al2O3·2SiO2) and 
(2Al2O3·SiO2) by Aramaki-Roy (1962) and Bowen-Grieg (1924), respectively. It is pointed 
out that 3:2 type mullite (3Al2O3·2SiO2) only forms directly by solid state reaction of oxide 
precursors while 2:1 type mullite (2Al2O3·SiO2) only forms at very high temperatures by sol-
gel processes. Moreover, mullite formed from kaolin clay alone is termed primary mullite (2:1 
type-mullite) whereas that formed from reaction with an alkali flux is termed secondary 
mullite (3:2 type-mullite) (Schneider et al., 1994).   
 
Lundin, (1954), recognized that mullite crystals have different morphologies. For instance, 
mullite formed in vitreous ceramics from the clays and their interactions with the other 
components of the microstructure have acicular morphology like needles, and it is believed to 
have an important positive effect on mechanical properties due to its interlocking in the 
ceramic matrix. The higher the mullite content and interlocking of the mullite needles, the 
higher is the strength. Hence the strength of the ceramic material depends on the factors that 
affect the amount and size of mullite needles, like the firing temperature and composition of 
alumina and silica in the raw materials. More alumina silicate liquids fluxed with alkali and 
iron oxides encourage the growth of mullite crystals (Lee et al., 2008).  
 
 

1/2(2Al2O3·3SiO2)  1/3(3Al2O3·2SiO2) + 5/6(SiO2)                           (2.3) 
 Spinel            Mullite  Amorphous  
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Fig. 2.3 Phase equilibrium diagram of the system K2O-Al2O3-SiO2  (Osborn and Muan, 1960).  

 
 

2.4 Accessory minerals 

The compositions of clay minerals are complex by nature and highly variable. In general the 
bulk of natural clay deposits can contain accessory minerals such as quartz, feldspars, calcites, 
sulphates, iron oxides, hydroxides, and some organic materials (Dondi, 1999). The variability 
in content of these accessory minerals has a significant effect on the manufacturing process 
and overall quality of the final product (Vieira et al., 2008). Some important accessory 
minerals are described below.  
 

2.4.1 Quartz 
Silica has three known crystalline modifications. At room temperature the stable form is 
quartz, between 870 and 1470 °C the stable form is tridymite, while from 1470 °C to the 
melting point, 1713 °C, cristobalite is stable. Quartz (SiO2) is frequently the major component 
mineral of sedimentary clays. Quartz is considered a non-plastic filler in the clays. It reduces 
both plasticity and drying contraction of clays. Moderate quantities of quartz are beneficial in 
clays, which would otherwise be too plastic and have a large drying shrinkage that is not 
desired in ceramic production (Singer and Singer, 1963). 
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Quartz exists in two forms, α and β quartz. The α-quartz is stable up to 573 °C and β-quartz 
above this temperature. The α↔β inversion is reversible. The conversion from α-quartz to β-
quartz is quick, and accompanied with expansion and slight energy absorption (endothermic 
transformation). The inversion from β-quartz to α-quartz that occurs at 573 °C during the 
cooling stage is accompanied with shrinkage. Thus, the ceramic materials containing quartz 
should be processed carefully at this inversion temperature (Heaney and Veblen, 1991). 
Quartz has a density about of 2.66 g/cm3 and a hardness of 7 on the Mohs scale.  
 

2.4.2 Carbonates and sulphates 
Carbonates in clay minerals may be present in various amounts due to differences in the 
geology formation. Calcite, CaCO3 and dolomite, CaCO3·MgCO3 are the predominant 
carbonate minerals found in clay minerals. Magnesium and calcium carbonates are insoluble 
salts and decomposes on heating, at 750 and 900 °C, respectively, giving off carbon dioxide 
as a gas leaving behind reactive oxides of MgO and CaO. Thus, the presence of CaCO3 in 
significant proportions in the clays may lead to the formation of undesirable phases such as 
gehlenite, anorthite and wollastonite after sintering, which impairs the mullite formation 
(Carretero et al., 2002). 
 
Red clays can be subdivided in terms of their carbonate content, from nil to low, medium or 
high. Red clays with low carbonate content are usually employed in roof and floor tiles, 
whereas red clays with a medium to high carbonate content are typically used in porous bricks 
and wall tiles. A low CaO content in the clays, less than about 6 wt%, is an indicative of non-
calcareous clays (Gonzalez et al., 1990). Sulphates may be present in clays. The most 
common sulphates are gypsum (CaSO4·2H2O), anhydrite (CaSO4), and barite (BaSO4) as 
insoluble salts. Other minerals such as pyrite (FeS2) and alunite (KAl3(SO4)2(OH)6) may also 
be present in the clay minerals. 
 
Some soluble sulphates may also be present in the clays such as sodium, potassium and 
magnesium sulphates. Soluble sulphates are salts that are very soluble in water and dissolves 
during the brick-forming. Soluble sulphates are the most common salts that generate 
unwanted efflorescence (salt deposits on the surface) on structural clay products. The 
sulphates are brought to the exposed surfaces during the drying process. During firing, the 
salts melt (above 982 °C), decompose or react with silicates to form a mineral phase on the 
exposed surfaces of clay products. Magnesium sulphate is very soluble in water and causes 
efflorescence if not destroyed during the firing process (Brownell, 1949). 
 

2.4.3 Iron minerals 
Iron is one of the common elements present in various mineral forms in clay materials. For 
instance as hematite (α-Fe2O3), goethite (α-FeO·OH) and limonite which is a mixture of iron 
oxides and hydroxides of a poorly crystalline nature or simply as Fe3+ ions in the clay 
structure. Since Fe3+ can partially substitute the Al3+ ions in the octahedral sites of the clay 
structure it usually occurs in illite structures (Stepkowska et al., 1992). Iron oxides are the 
principal colouring agents in clays. The hematite (Fe2O3) is formed during sintering in 
oxidising conditions from the reactions of the iron minerals present in the clays, which yields 
the characteristic red-colour to the ceramic materials. Colour is one of the most important 
aesthetic aspects for bricks attracting attention of the consumers (Valanciene et al., 2010).  
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2.5 Diatomaceous earth 

Diatomaceous earth is a naturally occurring porous material, also known as diatomite, which 
consists of fossilized skeletons of tiny aquatic unicellular plants called diatoms. These plants 
live in habitats where there is fresh or salty water. The skeletons take a variety of shapes such 
as spheres, disk, wheels, needles and ladders. Diatoms are extremely abundant and an 
inexpensive source of fine particles of amorphous silica. It contains silica within the range of 
75 to 94 wt% with impurities such as sand, clay, calcite and organic residues (Parkinson and 
Gordon, 1999). 
 
Diatomite has a capacity of absorbing water up to 2.5 to 3 times of its weight. Mohs hardness 
of natural diatomite ranges from 4.5 to 5, apparent density 0.32-0.64 g/cm3, specific surface 
area of 10-30 m2/g (Stoermer and Smol, 1999). 
 
Due to the porous and permeable structure of diatomite, its resistance to chemicals and large 
surface area make diatomite suitable for use as; a) filter aid and absorbents (Yang et al., 
2002), b) lightweight aggregates (unit weights between 0.95 to 1.2 g/cm3) incorporated into 
concrete primarily for heat insulation (Pimraksa and Chindaprasirt, 2009), c) pozzolanic 
additive to improve homogeneity and plasticity of concrete and mortars in cement production 
(Bülent and Nezahat, 2008), d) mild abrasive and filler in paints and insecticides. At present, 
at least 2 million tons per year of diatomaceous earth are mined worldwide (Coordinacion 
general de mineria, 2013). 
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3. Traditional Ceramics 
 
 
Traditional ceramics are still the major part of the ceramic industry. Traditional ceramics are 
mainly used in the manufacturing of clay-based products such as pottery, bricks, floor- and 
roof tiles, cookware, porcelain as well as sanitary ware. Refractories for high temperature 
applications such as lining material in furnaces and crucibles are also considered traditional 
ceramics. In this chapter the focus will be on brick ceramics for building applications.  
 

3.1 Brick ceramics 

Clays used to manufacture traditional ceramics are compounds of alumina and silica with 
different amounts of accessory minerals. Accessory minerals could contain elements such as 
K, Na, Ca and Mg that act as fluxing during sintering. Iron minerals additions influence the 
colour of clay based products (Alizadeh et al., 2004). According to the Brick Industry 
Association (BIA), clay brick has been used as an essential building material for centuries. A 
clay brick is defined by ASTM C652 (1992), as a burnt masonry unit made basically from 
clay or shale, i.e. with or without an admixture of other materials. It is produced by moulding 
or extrusion into rectangular form, hardened by firing, with or without perforations or 
cavities.  
 
Most bricks produced today are typical solid bricks, perforated bricks and hollow bricks, as 
illustrated in Figure 3.1. 

 

 

 

 

 

 

Fig. 3.1 Typical solid brick (ASTM C216) (a), perforated brick (b), hollow 
brick (ASTM C652) (c). 

 
As seen in Figure 3.1, the perforated and the hollow brick are variations of a solid brick. The 
introduction of such holes reduces the volume of clay needed, and hence the cost. Hollow 
bricks are lighter and easier to handle, and have different thermal properties compared with 
solid bricks. The National Brick Research Centre shows that the thermal resistance is almost 
twice as high of a brick with 33 % void space compared to a solid brick. The hollow bricks 
have better insulating properties than their solid counterparts due to air in the voids. In 
addition, by making holes in the solid brick the weight of the brick is reduced. Hollow bricks 
weigh about 40 % of the unit weight of typical solid bricks. 
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3.2 Brick ceramic fabrication 
For manufacturing of ceramic materials there is an important relationship between the 
properties, microstructure and chemical composition of the materials. These aspects must be 
considered at the time of designing materials in order to obtain products with desired 
characteristics.  
 
As seen in the Figure 3.2, the process for a particular product is based on the material, shape 
complexity of the product, property requirements and cost. In fact, knowledge about 
mineralogy and chemistry of the individual clay minerals, feldspars, sand, etc. is required to 
be able to understand their behaviour during the fabrication process which will dictate the 
final properties and applications. 
 

Chemical  and 
Mineralogical Composition

Microstructure Properties

Ceramic 
Fabrication Intrinsic

 
 

Fig. 3.2 The important relationship in ceramic fabrication. 
 
At ancient times bricks were made from sun-dried mud. However, some thousand years ago 
they started to be made of fire-burnt clay. The introduction of a firing process gave the bricks 
increased strength and durability. Nowadays, the methods for clay brick manufacturing have 
developed from simple hand moulding and relatively crude firing to automated production. 
Even though the process of brick making has been improved through technological advances, 
the basic theory of hard-burned brick manufacturing has remained virtually unchanged.  
 
Four main production steps have been observed from the clay brick manufacturers; first 
obtaining and preparing the raw materials (mining, crushing, milling, grinding and mixing) 
followed by shaping, drying and firing of the brick. The steps in the manufacturing process of 
clay bricks are illustrated in Figure 3.3.  
 

 
 

Fig. 3.3 Schematic representation of the clay brick manufacturing process (Perold, 2006). 
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3.2.1 Obtaining and preparing the material 
The first step in the manufacturing process is mining, which is the process of obtaining the 
raw clays from surface pits or underground mines. After the raw materials have been 
extracted, they are crushed to break up large chunks, screened to remove (stones and 
organics), then pulverized with grinding wheels.  
 
Usually, clay brick manufacturers often combine a number of raw materials with unique 
chemical and physical properties, from one or more different natural clay deposits, to form a 
clay brick with specific, predetermined, quality parameters. The clays are also combined to 
increase the uniformity and to allow more control of the raw material’s suitability for specific 
end product requirements. For example, the clays used to produce solid and hollow bricks 
must have enough plasticity to be shaped and moulded when wet as well as adequate tensile 
strength to retain the shape until firing.  
 
Before shaping the clays are screened and blended with water, in an operation called 
tempering which produces a plastic, relatively homogeneous mass ready for moulding. The 
clays are screened to control particle sizes going to the pug mills. Pug mills are large mixing 
chambers where the clays are blended with water. Water content is controlled and the material 
going on to the shaping process may have moisture contents varying from 10 to 30 wt%, 
depending on the different type of forming methods used (Schmidt, 1975).  
 

3.2.2 Shaping-forming 
The shaping method used depends upon the type of raw material and in particular upon water 
content and type of brick required. The bricks can be moulded by hand, but the two most 
common methods at industrial scale are extrusion and semi-dry pressing. 
 
The extrusion process is the most modern process and it accounts for production of all 
structural hollow and most solid brick units. The clay is mixed with approximately 10 to 15 
wt% water and extruded through dies. The extrusion column ensures correct width, and height 
of the finished bricks. After extrusion the material is cut with wires to obtain the right brick 
length. The bricks are then sorted in a continuous-belt conveyor, with acceptable bricks being 
placed on dryer carts and bricks with defects being returned to the pug mill (Acosta et al., 
2002).  
 
Pressing is one of the simplest method of powder processing for development of ceramic 
based products. A wide range of traditional ceramic based products are processed by this 
method, including floor-, roof- and wall tiles. The semi-dry pressing process is utilized for 
low-plasticity clays, Figure 3.4.  
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig. 3.4 Semi-dry pressing technique. 
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In this process the powder contains small amounts of water (less than 7 wt%) and it is 
compacted under pressure ranging from 3.5 to 20 MPa. The advantages associated with semi-
dry pressing technique are high production rate, short drying time and close dimensional 
tolerances. However, the disadvantages of this process include some non-uniformity in 
density of the green body (Carretero et al., 2002). 

3.2.3 Drying 
The wet bricks coming from the shape forming operation normally have moisture contents 
ranging from 5 to 20 wt%. This water is removed in dryers at temperatures ranging from 40 to 
150 °C over a period of one to two days. The drying process is carried out in a series of 
chambers (intermittent dryers) or tunnels (continues dryers) in which the temperature and 
humidity of the air is regulated to control the shrinkage which take place during drying 
(Milheiro et al., 2005). Most dryers recycle the hot air from the cooling zones of the sintering 
kilns. 

3.2.4 Firing 
Firing leads to a number of chemical reactions and physical changes in the clays. Phase 
evolution during firing is described in section 2.3. The burning of the bricks is a critical stage 
in the production process. Firing temperature and type of atmosphere will determine the 
ceramic properties, such as strength, porosity, size and colour of the final product. There are 
different types of kilns which are used for firing bricks. Tunnel and continuous kilns are more 
recent innovations and their use is increasing in brick manufacturing. The cooling of the clay 
bricks normally requires 2 to 3 days in a continuous kiln and no more than 2 days in a tunnel 
kiln (Rahaman, 1995). However, the rate of cooling will affect colour and strength of the 
ceramic. After cooling, the bricks are removed from the kilns, sorted, graded, and prepared for 
direct shipping or storage. 
 
During the firing step, sintering of the material will take place. Two different sintering 
mechanisms are most common in this type of brick manufacturing, namely solid-state and 
liquid-state sintering. At lower temperatures solid-state mechanisms take place which 
involves material transport by atom diffusion, i.e. the pores between the particles will be 
removed, leading to shrinkage of the ceramic material. At temperatures where liquid phase 
starts to form, sintering is also governed by viscous flow mechanisms with higher influence 
on the densification of the green body than in solid-state sintering (Randall, 1996). Most 
commercial ceramics are densified with a liquid phase present. Thus the presence of low-
melting components is very important. The diffusion of atoms in liquid-stat sintering is about 
100 times faster than solid-state diffusion. The amount of shrinkage is dependent on the type 
of clay involved. It also depends on the characteristics of the clay such as particle size, and on 
how many and what types of secondary components that is present in the clays. This means 
that highly plastic clays have a very fine particle size and will shrink more, while clays with 
large particles will shrink less, as well as clays containing non-plastic components such as silt 
or sand (Jordán et al., 1999). The density increases with the firing temperature up to a 
maximum, where there is enough liquid phase to block the open porosity. The density 
decreases as the temperature is increased further, and this is due to the so called bloating 
phenomenon often occurring on extended heating of the ceramic body (Wattanasiriwech et 
al., 2009). 
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3.3 Properties of bricks ceramics 

The properties of ceramic bricks depend upon the types of raw materials used, method of 
manufacture and degree of sintering, as indicated earlier in Figure 3.2. Some of the properties 
of fired bricks such as strength, thermal conductivity, porosity and water absorption will be 
described in this chapter.  
 

3.3.1 Strength 
The strength of the ceramic product is one of the governing properties for selecting specific 
application areas. The strength depends on the size and shape of the object as well as on the 
material of which it is made. Brick ceramics must resist loading which is normally expressed 
as the stress on the component. Stress is force per unit area over which the force acts and is 
expressed as:  
 

 = F/A                                                                    (3.1) 
 
where  is the stress (Pa), F is the applied load (N), and A is the cross-sectional area (m2).  
 
Brick materials are normally designed to withstand compressive loading, as they are 
intrinsically weak in tension or bending due to the heterogeneity of the microstructure and 
amount of internal defects and pores. The strength of a brick material is therefore in technical 
terms equal to the stress that the material can resist in compression. Strength has the same 
units as stress (Pa). The useful strength of a material is equal to the stress at failure, see 
Equation 3.1. The material may fail by breaking or by excessive deformation. Deformation 
means a change in the outside dimensions of an object caused by a force. The compressive 
strength of building bricks varies based upon the clay source, method of manufacture and 
degree of burning. Higher degrees of burning will yield higher compressive strengths 
(Escalera et al, 2014). 
 
Brick ceramics, concrete and rocks have a brittle fracture in compression. A brittle material 
breaks with very little deformation and it appears to fail suddenly because there is no 
noticeable deformation to serve as a warning of a coming fracture. Moreover, material such as 
granite (igneous rock) shows that most of the cracks are initiating at the grain boundaries. 
More specifically those grain boundaries that separate quartz grains are extra prone to crack 
initiation (Steinbrech, 1992). 
 

3.3.2 Thermal conductivity 
The thermal conductivity is the rate of heat flow through a material. In steady state, i.e. when 
the temperature at any point in the material is constant with time, the thermal conductivity is 
the parameter which controls heat transfer by conduction. The rate of heat flow, q, is given by 
Fourier’s law: 
 

q = - λA (∂θ/∂x)                                                    (3.2) 
 
where λ is the thermal conductivity, A is the area of the test piece normal to the heat flow, and 
(∂θ/∂x) is the temperature gradient. 
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The thermal conductivity depends on the material through which the heat passes. Thermal 
conductivity of most traditional ceramics is low. Materials with a very low thermal 
conductivity are called insulation materials. The thermal conductivity of insulating materials 
varies with density, porosity and temperature (Gualtieri et al., 2010). In general, porous 
materials have low thermal conductivity and therefore serve as insulation materials. Thus, 
closed and small air spaces in a material are effective in reducing the thermal conductivity as 
the thermal conductivity in gases is much lower than in solid materials. Examples of 
insulation materials can be thin fibres, small particles, or porous material (Rhee, 1975). 
 

3.3.3 Water absorption and porosity 
The water absorption by bricks is dependent upon the clays, the manufacturing process, and 
degree of firing. Plastic clays and higher degree of burning generally produce brick ceramics 
with low water absorption capability.  
 
Absorption of water has a great influence upon bond strength between the brick and the used 
mortar. When a brick is laid on a bed of mortar, water is absorbed into the brick’s surface. If 
the brick is highly absorptive, this process will leave a dry bed of mortar which will not 
develop adequate bond between the brick units. If the brick has very low water absorption, the 
water will allow the brick to float on the mortar and squeeze out water. When the mortar set, 
inadequate bond strengths will result between brick and mortar (Bennett et al., 2007). Brick 
having absorption rates in excess of the limit (ASTM C20-00) should be sprayed with water 
prior to use. Absorption is closely related to porosity of a ceramic material. The porosity of a 
material is determined by the total pore volume divided with the total volume of the material 
and it is often expressed as percentage. The pores in the material influence the macroscopic 
properties such as bulk density, mechanical strength and thermal conductivity (Cultrone et al., 
2004). 
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4. Porous Materials 
 
 
This chapter describes the properties and characteristic of porous ceramics materials. 
Synthesis of mesoporous silica SBA-15 and processing of macroporous ceramics and some 
applications are also given.  
 
Porous ceramics are of particular useful because of their interesting structural and functional 
properties. In the last decades an increasing number of applications that require porous 
ceramics have emerged. Porous materials are defined as solids containing voids, channels or 
interstices. Porous materials are commonly classified into three groups depending on their 
pore diameter. According to the IUPAC classification they are micro-porous (< 2 nm), 
mesoporous (2-50 nm) and macroporous (> 50 nm). 
 

4.1 Mesoporous silica 

Mesoporous silica is one of the most investigated inorganic mesoporous material due to its 
regular array of uniform pores with narrow pore size distribution, high surface area and large 
pore volumes. Therefore, these materials have a wide range of in industrial applications.  
 
Several families of mesoporous silica exist that can readily be synthesized under a wide range 
of pH from acidic to basic conditions. They are normally synthesized by using cationic, 
anionic and neutral surfactants as well as a variety of commercially available copolymers 
(Muth et al., 2001). The so called MCM (Mobil Composition of Matter) and SBA (Santa 
Barbara Amorphous) mesoporous silica are the most common families. Figure 4.1, shows the 
structures of mesoporous silica. Mesoporous silica MCM-41 and SBA-15 has a highly 
ordered hexagonal channel array with a very narrow pore size distribution, Figure 4.1a (Beck 
et al., 1992). MCM-48 and SBA-16 has a three-dimensional cubic ordered structure, Figure 
4.1b.  MCM-50 is lamellar and has a layered porous structure, Figure 4.1c (Kresge et al., 
1992). 
 
 
 
 
 
 
 
 
 

4.1.1 Synthesis of mesoporous silica SBA-15 
Mesoporous silica SBA was discovered by Zhao et al., (1998) and first synthesized using tri-
block copolymers as surfactants. Since then, a variety of mesoporous SBA have been 
synthesized, such as SBA-15 and SBA-16.  

   
a) Hexagonal b) Cubic c) Lamellar 

Fig. 4.1 Structures of mesoporous silica materials. 
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The synthesis of mesoporous silica SBA-15 involves three steps. i) Formation of the 
mesoporous structure. ii) Hydrothermal treatment by heating. iii) Removal of surfactants from 
the mesoporous silica (Sayari et al., 2004). 
 
i)Formation 
The micelle formation begins when the surfactant is dispersed in an aqueous solution due to 
the interactions between them. The micelles consist of a hydrophobic (PO – propylene oxide) 
core surrounded by hydrophilic (EO – ethylene oxide) chains which form a corona around the 
core (see Figure 4.2a and b).  
 

 
The formation of micelles is determined by the nature of the surfactant and conditions in the 
solution such as concentration of surfactants and temperature of the solution. When the silica 
precursor (TEOS) is added to the solution containing micelles, it hydrolyses and the silica 
network is formed. The transition from micelles to gel is gradually making the micelles 
become elongated, and this is known as polymerization of the silica, i.e. the polymerization is 
simultaneous to the elongation of the micelles, see Figure 4.2c (Fröba et al., 2006).  

ii) Hydrothermal treatment  
The hydrothermal treatment is a good way of tuning the properties in terms of pore size, 
micropore volume and surface area of the synthesized mesoporous silica. These properties are 
dependent of time and temperature of the hydrothermal treatment.  
 

a) 
Surfactant: P123 

       EO          PO         EO 
 
 
 

Silicon source: TEOS 

b) 
 
poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) 
 

 

c) 
 

Fig. 4.2 Surfactant P123 and the silica precursor TEOS (a), micelle formation showing 
hydrophobic core (PO) and hydrophilic corona (EO) (b), and formation of mesoporous silica by 

surfactans (c). 
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In addition, the hydrothermal treatment decreases the shrinkage of the silica walls upon 
calcination. This is an advantage in order to get large pores for determined applications such 
as functionalization and metal ions incorporation into the formed channels (Liu et al., 2008).   

iii) Removal of surfactants 
Surfactants are often removed by calcination, but there are alternatives such as chemical 
removal or decomposition by microwave activation and digestion using acids (Gallis et al., 
2001). Typically, the calcination is carried out in oxidizing conditions. The removal of 
surfactants by calcination produces mesoporous silica with narrow pore size distributions and 
highly ordered structures. The surfactants can also be removed by wet chemical oxidation 
using hydrogen peroxide, sulphuric acid, hydrochloric acid or perchlorates under acidic 
conditions or combinations of hydrochloric acid and ethanol (Cai and Zhao, 2009). 
 

4.1.2 Uses and applications 
Mesoporous silica has a wide range of applications due to the unique characteristics of these 
materials, as described above. Also, the surface properties of mesoporous silica can be finely 
tuned by changing the organic groups on the surface making them suitable material for 
specific applications (Aguado et al., 2009). Since the discovery of mesoporous silica there has 
been an increasing interest in the tailoring of this material for many applications such as 
filters, molecular sieves for adsorption and separation of biomolecules, meso-reactors for 
catalysis, drug delivery systems (Song et al., 2005) and electrodes in solid-state ionic devices 
(Ishizaki et al., 1998).  
 
In particular, the application of mesoporous silica SBA-15 has been extended for use as hard 
templates for synthesis of metal and oxide nanoparticles (Escalera et al., 2012; Yang and 
Zhao, 2005), nanowires, nanorods, as well as in biochemical applications such as drug 
delivery system (Giri et al., 2007). 
 

4.2 Macroporous ceramics 

Porous materials are usually understood as materials with porosity over 30 %. Porous 
materials with pore diameters size > 50 nm are related to macroporous materials. 
Macroporous materials have attracted a great deal of attention in the last decades, and there is 
an increasing demand of new kinds of materials with a wide range of technical and 
engineering applications. Thus, to satisfy demands of the industrial market many macroporous 
materials are produced such as porous alumina, zirconia and mullite ceramics. 
 

4.2.1 Properties and applications 
Compared with their dense counterparts, macroporous ceramics have enhanced properties for 
specific applications due to their structures and unique characteristics. Macroporous ceramics 
exhibit a rather special combination of properties, such as low thermal conductivity, low 
specific heat capacity, low dielectric constant, low density, high thermal shock resistance, 
high wear resistance, high specific strength, high permeability for gases and liquids and high 
accessible surface area in case of open pores.  
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Macroporous ceramics are effectively used for industrial and environmental applications. 
Especially, ceramics with interconnected and open pore channels attract a great deal of 
attention because they have high gas permeability and a large specific surface area and are 
suitable for adsorption, filters, catalysis, etc. Porous ceramics that contain combined closed 
and open pores are used for thermal insulation of buildings and kilns as well as for sound 
insulation (Schneider et al., 1994).  

4.2.2 Processing routes 
Various processing routes are available for the preparation of macroporous ceramics. Figure 
4.3 shows a scheme of processing routes that basically comprises of sacrificial template, 
replica, and direct foaming techniques (Studart et al., 2006). 
 

 
Fig. 4.3 Scheme of processing routes for making macroporous ceramic materials.  

 
In the sacrificial template method, a templating material is initially distributed in a continuous 
matrix of a ceramic phase resulting in a porous material after removal. The dominating 
templating materials are organic materials such as polymers and freeze-dried liquids. The 
size, shape and arrangement of the templating material offer significantly versatility to 
independently tailor the porosity, pore size distribution and pore morphology.    
 
In the replica method an organic substrate, e.g. polymer foam, is impregnated with ceramic 
slurry. The excess slurry is removed to leave a thin ceramic coating on the surface of the 
substrate. After drying, the organic substrate must be removed preferably at slow heating rates 
to allow a gradual decomposition of the polymeric material. After removal of the polymer 
foam, hollow cavities remain in the ceramic walls (struts) separating the pores. The method 
only yields open porosity with connected pores. These porous ceramics with high open 
porosity normally have a large available surface area as compared to materials with no or 
closed porosity (Rouquerol et al., 1994). 
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The direct foaming technique relies on the use of surfactants to stabilize the foam generated 
by mechanical frothing or bubbling of a gas through a suspension. After that the porous 
structure is consolidated by polymerization. The porosity created by this technique is 
generally less open resulting in lower permeability and higher strength. The mechanical 
strength of porous ceramics is closely related to the pore morphology and skeleton structure 
which are mainly determined by the processing technique applied. Therefore, the relationship 
between the porous structure and the mechanical behaviour must be well understood in 
designing novel pore microstructures with desirable strength.  
 
Apart from the above described methods, novel methods were developed to produce 
macroporous ceramics such as porous alumina materials by combining sacrificial templating 
with thermally expandable polymeric microspheres and gel-casting of an alumina suspension. 
Porous mullite ceramics using a freeze gel casting route combined with polymer sponge (Lee 
et al., 2013), or even more complex three dimensional macroporous ceramics can be produced 
by rapid prototyping techniques, such as direct writing (Lewis and Gratson, 2004). 
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5. Materials and Processing 
 
 
This chapter gives an introduction to the raw materials used in this study and explains the 
different steps in the preparation of samples.  

5.1 Materials in this study 
The materials used in this study are, two different clays, diatomaceous earth, agricultural 
residues and ashes, all obtained from Bolivia.  

5.1.1 Clays 
Bolivia is a country that exhibits a great variety of terrains and climates; cold weather in high 
lands and tropical climate in low lands of the Amazonas region. The clays are distributed all 
over the country. The clay minerals in this study were taken from deposits of the tropical 
region of Cochabamba-Bolivia. The tropical region, Chapare, hosts the largest deposits of 
clays found in Bolivia, where the clay areas cover several hundred square kilometres. In this 
study two main deposits were characterized; clays from Ivirgarzama (IC) and clays from 
Entre Rios (EC). Ivirgarzama and Entre Rios are located 220 and 265 km east from the city of 
Cochabamba, respectively. The coordinates and locations within Bolivia of the two main 
deposits are given in Figure 5.1. 
 

 
                           IC: Lat.    17° 1´ 18.´´ S        EC: Lat.  17° 9´ 42´´ S          DE: Lat. 17° 9´ 42´´ S 
                                 Long. 64° 57´ 07´´ W             Long. 64° 30´ 10´´ W             Long. 64° 30´ 10´´ W 
 

Fig. 5.1 Location map of the clay deposits in the tropical region of Cochabamba (IC and EC) and 
diatomaceous earth (DE) in high lands-altiplano, Bolivia (Google earth, 2014). 
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The IC clay deposits are located in small hills around the Ivirgarzama area, and the EC clay 
deposits are found on the soils of the Entre Rios zone and its surroundings areas. The EC clay 
has traditionally been used in small scale to manufacture solid bricks locally, by small groups 
of families (Figure 5.2). These bricks are often poorly manufactured leading to low 
mechanical strength and durability.  
 
 

  
 

Fig. 5.2 Deposits of clays of Ivirgarzama (IC) and Entre Rios (EC) from the tropical 
region of Cochabamba-Bolivia. 

 

5.1.2 Diatomaceous earth  
The diatomaceous earth used for this study was obtained from the Murmutani zone, near Llica 
in Potosi-Bolivia, see Fig. 5.1. The diatomaceous earth deposits are located near the world's 
largest salt flat of 10 582 km2, named "Salar Uyuni". The diatomaceous earth contains about 9 
wt% NaCl, identified by chemical analysis. The halite phase (NaCl) was also identified by 
XRD. 
 
Several other deposits of diatomaceous earth exist in Bolivia, for example from Charaña 
municipality located in the west part from city of La Paz. The diatomaceous earth is a soft 
sedimentary rock-like (Figure 5.3a) source of amorphous silica that can easily be crumbled 
into a fine powder (Figure 5.3b). An SEM image of the diatomaceous powder shows several 
different skeleton shapes like needles, disk, etc., (Figure 5.3c). 
 
 

   
 

Fig. 5.3 Crushed diatomaceous earth lumps (a), diatomaceous earth powder (b), and SEM images 
showing the microstructure of skeletons from fossilized diatoms (c). 
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5.1.3 Agricultural residues and ashes 
In Bolivia, large amounts of agricultural residues and ashes are generated as by-products in 
food industries. In some industries, these agricultural residues are used to generate heat and 
electricity by direct combustion. Thus, several different types of ashes are generated from 
these agricultural residues. In addition, it is observed that these residues generate pollution 
and particulate matter in the environment causing severe health problems for the local 
residents. Therefore, the reuse of these residues and ashes in different industry field has 
become common. For instance the interest in using these residues in the ceramic field has 
expanded rapidly. In some cases, the incorporation of residues and ashes change the ceramic 
properties of the products, which is important to consider depending on the requirements for 
different applications. 
 
Rice husk (RH)  
Rice husk is an agricultural by-product of the rice milling process. The rice in Bolivia was 
first cultivated in 1957 for Japanese immigrants. Nowadays in Bolivia, more than 375 000 ha 
are harvested per year and produces between 350 000 and 400 000 tonnes of rice per year. 
Every year the rice production increases because of better planting seeds, irrigation and better 
harvesting equipment. The annual consumption of grain in Bolivia is more than 370 000 tons 
(FENCA, 2013). After harvesting, the rice grains are transported to the rice mill where the 
process of industrialization is carried out. This process generates large quantities of rice husk. 
At present, some amounts of rice husk are used as fertilizers and fuel in Bolivia. 
 
Rice husk is a cellulose-based fibre (Figure 5.4a) that contains nearly 20 wt% silica in 
amorphous form. Combustion of rice husk produces ash which is a potential source of 
amorphous reactive silica. Rice husk is commonly used in the clay ceramics as pore former 
and it can be added up to maximum 20 wt%. In most cases the rice husk is first milled before 
they can be mixed with the clays. 
  
 

 
 

Fig. 5.4 Rice husk as collected (a), milled rice husk (b), and rice husk ash burned at 950 °C (c). 

 
Brazil nut shell ash (BNS ash) 
The BNS ash was provided by a processing factory of nuts “Tahuamanu” in Cobija-
Department, located in the north part of Bolivia. Brazil nut based industry is an emerging 
important business in South America, mostly in the region of Amazonian States of Brazil, 
Bolivia, Colombia Ecuador, Peru and Venezuela. The production of Brazil nuts (with shells) 
was estimated to be around 85 600 tons in South-America (FAOSTAT, 2010). Large amounts 
of residues are generated during the shelling of the nuts (Figure 5.5a).  
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The main constituents of Brazil nut shells are lignin, cellulose and hemicellulose components, 
and the combustion of nut shells generates about 3 wt% of ash (Cardozo et al., 2014).  
 
 

  
 

Fig. 5.5 Brazil nut shells (a), Brazil nut shell ash (b), and microstructure showing the size and shape of 
the Brazil nut shell ash (c). 

 
Sugar cane bagasse ash (SCB ash)    
The Santa Cruz region of Bolivia has an extension of sugarcane plantations of about 132 000 
ha. In 2012 more than 6.45 million tons of sugarcane were generated in this region for the 
production of sugar (22 vol %) and alcohol (78 vol %) (CAO, 2013). As a result of this 
industrial process considerable volumes of bagasse wastes are generated in this region. Figure 
5.6 show sugarcane bagasse and ash. The sugarcane bagasse ash in this study was collected 
from boilers (bottom ash) at a sugar processing plant (Guabirá) in Santa Cruz-Bolivia. The 
ash resulting from the burning of sugarcane bagasse is a by-product from the sugar mill and 
the alcohol industry. Sugarcane bagasse is mainly used as fuel, i.e. as an alternative energy 
form for supplying the energy needs of these industries. However, some of the produced 
sugarcane bagasse ash from the agricultural sector in Bolivia is still buried or scattered on the 
ground in the planting area. According to today’s environmental regulations, that is not a 
suitable disposition of these ashes. The possibility to recycle sugarcane bagasse ash in red 
clay ceramic production is nowadays an advantageous reality in environmental protections 
and in saving raw materials as well (Teixeira et al., 2010). 
 
Sugarcane bagasse generates about 3 wt% of ash after burning, the rest being exhaust gases, 
mainly CO2 and water vapour. The resulting ash is characterized as a fine particulate powder, 
which is rich in silica. The ash also contains other elements as minor components (Souza et 
al., 2011). The components can vary depending on the soil where the sugarcane is grown 
(Faria et al., 2012). 
 
 

 

                                      

    
 

Fig. 5.6 Sugarcane bagasse (a), sugarcane bagasse ash (b), and SEM micrograph showing the size 
and shape of the particles from sugarcane bagasse ash (c). 
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5.2 Preparation of materials 

First the powder material was prepared and then samples were compacted and sintered. A 
flowchart of the preparation steps is shown in Figure 5.7. 
 

5.2.1 Preparation of the powders 
When the materials were collected, they were initially subjected to pre-treatment steps such as 
crushing, milling and sieving to obtain a desired powder for the characterization. The different 
materials were prepared in powder form separately, prior to characterization.  
 

5.2.2 Preparation of compacts and sintering 
The green compacts of different mixtures were commonly prepared by mixing different 
proportions of the powders, according to the experimental part described in the appended 
Papers, II-IV of this thesis. The mixing of the powders was carried out using a ball mill with 
alumina balls for 30 min. The compaction of the samples was performed by semi-dry pressing 
technique. More details concerning the applied force for the compaction, moisture content and 
the size of the compacts are given in the experimental part of the Papers I-IV. The drying of 
the final compacted samples was performed at 110 °C for 12 h. 
 
The sintering step was performed in a tube furnace (Nabertherm GmbH, type S) at different 
temperatures as indicated in the experimental part of each Paper, I-IV. The sintered compacts 
were used for the characterization of the microstructure, phase compositions and thermal 
conductivity. It was also used for evaluation of bulk density, open porosity, water absorption 
and compressive strength. The experimental characterization is described in the chapter 6.  
 
 

Powders of 
Clays, DE

Powders of BNS ash, 
SCB ash, RH

Characterization
(XRD, SEM, Thermal 

conductivity)

Mixing

Pressing

Physical and 
mechanical properties

Drying

Sintering

Clays, DE BNS and SCB ashes

Crushing

Characterization
(XRD, DSC-TG, DIL, SEM, 

Particle size analysis, etc.)

Milling

Sieving

Powder samples

RH

b) Processing of ceramicsa) Preparation of powder samples

 
 
Fig. 5.7 Flowchart for the preparation of powders from raw materials (a), and processing of ceramics 

from powder materials (b). 
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6. Characterization Techniques 
 
 
This chapter describes the experimental methods used in the present study. Detailed 
information is also provided in the appended papers I-V. 
 

6.1 Chemical and mineralogical characterization 

6.1.1 Chemical analysis 
The chemical analyses of raw materials used in this work (clays, diatomaceous earth, Brazil 
nut shell ash, rice husk and sugar cane bagasse ash) were carried out by a certified analytic 
laboratory (ALS Scandinavia, Sweden). The analyses were performed by Inductively Couple 
Plasma-Sector Field Mass Spectrometry (ICP-SFMS). The chemical composition results were 
expressed in oxide forms which is a common form used in the ceramic industry. 
 

6.1.2 X-ray diffractometry 
The X-ray powder diffractometry provides direct information on the mineralogical 
composition of the materials, as each crystalline compound produces a unique diffraction 
pattern. The diffraction pattern is characteristic for each chemical substance, and its crystal 
structure is represented in the position and the intensity of the reflections. In the search/match 
procedure for identification of the crystalline phases, the measured diffractogram is compared 
with the reference database consisting of experimentally determined d-values and intensities. 
Such a reference database is provided by the ICDD (International Centre for Diffraction 
Data), which supplies the PDF database (Powder Diffraction File, in former times named 
ASTM and JCPDS). 
 
For the preparation of the samples, approximately 5 g of each sample were ground and milled 
to reduce particle sizes to less than 10 μm. This step is very important because when the 
powder is too coarse the detectors do not recognize all reflections which lead to incorrect 
intensity ratios. In some cases, when crystallites are much smaller than 1μm, reflections are 
broadened, so an excessive long grinding can cause destruction of the crystal lattice and the 
sample could become partly amorphous. Figure 6.1 shows sample holders for XRD 
measurements containing DE and BNS ash. 
 

 
 

Fig. 6.1 Sample holders of the samples for XRD measurements. 
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The XRD measurements were performed on fine grained as-received samples and also on 
sintered samples. In order to perform an optimum measurement on the fine-grained samples a 
reflection mode (θ/2θ, Bragg-Brentano geometry) was used in this work for all XRD 
experiments. Also sample spinning was used to improve the particle (crystallite) statistics. 
The X-ray diffraction experiments were conducted using a PANalytical X-ray diffractometer, 
equipped with PixCel3D detector and a graphite monochromator. Diffraction patterns of the 
samples were collected using CuKα radiation operated at 45 kV and 40 mA and a step size of 
0.02°. The diffractograms were recorded with a 2θ interval of 5° to 50°. Phase identification 
was done base on the positions of the three strongest peaks of each phase and with help of 
X’pert HighScore software package, 2010. 
 

6.2 Thermal analysis 

Thermal analysis is a group of techniques in which changes of physical or chemical properties 
of the sample are monitored as a function of temperature.  
 

6.2.1 Differential Scanning Calorimetry and Thermogravimetry 
Simultaneous thermal analyser (STA), differential scanning calorimetry and 
thermogravimetry (DSC-TG), see Figure 6.2, were used to investigate physical and chemical 
processes related to thermal effects such as phase transitions and mass changes due to 
evaporation and decomposition of the samples. In STA signals are currently recorded and 
displayed in the same diagram. The experiments were performed in a Netzsch STA 449C 
Jupiter instrument, equipped with a Netzsch Aeolos QMS 403C mass spectrometer.  
 
 

  
Fig. 6.2 DSC-TG and mass spectrometer instruments and holder sample with two 

small alumina crucibles. 
 
The DSC-TG experiments were carried out on powder samples of masses between 15-30 mg 
placed in an alumina crucible. The heat treatments were performed under synthetic air with a 
flow rate of 20 mL/min. Argon gas was used with a flow of 35 mL/min as a protective gas for 
the equipment. Additionally, mass spectrometer was used to analyse the composition of the 
exhaust gas molecules or vapour evolved from the sample. It was monitored via coupling 
interface with STA. The results are presented and discussed in section 3.2 Papers I-III and 
section 3.3 Paper IV. For details of the different heating programs used see the experimental 
section of each Paper.  
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6.2.2 Dilatometry 
In order to know the thermal behaviour, a recording dilatometer is employed to make 
dimensional measurements in situ in a sintering furnace. Dilatometry is based on contact with 
the sintering material to generate dimensional change information versus temperature and 
time. A computer acquires data on the length versus time or temperature, and knowing the 
initial length allows calculation of the shrinkage (- Δl/lo) or swelling (+ Δl/lo).  
 
A horizontal pushrod dilatometer (Netzsch, DIL 402C) was used to evaluate the thermal 
behaviour (phase transitions, densification, shrinkage and steps at sintering process) of the 
samples. The samples were compacted into a rod shape (length, 17 mm and diameter, 5 mm) 
and dried overnight at 110 °C prior to measurements. The contact force of the pushrod applied 
for the measurements was 0.3 N. Figure 6.3 shows the horizontal dilatometer used in this 
work. More details concerning the experimental conditions are given in the experimental 
procedure of each Paper I-IV. 
 

  
Fig. 6.3 Sample inserted in the sample holder and dilatometer, Netzsch DIL 402 C. 

 
 

6.2.3 Thermal conductivity 
The thermal conductivity of a homogenous material is a measure of its insulating ability 
(ASHRAE, 1997). The thermal conductivity is represented by λ, in W/mK, which is a specific 
material property that presents the quantity of heat per unit time in watts that flows through an 
even layer of material with an area of 1 m² and a thickness of 1 m, across a temperature 
gradient of 1 K in direction of the heat flow. In this work an indirect method was used to 
determine thermal conductivity. Thermal conductivities of the samples were calculated by 
measuring the thermal diffusivity and the specific heat capacity, through the following 
equation: 

λ = α · ρ · Cp                                                               (6.1) 
 
where λ is the thermal conductivity, Cp is specific heat capacity at constant pressure, α is 
thermal diffusivity and ρ is the density.  
 
Specific heat capacity of a material is the amount of heat required to raise the temperature of 
one kilogram of a material by one kelvin. A high specific heat capacity value means high 
ability for heat retention and hence good insulating materials should have a high specific heat 
capacity. Differential Scanning Calorimeter (Netzsch DSC 404C) was used to measure 
specific heat capacity which is the most suitable equipment for such measurement, ASTM 
E968-02 (2014). The measurements were performed in argon atmosphere at heating rates of 
10 °C/min from room temperature to 300 °C.  
 



36 
 

Thermal diffusivity is the ability of a material to transmit a thermal disturbance. It indicates 
how quickly a material’s temperature will change. Thermal diffusivity increases with the 
ability of a body to conduct heat and decreases with the amount of heat needed to change the 
temperature of a body. Like thermal conductivity, specific heat capacity and thermal 
diffusivity are functions of temperature, porosity, density, particle sizes and composition of 
the materials. Thermal diffusivity of the samples was measured using the laser-flash method 
(Laser Flash Apparatus, Netzsch LFA 457). For the measurements, disk-shaped specimens 
were thin coated with graphite, ASTM E2585-09 (2009). The resulting thermal diffusivity 
was transformed into thermal conductivity using Equation 6.1. The bulk density of the 
samples (ρ) was determined by Archimedes’ method, described in section 6.5.1. 
 

6.3 Scanning Electron Microscopy 

The morphology and microstructure of the raw materials and sintered materials were studied 
by scanning electron microscopy (SEM, Magellan 400). Energy dispersive spectroscopy 
(EDX) was done using an Oxford Inca EDX system to evaluate focalized chemical 
composition of interesting areas on the samples. SEM observations were done on polished 
samples and on surface fractures before and after chemical etching with hydrofluoric acid. 
See experimental part of each Paper for more details.  
 

6.4 Nitrogen physisorption 

Gas adsorption is the most widely used technique for characterizing porous materials. The 
specific surface area, pore volume, pore diameter and pore size distribution of the samples 
were determined using a Micromeritics ASAP 2010 instrument. The Micromeritics ASAP 
2010 system consists of an analyzer equipped with two sample preparation ports and one 
analysis port, a control module, and an interface controller which helps the operation to be 
controlled easily and accurately. In addition, the Micromeritics ASAP 2010’s software 
performs automatic analysis and collects a variety of analysis reports. The specific surface 
area was determined by the Brunauer-Emmett-Teller (BET) method. This determination was 
done and reported in Papers II and V. 
 

6.5 Physical and mechanical measurements 

Samples were inspected for any visual defects such as cracks, lamination and surface 
deformation. Thus, the good quality samples were selected and used for determination of bulk 
density, open porosity and compressive strength. 
 

6.5.1 Bulk density and open porosity 
The bulk density and open porosity of the sintered samples were evaluated using Archimedes’ 
principle. The sintered samples were dried overnight at 110 °C and then cooled to room 
temperature. The samples were weighed in air and then submerged in boiled distilled water to 
fill the pores during 45 min. The samples submerged in water were weighed and this is the 
apparent mass when suspended in water and then the soaked weight was measured.  
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The bulk density and the open porosity were calculated using the formulas: 
 

Bulk density = [WD/(W - S)] ·  D                                                         (6.2) 
 

% Open porosity = [(W - WD)/(W - S)] ·100                                          (6.3)  
 
where WD is dry weight, W is soaked weight, S is suspended weight, and D is density of 
water. The technique was performed according to ASTM C20-00 (2010). Experiments were 
carried out at a room temperature of 22 °C, in which the density of water is 0.99777 g/cm3. 
 

6.5.2 Compressive strength 
The test method used to determine the mechanical strength for brick ceramics was a 
compressive strength test. The testing was performed on an Mtest Quattro/100 kN instrument, 
applied by ASTM C773-88 (2006) at the University of San Simon in Cochabamba, Bolivia. 
 
The strength of the sintered compacts was obtained by the compressive load on the perimeter 
area of the cylinder until a crack was formed. The tests comprise of compressing a cylindrical 
sample with length of 35 mm and diameter of 35 mm by applying a constant load. The 
crossbar speed was 0.5 mm/min for all tests. The set up can be seen in Figure 6.4. 
 

  
Fig. 6.4 Compressive strength measurements set up.  

 
The compression tests were performed at room temperature on sintered samples. The 
experiments were usually performed on at least six samples of each mixture and the strength 
results are expressed as the mean value with a corresponding standard deviation. More details 
of the test method are provided in the experimental part of Papers II-IV. 
 

6.6 Plasticity determination 

The plastic limit (PL), liquid limit, and plasticity index were obtained using Atterberg limit 
tests as described by ASTM D4318-00. Plastic limit is the boundary between plastic and 
semi-solid states. Dry clay powder was mixed with water to produce a coherent 3 mm 
diameter plastic clay thread. The PL is the water content of the plastic clay when water is not 
sufficient to form this thread.  
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The liquid limit (LL) is the boundary between the liquid and plastic states obtained using a 
Casagrande device. The plasticity index was calculated using the Equation:  
 

PI = LL - PL                                                          (6.4) 
 
where PI is plasticity index, LL is liquid limit and PL is plastic limit.  
 
Figure 6.5 shows a Casagrande plasticity chart. The A-line generally separates the more clay 
like materials from silty materials, and the organics from the inorganics. The U-line indicates 
the upper bound for general soils. Results are shown in Paper IV.  
  

 
Fig. 6.5 The plasticity chart of Casagrande, showing several representative soil types (Developed from 

Casagrande, 1948, and Howard, 1977). 
  
 

6.7 Particle size distribution 

The particle size distribution of the powder materials was determined by a particle size 
analyzer, CILAS 1064. The measurement was performed at room temperature and in liquid 
mode using distilled water with ultrasonic for 60 s. The distribution curves were represented 
by 100 classes over the range from 0.04 to 500 μm.  
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7. Summary of Papers 
 

Paper I 
The aim of this work was to investigate the mineral phases, chemical composition, thermal 
behaviour and microstructure evolution at heating up to 1250 °C of two different clay samples 
extracted from the tropical region in Bolivia.  
 
The studied clays contained mainly kaolinite and illite phases along with quartz and fluxing 
elements. Smectite and iron hydroxide were also present in the EC clay sample. At heating to 
650 ºC, most of the kaolinite was completely transformed into metakaolinite, while illite 
phase remained unchanged up to a temperature of 950 ºC.  
 
DSC revealed the transformation of metakaolinite to Si-Al spinel at about 980 ºC. The Si-Al 
spinel led to mullite phase formation at further heating. Mullite is a crystalline phase that 
strengthens the ceramics. X-ray diffraction revealed that most of the illite structure collapsed 
above 950 °C, and that it was transformed into mullite and silicate phases at 1050 ºC. Mullite 
phase was formed in both samples in the temperature interval of 1050-1150 ºC. In this 
temperature range, the mechanism of mullite formation depended on the amount of K and Fe 
in the samples which act as fluxing agents by increasing the rate of formation of mullite. SEM 
images showed that thin, needle-shaped mullite with a length of 2-4 μm was formed at 1250 
°C.  
 
Dilatometry analysis showed that the EC and IC clay had an onset temperature for sintering at 
about 900 °C and 950 °C, respectively. In addition, DSC analysis showed that the EC and IC 
clay had an onset temperature for liquid formation at 1081 °C and 1175 °C, respectively. This 
is due to a much higher content of alkaline oxides (4.0 wt%) and iron oxide (5.6 wt%) present 
in the EC clay as compared to the IC clay that contains (2.4 wt%) alkaline oxides and (1.64 
wt%) iron oxide.  
 
The density of the IC and EC clays after sintering at 1150 °C was 2.1 and 2.5 g/cm3, 
respectively. The open porosity was 17.2 % for the IC clay, but only 0.3 % for the EC clay. 
The densification behaviour in the EC sample was influenced by the higher amount of 
alkaline oxides (K2O and Na2O as well as iron oxides) that act as fluxing materials.  
 
The EC clays with high amounts of alkalis and Fe can be used in the fabrication of dense 
products with low porosity and red tonality especially for bricks, roof and floor tiles. The IC 
clay with a relatively low Fe content can be used for the production of white ceramics such as 
sanitary ware and porcelain items. 
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Paper II 
The aim of this work was to produce lightweight porous ceramics with acceptable strength by 
sintering mixtures of diatomaceous earth and Brazil nut shell ash powders at low 
temperatures. The diatomaceous earth and Brazil nut shell ash (BNS ash) were initially 
characterized. Afterwards, the diatomaceous earth was mixed with BNS ash in different 
amounts between 0-30 wt% and sintered at temperatures between 750-950 °C. The 
microstructure, bulk density, open porosity and thermal conductivity were evaluated after 
sintering. 
 
The diatomaceous earth powder was characterized by different types of small shells with 
internal pores and particle size between 5-30 μm and BET surface area of 38 m2/g. The 
chemical analysis and X-ray diffraction showed that diatomaceous earth mainly consists of 
amorphous silica and that it also contains sodium in the form of halite of about 9 wt% NaCl. 
 
The BNS ash had particle sizes between 1-50 μm and is rich in potassium and calcium 
carbonates phases. That corresponds to 33 wt% K2O and 11 wt% CaO. The BNS ash addition 
into the diatomaceous earth caused significant changes of the microstructure after sintering. 
The BNS ash addition led to the formation of a combined microstructure consisting of 
potassium, calcium silicates and cristobalite along with a melt phase. Sintering bonded the 
diatomaceous particles together and enhanced the compressive strength. In addition, mixing 
BNS ash to diatomaceous earth reduced the sintering temperature. Therefore, the BNS ash 
acts as a fluxing component with the diatomaceous earth. 
 
The best combination of strength and porosity was achieved for a mixture of 10 wt% of BNS 
ash in the diatomaceous earth sintered at 850 °C. The achieved open porosity was 49 % and 
the compressive strength 8.5 MPa. The bulk density of the sample was 1.06 g/cm3 and 
thermal conductivity 0.20 W/mK, which are related to the high porosity of the samples. 
Increasing the temperature to 950 °C and the amount of BNS ash to 20 wt%, increased the 
strength of the sample to 24 MPa, which is three times higher than the strength of 
diatomaceous earth without any addition of BNS ash. However, the porosity decreased to 
about 15 %. This study highlights the feasibility of the use of two low-cost raw materials for 
the manufacture of lightweight bricks sintered at only 850 °C. It is concluded that by mixing 
diatomite and Brazil nut shell ash it is possible to obtain materials with low density and very 
good thermal insulating properties for building applications. 

Paper III 
The aim of this work was to produce porous clay based brick materials, by addition of both 
rice husk and Brazil nut shell ash. Samples with different amounts of red clay, rice husk and 
BNS ash were sintered at temperatures between 950-1150 °C. The microstructure, bulk 
density, porosity, thermal conductivity and compressive strength were evaluated.  
 
Traditional bricks are often based on clay and should have low weight and good thermal 
insulation to be considered as an efficient ceramic for building applications. Rice husk is a 
commonly added organic material for pore formation. However, the rice husk has no fluxing 
properties, which are needed to reduce sintering temperature and improve strength of the 
ceramic. As reported in Paper II, the Brazil nut shell ash (BNS ash) is particularly rich in 
alkaline and alkaline-earth metals and is therefore considered as a promising flux material.  
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Several phases were identified in the BNS ash by X-ray diffraction. The most important are 
CaCO3, K2CO3, fairchildite (K2Ca(CO3)2) and arcanite (K2SO4). It is evident that these 
components play an important role in the mixture of red clay and rice husk forming potassium 
calcium silicate (K2Ca4Si8O21), augite Ca(MgFe)Si2O6 and leucite K(AlSi2O6) phases. It was 
observed that leucite became the predominant phase at 1150 °C in the samples with 30 wt% 
BNS ash. It was also observed that the quartz reacted to form silicates and vitreous glass in 
the ceramic matrix. See the phase diagram of K2O·Al2O3·SiO2 system, Figure 2.3. 
 
The best combination with regard to the obtained properties was a mixture of clay with 20 
wt% of BNS ash and 10 wt% of rice husk sintered at 1150 °C. Its linear shrinkage was only 1 
%, and the sample had an open porosity of 40 % and compressive strength of 7.6 MPa. The 
thermal conductivity was 0.27 W/mK and the bulk density was 1.4 g/cm3. The sample with 
BNS ash added in the mixture of red clay and rice husk achieved much higher porosity as 
compared with samples without any addition of BNS ash. This is due to thermal 
decomposition of carbonates and sulphates that generate CO2 gas and SO2 gas and thus 
increase the porosity in the material. The combination of low weight, low thermal 
conductivity and good strength make these ceramic materials useful for building applications. 
 

Paper IV 
The aim of the present work was to characterize and evaluate the effects of sugarcane bagasse 
ash (SCB ash) additions to red clay. The SCB ash was added to red clay up to 30 wt% and the 
samples were sintered at temperatures up to 1150 °C. The microstructure, bulk density, water 
absorption, compressive strength and shrinkage of the resulting ceramics were studied. 
 
The materials were collected from the tropical zone of Bolivia. The SCB ash was 
characterized by XRD, TG, mass spectrometry, dilatometry and SEM techniques. Particles 
size of SCB ash was also measured.  
 
The SCB ash had a cumulative particle size ranging from 5 to 180 μm, and d50 of 71 μm. The 
SCB ash contained 85 wt% SiO2 mainly consisting of quartz.  
 
The SCB ash addition to the red clay decreased the shrinkage at sintering for all samples. It 
was also observed that the strength of the samples containing 10 wt% of SCB ash increased to 
56 MPa and 106 MPa at sintering temperature of 1100 °C and 1150 °C, respectively. Thus, 
the optimum addition of sugarcane bagasse ash to red clay was 10 wt% and the sintering 
temperature was 1100 °C. This sample showed a bulk density of 2.05 g/cm3 and water 
absorption of 8.5 %. This study shows the feasibility of adding SCB ash to the red clay with 
decreased shrinkage and improved compressive strength. It is also a way to add some value to 
the SCB ash which is a by-product from the sugar and alcohol industry. 
 

Paper V 
In this study, a wet chemical process was successfully carried out to synthesize cobalt 
nanoparticles at room temperature by reducing cobalt sulphate heptahydrate with sodium 
borohydride using functionalized SBA-15 mesoporous silica as a hard template. The 
synthesized mesoporous silica SBA-15 showed particles as rod-like hexagonal shaped 
agglomerates with diameters of 0.4-0.5 μm and lengths of 1-1.5 μm. The particles had 
ordered channels running along the length of the particles, with a pore size of about 10 nm. 
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The external and internal walls of the mesoporous silica particles were modified stepwise. 
First with hydrophobic organic groups on the outside surfaces (Equation 7.1), and secondly 
the narrow inside surfaces of mesoporous silica particles were functionalized by hydrophilic 
amino groups (Equation 7.2) that can form stable amino complex with the cobalt (II) ions in 
aqueous solution. 
 
  
                             ≡Si–OH + Cl–Si(CH3)3  →  ≡Si–O–Si(CH3)3 + HCl                               (7.1) 
                           External surface    Hydrophobic agent    Silica external functionalization              
 
       3(≡Si–OH) + (CH3O)3–Si(CH2)3–NH2 → (≡Si–O)3–Si(CH2)3–NH2 + 3CH3OH          (7.2) 
      Internal surface silica              Hydrophilic agent                         Internal silica functionalized             
 
The external functionalization of silanols with TMCS groups provided a highly hydrophobic 
surface to avoid formation of unwanted cobalt particles on the outside of the mesoporous 
silica. By anchoring amino APTMS groups inside the pores of the silica, a stronger negative 
charge was obtained as compared to the silanol groups, thereby enhancing the attraction of 
cobalt ions into the silica pores.  
 
The mesoporous silica was then impregnated with an aqueous solution of cobalt (II) ions. The 
silica particles were filtered and washed in water and then dispersed in an aqueous solution of 
NaBH4 which is a very strong reducing agent. Afterwards, the silica template was dissolved in 
NaOH aqueous solution. It resulted in well dispersed cobalt nanoparticles ranging in sizes 
from 2 nm to 4 nm. There was no agglomeration of cobalt particles on the external surface of 
silica particles. 
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8. Conclusions and Future work 
 

8.1 Conclusions 
 

 From the results obtained in Paper I, we conclude that the studied clay minerals 
contain kaolinite and illite phases which are well known as suitable materials for 
building applications. The clays also have an adequate ratio of alumina and silica 
along with fluxing elements which promote the formation of low melting silicates at 
heating and thus increasing the rate of densification. In addition, a mullite phase is 
formed at sintering which improves the strength of the ceramic product. Therefore, the 
large amounts of clays from Ivirgarzama and Entre Rios deposits are promising raw 
materials. They should be considered as valuable resources for the production of 
building ceramics of good quality. 
 

 Lightweight ceramics has been successfully produced by mixing diatomaceous earth 
and 10 wt% of Brazil nut shell ash. The produced ceramic at 850 °C has a bulk density 
of 1.06 g/cm3 and a compressive strength of 8.5 MPa. This ceramic could also be used 
as thermal insulation material with a high efficiency due to its low thermal 
conductivity of about 0.20 W/mK. This property is closely related to intrinsic porosity 
of the diatomite that remains partially intact at sintering temperature of 850 °C. 
Therefore, this study highlights the use of two low-cost raw materials for the 
manufacture of porous and lightweight bricks with reduced thermal conductivity that 
has an acceptable compressive strength for building constructions. 

 
 The production of porous clay based brick materials have successfully been achieved 

by addition of both rice husk and Brazil nut shell ash in the clay. It was found that the 
optimal mixture is 20 wt% of Brazil nut shell ash, 10 wt% of rice husk and 70 wt% of 
red clay. The achieved open porosity is 40 % and the compressive strength is 7.6 MPa. 
The thermal conductivity is 0.27 W/mK. We highlight the usage of Brazil nut shell ash 
in the clay-rice husk mixture in which i) the porosity is increased, thus improving the 
thermal insulation of the materials, and ii) the quartz reacts forming silicates and a 
glass phase, thus decreasing crack formation between quartz particles and the ceramic 
matrix during cooling. The use of both rice husk and Brazil nut shell ash in brick 
production provides an alternative towards new silicate materials with increased 
porosity, reduced thermal conductivity thus improving the energy saving in buildings.  
 

 From the results in Paper IV, we conclude that the sugarcane bagasse ash can be added 
into red clay in amounts up to 10 wt%. This addition increases the compressive 
strength of the ceramic by sintering at 1100 °C. The sugarcane bagasse ash addition 
reduces the shrinkage at sintering. In fact, this is an important aspect for the ceramic 
production minimizing the risk of crack formation due to thermal mismatch among the 
phases in the ceramic matrix. Thus, this study shows the feasibility of adding 
sugarcane bagasse ash to the red clay. It is also a way to add some value to the SCB 
ash which is a by-product from the sugar and alcohol industry. 
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 From the results in Paper V, we conclude that both external and internal 
functionalization of silica walls plays a crucial role on the infiltration and reaction of 
the reagents in the silica framework. A wet chemical process has successfully been 
performed to synthesize cobalt nanoparticles with controlled size using NaBH4 as the 
reducing agent, and SBA-15 mesoporous silica with both external and internal 
functionalized surfaces as a template. Thus, this is a simple and efficient way to 
synthesize ultrafine cobalt particles in the range of 2-4 nm. 

 

8.2 Future work 
 
Bolivia is a country with large deposits of non-metallic mineral resources. In this work 
ceramics samples from clays and agricultural ashes have been produced. However, there are 
other sources of raw materials available close to the manufacturers and the consumer’s site 
such as limestone and dolomites. These raw materials can be used in combination with clays 
and ashes to produce porous silicate ceramics. In addition, this would minimize the costs of 
the end-products by reducing the transportation distances to the manufacturers and the 
consumer’s sites. 
 
Therefore, the future work of this project will be: 
 

a) The production of ceramics combining clay, limestone and Brazil nut ash. The 
porosity of bricks might increase by addition of limestone and the Brazil nut shell ash 
will be used as fluxing additive. 
  

b) Increasing the porosity by addition of Brazil nut shell ash to the mixture of red clay 
and SCB ash based on results obtained in Paper IV. 
  

c) Use of freezing/thawing technique to increase the porosity in the selected ceramic 
mixture obtained in part (a). This porous material can be used for instance in domestic 
kilns, fireplace, stoves, etc.    
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The thermal behaviour of two types of clays collected from different locations in Bolivia has been studied. The
clays contain kaolinite, illite, quartz and small amounts of microcline. The phase evolutions have been character-
ized from room temperature to 1250 °C. For both clays, kaolinite is completely transformed into metakaolinite
when heated up to 650 °C. During further heating to 1050 °C, illite undergoes total dehydroxylation. Mullite is
formed in the temperature interval of 1050–1150 °C and its formation rate is dependent on the amount of K
and Fe present in the clays. The clay with higher amounts of K (3.2mass %) and Fe (5.6 mass%) has an onset tem-
perature for sintering at about 900 °C and an onset temperature for liquid formation at 1080 °C. This is about
50 °C lower onset temperature for sintering and 94 °C lower onset temperature for liquid formation when com-
pared with the clay with lower amounts of K (2.3 mass %) and Fe (1.6 mass %).

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The prospect of using clays as building materials is attractive for
undeveloped countries as it may lead to the development of new do-
mestic industries when adding value to natural resources. Clay deposits
are considered as a complex mixture of several different types of min-
erals. They can contain quartz, feldspars, micas, smectites, chlorites,
and others, with exchangeable ions such as iron- alkaline- and alkaline
earth- ions located either in the interlayers or in the internal structures
of the clay minerals (Bétard et al., 2009; Prudêncio et al., 2002).

Claymaterials from tropical regions of Bolivia, located in the eastern
lowlands including large sections of Amazonian rainforest and the
Chaco plain, have traditionally been used to manufacture building ma-
terials. Building ceramic involve products such as roof-, floor- and wall
tiles and bricks. There are some required properties of clays to be suit-
able for such products. The most important properties of building
ceramic are high strength and low porosity. According to technical
standards (BS 6073, 1981) bricks with compressive strength values
higher than 10 MPa are classified as solid bricks with good quality,
and the porosity could vary but is usually above 10 vol.%.

Alkaline and alkaline earth ions are known as fluxing components
and can promote the formation of a liquid phase at lower temperatures

during firing, which will increase the rate of densification and improve
the final strength (Das and Dana, 2003; Milheiro et al., 2005).

Aesthetic aspects such as the colour of the final product are also
important. For example, a red or red-brown ceramic can be achieved if
the raw material contains Fe, which can be transformed into hematite
(Fe2O3) during firing under oxidizing conditions (Stepkowska and
Jefferis, 1992).

Knowledge of the quality and characteristics of the rawmaterial is a
main aspect prior to any clay-based process. In this context many stud-
ies have been conducted to ascertain the quality of different clay based
materials in other countries with a large tile and brick production and a
high technical standard, such as Italy, Spain, Brazil, and India (Bauluz
et al., 2003; Dondi et al., 2001; Manoharan et al., 2011; Vieira et al.,
2008). However, few studies have been carried out on clays from
Bolivia and the lack of more knowledge of the characteristics and prop-
erties of these clays has led the local ceramic factories to exploit the clay
deposits empirically. In particular, illite–kaolinite-rich clays have shown
appropriate properties for building ceramic (Aras, 2004; González-
García et al., 1990). Thus, the suitability of different clays in different
applications is strongly dependent on its mineralogical and chemical
composition (Gualtieri et al., 2010; Mandour et al., 1989).

On the other hand, alkaline, alkaline earth ions and iron affect the
thermal behaviour and phase formation during heat treatment and
consequently influence the final mechanical properties of the building
ceramic (Alizadeh et al., 2004; Mota et al., 2008; Schmidt-Reinholz
and Schmidt, 1995). Therefore, the chemical and mineralogical compo-
sition, the thermal behaviour and possible phase formations need to be
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considered in detail before suitable clay qualities can be selected for
building applications.

The aim of this work was to characterize and study the evolution,
phase formation and microstructural changes during heating of two
different natural clays from Bolivia, via a combination of several
techniques such as DSC/TG, dilatometer, XRD and SEM, in order to de-
termine the suitability of these clays as raw material for building
applications.

2. Materials and methods

The Chapare region hosts the largest deposits of clays found in
Bolivia. The clay areas are several hundred square kilometres. The clay
deposits located at the small hills around the Ivirgarzama area are de-
noted IC clay, and the deposits found on the soils of the Entre Rios
zone and its surrounding areas are denoted EC clay. Ivirgarzama and
Entre Rios are located 220 and 265 km east from the city of Cochabamba.
The coordinates and locations within Bolivia of the twomain deposits are
shown in Supplementary Fig. 1.

In order to ensure representative samples, the clays were collected
from several different parts of each deposit. The samples coming from
the same deposit were mixed, sun-dried and then quartered into
small fractions of about 5 kg. The small fractions were dried at 110 °C
and then ground to a fine powder in an agate mortar until all powder
passed through a 315 μm size sieve. The ground and sieved powder
was used as representative samples for all experiments.

2.1. Characterization of collected representative clay samples

The material was characterized by X-ray powder diffraction (XRD).
The X-ray diffractogramswere obtainedwith a SiemensD 5000X-ray dif-
fractometer with CuKα radiation (λ = 1.5418 Å). X-ray diffractograms
were recorded in the 2θ range between 5° and 50° with a step size of
0.02°. The phases were identified from peak positions and intensities
using reference data from the ICDD (2010). Chemical analyses of the
collected clays were performed by a certified analytic laboratory (ALS
Scandinavia, Sweden) by inductively coupled plasma with atomic emis-
sion spectroscopy (ICP-AES).

2.2. Thermal analysis

Differential scanning calorimetry and thermogravimetry (DSC/TG)
were performed to investigate the phase evolutions and mass changes
during heating. The experiments were performed in a Netzsch STA
449C Jupiter instrument, equipped with a Netzsch Aeolos QMS 403C
mass spectrometer. The DSC/TG experiments were carried out on
powder samples in an alumina crucible between room temperature
and 1300 °C at a heating rate of 10 °C/min in air atmosphere.

The dilatometry experiments were performed in a Netzsch DIL 402C
instrument. Prior to measurement, the compacted sample was dried
overnight at 110 °C. The samples were heated from room temperature
to 1150 °C in air atmosphere at a heating rate of 10 °C/min. The density
and open porosity of the samples were determined using Archimedes'
principle.

2.3. Characterization of heat treated material

The clays were heat treated in a chamber furnace in air atmosphere
at the following test temperatures: 450, 650, 950, 1050, 1150 and
1250 °C. The heating rate was 10 °C/min up to the final temperature,
and then the samples were furnace-cooled. The selected temperatures
were chosen based on the results from the thermal analysis. The
phase identification of the sintered specimens was performed by
X-ray diffraction as described above. The morphology of the collected
clays and the samples heat treated to 1150 °C and 1250 °C (before
and after chemical etching for 10 min in HF acid with a concentration

of 11 mol/L) was studied by scanning electron microscopy (SEM)
using a Jeol 6460-LV microscope.

3. Results and discussions

3.1. Characterization of collected clay samples

X-ray diffractograms from the two materials (IC and EC) are shown
in Fig. 2. All peaks in the diffractograms above the background were
identified. See also comments below, where the positions of the three
strongest peaks of each phase are also given.

The main clay minerals identified in both samples are kaolinite and
illite. The EC sample also contains smectites. Themajor non-plastic com-
ponent present in the clays is quartz and small amounts of microcline
are also detected in both samples.

Rational mineralogical composition analysis is shown in Table 1a.
The relative quartz content in the IC clay was estimated to be about
twice as high compared with the EC clay. The presence of quartz in
clays has been suggested to enhance the workability, diminish shrink-
age and reduce the risk of crack formation during drying. Moreover,
quartz phase in the clays has proven to be important to increase both
strength and toughness in some ceramic based materials (Steinbrech,
1992). Vieira et al. (2008) concluded that an addition of quartzwas nec-
essary to improveworkability of some clays fromRio de Janeiro (Brazil),
especially for brick fabrication. Likewise, some clay from Burkina Faso
needed an extra addition of quartz sand, feldspar and talc to obtain

Fig. 2. X-ray powder diffractograms of collected IC and EC clays.
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the required tile performance (Carretero et al., 2002; Seynou et al.,
2011).

As seen in Table 1a, the IC and EC clays have a content of illite of 10
mass % and 15 mass %, respectively. Kaolinite fraction ranges from 16
mass % (IC) up to 20mass % (EC). As a comparison, the clays from Allier
basin (France) have nearly the same content of illite as the EC clay
(Ferrari and Gualtieri, 2006). The largest content of illite is found in
the sample from Sardinia (Italy) studied by Strazzera et al. (1997). It is
reported that an increasing illite content yields higher percentage of
glass phase and lower water absorption because of the lowering of the
melting point (Ferrari and Gualtieri, 2006).

Table 1b shows the chemical composition of the collected IC and EC
clays expressed as oxides. Both clays show SiO2 and Al2O3 to be the pre-
dominant components. The relatively high SiO2 content in the samples
is due to the presence of quartz phase in the clays. That observation cor-
relates well with X-ray diffractograms (Fig. 2). The mass ratio SiO2/
Al2O3 is higher for the IC clay (4.1) compared with the EC clay (3.6),
which also indicates a larger amount of quartz in the IC clay. The IC
clay has low levels of iron oxide (1.64%), in comparison with the EC
clay (5.63%). The iron oxide content in the EC clay was sufficient to
give the sample a nice brick red colour after firing. The IC clay with a
low amount of iron oxide showed an off-white appearance after firing.
Clays with low iron oxide content (b1.5 mass %) are considered a suit-
able material for white ceramic products (Njoya et al., 2006).

Table 1b also shows that the EC clay contains a higher amount of
potassium, sodium and magnesium than the IC clay. Most of these
elements are present as interlayer cations mainly in the illite and smec-
tite phases. These components contribute to glass phase formation in
the ceramics after sintering (Esposito et al., 2005; McConville and Lee,
2005). The alkali components are also able to form low temperature
melting eutectics with other components in the clay, making it possible
to reach a higher densification rate at lower temperatures and at shorter
sintering times (Stjernberg et al., 2010).

There is a very low level of calcium in the studied clays (Table 1b),
which implies no or aminimal CaCO3 content in the clays. Consequently
no CaCO3mineral is detected in the X-ray diffractograms (Fig. 2). This is
beneficial for densification because a high CaCO3 content could lead to
CO2 gas bubbles in the viscous silicate melt at sintering. A high CaCO3

content also hinders mullite formation and can instead lead to formation
of gehlenite and wollastonite (Bauluz et al., 2003; González-García et al.,
1990). A study on clays from Sergipe (Brazil) with up to 10 mass % of

CaO, led to high porosity in the sintered specimens making them unsuit-
able for roof tile manufacturing (Alcântara et al., 2008).

It is worth pointing out that sulphur containing minerals such as
pyrite (FeS2) and alunite KAl3(SO4)2(OH)6 have not been detected in
any of the clays. This is also in accordance with the chemical analysis
(Table 1b), which shows very low sulphur contents (expressed as SO3).

3.2. Thermal analysis

The results obtained by DSC and TG are shown in Fig. 3. Mass losses
as well as suggested types of reactions during heating are also given in
Table 2.

The DSC curves for both clay samples (Fig. 3) show three endother-
mic peaks. The first peak at 100 °C represents evaporation of absorbed
moisture. The second peak at 498 °C for both samples is due to dehy-
droxylation of the kaolinite and illite (Heide and Földvari, 2006). The
third peak at 573 °C corresponds to the α ↔ β quartz inversion and it
occurs at the same temperature for both samples.

The weight losses between room temperature and 300 °C are 1.31
mass % (IC) and 2.24 mass % (EC). The higher weight loss for the EC
clay is due to the presence of smectites. Smectites are known to have
a high water absorption capacity. Water molecules enter the interlayer
space of the mineral and it swells (Murray, 2000). There is a main
weight loss between 300 and 700 °C for both samples, which is due to
the dehydroxylation. After the dehydroxylation,metakaolinite and illite
anhydride structures are formed (McConville and Lee, 2005).

The inflexion point around 990 °C for the IC clay (Fig. 3) is to be re-
lated to the formation of γ-Al2O3 from metakaolinite (Castelein et al.,
2001). For the EC, this inflexion point is unclear, but could be estimated.
The transformations in the temperature range 700–1300 °C occurred
with only a minor weight change b 0.5%. The onset of liquid formation
is seen at 1175 °C for the IC clay and 1081 °C for the EC clay, respective-
ly. The lower onset temperature for liquid formation of the EC clay is due
to its higher alkali and iron (K2O+Na2O+ Fe2O3) content (9.7mass %)
compared to the IC clay (4.0 mass %) (Table 1b).

Table 1
Mineralogical and chemical composition of the IC and EC clays.

IC EC Francea Spainb Italyc

a) Mineralogical analysis (mass%)
Quartz 69 44 33 63 36
Kaolinite 16 20 43 8 6
Illite 10 15 14 26 32
Smectite n.d. 13 2 n.d. n.d.
Accessories 5 8 8 5 26

b) Chemical composition (mass%)
SiO2 70.66 63.22 62.30 66.68 53.86
Al2O3 17.22 17.55 23.00 19.28 13.61
Fe2O3 1.64 5.63 2.22 3.81 5.89
K2O 2.28 3.25 2.01 1.93 3.77
Na2O 0.12 0.79 0.28 0.34 0.43
CaO 0.10 0.17 0.30 0.34 8.43
MgO 0.80 1.69 0.51 0.37 2.26
TiO2 0.94 0.84 1.30 1.03 0.69
MnO 0.01 0.03 n.d. 0.01 0.08
P2O5 0.05 0.12 n.d. 0.09 0.13
SO3 0.02 0.01 n.d. n.d. 0.01
LOI (1000 °C) 6.08 6.80 7.85 5.94 12.06

n.d.: not detected, LOI: loss on ignition.
a Ferrari and Gualtieri (2006).
b Bauluz et al. (2003).
c Strazzera et al. (1997).

Fig. 3. Thermograms for IC and EC clays from DSC and TG.
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Dilatometer curves for both clays are shown in Fig. 4. The general
shapes of the curves are similar to each other. A small shrinkage during
the moisture evaporation is seen up to 150 °C. The continuous shrink-
age from150 °C up to 400 °C for the EC sample is related to dehydration
of iron hydroxides (FeO(OH)). Subsequently, above this temperature,
an expansion is seen in both samples up to 560 °C, which is likely to
be related to dehydroxylation of kaolinite and illite. A pronounced ex-
pansion at 573 °C is seen in both samples resulting from the α ↔ β
quartz inversion.

Above the quartz phase inversion the samples shrink slightly be-
tween 600 and 900 °C. This behaviour is associated with the gradual
molecular rearrangement of the metakaolinite phase, giving rise to the
formation of spinel. The pronounced shrinkage between 900 and
950 °C for both clays indicates the onset of sintering of the samples.
The shrinkage accelerates above 950 °C due to the formation of a liquid
phase in the samples. This liquid phase formation results in a much
faster densification of the samples at further heating.

The shrinkage at 1100 °C for the EC sample is 2.7% larger as com-
pared with the IC sample at the same temperature, which indicates
that the EC sample is able to formmore liquid phase at a lower temper-
ature and therefore sinters faster in comparisonwith the IC sample. This
is well correlated with the DSC results which show an onset of melting
at 1081 °C for the EC clay as compared with the higher onset of melting
for the IC clay at 1175 °C (Fig. 3).

The density of the IC and EC clays after dilatometer runs up to
1150 °C were 2.1 and 2.5 g/cm3, respectively. The open porosity was
17.2% for the IC clay, but only 0.3% for the EC clay. The densification be-
haviour in the EC sample is influenced by the higher amount of alkaline
oxides (K2O and Na2O as well as iron oxides) that act as flux materials.
The amount of alkaline oxides is higher in the EC sample (4.0 mass %)
than in the IC sample (2.4mass %) (Table 1b). This is due to the relative-
ly larger amount of illite and microcline in the EC sample (Fig. 2).

With regard to mechanical behaviour the compressive strength at
the sintering temperature at 1150 °C was about 56 MPa and 98 MPa
for the IC and EC clay samples, respectively. The high strength reached
for the EC sample is due to presence of a high glass phase amount in
this sample sintered at 1150 °C. This is well correlated with results

obtained by DSC that shows an early onset of liquid formation
(1081 °C) for the EC sample compared to the IC sample (1175 °C)
(Fig. 3). It is clearly seen that the content of illite and smectite phases
along with flux elements in the EC sample led to a better densification
in the sample and this along with mullite phase formation at 1150 °C
play an important role in the final densification process.

3.3. Characterization of heat treated material

X-ray diffractograms of fired samples heated to the indicated tem-
peratures are shown in Fig. 5. They indicate that kaolinite is completely
transforming into an amorphous metakaolinite at 650 °C in both sam-
ples. Dehydroxylation of the kaolinite is consistent with TG and DSC

Table 2
Summary of TG and DSC data of the studied clays.

Sample Mass loss (mass %) at temp. range (°C) Peak temperature (°C)

RT-300 300–700 700–1300 Drying Dehydroxylation α–β quartz inversion Si–Al spinel Onset of liquid formation

IC clay 1.31 4.43 0.34 100 498 573 990 1175
EC clay 2.24 4.07 0.49 100 498 573 – 1081

Fig. 4. Dilatometer measurements for IC and EC clays up to 1150 °C.
Fig. 5. X-ray powder diffractograms of samples fired at different temperatures for IC and
EC clays.
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analyses (Fig. 3) which show a rapid weight loss in the temperature
range 400–700 °C, corresponding well with the endothermic reaction
around 498 °C, consistent with dehydroxylation of kaolinite (Fig. 5).
At 950 °C, the peaks belonging to illite are less intense but still detect-
able in both samples, while at 1050 °C illite is no longer detected in
the X-ray diffractograms. This is suggested to be due to the collapse of
the illite structure in this temperature range (Jordán et al., 2009;
McConville and Lee, 2005). However, the microcline is still detected at
1050 °C. Hematite (Fe2O3) begins to crystallize at 950 °C in the EC clay
and at 1150 °C in the IC clay. For the EC samples at 1150 °C and
1250 °C the intensity of the hematite peaks is significantly higher com-
pared with the lower temperatures (950 °C and 1050 °C). This is in
good agreement with the gradually increasing red colour with temper-
ature of the EC clay above 950 °C. Hematite has been demonstrated to
be themain colourant responsible for the red or red-brown colour in ce-
ramic materials (Stepkowska and Jefferis, 1992).

Mullite is detected in both samples at 1150 °C and the amount in-
creases at 1250 °C (Fig. 5). The presence of amorphous glass phase
formed during cooling would result in a broad diffraction hump,
which is seen between 2θ: 15°–30° for the EC clay heated to tempera-
tures above 1150 °C (Fig. 5), while in the IC clay the amount of glass
phase ismuch smaller due to its smaller amount of K andNa in the sam-
ple (Table 1b) (Osborn and Muan, 1960). Hence, for the IC clay the
amorphous hump is even weaker than that of the EC clay. The presence
of glass phasewas also observed in illite containing clays fromMalaysia
with the same K content, which formed a liquid phase at lower temper-
atures (1100 °C) and favoured the mullite-crystals growth during

cooling (Wattanasiriwech et al., 2009). At 1250 °C mullite, quartz, and
hematite are the only existing crystalline phases in both clays. This is
an advantage from an application point of view of the IC and EC clays
as compared with other clays, which have shown residues of undesir-
able phases, such as cristobalite and sillimanite at these sintering tem-
peratures (Mahmoudi et al., 2010).

3.4. Morphology and microstructure

The SEMmicrographs of the rawclay powder samples (Fig. 6a and b)
show themorphology of the clay particles. Some of the detected phases
are identified based on local chemical analysis by EDS. The kaolinite is
identified to have an irregular sheet-like morphology. Fig. 6b shows
large flakes stacked together with smectite and illite forming agglomer-
ates. Smectites have an ability to absorb water frommoisture in the air,
and thus easily form agglomerates. Micrographs of fired samples at
1150 °C are shown in Fig. 6c and d. Here quartz and hematite are iden-
tified. The hematite is evenly dispersed as small particles in the glass
matrix (Fig. 6d). A series of microcracks in the glass matrix is also ob-
served around the present quartz particles. The microcracks are likely
generated by tensile stresses due to the thermal mismatch between
the crystalline quartz particles and the glass matrix.

Micrographs of samples fired at 1250 °C and then HF-etched (Fig. 6e
and f) show themorphology ofmullite phase formed in both samples. It
is clearly seen that mullite is mainly made up of thin needles (length
2–4 μm) as expected from the literatures (Castelein et al., 2001; Lee
et al., 2008). The mullite needles in the IC sample are thinner than in

Fig. 6. SEM micrographs showing morphology of the raw material for IC clay (a) and EC clay (b). Microstructure of the sintered clays at 1150 °C for IC clay (c) and EC clay (d). Mullite
crystals at 1250 °C for IC clay (e) and EC clay (f).
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the EC sample. Variables affecting the mullite formation include type of
fluxing agents, such as K, Na and Fe elements in the clay structure (Li
et al., 2009; Stjernberg et al., 2013). Several investigations of the evolu-
tion of mullite have shown mullite formation at 1100 °C from kaolinite
and at higher temperatures needle-shaped mullite grains may form
(Chen et al., 2004). Mullite is a desired phase in ceramics, as it increases
the strength of the final product.

4. Conclusions

The feasibility of naturally occurring clays from Bolivia to be used as
rawmaterial for building ceramic has been investigated. In this context
the mineralogical, chemical composition, thermal behaviour and the
microstructure evolution during sintering have been investigated.

From the mineralogical and chemical properties we can state that
the studied clay samples contain kaolinite and illite phases as clay min-
erals and an adequate ratio of Al2O3 and SiO2 along with flux elements
and they could be considered as potentially suitable for structural clay
products. Thermal analysis showed that the clay samples, due to liquid
formation, exhibited a moderate low onset temperature for sintering
which favours the densification of the ceramic material. In addition,
the mullite phase identified by X-ray diffraction and SEM micrographs
in the sintered samples will provide the strength of the final product.

Finally, from the results obtained in this study we conclude that the
large amounts of clays from Ivirgarzama and Entre Rios deposits
are promising raw materials. They could be considered as valuable
resources for the production of building ceramic of good quality.
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Abstract 

Diatomaceous earth was mixed with Brazil nut shell ash (BNS ash) in different amounts between 0-30 wt% and 
sintered at temperatures between 750-950 °C. The BNS ash contains 33 wt% K2O and 11 wt% CaO mainly in 
carbonate form. The addition of BNS ash into the diatomaceous earth caused significant changes of the 
microstructure after sintering. The BNS ash addition reduced the sintering temperature of about 100 °C. The best 
combination of strength and porosity was achieved for a mixture of 10 wt% of BNS ash in the diatomaceous 
earth sintered at 850 °C. The achieved open porosity was 49%, density 1.06 g/cm3, thermal conductivity 0.20 
W/mK and the compressive strength was 8.5 MPa. 
 
Keywords 
Diatomaceous earth; Brazil nut shell ash; Lightweight ceramics; Potassium calcium silicate; Thermal 
conductivity; XRD; SEM. 
 
1. Introduction 

Porous lightweight ceramics are interesting materials for a wide range of applications. The production 
of porous ceramics has increased worldwide in the last decades for industrial applications. The good 
thermal insulation properties that are connected to the porosity make these materials attractive also for 
use as bricks in building constructions [1,2]. Different raw materials are used to produce lightweight 
bricks, the most common being different clays. To the clay different pore forming materials are added 
to generate a desired porosity, often waste materials such as rice husks [3], kraft pulp production 
residues [4], and sawdust residues [5]. An alternative to clay based raw material is to use naturally 
occurring porous materials for production of lightweight bricks, such as for example diatomaceous 
earth (also known as diatomite). Diatomaceous earth is an inexpensive material consisting of silica 
rich particles with small particle size between 5 to 100 μm. In particular, diatomaceous earth is light in 
weight due to high porous inner structure with pore size about 100 nm [6]. The primary source of the 
diatomite is the large amount of residues from different single-cell algae living in both salt and fresh 
water. At present, at least 2 million tons per year of diatomaceous earth are mined worldwide [7]. 
Diatomaceous earth has been used to form lightweight calcium silicate bricks with good thermal 
insulation properties [8]. Recently, diatomite and volcanic ash were used to produce porous ceramics 
with excellent performance for control of humidity that can be used as a new construction material [9].  
 
The sintering step is critical when producing low-cost lightweight bricks with high strength. A low 
sintering temperature is desirable to reduce energy costs, but the temperature has to be high enough to 
achieve an acceptable strength. Therefore sintering aids are often added, so called flux materials, for 
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example feldspars, granites [10] and sodium borates [9], which are rich in alkali elements. A cheap 
solution for flux materials is to use agricultural residual ashes containing alkalis. Such residues could 
be ashes from sunflower husk, coffee husk and sugarcane bagasse [11-14]. Nowadays, Brazil nut 
based industry is an emerging important local business in the Amazonian region. This region generates 
large amounts of residues from shelling of the nuts. Often these residues are used as a bio-fuel for 
heating and electric power generation. Thus, by direct combustion a variety and considerable amounts 
of ashes are generated from agricultural residues. The combustion of BNS generates ashes in 
quantities of 80-150 tons over a period of approximately 6 months every year. Thus, BNS ash could be 
a cheap and attractive raw material to replace the traditional fluxing materials in production of 
ceramics.  
 
The purpose of this work was to produce lightweight porous ceramics with acceptable strength by 
sintering mixtures of diatomaceous earth and nut shell ash powders at low temperatures. We also 
discuss the correlation between the obtained microstructures and brick relevant properties such as 
strength, open porosity, and thermal conductivity of the sintered specimens. 
 
2. Experimental procedure 

2.1 Materials 

Diatomaceous earth (DE) raw material was obtained from the Murmutani zone, near Llica in Potosi-
Bolivia. The BNS ash was provided by a processing factory of nuts, located in north-eastern part of 
Bolivia. The DE and BNS ash raw materials were separately ground by dry ball-milling for 30 min 
and then sieved through a 315 μm mesh. The resulting powders were used for all subsequent 
experiments. 
 
2.2 Characterization 

Chemical analysis of both starting materials (BNS ash and DE) was done according to the EPA 
method modified, 200.8 by Inductively Couple Plasma-Sector Field Mass Spectrometry (ICP-SFMS). 
Mineralogy and phase evolution of the raw materials and sintered samples were determined by X-ray 
diffractometry (XRD), using a PANalytical Empyrean X-ray diffractometer using Cu Kα radiation. 
The morphology of the raw materials and the microstructure of the sintered samples were studied by 
Scanning Electron Microscopy, SEM (Magellan 400, FEI Company) without conductive coating. The 
particle size distribution of raw materials was determined using a laser particle size analyser (CILAS 
1064) and the surface area was measured by nitrogen sorption using the BET-method (ASAP 2010, 
Micromeritics). Differential Scanning Calorimetry analysis (Netzsch STA 449C Jupiter), of the 
samples were performed between room temperature and 1000 °C in air at a heating rate of 10 °C/min. 
The dimensional changes of the samples at heating were measured by a horizontal dilatometer 
(Netzsch DIL 402C). Prior to dilation measurement, the compacted samples were dried overnight at 
110 °C. During the measurement the samples were heated to 1000 °C in air at a heating rate of 5 
°C/min. 
 
For the preparation of green compacts, the DE powder was mixed in a ball mill for 30 min with BNS 
ash in different weight proportions of 10, 20 and 30 %. Subsequently, the powder mixtures were uni-
axially pressed into cylindrical green compacts (35 mm in diameter and 35 mm in length) at 15 MPa. 
The green compacts were dried overnight at 110 °C, and then sintered in a tube furnace (Nabertherm 
GmbH, type S) at 750, 850 and 950 °C in air at a heating rate of 5 °C/min and a holding time of 1 h at 
the maximum temperature. After sintering the samples were furnace-cooled.  
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The sintered porous compacts were used to evaluate bulk density and open porosity by Archimedes’ 
immersion technique according to ASTM [15]. Thermal conductivity of the selected samples was 
measured via the thermal diffusivity by the flash method, using Laser Flash Apparatus (Netzsch LFA 
457) according to ASTM [16]. For the measurements, disk-shaped specimens of thickness 1.5 mm 
were coated with a thin layer of graphite. The resulting thermal diffusivity value (α) were transformed 
into thermal conductivity (λ) using the relation λ = α δ Cp, where δ is the bulk density (Archimedes’ 
method) and Cp is the specific heat capacity, for which Differential Scanning Calorimetry (Netzsch 
DSC 404C) was used in argon atmosphere, according to ASTM [17].  
 
The strength of the sintered samples was obtained by the compressive load on the perimeter area of the 
cylinder until a crack was formed by using a universal testing machine (Model Mtest Quattro/100 kN) 
and a crossbar speed held at 0.5 mm/min for all tests. The experiments were usually performed on at 
least six samples of each mixture and the strength results are expressed as the mean value with the 
corresponding standard deviation of the measurements. 
 
3. Results and discussions 

3.1 Chemical and mineralogical analyses 

Table 1 shows the chemical composition of DE and BNS ash in oxide form. The chemical components 
of the DE are Si, Al and Na along with small amounts of Fe, K, Mg and some other elements that do 
not exceed 1.0 wt%. The sodium content of 5.7 wt% Na2O in the DE is much higher than that 
diatomite from Taiwan (3.7 wt% Na2O) [9]. The DE has a loss on ignition of 11 wt%, which is a 
typical value of other diatomaceous earth reported in the literature [18]. According to the chemical 
analysis of BNS ash, the main inorganic constituent is K followed by Ca and S. Other elements in 
small amounts are also present in the BNS ash, such as Si, Mg and P. The high loss on ignition at 1000 
°C for the BNS ash is 27.5 wt%. This value is related to the presence of non-burned organic particles, 
carbon and decomposition of carbonates that occurs with significant weight loss. 
 
Table 1 Chemical composition in oxide form (wt%) of the DE and BNS ash. 
    

LOI = loss on ignition at 1000 °C 
 
Typically, the presence of the different element concentrations in BNS ash can vary depending on soil 
of plantation, geographical location, and quantity of fertilizers used for the growing of Brazil nuts.  
 
Fig. 1 shows the X-ray diffractograms of the DE and BNS ash. The X-ray diffractogram of DE powder 
(Fig. 1a) shows a broad hump around 2θ: 18 - 28° which indicates the presence of amorphous SiO2, 
which represents the major phase of the DE powder. This is well corroborated with the chemical 
analysis that shows 71 wt% of SiO2 (Table 1) where most of the SiO2 content belongs to DE. The X-
ray diffractogram of DE also indicates the presence of several crystalline phases such as halite (NaCl), 
quartz, plagioclase and muscovite minerals, which represent the minor phases in the DE. The chemical 
analysis (Table 1) shows the presence of 5.7 wt% Na2O that is related with halite (NaCl) mineral 
which is about 9 wt% as a result from chemical analysis of Cl-. Also the Al content is associated to the 
plagioclase and muscovite minerals.  

 SiO2 Al2O3 Fe2O3 K2O Na2O CaO MgO MnO P2O5 SO3 TiO2 LOI 
DE 

BNS ash 
70.68 
6.38 

4.26 
1.94 

1.07 
0.67 

1.67 
32.86 

5.69 
0.82 

0.83 
10.84 

2.25 
5.36 

0.01 
0.76 

0.53 
3.79 

1.10 
7.89 

0.52 
0.93 

11.1 
27.5 
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Fig. 1. X-ray diffractograms of DE powder (a) and BNS ash (b). 
 

The X-ray diffractogram of the BNS ash (Fig. 1b) reveals the presence of at least seven different 
phases such as CaCO3, K2CO3 and fairchildite (K2Ca(CO3)2), quartz, arcanite (K2SO4), magnesium 
oxide (MgO) and calcium phosphate (Ca3(PO4)2) , i.e. an impressive array of minerals unlike other 
ashes originating from organic products used for similar purposes [14]. The presence of these minerals 
in the BNS ash is corroborated by its chemical composition showed in Table 1. It should be noticed, 
however, that the phase composition of the ashes may vary depending on the burning conditions like 
temperature and time. 
 
The morphology and microstructure of the raw materials are shown in Fig. 2. The DE raw material has 
a characteristic skeletal structure of four different types of fossilized diatom shells (Fig. 2a) 
corresponding to the examined DE powder from “Murmutani” sediments, located in the region of 
Potosi-Bolivia. It can also be seen that the particles of diatom shells have highly regular features on a 
microscale, with sizes ranging from 5 to 30 μm. The shapes of the diatom shells are well defined as 
elliptical, centric and elongated patterns of open micropores (less than 1μm) which are characteristic 
for a typical microstructure of silica-based cell walls. The average grain size, d50, of the DE is 8.5 μm 
and the BET surface area is 38 m2/g. The average grain size d50 is smaller and BET Surface area is 
higher than those corresponding values for diatomaceous earth from Lampang-Thailand [8].    
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Fig. 2. SEM micrographs showing the morphology of the DE powder (a) and BNS ash particles (b). 

 
Fig. 2b shows the BNS ash particles. They are irregular-shaped and their size varies between 1 to 50 
μm. Based on particle size analysis, the average grain size, d50, is 21.6 μm. Parts of the BNS ash 
consists of sintered particles, probably due to a partial melting of the material facilitated by alkalis 
present in the ash (mainly potassium and calcium carbonates). Fine particulate material is also 
observed in the BNS ash (inset in Fig. 2b), which is identified with a combination of EDX and X-ray 
diffraction to consist of porous particles of potassium and calcium carbonates which make it attractive 
additive material for the production of some  ceramics. In addition, the high content of K and Ca in the 
BNS ash will act as efficient fluxing additive for the sintering of DE and could replace currently used 
more expensive additives like sodium borate and feldspars in the production of silica based ceramics 
[9]. 
 
3.2 Thermal treatment and phase evolution  

Fig. 3a shows the X-ray diffractograms of the DE sample after heat treatment at three different 
temperatures. It shows that the amorphous silica progressively turns into cristobalite in the temperature 
range between 750 and 950 °C. The quartz and plagioclase phases remain unaltered up to 950 °C, i.e 
after heat treatment to 950 °C the DE contains cristobalite, quartz and plagioclase phases. The sodium 
content detected in the chemical analysis (Table 1) is present as halite (NaCl) and it remains unaltered 
up to 850 °C. At 950 °C the halite phase is not detected by XRD most likely due to a reaction with 
silica to form an amorphous sodium silicate glass phase upon cooling. 
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Fig. 3. X-ray diffractograms of the sintered samples showing the phase evolution with the temperature and as 

function of BNS ash addition to DE. DE sample at 750, 850 and 950 °C (a), DE with 20 wt% of BNS ash at 750, 
850 and 950 °C (b), and DE with 0, 10, 20 and 30 wt% of BNS ash at 950 °C (c). 

 
Fig. 3b shows the X-ray diffractograms of the mixture of DE with 20 wt% of BNS ash sintered at three 
different temperatures. It shows the formation of potassium calcium silicate and calcium magnesium 
silicates between 750 and 850 °C. An important observation is that the cristobalite forms at a higher 
temperature compared to DE (Fig. 3a), i.e an addition of 20 wt% of BNS ash to DE impaired the 
formation of cristobalite between 750 and 850 °C. In addition, (K0.7Na0.3)Cl has formed at 750 °C and 
its content decreases when the sintering temperature is further increased. We propose that the NaCl 
present in the DE (about 9 wt%) reacts with the potassium rich phases in the BNS ash to form this 
binary phase after heating to 750 °C in agreement with previous observations [19].  
           
Fig. 3c shows the X-ray diffractograms of the DE sample and mixtures of DE with 10, 20 and 30 wt% 
of BNS ash, sintered at 950 °C. It shows that the formation of cristobalite decreases gradually as BNS 
ash is added to the DE sample. It is also observed at this temperature that the addition of 10 and 20 
wt% of BNS ash lead to the formation of silicates as described above (Fig. 3b). Moreover, the addition 
of 30 wt% of BNS ash leads to significant formation of (K0.7Na0.3)Cl phase, as was also observed at a 
lower temperature (750 °C) for the sample of DE with 20 wt% BNS ash added.  
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Fig. 4 shows the thermal effects from DSC and dilatometry of the samples. Fig. 4a shows the DSC 
thermal events of the DE sample and mixtures of DE with BNS ash at different weight proportions. 
The DSC thermograms show endothermic peaks around 120 °C for all samples which are due to water 
evaporation, which is a result of DE’s high capacity of water absorption. At 495 °C, the DE sample 
shows an endothermic peak due to dehydroxylation of the OH- groups and release of structural water 
from its impurities and amorphous silica structure. The mixtures of DE with BNS ash show an 
exothermic peak in the range of 482-515 °C, related to burning of organic residues in the BNS ash. 
Consequently, this reaction becomes more pronounced for those mixtures with high addition of BNS 
ash.   
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Fig. 4. DSC thermograms (a) and dilatometry analysis (b) of DE and mixtures of DE with BNS ash. 

 
There is a small endothermic event in DE sample at 785 °C corresponding to the melting of the 
components in the system of Na2Cl2-K2SO4-K2CO3 [20]. This is consistent with the X-ray diffraction 
data (Fig. 1b) and the chemical composition (Table 1). The DSC thermograms show an exothermic 
and extended valley between 700 and 900 °C for the mixtures of DE and BNS ash, which is likely 
associated with formation of silicates from the elements present in the mixtures. This exothermic event 
is related to silicate crystallization and is more pronounced for the mixture of DE with 20 wt% BNS 
ash than for the 10 wt% addition, which is expected as more silicate forming materials are available 
when more BNS ash is added. However, larger amount of silicates should be formed in the 30 wt% 
sample, but this exothermic peak is suppressed by an endothermic event taking place simultaneously, 
namely melt formation as observed in this mixture after heating up to 950 °C (Fig. 4a).  
 
Fig. 4b shows the dimensional changes of the green compacts in the temperature interval of 250 - 1000 
°C. As can be seen from the data, the shrinkage starts gradually at about 250 °C for all samples and up 
to 600 °C it is, as expected, a function of the BNS ash amount present in the samples. This shrinkage 
is due to burning of organic matter and carbon and it is well correlated with the exothermic event 
showed by DSC results (Fig. 4a).   
 
Pronounced densification starts as early as 660 °C for the mixture of DE with 30 wt% BNS ash. At 
this point, the mixture reaches the temperature of most active sintering due to melt formation and 
closure of the generated voids from burn-up of organic matter. X-ray diffraction data for this sample 
clearly reveals the formation of (K0.7Na0.3)Cl at cooling (Fig. 3c). It is likely that some fraction of the 
cristobalite is dissolved by the presence of molten (K0.7Na0.3)Cl and dissolved carbonates during 
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heating up to 950 °C, and it is more pronounced when high amounts of alkali earth elements exist in 
the system, i.e. increasing the BNS ash content in the DE.  
 
The densification of the DE sample starts at 815 °C. At this point, the sample undergoes linear 
shrinkage of about 2%. Above 815 °C, the results show that the addition of 10 wt% BNS ash into DE 
reduces the shrinkage from 11.6% to 6.8% when sintered at 950 °C. The decreased shrinkage is due to 
decomposition of carbonates and sulfates from the BNS ash, when they react with reactive SiO2 
forming silicates and CO2 and SO2 gases and therefore generate small gas filled voids in the ceramic 
(Fig. 6d). The mixtures of DE with 10 wt% and 20 wt% start to shrink at a higher rate above 850 °C. 
As can be seen the mixtures of DE with 10 wt% and 20 wt% of BNS ash shrink less than the DE 
sample (0 wt% BNS ash), and thus the risk of fast and non-uniform contraction caused by the 
solidification decreases considerably and facilitates a good dimensional control of the final products.  
     
3.3 Physical and mechanical evaluation on sintered samples 
Fig. 5 shows the variations in bulk density, open porosity and the compressive strength of the sintered 
specimens as a function of BNS ash additions and temperature. Fig. 5a shows that the bulk density 
increases with temperature for all samples. 
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Fig. 5. Results of bulk density (a), open porosity (b), and compressive strength of sintered samples as a function 

of the BNS ash addition (c). In (c) the minimum strength of 7 MPa stipulated by building regulations is also 
marked. 
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The density also increases with ash addition from 750 to 950 °C. The 30 wt% sample, however, does 
not sinter any further at temperatures above 850 °C. The densification increase with temperature is 
larger for 850 °C and 950 °C for those samples containing 10 wt% and 20 wt% BNS ash.  
 
Fig. 5b shows that the open porosity decreases with the increase of temperature as well as with 
increasing content of BNS ash. It is observed that the open porosity decreases rapidly for the samples 
containing 20 wt% of BNS ash when they are heat treated between 850-950 °C. These results are 
consistent with the bulk density that increases with sintering temperature and BNS ash addition (Fig. 
5a). 
 
Fig. 5c shows the compressive strength results of the DE sample and mixtures of DE with BNS ash.  
As can be seen, most of the mixtures exhibit an increase in strength with temperature up to 950 °C, 
except for the sample containing 30 wt% of BNS ash, which strength value at the highest temperature 
decreases significantly. The increase in strength is moderate for the samples with ash additions below 
20 wt%. The 20 wt% sample shows a large increase in strength between 850 and 950 °C. The strength 
drops about 33 % for the mixture with 30 wt% of BNS ash. This large drop in strength is due to the 
excess of BNS ash in the sample as revealed by X-ray diffraction analysis (Fig. 3c), that shows 
formation of (K0.7Na0.3)Cl phase. It has been reported that this salt phase will decompose into two 
separate chloride phases below the phase separation temperature. This decomposition makes the salt 
mixture very brittle and cracks are generated during the cooling process due to thermal stresses [19]. 
Thus, the salt mixture formed decreases the strength of the sample. Notably, it is observed that the 
strength of the mixtures depends on the amount of BNS ash. It is also believed that the bubble 
formation, as seen in Fig. 6d, affects the strength negatively.   
 
At room temperature, the thermal conductivity of the sample with 10 wt% of BNS ash is 0.203 W/mK. 
Table 2 compares the values of bulk density, open porosity, thermal conductivity and strength of the 
10 wt% BNS ash sample with other lightweight bricks prepared using several different pore-forming 
agents like paper processing residues [1], sawdust [5] and rice husk [3]. As can be seen in Table 2, the 
DE+10 wt% BNS ash sample in this study has the lowest density, low thermal conductivity and 
adequate strength that satisfy the regulations for building constructions [22].  
 
Table 2 Properties of DE+10 wt% BNS ash sintered at 850 °C, compared to values reported elsewhere 
in the literature. 
 
Raw materials  Sintering 

temperature 
Bulk 

density 
(g/cm3) 

Porosity 
(%) 

Thermal  
conductivity 

(W/mK) 

Strength 
(MPa) 

Reference 

DE+10 wt% BNS ash  850 °C 1.06 49 0.20 8.5 This work 
Clay brick+paper processing 
residues (20 wt%) 

1100 °C 1.49 46  0.48 7.4 [1] 

Diatomite (90 wt% SiO2)  850 °C 1.26 40 - 6.9 [21] 
Clay brick + sawdust (10 
wt%)  

1000 °C 1.35 42 - 9.85 [5] 

Clay brick+rice husk (10 
vol%) 

1000 °C 1.42 42 0.37 7 [3] 
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Fig. 6 shows the fracture surfaces of the sintered samples. Fig. 6a shows the fracture surface of the 
DE+10 wt% BNS ash sample sintered at 850 °C. It shows diatomite particles, which still retains the 
shape of the fossilized skeletons of diatoms. It is also observed that the diatomite particles are linked 
together forming a solid without significantly destroying the intrinsic pore structure of diatomite 
particles. However, the pore volume inside the diatomite particles seems to decrease at sintering, when 
comparing Fig. 2a and Fig. 6a. The open porosity of the 10 wt% BNS ash sample after sintering is 
measured to 49.2 % and the strength is 8.5 MPa.  
 

 
Fig. 6. SEM micrographs corresponding to the fractured samples of DE + 10 wt%  BNS ash at 850 °C (a), DE at 

950 °C (b), DE + 20 wt% BNS ash at 950 °C (c) and DE + 30 wt% BNS ash at 950 °C (d). 

 
Fig. 6 (b, c and d) show the fracture surfaces of sintered samples at 950 °C. The micrograph of 
sintered DE sample (Fig. 6b) shows big skeletons of diatoms partially melted which are characterized 
by crystal agglomerates of cristobalite. At this sintering temperature, the crystallization of cristobalite 
and the sintering processes take place simultaneously, which correlate well with X-ray analysis (Fig. 
3a) and the density of the sample (Fig. 5a). 
 
The microstructure of the 20 wt% sample sintered at 950 °C (Fig. 6c) shows that most of the diatomite 
structure collapsed and a clear coalescence of porous diatom shells in the sample are seen. Further 



11 

 

SEM examination on this sample reveals crystal needle formation around the particles. As revealed by 
X-ray diffraction analysis, calcium potassium and calcium magnesium silicate phases are present 
along with a decreased amount of cristobalite phase. The silicates are apparently in needle form, as 
seen from the EDS results (Fig. 6c). Whereas, in Fig. 6b, the DE sample consists mainly of silica, and 
no needles are seen. As a result of the microstructure formed in the sample of 20 wt% ash addition at 
sintering at 950 °C, the mechanical strength increased significantly, from 8.4 Mpa  at 0 wt% ash 
addition to 24 MPa at 20 wt% ash addition. This shows the effect of BNS ash addition on the sintered 
properties. Thus, the potassium and calcium contents in the BNS ash play an important role in the 
formation of a melt phase and crystal formation that reinforce the diatomite matrix at low 
temperatures.  
 
Fig. 6d shows a vitreous microstructure, where most of the diatomite particles are melted. The open 
porosity is reduced to 5 % and simultaneously the closed porosity, consisting of rounded pores, 
increase. A possible explanation to the decrease in strength is the flaws and bubbles formed in the 
matrix as well as the microcracks due to thermal stresses developing during cooling from the 
processing temperature. The liquid and bubble formation in the sample (DE with 30 wt% BNS ash) 
could be correlated with the bulk density and open porosity values when sintering at 850 and 950 °C 
(Fig. 5a and b). The two samples have almost identical bulk density values; 1.85 and 1.87 g/cm3 after 
sintering at 850 and 950 °C, respectively. The density does not reach more than 95 % for this sample 
due to the formation of microcracks and large pores at 950 °C. These data suggest that additions above 
20 wt% of BNS ash to the DE should be avoided, because it impairs the mechanical strength of the 
ceramics. 
 
4. Conclusions 

The diatomaceous earth powder is characterized by different types and sized shells with internal pores 
and particle size between 5-30 μm and BET surface area of 38 m2/g. The chemical analysis and X-ray 
diffraction shows that diatomaceous earth consists of amorphous silica and contains sodium in the 
form of halite about 9 wt% NaCl. Thus, it is thought that this diatomaceous earth comes originally 
from salty water. 
  
The BNS ash is characterized by particles sized between 1-50 μm and composed mainly of potassium 
and calcium carbonates. It contains about 33 wt% K2O and 11 wt% CaO. The BNS ash addition into 
diatomaceous earth causes significant changes in the microstructure after sintering, thus leading to the 
formation of a combined microstructure consisting of potassium, calcium silicates and cristobalite 
along with a melt phase which bonds the particles leading to enhanced strength of the sintered 
samples. Therefore, the Brazil nut shell ash acts as a fluxing component with the diatomaceous earth.  
 
The best combination of diatomaceous earth and BNS ash is the mixture of DE with 10 wt% addition 
of BNS ash, sintered at 850 °C. The porous ceramic has an open porosity of about 49 %, density of 
1.06 g/cm3, thermal conductivity of 0.20 W/(m K) and a compressive strength of 8.5 MPa, which is 
above the minimum compressive strength required for building applications. According to Turkish and 
corresponding European Standard (TS EN 771-1), the minimum strength for building bricks is 7 MPa 
[22].  
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Increasing the temperature to 950 °C and the amount of BNS ash to 20 wt% lead to an increase in the 
strength of the sample to 24 MPa, which is three times higher than the strength of diatomaceous earth 
without any addition of BNS ash, but the porosity decreases to about 15%. From the results, the 
optimum addition of BNS ash to diatomaceous earth should be limited to maximum 20 wt% at 950 °C. 
 
Finally, this study highlights the use of two low-cost raw materials for the manufacture of lightweight 
bricks sintered at only 850 °C. Thus, by mixing diatomite and Brazil nut shell ash it is possible to 
obtain materials with low density and very good thermal insulating properties for building 
applications. 
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Abstract 

Traditional bricks are based on clay and should have low weight and good thermal insulation. Rice husk is a 
commonly added organic material for pore production. But, it has no fluxing properties, which are needed to 
reduce sintering temperature and improve strength. Brazil nut shell ash is particularly rich in potassium and 
calcium carbonates and is therefore considered as a promising fluxing material and pore former together with 
rice husk. Samples with different amounts of red clay, rice husk and Brazil nut shell (BNS) ash were sintered at 
temperatures up to 1150 °C. Characterization was performed by XRD, DSC-TG, dilatometry and SEM 
techniques and density, open porosity, thermal conductivity, and compressive strength were determined. 
 
The best combination was a mixture of clay brick with 20 wt% of BNS ash and 10 wt% of rice husk sintered at 
1150 °C. The open porosity was 40 % and the thermal conductivity was 0.27 W/mK, bulk density 1.4 g/cm3 and 
compressive strength 7.6 MPa.  
 
Keywords 
Brazil nut shell ash; Red clay; Rice husk; Fluxes; Porosity; Thermal conductivity. 
 

1. Introduction 

Clay based ceramics are often used for brick production as it is a cheap and readily available, naturally 
occurring raw material. Traditional bricks are widely used as a building material, mainly for inner and 
outer walls of structural buildings. These bricks are normally manufactured from clay, sand and some 
amounts of fluxes such as feldspars and granite rocks [1]. Traditional bricks retain heat, withstand 
corrosion, and resist fire. In some cases, they are also lightweight and durable. The ceramic brick 
industry has progressively shifted its production towards new materials with excellent technical 
properties optimising weight and porosity in order to reduce thermal conductivity [2]. Depending on 
the location and climate, the bricks should meet certain requirements [3]. For instance, walls should be 
made of materials with a heat transfer coefficient of 0.4-0.7 W/(m2K), the lower value the better for 
the energy performance of new buildings, according to the European Standard [4].  
 
One way to increase porosity in a material is by adding a sacrificial component that is burnt off at a 
low temperature giving pores and voids in the final product. Several studies report on using rice husk 
in the production of lightweight porous clay bricks [5-8]. Rice husk is an agricultural by-product of the 
rice milling process. The rice husk is a cellulose-based fibre that contains about 75 % organic volatile 
matter and the rest of this husk is converted into ash during the firing process. This ash contains about 
85-90 % of amorphous silica [9], but it has no fluxing properties.  
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The incorporation of rice husk in the brick production not only reduces the weight but also reduces the 
thermal conductivity of the clay brick due to the increased pore volume in the structure of the ceramic 
material. It has been reported that the optimum amount of rice husk is between 10-20 wt%. The 
addition of rice husk into the clays is limited due to that the compressive strength of the brick 
decreases with increased rice husk addition [5,10]. Brazil nut shell ash is another agricultural residue 
vastly occurring in the tropical regions in South America. It is rich in potassium, calcium carbonates, 
and sulphates and believed to have some fluxing properties, i.e. it has the potential of making the 
expensive use of feldspars and granite rocks superfluous in brick production. Brazil nut shell ash is 
also believed to have the possibility to both increase the amount of porosity and generate pores that are 
more temperature stable as compared to the case of just rice husk addition. An increased porosity will 
lead to better thermal insulation of the final product. 
 
The aim of this study is to investigate the effects of Brazil nut shell ash addition in the brick ceramic 
mixture based on clay and rice husk. The microstructure, porosity and thermal conductivity properties 
are addressed. 
 
2. Experimental procedure 

2.1 Materials 

The raw materials used in this work were red clay, Brazil nut shell ash and rice husk, all obtained from 
the tropical lowlands of Bolivia, which is the entire eastern part and half of the total area of the 
country. The red clay (RC) was obtained from the deposits located in the Entre Rios Zone in 
Cochabamba-Bolivia. The rice husk (RH) was obtained from industries located in the vicinity of the 
Entre Rios town. The Brazil nut shell ash (BNS ash) was provided by a processing factory of nuts, 
located in a city in the north part of Bolivia.  
 
These materials were initially subjected to pre-treatments by drying and grinding. The red clay and 
BNS ash were separately dried at 110 °C overnight and subsequently ground by dry ball milling for 30 
min and sieved through a 315 μm sieve. In the case of RH, it was ground by a hammer mill and sieved 
(315 μm sieve size). The resulting powders were then used for the characterization and preparation of 
different RC, RH and BNS ash powder mixtures.  
 
2.2 Characterization 

The phase analyses of the samples were determined by powder X-ray diffractometry (XRD). The X-
ray diffractograms were obtained by PANalytical Empyrean X-ray diffractometer with CuKα radiation 
and the X-ray diffractograms were recorded in the 2θ range between 5° and 50° with a step size of 
0.02°. The phases were identified from peak positions and intensities using reference data from the 
data file ICDD (2010). The chemical analyses of the samples were performed according to the EPA 
200.8 modified method applied for Inductively Couple Plasma-Sector Field Mass Spectrometer (ICP-
SFMS). 
 
The thermal events and mass changes of the samples were determined by Differential Scanning 
Calorimetry and Thermogravimetry (DSC/TG). The experiments were performed in a Netzsch STA 
449C Jupiter instrument, equipped with a Netzsch Aeolos QMS 403 mass spectrometer at temperature 
interval from 40 to 1150 °C at a heating rate of 10 °C/min in air atmosphere. The firing shrinkage of 
the samples were measured using a dilatometer, Netzsch DIL 402C instrument, from room 
temperature to 1150 °C at a heating rate of 5 °C/min in air atmosphere.   
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The microstructure of sintered samples was observed by scanning electron microscopy (SEM) 
(Magellan 400, FEI Company) on fracture surfaces before and after chemical etching in 5 vol% HF. 
At the SEM observation, chemical composition of phases was qualitatively accessed by Energy 
Dispersive X-ray Spectroscopy (EDS). 
 
The RC, RH and BNS ash were weighed and mixed into different compositions (Table 1) for the 
preparation of green compacts which were going to be sintered. The mixing was performed in a ball 
mill for 30 min in order to homogenize the powder mixtures, which were then stepwise granulized by 
help of sprayed water droplets (20 wt% of water added) on the powder during repeated tumbling. The 
powder mixtures were then uniaxially compacted to a size of 15 mm diameter and 15 mm length at a 
pressure of 40 MPa for determination of bulk density and porosity. Samples of a larger size (35 mm in 
diameter, and 35 mm length) were uniaxially compacted at the above mentioned pressure for 
compressive testing. The pressed specimens were dried at 110 °C for 12 h and were sintered in a 
chamber furnace (Nabertherm GmbH, type S) in air at temperatures of  950, 1050 and 1150 °C with a 
heating rate of 5 °C/min and a holding time of 1 h at maximum temperature. See Table 1 for the 
designation name and composition of the samples. 
 
Table 1 Compositions of the different samples prepared from the pre-treated powder materials.  
 

Sample  RC 
(wt%) 

RH 
(wt%) 

BNS ash 
(wt%) 

RC-RH 
R10 
R20 
R30 

90 
80 
70 
60 

10 
10 
10 
10 

0 
10 
20 
30 

 
Physical and mechanical properties as well as thermal conductivity were measured after sintering of 
the samples. The bulk density and open porosity of the sintered samples were determined by 
Archimedes’ immersion technique according to ASTM [11]. The strength of the sintered samples were 
obtained by compressive load on the perimeter area of the sample until a crack was formed using a 
universal testing machine (Model Mtest Quattro/100 kN) at a crossbar speed of 0.5 mm/min. The 
strength tests were usually performed on at least six samples of each mixture and the strength results 
are expressed as the mean value with the corresponding standard deviation of the measurements. 
 
Thermal conductivity of the selected samples was measured via the thermal diffusivity by the flash 
method, using Laser Flash Apparatus (Netzsch LFA 457) according to ASTM [12]. For the 
measurements, disk-shaped specimens of thickness 1.5 mm were coated with a thin layer of graphite. 
The resulting thermal diffusivity value (α) were transformed into thermal conductivity (λ) using the 
relation λ = α δ Cp, where δ is the bulk density (Archimedes’ method) and Cp is the specific heat 
capacity, for which Differential Scanning Calorimetry (Netzsch DSC 404C) was used in argon 
atmosphere, according to ASTM [13]. 
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3. Results and discussions 

3.1 Chemical and mineralogical analyses of the raw materials 

The chemical compositions of the raw materials red clay (RC), rice husk ash (RH ash) and Brazil nut 
shell ash (BNS ash) are shown in Table 2. The characteristics of the red clay used in this work have 
been discussed in previous work [14]. In particular, the red clay minerals are kaolinite, illite and 
smectite phases. The red clay shows relatively high contents of SiO2 and Al2O3 (Table 2). It also 
contains Fe2O3 of about 6 wt%, which generally produce red coloured products because of hematite 
formation at temperatures above 950 °C. The mineralogical and chemical composition of the red clay 
used, is in the range of typical red clay used in traditional ceramics industry [15]. 
 
The chemical analysis of the inorganic components of the rice husk was determined on rice husk ash 
after heat treatment in air for 1 h at 550 °C. The main component of the rice husk ash is SiO2 (about 85 
wt%) and the content of other components is relatively low as showed in Table 2.  
 
Table 2 Chemical composition of the raw materials expressed in oxide form (wt%). 
 

LOI = loss on ignition at 1000 °C 
 
According to the chemical analysis of BNS ash, the main constituent is K2O followed by CaO and 
SO3. Other elements are also present in the BNS ash in small amounts, such as SiO2, MgO and P2O5. 
The BNS ash shows a loss on ignition of about 28 %. This value is related to the presence of organic 
residues and chars where the decomposition of carbonates and sulphates producing a significant 
weight loss at 1000 °C, (Table 2). As can be observed from Table 2, the main differences between the 
two ashes, RH ash and BNS ash are that the BNS ash is rich in K2O, CaO and low in SiO2 content 
whereas RH ash is rich in SiO2. The oxides K2O, CaO and Fe2O3 act as fluxes and they are highly 
beneficial for the production of dense bodies at sintering temperatures normally used in traditional 
ceramic and refractory industries [16].   
 
The X-ray diffractograms of the raw materials are shown in Figure 1a and b. Figure 1a shows the X-
ray diffractograms of non-burnt RH and RH burnt at 550 and 950 °C. The evolution of the cristobalite 
phase from the amorphous silica present in the rice husk can be seen. The X-ray diffraction of the non-
heat treated RH shows a broad peak at a 2θ angle of 22°. The X-ray diffraction of the RH burnt at 550 
°C shows that the broad peak observed from the non-heat treated RH decreased to a small hump and 
only a peak of quartz is seen. At this temperature the sample showed a light-grey colour and a loss on 
ignition of about 4.4 % (Table 2). The X-ray diffraction of the RH burnt at 950 °C shows cristobalite 
as a main crystalline phase and quartz, tridymite, plagioclase and potassium calcium silicate phases as 
minor phases. It is evident that the amorphous silica was transformed into a cristobalite phase at a 
temperature interval between 550 °C and 950 °C thus becoming the dominant phase in RH ash. At this 
temperature the resulting RH ash became completely white. This is in agreement with the literature 
information where it has been indicated that the minimum temperature for crystallization of 
amorphous silica from rice husk ash is about 900 °C [9]. 
 

 SiO2 Al2O3 Fe2O3 K2O Na2O CaO MgO MnO P2O5 SO3 TiO2 LOI 
RC 
RH ash 
BNS ash 

63.22 
85.2 
6.38 

17.55 
3.05 
1.94 

5.63 
1.31 
0.67 

3.25 
2.50 
32.86 

0.79 
0.32 
0.82 

0.17 
2.03 
10.84 

1.69 
0.42 
5.36 

0.03 
0.04 
0.76 

0.12 
0.26 
3.79 

0.01 
0.28 
7.89 

0.84 
0.22 
0.93 

6.80 
4.37 
27.5 
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Figure 1b shows the XRD of the as-received BNS ash. The examination of the BNS ash diffractogram 
shows the presence of several phases, CaCO3, K2CO3 and fairchildite (K2Ca(CO3)2), quartz, arcanite 
(K2SO4), magnesium oxide (MgO) and calcium phosphate (Ca3(PO4)2). The presence of these minerals 
in the BNS ash is clearly corroborated by its chemical composition showed in Table 2. 
 

10 15 20 25 30 35 40 45

RH ash
550 C

non-burnt RH

2  ( )

RH ash
950 C

a) Cristobalite
Quartz
Plagioclase
Tridymite
K Ca silicate

 
 

10 15 20 25 30 35 40 45 50

BNS ash

Potasium carbonate

Magnesium oxide
Calcium phosphate

Potasium sulfate
Quartz

Calcium carbonate

Fairchildite

2  ( )

b)

 
Fig. 1. X-ray diffractograms of non-burnt rice husk 
and rice husk burnt at two different temperatures (a) 

and BNS ash (b). 

 
3.2 Thermal analysis: TG-DSC and dilatometry 

Figure 2 shows the TG-DSC thermograms of rice husk and Brazil nut shell ash. As can be seen from 
Figure 2a, the thermogram of rice husk shows a total weight loss of about 82.5 % up to 1150 °C. The 
first 3.3 wt% decrease in weight occurred between 50 and 250 °C due to mainly evaporation of 
absorbed water. The second weight loss step was observed in the 250-550 °C range which is largely 
due to the burning of the organic material in the rice husk. In the DSC curve, there were mainly two 
large exothermic reactions between 250 and 550 °C related to the burning of rice husk. The rice husk 
consists of approximately 75-85 % organic matter such as cellulose and lignin. The rest mineral 
components are silica, alkalis and trace elements [17]. It is likely that the two exothermic peaks at 366 
and 487 °C appeared due to combustion of cellulose and lignin, respectively. The residual mass after 
burning from room temperature to 1150 °C is 17.5 %. Therefore, rice husk addition is well suited for 
pore-forming in clay-based ceramics [5,6].    
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Figure 2b shows the TG-DSC thermograms of BNS ash. TG curve shows the weight losses in several 
steps which are 7.0, 8.2, 6.9 and 7.6 % occurring at 50-200, 350-550, 600-810 and 810-1150 °C, 
respectively. Three endothermic peaks at 125, 741 and 923 °C and one exothermic peak at 479 °C 
appeared in DSC and they can be related to the weight losses. The first weight loss (7.0 %) is 
associated with the endothermic peak at 125 °C and is due to evaporation of absorbed water. The 
second weight loss (8.2 %) is associated with an exothermic peak at 479 °C due to combustion of 
residual organics. The third weight loss (6.9 %) is associated with the endothermic peak at 741 °C, due 
to thermal decomposition of carbonates. It is known from mass spectrometry that CO2 was lost. The 
last endothermic peak (923 °C) is likely related to melting of sulphate components in the BNS ash. 
The continuous weight loss seen from 810 to 1200 °C can be related firstly with complete evolution of 
CO2 from carbonates and secondly with SO2 releasing from potassium sulphates in the BNS ash as 
observed by mass spectrometry analysis of released gases (Figure 4b).   
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Fig. 2. TG-DSC thermograms of rice husk (a) and BNS ash (b). 
 
The incorporation of BNS ash into a mixture of red clay and rice husk caused various changes in both 
firing behaviour and properties of the porous bricks. Consequently, the firing behaviour changes can 
be appreciated by the thermal analysis, i.e. TG-DSC and dilatometry as shown in Figures 3 and 4, 
respectively.    
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Fig. 3. TG-DSC thermograms for RC-RH (a) and R30 mixtures (b). 

Figure 3a shows the TG and DSC curves for RC-10 wt% RH mixture, (RC-RH). It shows a total 
weight loss of 13.4 % at 1200 °C occurring in several steps. The first weight loss is associated with 
endothermic peak (120 °C) due to evaporation of absorbed moisture. The second weight loss of about 
11.7 % observed in the range of 230-600 °C is divided in two steps. The first weight loss (7.29 %) is 
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due to partial burning of rice husk. The second weight loss (4.37 %) is due to both the burning of 
residual part of rice husk and dehydroxylation, i.e. removal of chemical water from the red clay. Two 
thermal reactions associated with this weight loss (4.37 %) is observed and they are close to each other 
at 486 and 498 °C, one exothermic (Figure 2a) and one endothermic peak seen in a previous work [14] 
causing an overlap of the peaks in this case.  

Figure 3b shows the TG and DSC curves for the sample R30. The TG curve shows a total weight loss 
of 23.78 %. A summary of the weight losses by temperature interval for the samples R10, R20 and 
R30 are shown in Table 3. The total weight losses increase gradually with the addition of BNS ash 
from 10 to 30 wt% by sintering up to 1200 °C. As can be seen, at the temperature interval of 600-950 
°C the weight loss is produced by thermal decomposition of carbonates and in the temperature interval 
950-1200 °C the weight loss is produced by thermal decomposition of sulphates. Both carbonates and 
sulphates decomposition are associated with endothermic peaks at 729 and 1150 °C, respectively. 
 
Table 3 Summary of TG data of the compositions prepared with BNS ash addition. 
 

 
 
Sample 

Weight loss (wt%) at temperature range (ºC) 

230-380 380-600 600-950 950-1200 Total 

R10 
R20 
R30 

6.41 
5.90 
7.13 

6.64 
6.89 
9.41 

1.70 
2.60 
3.90 

0.71 
1.20 
1.64 

16.51 
18.42 
23.78 

 
Figure 4a shows the dilatometer curves of all studied samples and the linear shrinkage. The trends of 
the dilatometer curves are similar for all compacts up to 600 °C. The influence of BNS ash recorded at 
heating between approximately 600 and 920 °C determined a slight swelling which increases with the 
increase of BNS ash addition. At 920 °C the compacts RC-RH, R10 and R20 exhibit sintering 
shrinkage. The addition of BNS ash in the compacts of R10, R20 and R30 counteracted the shrinkage 
above 920 °C. It is also observed that the addition of 20 and 30 wt% of BNS ash (samples R20 and 
R30) have almost zero shrinkage, especially the compact R30 showing no measurable sintering 
shrinkage above 920 °C. Thus, the gradual addition of BNS ash to the mix RC-RH decreases the 
shrinkage. It is observed that this is due to thermal decomposition of sulphates in the temperature 
interval 950-1150 °C, see Figure 4b.   
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Fig. 4. Dilatometer curves for the compacts during sintering to 1150 °C (a) and mass spectrometry analysis of 

released gases (b). 
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3.3 Characterization of heat treated samples 

XRD of fired samples heated from 950 to 1150 °C are shown in Figure 5. A qualitative assessment 
was performed to identify differences of the crystalline phases in the fired samples. Figure 5a and 5b 
show the diffractograms for all samples heated at 950 and 1150 °C, respectively. The patterns of the 
sample RC-RH show quartz and plagioclase as dominant phases. Additionally, hematite was also 
detected in the sample at 1150 °C. The sample R1 shows the same phases as observed in sample RC-
RH. The 10 wt% of BNS ash added to the mixture of RC-RH seems not to alter the microstructural 
composition at any of the temperatures. It is observed that a new phase, leucite (K2O·Al2O3·4SiO4), is 
formed at 950 °C for the sample R20. This phase becomes a dominant phase at 1150 °C.  The sample 
R30 heated at 950 °C shows another new phase identified as augite (Ca(Mg,Fe)Si2O6). It is observed 
that this phase is stable by heating up to 1150 °C. Figure 5c shows the XRD patters of the sample R30 
heated at three different temperatures. Sample R30 contains the highest amount of BNS ash (30 wt%) 
added to the mixture of RC-RH. Figure 5c illustrates the evolution of leucite (K2O·Al2O3·4SiO4) 
phase by increasing the temperature from 950 °C to 1150 °C. It also shows that the quartz starts to 
react with K and Ca from the BNS ash forming low melting silicate phases. This can be corroborated 
with the phase equilibrium diagrams of K2O-Al2O3-SiO2 system [18].    
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Fig. 5. X-ray diffractograms of sintered samples RC-RH, R10, R20 and R30 at 950 °C (a) and 1150 °C (b). 

Sintered sample R30 at three different temperatures (c). 
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The SEM images in Figure 6 show the differences in microstructure for the samples RC-RH, R10 and 
R30 heat treated at 1150 °C. The sample RC-RH (0 wt% BNS ash) shows a sintered mixture with 
several open pores and cavities with sharp edges, which likely are remains from the combustion of 
organic components in the RH. Figure 6b shows the microstructure of the sintered sample R10 (RC-
RH with 10 wt% BNS ash). The microstructure is similar to sample RC-RH described above, 
including the phase composition in accordance with the XRD (Figure 5b).     
 
From the SEM observations of sample R30 (RC-RH with 30 wt% BNS ash) in Figure 6c a large 
amount of pores distributed throughout the bulk with interconnected channels is observed. The 
microstructure of the sintered sample obtained at 1150 °C consists of crystals of leucite and augite 
which are embedded in a glassy phase (Figure 6d, HF-etched sample), in agreement with the XRD 
patters obtained (Figure 5c). Thus, increasing the BNS ash additions to 30 wt% in the mixture of RC-
RH changes the microstructure in the ceramic samples as compared to the sample of only RC-RH 
showing quartz as the dominating phase.    
 

  

  

Fig. 6. SEM micrographs corresponding to the sintered samples at 1150 °C for RC-RH (a), R10 (b), and for R30 
(c). Etched-HF sample for R30 showing the crystals of potassium alumina-silicates formed at 1150 °C (d). 
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3.4 Properties of sintered samples 

3.4.1 Bulk density, open porosity and compressive strength 
Figure 7 shows the variations in bulk density, open porosity and strength of the sintered samples as a 
function of BNS ash additions and compared with RC-RH samples at different temperatures. Figure 7a 
shows that the bulk density decreases steadily with an increased amount of BNS ash for all firing 
temperatures as compared to the mix RC-RH. By increasing the temperature from 950 to 1050 °C the 
bulk density is not or little affected but the bulk density is affected above 1050 °C being largely 
increased for the sample R10.  
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Fig. 7. Properties of the fired samples as a function of BNS ash addition compared with RC-RH sample at 

different temperatures; bulk density (a), open porosity (b), and compressive strength (c). 
 
It is seen in Figure 7a that the bulk density is much higher for sample R10 that contains 10 wt% BNS 
ash than for the samples R20 and R30 with 20 and 30 wt% BNS ash, respectively. It can be explained 
as larger amount of BNS ash present in the samples and there is also more carbonates and sulphates in 
the samples, thus enabling larger porosity. This is because carbonates and sulphates decompose 
forming the CO2 and SO2 gases at heating, leading to some weight loss but also pore formation in the 
sample, see Figure 3b and 4b. Figure 7b shows that the open porosity increases by increasing the BNS 
ash to the mixture of RC-RH. It is also observed that the open porosity remains nearly constant in the 
range of sintering temperature between 950 and 1050 °C. At 1150 °C, the open porosity decreases 
significantly for the sample R10 (about 15 %) but not for the samples R20 and R30 having an open 
porosity of more than 42 and 44 %, respectively. 
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Figure 7c shows the compressive strength of the fired specimens. Depending on the increase in the 
BNS ash addition and porosity, the compressive strength decreased. For example, the sample R10 
shows a compressive strength of about 12 MPa at 1150 °C that is slightly lower than RC-RH sample. 
However, the open porosity decreased to 15 % and 14 %, respectively. With regard to the samples R20 
and R30 the compressive strength at 1150 °C was about 7.6 and 7.1 MPa, respectively. The low 
strength observed for sample R20 and R30 is due to presence of higher porosity than in sample R10.   
It can be seen that the compressive strength of the samples are closely related to their porosities. 
Compressive strength of the samples R20 and R30 are still higher than the standard strength values for 
bricks. According to the Turkish and the corresponding European Standards (TS EN 771-1), the 
minimum strength for building bricks is 7 MPa [19]. 
 
3.4.2 Thermal conductivity 

The comparison of the measured thermal conductivity of the samples sintered at 1150 °C with and 
without BNS ash addition is given in Table 4, together with values of bulk density, open porosity and 
compressive strength values.  

Table 4 Bulk density, open porosity, thermal conductivity and compressive strength of the samples 
sintered at 1150 °C. 

 
Sintered samples 
at 1150 °C  

Bulk density 
(g/cm3) 

Porosity 
(%) 

Thermal  
conductivity (W/mK) 

Strength 
(MPa) 

RC-RH 1.97 13.78 0.59 12.22 
R10 1.67 15.31 0.42 12.08 
R20  1.41 40.20 0.27 7.61 
R30  1.24 43.65 0.22 7.16 

 
As can be seen in Table 4, an increase in the amount of BNS ash addition causes a reduction of 
thermal conductivity. It is also observed that the measured values of thermal conductivity of the 
samples are in a satisfactory agreement with the relation of open porosity, i.e. the thermal conductivity 
decreases as the open porosity increases in the samples. The sample with 30 wt% BNS ash (R30) 
shows a thermal conductivity of 0.22 W/mK which is 2.7 times lower as compared to the sample (RC-
RH) with no addition of BNS ash. Samples containing 20 and 30 wt% BNS ash show a low thermal 
conductivity of about 0.22-0.27 W/mK which correlates with their porosity, which is larger than 40 %. 
Additionally, these samples show a reduced density and reduced compressive strength as well. 
 
4. Conclusions 

The effect of incorporation of BNS ash into ceramic mixture of red clay and rice husk is addressed and 
the following conclusions can be drawn:  

Brazil nut shell ash shows the presence of several phases, the main are CaCO3, K2CO3, fairchildite 
(K2Ca(CO3)2) and arcanite (K2SO4). It is evident that these components play an important role in the 
mixture of red clay and rice husk forming potassium calcium silicate K2Ca4Si8O21, augite 
Ca(MgFe)Si2O6 and leucite K(AlSi2O6) phases at sintering. Leucite becomes the predominant phase at 
1150 °C in the samples with 30 wt% BNS ash. At this temperature the quartz reacted to form silicates 
mentioned above and vitreous glass. 
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Samples with addition of Brazil nut shell ash achieved higher porosity than samples without Brazil nut 
shell ash due to decomposition of carbonates and sulphates from BNS ash at temperature interval 
between 800 and 1100 °C. This behaviour of Brazil nut shell ash into the mix of red clay and rice husk 
is remarkably different to other pore formers usually used for similar purposes. For example it was 
observed that most of the organic content of rice husk starts to burn at 250 to 600 °C.   
 
Samples with addition of 20 and 30 wt% Brazil nut shell ash produced porosity higher than 40 % and 
a low thermal conductivity of about 0.22-0.27 W/mK. The samples have strength above 7 MPa. From 
this, it is concluded that the addition of Brazil nut shell ash optimize the thermal insulation of the 
produced ceramics. 
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Abstract 

The production of wall-, roof tiles and bricks often use red clay with an addition of various ashes to improve the 
properties, as an alternative to more expensive raw materials. The optimum amount of ashes is defined by the 
clay and ash composition. In this work, sugarcane bagasse ash was added to red clay up to 30 wt% and the 
samples were sintered up to 1150 °C. Characterization was performed by XRD, TG, mass spectrometry, 
dilatometry and SEM techniques. Particles size analysis, bulk density and compressive strength were also 
determined. The optimum addition of sugarcane bagasse ash to red clay was 10 wt% and a sintering temperature 
of 1100 °C. This sample showed a bulk density of 2.05 g/cm3, water absorption of 8.5 % and compressive 
strength of 56 Mpa.  
 
Keywords 
Red clay; Sugarcane bagasse ash; Particle size; Compressive strength; Shrinkage. 
 
 
1. Introduction 

The manufacture of traditional ceramics often uses red clay as the major raw material. Being a 
naturally occurring material, clays have different mineralogical compositions at different locations in 
the earth. Depending on the composition of the clay various combinations of sand and feldspar 
minerals need to be added in order to improve the sintering process and reach the desired properties of 
the final product. In the last decade, ashes from various origins have been shown to be a promising 
alternative to the more expensive raw materials, giving the desired properties to the final products as 
well as adding value to the ash which is a residue from agricultural industries in many developing 
countries [1-3].  
 
The ash resulting from the burning of sugarcane bagasse, which is a by-product from the sugar mill 
and the alcohol industry, is rich in silica. Sugarcane bagasse is used as fuel, i.e. as an alternative 
energy form for supplying the energy needs of these industries. Sugarcane bagasse generates about 3 
wt% of ash after burning, the rest being volatile organic matter [4]. The resulting ash is characterized 
as a fine powder, which besides being rich in silica also contains Al, Fe, alkalis and alkaline earth 
oxides as minor components. The components can vary depending on the soil where the sugarcane is 
grown [5,6]. 
 
The Santa Cruz region of Bolivia has an extension of sugarcane plantations of about 132 000 ha, and 
in 2012 more than 6.45 million tons of sugarcane were generated in this region for the production of 
sugar (22 vol %) and alcohol (78 vol %) [7]. As a result of this industrial process considerable 
volumes of bagasse wastes are generated in this region. Nowadays, the produced sugarcane bagasse 
ash from the agricultural sector in Bolivia is partly buried or scattered on the ground in the planting 
area.  
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According to today’s environmental regulations, that is not a suitable disposition of the ashes. The 
possibility to recycle sugarcane bagasse ash in red clay ceramic production is nowadays an 
advantageous reality in environmental protection and raw material savings [8,9]. There are some 
different results and discussions published on the activity of crystalline silica from ashes added to clay 
ceramic matrices. Some studies have shown that addition of non-plastic materials, such as quartz, 
enhance the workability, diminish shrinkage and reduce the risk of crack formation during drying [10]. 
Studies also report that quartz improves the sintering process and the final ceramic properties such as 
strength and toughness in some ceramic based materials [11]. On the other hand, certain studies show 
that quartz impairs the strength by increasing the microcracks and defects that are generated during the 
cooling stage [5]. These different results may be due to the difference in particle size and shape of the 
quartz particles which is a result from the ashes being different in nature. The amount of ash that 
should be added for ideal properties differs between ashes from different origin and that makes it 
difficult to compare results from different studies. Therefore, it is very important to characterize both 
the selected ashes and the used clay for production of ceramics with desired properties. 
 
The aim of the present work is to characterize and evaluate the effects of sugarcane bagasse ash 
additions to red clay from the tropical zone of Bolivia. The green density, compressive strength and 
shrinkage of the produced ceramics were studied. 
 
2. Experimental procedure 

2.1 Materials 

The raw materials used in this work were sugarcane bagasse ash (SCB ash) and red clay. SCB ash was 
collected from boilers (bottom ash) at a sugar processing plant in Bolivia. The collected SCB ash was 
ball milled for 30 min and sieved through a 315 μm sieve. The clay was collected at a deposit nearby 
the place Entre Rios in tropical zone of Bolivia. The clay was dried, milled and sieved through a 315 
μm sieve. 
  
2.2 Brick sample preparation 

To prepare green compacts, the sieved clay was mixed from 0 up to 30 wt% of SCB ash in 
composition steps of 5 wt%. The samples were mixed for 30 min using an alumina ball mill and then 
the mixtures were moistened by an addition of 10 wt% of water to obtain a semi-dry ceramic powder 
ready for shaping. The semi-dry powder was pressed at 40 MPa into cylinder shapes of diameter 35 
mm and length 35 mm using a hydraulic uniaxial press with a steel matrix. The shaped samples were 
dried at ambient temperature for 24 h and subsequently at 110 °C for another 12 h. The green density 
was determined from weight and size of the pressed and dried samples.     
 
The dried green bodies were sintered at different temperatures of 1000, 1050, 1100 and 1150 °C in a 
laboratory electric furnace (Nabertherm GmbH, type S) at a heating rate of 5 °C/min and 1h holding 
time at maximum temperature. Physical and mechanical properties were measured after sintering of 
the samples. The bulk density was determined by Archimedes’ immersion technique according to 
ASTM [12]. The strength of the sintered samples was obtained by compressive loading on the 
perimeter area of the sample until a crack was formed using a universal testing machine (Model Mtest 
Quattro/100 kN) at a crossbar speed of 0.5 mm/min. The strength tests were usually performed on at 
least six samples of each mixture and the strength results are expressed as the mean values with the 
corresponding standard deviations of the measurements. 
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2.3 Characterization 

The phase analyses of the samples were determined by powder X-ray diffractometry. The X-ray 
diffractograms were obtained by PANalytical Empyrean X-ray diffractometer with CuKα radiation, 
and the X-ray diffractograms were recorded in the 2θ range between 5° and 50° with a step size of 
0.02°. The phases were identified from peak positions and intensities using reference data from the 
data file ICDD (2010). The chemical analyses of the samples were performed with Inductively Couple 
Plasma-Sector Field Mass Spectrometer (ICP-SFMS). 
 
The mass changes were determined by thermogravimetry (TG). The experiments were performed in a 
Netzsch STA 449C Jupiter instrument, equipped with a Netzsch Aeolos QMS 403 mass spectrometer. 
The temperature interval was between 40 to 1150 °C and the heating rate was 5 °C/min in air 
atmosphere. The firing shrinkage and densification of the samples were evaluated using a dilatometer, 
Netzsch DIL 402C instrument, from room temperature to 1150 °C at a heating rate of 5 °C/min in air 
atmosphere.   
 
The microstructure of the samples was observed by scanning electron microscopy, SEM (Magellan 
400, FEI Company) without conductive coating. The particle size distribution of the raw materials was 
determined using a laser particle size analyser (CILAS 1064). The plastic limit (PL), liquid limit (LL), 
and plasticity index (PI) were obtained using Atterberg limits test as described by ASTM [13]. Plastic 
limit is the boundary between plastic and semi-solid states. Dry clay powder was mixed with water to 
produce a coherent 3 mm diameter plastic clay thread. The plastic limit is the water content of the 
plastic clay when water is not sufficient to form this thread. The liquid limit is the boundary between 
the liquid and plastic states obtained using a Casagrande device. The plasticity index was calculated as 
PI=LL-PL. 
 
3. Results and discussions 

3.1 Chemical and mineralogical analyses of the raw materials 

The chemical compositions of the red clay (RC) and sugarcane bagasse ash (SCB ash) are shown in 
Table 1. The mineralogical characteristics of the red clay used in this work have been discussed in 
previous work [14]. In particular, the red clay minerals are represented by kaolinite, illite and smectite 
phases. The RC shows a mass ratio SiO2/Al2O3 of 3.6 (Table 1), which indicates that the red clay 
contains some quartz particles. It also contains Fe2O3 of about 6 wt%, which generally produce red 
coloured products because of hematite formation at temperatures above 950 °C. The mineralogical and 
chemical composition of the red clay is in the range of typical red clay used in traditional ceramics 
industry [15]. 
 
Table 1 Chemical composition of the RC and SCB ash expressed in oxide form (wt%). 

 SiO2 Al2O3 Fe2O3 K2O Na2O CaO MgO TiO2 MnO P2O5 SO3 LOI 
RC 63.22 17.55 5.63 3.25 0.79 0.17 1.69 0.84 0.03 0.12 0.01 6.80 
SCB ash 84.91 3.54 4.92 2.51 0.32 0.45 0.34 0.21 0.05 0.24 0.01 2.31 
LOI = loss on ignition at 1000 °C. 

The main component of SCB ash is SiO2 of about 85 wt%. The contents of Fe2O3 and total alkali and 
alkali earth oxides are 5.6 wt% and 3.6 wt%, respectively.  
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X-ray diffractogram of SCB ash shows quartz as the predominant crystalline material (Fig. 1a), where 
the predominance of silica is well correlated by chemical analysis (Table 1). This composition gives 
the ash properties similar to those of fine sand, used by the ceramic industry in order to obtain the right 
plasticity of the mixture.  
 
The SEM image (Fig. 1b) of SCB ash shows grains of quartz with various sizes, shapes and sharp 
edges. The morphology of SCB ash depends directly on the burning process, such as the temperature, 
time, environment, and cooling rate [16]. 
 

10 15 20 25 30 35 40 45

2 /degree

SCB ash Quartz
Microcline

a)

  
Fig. 1. X-ray diffractogram of SCB ash (a), and SEM micrograph of the SCB ash showing the morphology of the 

quartz particles (b). 
 
3.2 Particle size analysis 

The particle size distribution curves of as received SCB ash and red clay are shown in Fig. 2a and b, 
respectively. The SCB ash shows two maxima of size distribution densities identified at 50 μm and at 
100 μm. Also the red clay shows two maxima of size distribution densities at 5 μm and 12 μm. The 
cumulative size distribution curve of the SCB ash shows particle sizes between 5 μm and 180 μm in 
comparison with the red clay particles, which shows finer particles between 0.3 μm and 45 μm. It is 
also seen that the average grain size, d50, for SCB ash is 58.7 μm and 6.53 μm for red clay. As can be 
observed in Fig. 2c, the red clay samples containing SCB ash have almost constant green density. 
Thus, the wide range of particle sizes in the mixed red clay and SCB ash have slightly influence in the 
packing density. 
 
Following normal soil classification, so-called textural analysis, the raw materials can be divided into 
three major size groups (clay, silt and sand) according to their particle size ASTM [17]. Clay is by 
definition having a grain size < 2 μm, silt around 2-20 μm and sand above 20 μm. The red clay shows 
a high concentration of fine particles, up to 87 %, corresponding to clays and silt and making the red 
clay highly plastic.  
 
According to the soil classification, the red clay corresponds to the so called silty-clay materials. In 
addition, the red clay displays a plastic limit of 24.5 % and plasticity index of 26.7 %, and thereby the 
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red clay is classified as clay of high plasticity according to the Casagrande’s plasticity chart [18]. This 
is in good correlation with the results from the particle size analysis, (Fig. 2a and b). 
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                             c) 
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Fig. 2. Particle size distribution curves of SCB ash (a) and red clay (b). Green density of the compacted samples 
with different additions of SCB ash (c). 

 
It is well known that high plasticity clays require a considerable amount of water to form a plastic 
mass able to shape by extrusion [19]. This can lead to difficulties in removing the water during drying 
when the clay sample has a high degree of packing. In such cases there is a humidity gradient between 
the surface and the interior of the sample, resulting in severe shrinkage and formation of surface cracks 
and deformation during drying [5]. However, this problem can be solved in some degree by mixing 
non plastic materials such as quartz with different grain size and shapes of the particles which is the 
case in this study of mixtures of red clay and SCB ash. Also, adding non plastic particles to the clays 
with high plasticity will make the plastic mass more suitable for extrusion according to the Atterberg 
limits [20]. 
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3.3 Thermogravimetry and mass spectrometry analyses 

Thermogravimetry and mass spectrometry gas-release analyses of SCB ash and red clay samples are 
shown in Fig. 3.  It is observed in Fig. 3a that the main weight loss is about 1.51 % in the temperature 
range of 250 to 550 °C. This weight loss is accompanied with release of CO2 and H2O, which are 
typical products from combustion of organics. Thus, this weight is related to the combustion of small 
amounts of charcoal and bagasse fibers present in the SCB ash. The total weight loss of SCB ash 
calculated from the TG was 2.15 wt%.   
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Fig. 3. TG and mass spectrometry analysis showing the weight loss 

and H2O-CO2 release from SCB ash (a), and red clay (b). 

The red clay (Fig. 3b) shows two main weight losses in the temperature intervals of 80-250 °C and 
250-650 °C. The first weight loss is related to release of H2O. It comes from physical water and from 
water coordinated with cations in the inter-layer of 2:1 type clay minerals, at 187 °C, and also from 
iron hydroxides (goethite) at 273 °C. The second weight loss is mainly related to hydroxyl groups 
(OH) releasing H2O gas from kaolinite about 524 °C, but also to the burning of some organic matter at 
about 300 °C. The loss of hydroxyl groups from kaolinite leads to the formation of a disordered phase, 
known as metakaolinite [21]. 
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3.4 Dilatometry analysis 

Fig. 4 shows the dilatometer curves of the samples. The dilatometer curves of the three samples are 
quite similar. A slight expansion from room temperature to 550 °C is observed, followed by a 
pronounced expansion at 573 °C related to the α↔β quartz transition. 
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Fig. 4. Dilatometer curves of red clay and mixtures of red clay with 10, 20 and 30 wt% SCB ash (a), linear 

shrinkage as a function of SCB ash addition at different temperatures calculated from dilatometer curves (b), and 
chemical composition calculated from the resulting mixtures (c). 

 

The shrinkage increases above 1050 °C. At 1150 °C, the shrinkage increases in the samples from 1.1 
to 3.1 %. At this point some liquid phase starts to form in the ceramic material, and thus, sintering is 
governed by viscous flow mechanism with high influence on the densification rate of the material, 
resulting in a higher shrinkage [22]. The linear shrinkage decreases as the SCB ash content in the 
samples increases up to 30 wt%. This is because the quartz content increases from 66 to 72 wt% as 
seen in Fig. 4c. This effect is related to quartz from SCB ash, which is a non-plastic material and act as 
filler material in the samples.  
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Micrographs of fired samples at 1100 °C are shown in Fig. 5a and b. It is observed in both samples 
that quartz particles are evenly dispersed in a glass matrix. 
  

Quartz

a)

 

microcraks

Quartz

Quartz

voids
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Fig. 5. SEM micrographs in polished samples sintered at 1100 °C. Sample with 10 wt% SCB ash (a), and 

sample with 30 wt% SCB ash (b). 
 

The sample of red clay with 30 wt% of SCB ash (Fig. 5b) shows a higher content of large quartz 
particles compared to the sample with 10 wt% SCB ash (Fig. 5a). These large quartz particles come 
from the SCB ash, according to the particle size distribution from Fig. 2a. There are fractured quartz 
particles in the sample with 30 wt% SCB ash. Series of microcracks in the glass matrix are also 
observed in both samples around the quartz particles which are likely generated by tensile stresses due 
to the thermal mismatch between the crystalline quartz particles and the glass matrix. 
 
3.5 Bulk density, water absorption and compressive strength 

The variation in bulk density as a function of temperature and ash concentration is shown in Fig. 6a. 
Samples sintered at 1000 and 1050 °C show practically no change in bulk density as SCB ash is added 
to the red clay. However, samples with 5 and 10 wt% SCB ash sintered at 1100 °C shows significantly 
higher degree of densification than the pure clay and the samples with higher amounts of SCB ash 
addition. The results are consistent with the dilatometer results shown in Fig. 4a.  
 
The compressive strength results are shown in Fig. 6b. The samples sintered at 1000 °C and 1050 °C 
show only small increase in compressive strength and no effect on strength from the SCB ash addition 
is seen. The strength tends to increase significantly by increasing the temperature from 1000 to 1150 
°C for the samples with SCB ash additions up to 20 wt%. The addition of SCB ash of 10 wt% 
increases the strength and it becomes 56 MPa and 106 MPa when sintered at 1100 and 1150 °C, 
respectively. This correlates with the bulk density and the shrinkage. In general, it is observed that at 
temperatures higher than 1050 °C, bulk density and linear shrinkage of the ceramic bodies increase, 
resulting in higher bulk density and strength.  
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Fig. 6. Bulk density (a), compressive strength (b), and water absorption (c) as a function of the SCB ash addition 
in the red clay and different sintering temperatures. 

 
Fig. 6c shows the water absorption of the sintered samples. This property is related to the 
microstructure of the fired ceramic matrix, and depends on the volume fraction of open pores. It is 
observed that the water absorption tends to decrease with an addition of SCB ash up to 10 wt% for the 
samples sintered at 1100 and 1150 °C. This result is in accordance with the bulk density values. 
However, the water absorption tends to increase with an addition of SCB ash above 10 wt% and this is 
clearly observed for the samples sintered at 1050, 1100 and 1150 °C. Furthermore, the microstructure 
of the sample with SCB ash addition of 30 wt% is more porous than the sample with SCB ash of 10 
wt%, as can be seen in Fig. 5a and b.  
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4. Conclusions 

 In terms of grain size, the red clay can be classified as silty-clay resulting in high plasticity. 
 The sugarcane bagasse ash has a silica content of about 85 wt% mainly in quartz form and 

total fluxes components of only 3.6 wt%. 
 The size of the particles differs considerably between the SCB ash (5-180 μm) and red clay 

(0.3-45 μm). In addition, when red clay is mixed with SCB ash the green density is 
independent of the mixed composition.  

 The SCB ash addition to the red clay decreases the shrinkage at firing and the material 
behaves like a non-plastic material. Addition of 10 wt% of sugarcane bagasse ash to the red 
clay increases the strength to 106 MPa when sintered at 1150 °C.  

 The strength and bulk density of the samples sintered at temperatures up to 1050 °C are only 
slightly affected by the addition of SCB ash between 0 to 30 wt%.  

 Finally, the sugarcane bagasse ash can be added in amounts up to 10 wt% as an additive to 
produce ceramic materials. Thus, this process adds value to the sugarcane bagasse ash, save 
raw materials and avoids an expensive disposition of ashes.  
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Cobalt nanoparticles were prepared at room temperature by reducing cobalt sulfate heptahydrate with
sodium borohydride using functionalized SBA-15 mesoporous silica as a hard template. It was found that
both external and internal fuctionalization of silica walls play a crucial role on the infiltration and reaction
of the reagents in the silica framework. Subsequent heat treatment of the impregnated silica at 500 °C in
air or nitrogen atmospheres leads to growth of crystals of the deposited cobalt and formation of cobalt
oxide and cobalt nanoparticles, respectively. Dissolution of the silica template by NaOH resulted in well
dispersed Co and Co3O4 nanoparticles ranging in size between 2 and 4 nm. The functionalization of the silica
was studied by FTIR, N2-physisorption, and thermogravimetric techniques and the obtained nanoparticles
were characterized by XRD, TEM and EDX analysis.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

In recent years the synthesis of metals and metal oxides in nano-
particle form with well-defined sizes, shapes, and crystallinity has
received increasing attention because of their unique physicochemi-
cal properties, which make them desirable in many technological
applications such as sensors [1], catalysis [2], and hydrogenation pro-
cesses [3]. The unique characteristics of cobalt metal, especially the
magnetic properties, make it attractive in a wide range of applica-
tions, e.g. data information storage [4], recording devices, and mag-
netic refrigeration including biomedical systems [5].

Cobalt nanoparticles can be synthesized using various techniques,
such as thermal decomposition [6], pressure drop-induced decompo-
sition [7], microemulsion methods [8], chemical reduction of cobalt
salts by borohydride derivates and hydrazine hydrate as the reducing
agent [9]. Depending on the synthesis method, cobalt particles
with different morphologies and sizes can be obtained, e.g. dendritic
structures [10], nanorods [11], and microspheres [12]. However,
size and dispersion control of synthesized Co-nanoparticles remain
subjects to explore.

Selective functionalization of the silica surface has been used as a
method to synthesize Ag nanoparticles in the channels of SBA-15 by
using formaldehyde as the reducing agent [13,14]. However, to
reduce other metals such as cobalt from its salt solution, a strong

reducing agent is needed. Recently, Bahadur and co-workers [15] have
successfully synthesized iron-cobalt alloy nanoparticles by reduction
from cobalt and iron chlorides using sodium borohydride, which is a
widely used and powerful reducing agent in wet-chemical processes.

In this study, we present an effective approach to synthesize
monodisperse cobalt nanoparticles with a narrow size distribution
by modifying internal and external surfaces of SBA-15 mesoporous
materials with two different functional groups (see Scheme 1).

2. Experimental details

2.1. Materials

Pluronic P123 (EO20PO70EO20, Aldrich), tetraethyl orthosilicate
(TEOS) (reagent grade, 98%, Aldrich), hydrochloric acid (purity≥37%,
puriss. p.a., Fluka, ACS Reagent, fuming), toluene (anhydrous 99,9%),
Trimethylchlorosilane (TMCS≥99%, Aldrich), 3-Aminopropyl-
trimethoxysilane (APTMS 97%, Aldrich), sodium hydroxide pellets
(purity≥97%, purum. p.a., Fluka), cobalt (II) sulfate heptahydrate
(CoSO4·7H2O, 99%, Aldrich ), sodium borohydride (NaBH4, 99%,
Aldrich), were used as received.

2.2. Synthesis

The steps involved in the synthesis are illustrated in Scheme 1.
Monodispersed mesoporous silica SBA-15 with a hexagonal pore
arrangement (Scheme 1a) was synthesized and used as molds for
templating of cobalt and cobalt oxide nanoparticles. The detailed
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description of the synthesis route was reported by Sayari et al. [16],
where the triblock copolymer Pluronic P123 was used as a structure
directing agent, and tetraethyl orthosilicate TEOS as silica source in
acidic condition. The obtained silica sample is labeled as (as-SBA-15).

The external surface of the as-SBA-15 sample was functionalized
by trimethylchlorosilane (TMCS) according to the earlier procedure
developed by Zhang et al. [14]. Typically, 1.0 g of as-synthesized silica
(as-SBA-15) was stirred into 100 mL of toluene in a round bottom
flask for 30 min at room temperature. Subsequently, 15 mL of tri-
methylchlorosilane was added and heated at 80 °C for 8 h under stir-
ring. The filtrated solid was washed twice with toluene and dried at
room temperature (Scheme 1b). The obtained sample was labeled
(TMCS-SBA-15). Subsequently, to remove P123 from the pores, the
functionalized silica was calcinated at 300 °C for 5 h (Scheme 1c).
This sample is labeled (300-TMCS-SBA-15).

The modification of the internal walls of the silica was carried
out using 3-aminopropyl-trimethoxisilane (APTMS), where –

Si(CH2)3NH2 groups are grafted into the channels of silica through
the reaction between silanol groups and 3-aminopropyl-
trimethoxysilane (Scheme 1d). The procedure applied is a modifica-
tion to what has been previously reported [13,17]. Typically, 0.5 g of
300-TMCS-SBA-15 sample was suspended for 30 min in 80 mL of
toluene, and then 5.0 mL of APTMS was added and stirred at room
temperature for 24 h. After that the solid was refluxed for 5 h by sox-
let extraction in 80 mL of toluene in order to remove the physical
sorption of APTMS. The obtained sample was labeled (TMCS-
APTMS-SBA-15).

The method to reduce cobalt salt sources inside channels of the
silica (Scheme 1e) was performed as follows: 0.5 g of dried TMCS-
APTMS-SBA-15 sample was transferred to a round bottom flask and
mixed with 30 mL of cobalt (II) sulfate solution (0.02 M), and sonicat-
ed for 15 min at room temperature. In order to remove the excess of
cobalt precursor the sample was filtered and dried, and subsequently
30 mL of NaBH4 aqueous solution (0.1 M) was added drop wise
during magnetic stirring for 20 min to reduce the cobalt ions; the
mixture was then kept in a sonication bath for 15 min at room
temperature. The obtained sample was labeled (TMCS-APTMS-Co-
SBA-15).

Growth of the cobalt and cobalt oxide nanocrystals was achieved
by heat treatment of the sample TMCS-APTMS-Co-SBA-15 under air

or N2 atmospheres to obtain cobalt oxide and cobalt metal, respec-
tively (Scheme 1f). The temperature was increased with a heating
rate of 10 °C /min to 500 °C and held for 5 h. Finally, to remove
the silica template, a solution of NaOH (0.25 M) was mixed with
the sample and sonicated at 55 °C for 5 h; the synthesized nanopar-
ticles (Scheme 1g) were collected using centrifugation (4100 rpm/
15 min).

2.3. Characterization

The crystalline structure was determined by powder X-ray diffrac-
tometry (XRD) using a Siemens D 5000 diffractometer and Cu Kα ra-
diation. Transmission electron microscopy (TEM) was performed
with an FEI Tecnai G2 microscope operated at 200 kV, and the chem-
ical composition determined by energy dispersive X-ray spectroscopy
(EDX) in the TEM. For preparing TEM samples, the product of interest
was dispersed in acetone and then deposited onto carbon copper
grids and allowed to dry before analysis.

Nitrogen adsorption–desorption measurements were performed
at 77 K using aMicromeritics ASAP 2020 surface area and porosity an-
alyzer. The samples were degassed at 373 K for 9 h before the mea-
surement. The specific surface area was determined by the
Brunauer–Emmett–Teller (BET) model [18] over a relative pressure
(P/P0) range of 0.08–0.2; the pore size distribution was derived from
the adsorption isotherm branch using Kruk–Jaroniec–Sayari (KJS)
method [19]. Finally the total pore volume was calculated from the
amount of adsorbed N2 at P/P0=0.975.

The study of functional groups on the surfaces of silica by
Fourier transformed infrared spectroscopy (FTIR) was performed
using a Shimadzu FTIR-8400S spectrophotometer, using pressed
KBr pellets. To prepare the pellets, 0.8 mg of sample and 120 mg
of KBr powder were finely ground to remove scattering effects,
and the powder mixture pressed to a pellet size suitable for the
instrument.

Thermogravimetric (TG) and differential scanning calorimetric
(DSC) analyses were performed using a Netzsch STA 449C Jupiter in-
strument. The measurements were carried out in air and nitrogen.
Approximately 20 mg of material was placed in a sintered alumina
crucible and the temperature was increased from room temperature
to 700 °C at a heating rate of 10 °C/min.

Scheme 1. Steps involved in the synthesis of cobalt nanoparticles.
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3. Results and discussions

Monodispersed mesoporous silica SBA-15 has been used as a tem-
plate for confined growth of cobalt and cobalt oxide nanoparticles.
The overall morphology and pore structure of this template are
shown in Fig. 1. The particles are rodlike shaped with a diameter of
0.4–0.5 μm and a length of 1–1.5 μm. Hexagonally ordered mesopor-
ous channels run along the length of the particles, with a pore size
of about 10 nm (see the inset).

The functionalization process used is a well known method based
on slow hydrolysis of an alkyl trimethylsilane and condensation of a
compound with free OH-binding sites at the silica surface [20]. In
the present work the external surface of the synthesized SBA-15 silica
was first modified with trialkylsilane (–Si(CH3)3). Thereby a highly
hydrophobic surface was achieved, which proved to be sufficient to
avoid formation of large cobalt particles outside the silica channels.

Fig. 2. FTIR spectra of (a) as-SBA-15, (b) TMCS-SBA-15, (c) 300-TMCS-SBA-15, and (d) TMCS-APTMS-SBA-15.

Fig. 3. TG (dashed line) and DTA (solid line) responses for (a) as-SBA-15, and (b) 300-
TMCS-SBA-15.

Fig. 1. TEM micrograph of the silica template (SBA-15); the inset represents the pore
structure.

361E. Escalera et al. / Powder Technology 221 (2012) 359–364



During the external functionalization process, the silanol (–OH)
groups of the silica react with TMCS according to Eq. (1) to form a hy-
drophobic external surface.

≡Si–OHþ Cl–Si CH3ð Þ3
External surface Hydrophobic agent

→≡Si–O–Si CH3ð Þ3 þHCl
External functionalization

ð1Þ

The incorporation of these groups on the SBA-15 surface has been
qualitatively confirmed by FTIR analysis. As can be seen in the Fig. 2a,
the spectrum of as-prepared SBA-15 sample shows a characteristic
absorption band of Si–O–Si groups in the range 1150–1062 cm−1,

C–H asymmetric stretching vibration around 3092–2900 cm−1 from
the surfactant P123, and silanol groups Si–OH stretching vibration at
3496 cm−1.

The absorption intensity of silanol (Si–OH) groups decreases for
functionalized SBA-15 with trialkylsilane groups (Fig. 2b). The C–H
stretching vibration intensity increases because of the presence of a
higher amount of trimethyl (–CH3) groups anchored to silica. The ab-
sorption band at 830 cm−1 is attributed to new bonds formed be-
tween Si–C atoms. Based on these observations, we conclude that
the external silica surface has been successfully modified with hydro-
phobic groups.

Calcination at 300 °C has previously been shown to successfully
remove P123 from SBA-15 pore channels, [21] which is also shown
to be the case here (Fig. 3). Fig. 2c shows the FTIR spectrum for this
sample. The absorption intensity for C–H groups (3092–2900 cm−1)
decreased, while the intensity for silanol (Si–OH) groups at
3496 cm−1 increased. These findings are in accordance with P123
loss and perhaps the formation of new silanol groups during calcina-
tion. The observed remaining absorption bands after calcination
of C–H and Si–C are expected in the presence of the external
hydrophobic functional groups, i.e. trimethyl (Si–CH3)3 groups at
3092–2900 cm−1 and Si–C at 830 cm−1, respectively.

The reaction between APTMS and Si–OH groups of the internal
surface of 300-TMCS-SBA-15 sample is shown below:

≡Si–OHþ CH3Oð Þ3
Internal surface

– Si CH2ð Þ3–NH2
Hydrophilic agent

→≡Si–O–Si CH2ð Þ3–NH2 þ 3CH3OH
Internal functionalization

ð2Þ

Stretching vibrations from the amino groups (–NH2) normally ap-
pear at 3380 and 3310 cm−1 [22]. Here, they are only weakly seen
because of an overlap with the broad band between 3500 and
3400 cm−1 originating from hydroxyl groups present in the silica
walls (Fig. 2d)

A new band at 1530–1588 cm−1 attributed to –C–N– stretching
vibration of primary amine (–CH2NH2) is observed when comparing
the spectra before (Fig. 2c) and after (Fig. 2d) internal functionaliza-
tion. Moreover, the intensity ratio of Si–OH/C–H decreased because
of the new C–H bonds present as –CH2– groups included in the at-
tachment of the amino groups (–NH2) to the silica SBA-15, according
to the equation below:

≡Si–O−Si CH2ð Þ3−NH2 þ Co H2Oð Þ6þ2

Internal functionalized surface Hydrated�cobalt ion
→≡Si–O–Si CH2ð Þ3−HN−1−Co H2Oð Þ5þ1

Stable complex amine�cobalt ion

ð3Þ

When the cobalt salt was dissolved in water the cations are hy-
drated (Co(H2O)6+2). Therefore, hydrated cobalt ions have formed a
stable complex with amino groups. The anchored amine groups pro-
vide a stronger negative charge than the silanol groups [23], and

Fig. 5. TEM micrographs of (a) mesoporous silica with cobalt nanoparticles inside the pores (b) cobalt nanoparticles on a Cu/carbon grid after silica removal, and (c) particles size
distribution histogram of the obtained nanoparticles and corresponding Gaussian fit (solid line).

Fig. 4. Nitrogen adsorption–desorption curves. (a) Isotherms for the samples at differ-
ent synthesis steps and (b) their corresponding pore size distributions.
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enhance the attraction of cobalt ions to the silica pores. The complete
modification route is illustrated in Scheme 1.

As-SBA-15 and 300-TMCS-SBA-15 samples were analyzed by TG-
DTA analysis, in order to confirm that P123 was completely removed
and that TMCS groups remain attached on the silica walls after calcina-
tion at 300 °C. The P123 template decomposes in the temperature range
180–300 °C, seen as an exothermic peak in Fig. 3a, which is
accompanied by weight loss. In the case of TMCS groups (Fig. 3b), de-
composition andweight loss begin at about 430 °C. Hence, a distinct dif-
ference between the decomposition temperatures of TMCS and P123 is
established. The obtained result confirms that P123 was removed
completely from the inside of the channels at 300 °C, without affecting
the hydrophobic property of TMCS groups on the external surface.

Nitrogen physisorption isotherms and pore size distribution for
the samples as-SBA-15, 300-TMCS-SBA-15, TMCS-APTMS-SBA-15,
and for the calcinated silica at 300 °C (300-SBA-15) are shown in
Fig. 4. The isotherms for all the samples (Fig. 4a) are type IV isotherm
curves with H1 hysteresis loops. Such hysteresis loops indicate
narrow pore size distributions (Fig. 3b) and an intact porous frame-
work during the functionalization steps, which is also apparent from
the TEM observations (Fig. 5). The N2 physisorption data of all the
samples are listed in Table 1.

Starting with the as-SBA-15 sample, the specific surface area (SBET)
is 167 m2/g. After functionalization of the external surface and re-
moval of the template by calcination at 300 °C, SBET increased to
610 m2/g. The total pore volume (Vt), and the average pore size
(Dp) also increase. The measured surface area is smaller compared
with calcinated unfunctionalized silica (300-SBA-15) and the differ-
ence is attributed to blocking of some pores with TMCS groups during
the functionalization step [24]. After grafting of 3–aminopropyl-
trimethoxysilane with silanols groups on the internal pore surface
(sample TMCS-APTMS-SBA-15), SBET and Vt decrease from 610 to
349 m2/g and from 0.6 to 0.37 cm3/g, respectively. The average pore
diameter decreases by about 1 nm at the same time.

Transmission electron microscopy (TEM) provides direct observa-
tion of the formation of cobalt nanoparticles inside the silica tem-
plate. Fig. 5a shows that the mesoporous channels maintain their
well-ordered structure after nanoparticle formation. The cobalt nano-
particles seen as dark spots are dispersed in the silica matrix. No bulk
aggregation of the cobalt on the outer surface could be observed,
which indicates that the Co is confined to the pores. It is also clear
from Fig. 5a that the channels are only partially occupied by cobalt
nanoparticles, and no formation of nanowires could be found.
Fig. 5b shows ultra-fine cobalt nanoparticles with an irregular shape
recovered after mild dissolution of the silica template in a NaOH solu-
tion. The size of the nanoparticles was in the range 2–4 nm. The aver-
age particle size was determined by image analysis of TEM
micrographs by measuring the diameter of about 200 particles using
DigitalMicrograph ™ 3.9.3 software for GMS 1.4.3 by Gatan Software
Team. The result is plotted in Fig. 5c as a size distribution histogram.
From the fit of a Gaussian function to the histogram the average di-
ameter of the particles was determined to be 2.8±0.4 nm. The size
distribution is narrow and the size of the obtained nanoparticles is
small in comparison with that obtained using other techniques [25].

The presence of ultra-fine Co nanoparticles is further supported by
the EDX spectra presented in Fig. 6. The spectrum in Fig. 6a, with strong

signals from Si, O, and Co, is consistent with silica SBA-15 being loaded
with cobalt nanoparticles. After dissolving the silica with NaOH solu-
tion (Fig. 6b), the Co peaks became more pronounced. Cu is also
detected and has its origin in the grid supporting the particles.

Fig. 7 shows XRD measurements for the sample (TMCS-APTMS-
Co-SBA-15) after heat treatment at 500 °C under inert condition (N2

gas), and in air, and the hexagonal crystal structures of ε-Co metal
[26] and Co3O4 [27] are observed, respectively. Previously reported
experimental data show that ε–Co is the most frequently found crys-
tal structure of Co nanoparticles prepared by wet chemistry [28].

The formation of cobalt particles inside the silica (i.e. in sample
TMCS-APTMS-Co-SBA-15) is a result of reduction of cobalt ions,
which are attracted by APTMS groups; the reduction reaction occurs
by generation of hydrogen gas from the hydrolysis NaBH4+
2H2O→NaBO2+4H2 [29,30]. Depending on heat treatment, the crys-
tal structure can be affected in the (TMCS-APTMS-Co-SBA-15) in two
ways. It has previously been shown that a temperature of about
200 °C is sufficient for surface diffusion of cobalt atoms [28]. Hence,
above this temperature cobalt coalescence and crystal growth is
expected. At approximately 700 °C a phase transformation between
hexagonal and face centered cubic structures occurs [31]. Our observa-
tions are in agreement with these results. However, despite the rela-
tively high heat treatment temperature of 500 °C only limited crystal
growth occurred. This suggests a cobalt mobility that is affected by
the functionalized pore framework, especially the APTMS groups.

Fig. 6. EDX elemental analysis profiles of (a) cobalt inside SBA-15 silica and (b) cobalt
nanoparticles after dissolving the silica.

Table 1
N2 physisorption data of the samples at different synthesis steps.

Sample SBET [m2/g] Vt [cm3/g] Dp [nm]

As-SBA-15 167 0.20 8.75
300-TMCS-SBA-15 610 0.65 9.96
TMCS-APTMS-SBA-15 349 0.37 8.97
300-SBA-15 (calcinated silica) 781 0.70 9.97

SBET: BET surface area; Vt: total pore volume calculated at P/P0=0.975; Dp: mesopore
diameter calculated from the adsorption isotherm branch using the KJS-method.
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4. Conclusion

A wet chemical process was successfully performed to synthesize
cobalt nanoparticles using NaBH4 as the reducing agent, and silica
SBA-15 with both external and internal functionalized surfaces as
the template. This route has proven to be a simple and efficient way
to synthesize ultra fine cobalt particles, with the possibility to obtain
cobalt oxide nanoparticles, depending on the atmosphere used during
the annealing step.
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