
Chem. Listy, 102, s265–s1311 (2008) Chemistry of Inorganic Materials

s822

4.	 Chemistry	of	inorganiC	
materials

4.1.	lectures

l01	 some	non-traDitional	BinDers	anD	
ComPosites	testeD	at	the	stUDent	
laBoratories	of	the	institUte	
of	materials	Chemistry,	Brno	
UniVersity	of	teChnology

Jiří Brandštetr, Jaromír HavLICa, ToMáš 
opravIL and FranTIšek šoukaL
Department of Materials Chemistry, Faculty of Chemistry, 
Brno University of Technology, Purkynova 118, 612 00 Brno, 
Czech Republic,
brandstetr@fch.vutbr.cz

introduction
at present, the effort to increase the productivity of 

materials results a.o. in the utilization of different non-tradi-
tional cements and composites based preferably on mineral 
“wastes” – secondary industrial products/fly ashes, metal-
lurgical slags, energogypsum...) These activities save natu-
ral mineral resources and decreas the amount of discharged 
materials on the dumping sites. novel chemical and mineral 
admixtures enable the preparation of “tailored” material of 
demanded special properties. very often, lack of informa-
tion and/or unstable quality of secondary materials is the real 
reason of their unsufficient use. therefore, better publicity, 
adequate education at schools of all types, meetings and and 
conferences can play very important role. at the university 
of Technology in Brno, the students in their diploma and 
postdoctoral theses solve in the laboratories many of these 
problems mostly from chemical point of view with the final 
objective to enlarge the assortment of binders and mineral 
composites. Many projects are solved in the cooperation with 
the industry, where the increasing interest to use “green” 
material is stil more emphasized. very often, these activities 
are connected with the effort to decrease the carbon dioxide 
emission, solving ecological and economical problems at the 
same time.

long	term	Durability	of	Concrete?
portland cement (pC) will be our binder no. 1 for next 

decades, but we know this material only from the year 1824 
and its wider use dates to the end of 19th century. The phase 
composition of concrete based on pC differs from the natu-
ral minerals considerably. in the earth crust, we cannot find 
hydrates of high-calcium minerals, nature does not like such 
a relatively unstable compounds. From the Table I, the diffe-
rences between the content of Cao, Sio2 and al2o3 are espe-
cially remarkable.

The CSH gel, portlandite, ettringite and monosulfate inc-
line to sulfatation and/or carbonatation, the content of pores 

is high (Fig. 1.), the long-term phase changes can bring about 
the structure decomposition. Therefore, r & D of concrete 
based on different chemical and phase composition including 
non-clinker ones is urgently demanded.

high-Performance	Concrete	(hPC)
For many years, high-strength concrete was only per-

ceived as a new concrete for the construction of high-rise 
buildings, bridges, offshore platforms etc. now, high-per-
formance concrete is viewed as an emerging type of new 
concrete whose applications are growing both in volume and 
diversity. It is becoming a high-tech material according to the 

needs of the users, where the decisive role is played by the 
mineral and especially chemical additives controlling the tai-
lored properties. as a mineral additive into HpC, microsilica 
is routinely used, which can be substituted by cheaper micro-
ground siliceous fly ash. in the r&d, modern instrumental 
techniques enables the essential study of the chemical bonds 
of the constituents and the micro-(nano)structure1.

Table I
Chemical composition of some mineral materials

  earth portland BF slag Siliceous
  crust cement  fly ash
 Sio2 64 16–26 28–38  55
 al2o3 17 4–8 8–24 26
 Fe2o3 7 2–5 1–3 7
 Cao 6 59–67 30–50 8
 na2o 2 1–4 1–20 1
 Mgo 2 0.5–1.5 0.2–1 0.5
 k2o 2 0.5–1.5 0.5–3 0.6
 So3 < 1 < 0.5 1–3 0.6

Fig. 1.	 Phase	 composition	 of	 the	 PC	 paste	 after	 1	 year	 at	 w/
c	=	0.5	(taylor,	1981)
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C h e m i c a l  a d m i x t u r e s , 
S u p e r p l a s t i c i z e r s

Very important influence on the production of high-
performance concrete exhibit the chemical admixtures of 
different composition and purpose. Most important, even 
undispensible, are superplasticizers (Sp) enabling to lower 
considerably the water/cement ratio and thus to increase the 
strengths or to reduce the cement consumption2. at present, 
broad interest is put on polycarboxylate types Sp, which 
are usually available in solutions, but some newer types of 
cements (e.g. Danish Secutec) contain the Sp in the solid 
form, which diminish possible mistakes in the preparation of 
concrete or mortar. very important is the use of compatible 
Sp in a proper amount, which can be assessed by calorimetric 
measurement (ref.3, see next chapters) and slump flow tests.

self-Compacting	Concrete	(sCC)
In last decade, self-compacting concrete containing 

adequate amount of Sp are widely used in many different con-
structions - high-rise buildings, self-leveling floors, in hybrid 
steel-concrete constructions etc. The viscosity, workability 
and setting times of superplasticized concrete or mortars are 
reliably controlled by the slump flow minicone test. By these 
SCC, steel tubes are filled to reduce the steel consumption 
at maintaining the total strengths4. the use of fine aggregate 
prevents the segregation.

reactive	Powder	Concrete	(rPC)
Concrete of ultra-high	 strengths can be prepared by 

emitting of coarse aggregate, using only very fine sand under 
0.4 mm5. This reactive powdered concrete is in fact mortar, 
rpM. The use of bauxite is recommended, the content of steel 
microfibers (0.14 × 3 mm) up to 30–50 % to the cement con-
tent and thermal treatment enhances the compressive streng-
ths up to 400 Mpa6. By replacing part of fine sand by steel 
powder, the strengths can exceed 700 Mpa7. the first hours 
of setting under a certain pressure and temperature around 
70 °C is recommended.

gypsum-free	Concrete
Gypsum mixed with the clinker as a retarder of of port-

land cement setting can be replaced by a higher amount of 
compatible superplasticizer. Because the start of setting is 
thus shifted too much, a certain amount of sodium or potas-
sium carbonate must be added8. The presence of Sp lowers 
the w/c, the addition of alkalis controls the setting times and 
the workability of the fresh mixture.

macro-Defect	free	(mDf)	Concrete
This composites are in fact inorganic-organic copoly-

mers. The mineral part is cement (portland or aluminate), the 
organic constituent is polyvinylacohol or certain polyacryla-
tes. mdF materials possess ultra-high flexural strengths up 
to 150 Mpa. Due to very low w/c under 0.15, special high-
shear mixing of components is necessary (mechano-chemical 
activation)9. The special two-cylinder mixer (Fig. 2.) will be 
used also for other composites.

green	Binders	for	the	Production	of	foundry	molds	and	
Cores

The use of water glas as binders in molds for metal 
casting was introduced in Brno in fifties by prof. Petržela. 
Some years ago, water glass containing 2 % of sodium alu-
minate was produced in poland and introduced on the market 
under the name rudal, which can be succesfully used also for 
the alkali-activation of aluminosilicates in the production of 

Fig. 2.	 two-cylinder	high-shear	mixer	(mechanochemical	acti-
vation)

Fig. 3.	 nest	of	termites	(gambia)
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geopolymers. From organic binders, proteins13, enzymes and 
polysaccharides14,15 can be used. The broad use of these eco-
logically friendly organic binders enables radical improve-
ment of the hygienic conditions in the casting houses, where 
due to organic plastics used in the production of cores, toxic 
emissions are in a high concentration.

Binders	for	Clayey	materials	(Proteins,	Polysaccharides,	
enzymes)

Clayey materials are usually stabilized by lime or fly 
ashes (subbases of roads or buildings). Good possibilities 
show also organic binders on the different bases. In last years, 
promissing applications show enzymes, decomposing as ca-
talyzers organic constituents in clays forming proteins and 
saccharides, which act as binders10,11,12. This effect is used 
by the termites - soil eaters building in this way their nests 
(Fig. 3.) stable against tropical rains. Important is the ratio of 
siliceous sand to clay. enzymes used in the construction of 
roads are available on the market.

inorganic-organic	Copolymeric	materials
In nature, inorganic – organic copolymers possessing 

outstanding properties are synthetized succesfully for billions 
of years and we try in to imitate at least some of them in the 
r & D by many teams all over the world16. To this group of 
materials, the products of polycondensation of cement with 
superplasticizers of can be inserted as well as MDF concrete. 
on the surface of mineral constituents, free cations primarily 
react with the hydroxyl and/or carboxyl groups of different 
organic admixtures forming thus copolymers of demanded 
properties. the mineral admixtures like slag, fly ashes, diffe-
rent aggregate etc. enlarge markedly the assortment of com-
posites possessing tailored properties. The inorganic-organic 
non-traditional copolymeric materials can be coined without 
exaggeration as composites for the 21st century.

geopolymers	(alkali-activated	alumino-silicates)
T h e  a c t i v a t i o n  o f  G r a n u l a t e d 
B l a s t - F u r n a c e  S l a g  ( G B F S )

as soon as in seventies, in cooperation with the research 
Institute of Building Materials in kiew, slag-alkaline cements 
and concrete were prepared17. The GBF slag was activated by 
sodium hydroxide or silicate, forming precursors of zeolites 
possessing dense amorphous micro(nano)structure and high 
short-term strengths. Because of efflorescence brought about 
by sodium carbonate, potassium compounds were succesfully 
used. These composites of zeolitic character were coined as 
geopolymers18, because they are in fact imitation of natural 
minerals. In the geopolymeric structure silicate and alumi-
nate tetrahedra are connected via oxygen bridges, which can 
be considered as nanofibers. the calcium compounds present 
in the slag form preferably CSH gel. Instead of BF slag, other 
aluminosilicates (fly ashes, metakaolin...) can be succes-
fully used – see next paragraphs. It is possible to prepare on 
slags high-strength geopolymers possessing the compressive 
strengths over 150 Mpa19. The zeolitic character of geopo-

lymers gives to these amorphous materials ion-exchanging 
properties. according to the nature and concentration of the 
alkaline compound used, the times of setting and strengths 
can be controled (see Fig. 5.). These composites are very 
promissing from ecological as well as economical points of 
view, because as a base component, industrial by-products 
(“wastes”) are used, saving thus mineral natural resources 
– limestone and lowering considerably the carbon dioxide 
emissions. newer research shows that in many ancient buil-
dings (pyramids), geopolymeric material was used and com-
pacted by tamping, similarly to our concrete20. Without any 
doubts, geopolymers can be considered as material for the 
21st century.

G e o p o l y m e r s  F r o m  F l y  a s h e s  ( F a )
the utilization of siliceous fly ashes from high-tempera-

ture coal combustion is prefered, the calcium content is rather 
small. The reaction rate with alkalis is accelerated at higher 
temperatures21. the production of the geopolymers using fly 
ashes can have regional character due to the wide occurence 
of this by-product. The possibility of producing lightweight 
Fa geopolymers introduces very interesting and cheap buil-
ding material21 resisting to higher temperatures.

G e o p o l y m e r s  F r o m  M e t a k a o l i n
By burning kaolin at the temperatures around 750 °C, 

metaolin is formed, which in the very fine form reacts with 
alkali hydroxides, carbonates or silicates. These products do 
not contain calcium oxide and are coined “pure” geopoly-
mers. preferably, some silica can be added to increase the 
Sio2 content. The mutual ratio of the components is apro-
ximately na(k)2o. al2o3

. 4Sio2
. 10H2o. The amorphous 

character of this zeolite precursor has ion-exchanging pro-
perties and can be used for the immobilization of potentially 
toxic components. The mixture of potassium hydroxide acti-
vated metakaolin (10 %) with fine quartz sand (90 %) was 
succesfully used for the production of sculptures resembling 
sandstone22.

the	Use	of	solid	residues	after	fluidized	Bed	Coal	
Combustion	(fBCC)

Due to lower combustion temperature (around 850 °C) 
of coal, the solid residues – coarse bed ash and fine fly ash 
from separators – have different chemical and phase compo-
sition in comparison to the high-temperature fly ashes. these 
residues contain rather high amount of free lime and calcium 
sulfate (up to 15–20 %) and possess hydraulic properties23. 
The addition of superplasticizers makes it possible to lower 
the w/c under 0.30, the 28 days compressive strengths are 
without any further admixtures up to 70 Mpa. The possibi-
lity to replace gypsum in portland cement production by this 
material was very succesful, the long-term strengths of the 
pastes or composites with the addition of FBCC ashes were 
increased. the presence of solfites in these Fa does not inter-
fere. the alkali activation of the FBCC fly ashes can be used 
for the immobilization of toxic wastes.
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lightweight	Composite	Based	on	the	formation	and	
Decomposition	of	ettringite,	aft

non-traditional composites based on FBCC ashes, ener-
gogypsum and lime were developed. according to the chemi-
cal composition of the ashes, lime hydrate is added to form 
CSH gel. at higher temperature, in superplasticized mixture 
ettringite aFt is formed, which is due to the consequently 
enhanced temperature decomposed under the formation 
of bassanite and monosulfate aFm. For the compressive 
strenghts 6–15 Mpa, CSH gel is responsible. The volume 
density is 1,300–1,500 kg m–3.

application	of	Calorimetric	methods,	Kinetics	of	reac-
tions

In optimization of compositions of concrete and mort-
ars, one of the main role sis played by the proper type and 
amount of admixtures, especially superplasticizer. The use of 
calorimetery proved to be very suitable metod measuring the 
hydration heat evolution in time, influenced by the admix-
tures, w/c, starting temperature etc. The course of reactions 
enable to assess start and time of setting. The semiadiaba-

tic calorimeter3 makes it possible to measure series up to 16 
samples at the same time. The samples of the fresh mixture 
(usually 300.0 g) in styrofoam thermoinsulated beakers con-
tain thermoelements connected to the measuring card of the 
computer enabling to evaluace the results. on next figures, 
curves ilustrate the influence of the SP content on the start 
and time of setting (Fig. 4.) and effect of the different amount 
of sodium component on the activation of blast turnace slag 
(Fig. 5.).

very useful information can be obtained by the solution 
calorimetry (enthalpimetry, Fig. 6.), enabling rapid determi-
nation of the quality or composition of powdered samples. 
The thermal impulse of the reaction of the sample with a rea-
gent (e.g. dil. HCl) depends not only on the chemical com-
position, but also on the fineness of the sample – the specific 
surface area. This metod enables the rapid determination of 
some constutuents, which are by other methods time consu-
ming, e.g. determination of the Sio2 content, sulfates, activity 
of lime etc.The producers of different binders or metakaolin 
use enthalpimetric metod for the determination of the effect 
of grinding.

Discussion	and	Conclusions
The published papers and different printed matters con-

tain a great amount of novel information, but to find really 
progressive ones in a given branch is not easy. I tis a pleasure 
to present, that the effort of increasing the productivity of 
materials is still more often a main topics of r & D of many 

Fig. 4.	 Calorimetric	 measurement	 of	 fBCC	 fa	 paste	 contai-
ning	increasing	amount	of	superplasticizer	glenium	151

Fig. 5.	 Calorimetric	measurement	of	mixtures	of	Bf	slag	con-
taining	decreasing	amount	of	alkali	activateing	water	glass	solu-
tion	(see	next	table	ii)

Table II
Composition of mixtures to the Fig. 5.

  a B C D
 BF slag [g] 450 500 460 325
 alkal.activator [ml]  120 90 37.5 50
 Water [ml] 30 60 112.5 50

Fig. 6.	 solution	calorimeter	(enthalpimeter)
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teams all over the world. In the building industry, the utiliza-
tion of solid by-products of metallurgy and energetic industry 
(“wastes” like fly ashes, slags, energogypsum etc.) are in fact 
important raw materials, bringing about marked lowering of 
carbon dioxide emissions at the same time. These and related 
problems are solved by our students in diploma and doctoral 
theses. It is necessary to improve the information activities 
including the specialized education at all types of schools 
and thus to contribute to the sustainable development of the 
society.
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introduction
It has long been widely acknowledged that paper which 

is produced in an industrial way is endangered by acid 
decomposition or oxidation1. The degradation process can be 
stopped effectively by neutralisation and the insertion of an 
alkaline buffer2.

application of mass deacidification process is connected 
with problems in controlling its efficacy and quality. there are 
no unified criteria for evaluating particular processes of mass 
deacidification3. alkaline reserve, pH, their homogenity and 
effect of deacidification agents are among those used within 
the scope of evaluation4,5,6,7. nowadays, each organization 
brings own new parameters to evaluating the deacidification 
process. evaluation according to the criteria of ‘Library of 
Congress, pittsburgh’4 is one of the options. another option 
is evaluation of the process efficacy according to criteria of 
Swiss national Library, Bern3,7,8,9.

deacidification processes produce specific side effects 
on treated materials, according to their chemistry and method 
of application. organic solvents used in, or produced during, 
liquid-phase processes can cause bleeding of dye stuffs (espe-
cially red dyes) in textile book covers, in inks, and stamps. 
all the deacidification methods using liquid can cause defor-
mation and cockling of paper and binding8. 

alkaline particles, such as Mgo and dolomite micro-par-
ticles in the air (SoBu)10, Mgo and Cao in the air (Libertec)11 
and mgo in a perfluoralkanes (Bookkeeper)4 are also used in 
deacidification of books and archival documents containing 
cellulose base. the most significant effect of deacidification 
methods based on the application of sub-micron particles is 
a whitish powdery deposit on paper and binding surfaces, 
obviously the deacidification agent (magnesium oxide, calci-
um oxide, dolomite microparticles and calcium carbonate). It 
can be easily removed by brushing, but this creates additional 
and time-consuming work. If it remains in the book, it can  
 

spray out during the use with the risk of health problems for 
the user8.

experimental
r a w  M a t e r i a l 

Wood containing newsprint paper (grammage 45 g m–2, 
surface pH: 5.6) containing mechanically bleached, groun-
dwood (55 %), bleached sulphite pulp (20 %), cought trash 
fibres (15 %) and clay (10 %) was used in experiments. the 
test books (format a5) were sent for treatment to Sobu (Fürth) 
company providing commercial mass deacidification.

a c c e l e r a t e d  a g e i n g  p r o c e d u r e 
Samples of paper were conditioned according to 

TappI T402 om – 9312 at 23 ± 1 °C, and at relative humi-
dity of air rH = 50 ± 2 %. Seventy-five sheets of paper 
(a5 format) were encapsulated inside a peT/al/pe bag. The 
samples were aged at 96 ± 2 °C for 0, 2, 5, 10 and 15 days 
according to aSTM D 6819 – 02: Standard test method 
for accelerated aging of printing and writing paper by dry 
oven exposure apparatus, in which sealed glass tubes were 
replaced by a composite foil made of polyethylene / alu-
minium / polypropylene (TenoFan al / 116S). after 
ageing, the papers were conditioned for testing according to 
TappI T402 om - 9312.

M e c h a n i c a l  p r o p e r t i e s 
Breaking length was determined according to TappI 

T494 om – 8813 and the folding endurance was determined 
using the MIT apparatus according to TappI T511 om – 9614 
with a tension of 0.3 kg instead of the standard 1 kg.

e v a l u a t i o n  o f  T r e a t m e n t 
e f f e c t i v e n e s s

the comparison of treated/modified (Xt, m) and non-tre-
ated/non-modified (Xt,n) samples after the same period and 
conditions of ageing is expressed as:

nt

mt
tX X

X
S

,

,
, = , (1)

where SX, t stands for permanence coefficient by given trea-
tment, X – examined properties (the breaking length (lt) and 
the folding endurance (ω)), t– ageing period 
If SX,t > 1, the permanence is increased; if SX,t = 1, it is not 
changed; SX,t < 1, the permanence is decreased15.
Linear dependence was obtained after calculating the loga-
rithm of double folds. time values for log ω = 0 were calcu-
lated from linear equation. values were used for relative com-
parison the efficacy of deacidification process to non-treated 
control sample.

The lifetime of the paper ends when logarithm of the 
folding endurance becomes zero (tlog ω = 0)

the coefficient of relative increase of the lifetime for 
folding endurance (Sτ,ω) is to be expressed as eq (2).
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results
kinetic dependences of changes in mechanical proper-

ties of paper were evaluated. average values and average 
divergences that only indicate the variability recorded in 
measurement, are given for all kinetic dependences.

Stability of paper treated by aerosols of Mgo and dolo-
mite microparticles was compared to non-treated paper.

The loss of breaking length under ageing is shown in 
Fig. 1.

The breaking length of unaged non-treated paper was 
3,811 m. after 15 days of ageing, the loss of strength decrea-
sed by approx. 22 % (2,968 m). after deacidification by aero-

sols of Mgo and dolomite microparticles, the measured brea-
king length was 4,090 m. after 15 days of ageing, the loss of 
strength decreased by approx. 15 % (3,470 m). Permanence 
coefficient of the breaking length for unaged paper was eva-
luated Slt,0 = 1.1, the modification caused slight strengthening 
effect. The permanence of breaking length after 15 days of 
ageing was Slt,15 = 1.2, hence the modification caused posi-
tive stabilization effect.

The following picture (Fig. 2.) shows folding endurance 
(ω, double folds, load 0.3 kg) as a function of ageing time.

The number of double folds of untreated paper was 
1850. after 2 days of ageing, the number of double folds 
decreased rapidly (754). after 15 days of ageing, the folding 
endurance was reduced to 51 double folds. after the dea-
cidification by aerosols of mgo and dolomite microparticles 
1515 double folds were determined. The number of double 
folds kept decreasing during the ageing process, however, the 
decrease rate was slower comparing to non-treated sample. 
after 15 days of ageing, the folding endurance was reduced 
to 470 double folds. the permanence coefficient of folding 
endurance for unaged paper was evaluated Sω,0 = 0.8, which 
implies that the modification process did not result in streng-
thening effect, however, stability increased significantly after 
15 days of ageing reaching Sω,15 = 33.6.
The logarithm of folding endurance related to ageing time is 
shown in Fig. 3.

time values for log ω = 0 were calculated from linear 
equation. the coefficient of relative increase of the lifetime 
was calculated from formula (2) Sτ,ω = 4.7; which means that 
stability of modified paper increased by 470%.

To compare the air – Mgo – dolomite microparticles 
technological platform (Tp) to other recent Tps, the following 
criteria of multifactorial evaluation system of Consortium 
knihaSk and Library of Congress4 have been used:

. (2)

Fig. 1.	 effect	of	ageing	time	[days]	on	breaking	length	[m]:
1	–	non-treated	newsprint	paper
2	–	newsprint	paper	treated	by	aerosols	of	mgo	and	dolomite	
microparticles

Fig. 2.	 effect	of	ageing	time	[days]	on	folding	endurance	[dou-
ble	folds]:
1	–	non-treated	newsprint	paper
2	–	newsprint	paper	treated	by	aerosols	of	mgo	and	dolomite	
microparticles

Fig. 3.	 effect	of	ageing	time	[days]	on	logarithm	of	folding	en-
durance:
1	–	non	-	treated	newsprint	paper
2	–	newsprint	paper	treated	by	aerosols	of	mgo	and	dolomite	
microparticles



Chem. Listy, 102, s265–s1311 (2008) Chemistry of Inorganic Materials

s829

Innovation potential. potential of the future develop-
ment, research, and further education.
efficacy in term of increase stability of mechanical pro-
perties and life-time prolongation.
it is the criterion of efficacy of deacidification process 
according to the Library of Congress4 on tested paper, 
which is expressed as the rate at which paper loses 
strength upon accelerated ageing at 90°C / 50 rH for up 
to 30 days, shall be decreased by at least a factor of 3.0, 
when the logarithm of the folding endurance is plotted 
against time in days (Sτ, ω). The permanence of the tre-
ated paper shall be increased by a factor of 300%.
pH and alkaline reserve,
price
risk:
Deterioration of documents, possibility of deacidification 
of books without their damage, sensorial properties
Explosion hazard 
Flammability hazard 
Health hazard 
Environmental hazard

on the basis of criteria of multifactorial evaluation sys-
tem the air – mgo – dolomite tP deacidification fulfills the 
Consortium knihaSk and Library of Congress4 requirements 
for the lifetime increase (Sτ,ω = 4.7), improves the mechani-
cal permanence sufficiently (Sω,15 = 33.6; Slt,15 = 1.2). It is 
the most advanced, the cheapest and safest one as well (in 
terms of danger of fire or explosion). Platform Hmdo is pro-
gressive, however, danger of fire or explosion is significant 
and is severalfold more expensive. The other Tps are less 
suitable for deacidification or not suitable for deacidification 
of books.
The most ecological methods are based on platform water/
air regarding the environmental quality, tenability and future 
prospects. Freons are used in less eco-perspective Tps of 
which global warming potential is by 320–8,400 times higher 
than that of Co2.

Conclusions
the paper was aimed at evaluating the deacidification by 

aerosols of Mgo and dolomite microparticles. The research 
was based on examination of mechanical properties through 
multifactorial evaluation according to the requirements of 
Consortium knihaSk and Library of Congress4.

•

•

•
•
•

the air – mgo – dolomite deacidification tP fulfi-
lls requirement for the lifetime increase (Sτ,ω = 4.7), it 
does improve the mechanical permanence sufficiently 
(Sω,15 = 33.6; Slt,15 = 1.2). It is most advanced, the cheapest, 
the most ecological and safest one as well (in terms of danger 
of fire or explosion or health hazards).

We thank to Project of ME SR No. 2003 SP 200280301 
Preservation, Stabilization and Conservation of Traditional 
Information Carriers in the Slovak Republic for financial 
support.
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introduction
the mining company Siderite, Ltd. nižná Slaná is only 

one producer of iron ore in Slovakia. the mining field of the 
company is located in the southeast part of the Slovak ore 
Mts. and it consists of two near one another placed deposits 
(their distance is about 2,500 m), namely Manó and kobeli-
arovo. 

the ore from the first of one contains in the average 
33.5 % of Fe, 2.18 % of mn, 8.5 % of Sio2, 0.001–0.2 % of 
as, 0.001–0.03 of Pb, 0.002–0.009 % of zn and 0.5–1.5 of S. 
The average quality of ore from the kobeliarovo deposit is 
as follows: 33.98 % of Fe, 1.71 % of mn, 3.71 of Sio2 and 
0.02 % of as1. The ores from the both deposit are characteri-
zed by fine intergrowth of utility minerals and gangue.

The company exploits siderite ore by underground 
method, namely sublevel caving. The run-off-mine ore is 
subjected to crushing and classifying. The coarser classes 
are pre-treated using a dry high intensity magnetic separa-
tion. only class with a grain size of 0–4 mm is led through 
bypass and directly added to magnetic product obtained by 
separation of coarser classes. In such way obtained material 
is roasted in rotary furnaces with the aim to improve the mag-
netic properties of main utility Fe-bearing mineral, i.e. side-
rite. Thus, during magnetizing roasting, siderite is changed 
into magnetite and/or maghemite with much higher magnetic 
susceptibility. after cooling the roasted ore is wet ground to a 
grain size 90 % under 63 μm and subjected to wet low inten-
sity magnetic separation. magnetic product is filtered and led 
to pelletizing plant. Final product – blast furnace pellets usu-
ally contain 55.4 % of Fe, 3.4 % of mn and 5 % of Sio2.

Currently, an annual production of ore is running about 
720,000 tons. Subsequently, 320,000 tons of blast furnace 
pellets are made from the ore2. Maximal annual production, 
i.e. 1,010,365 tons of ore and 447,810 tons of pellets, was 
attained in 20003.

as it was mentioned above, up to now, the ore fraction 
with a grain size of 0–4 mm is not magnetically pre-treated 
and it is directly led to rotary furnaces. Its mass yield usu-
ally ranges 15–20 %3, but at some time it can attain up to 
45 %, in dependence on grain size quality of run-off-mine 
ore, resulting from conditions at exploitation. The coarser ore 
pre-treatment by dry high magnetic separation is aimed at the 
decreasing of free quartz and accompanying rocks amount in 
the feed to rotary furnaces. after running-in of this techno-
logical line the management of company has begun to pay 

higher attention to the possibilities of quality improvement 
of the 0–4 mm class, which can significantly influence the 
quality of final product especially concerning undesirable 
components content. 

Thus, under laboratory conditions, a dry grain size ana-
lysis and tests of dry magnetic separation were performed at 
the Institute of Geotechnics of the SaS in košice with the 
aim to determine the distribution of chemical components as 
a function of grain size and to verify the possibilities of dry 
separation of this class.

experimental
C o n d i t i o n  o f  D r y  M a g n e t i c 
S e p a r a t i o n

Dry magnetic separation was carried out using a uni-
versal laboratory magnetic separator JoneS (Fig. 1.), in a 
cassette intermediate between of poles separator. The cassette 
was equipped by two plates, grooved and flat ones, made of 
carbon-free iron owing to ensuring of required induction and 
gradient of magnetic field with regard to maximal grain size 
of a feed (Fig. 2.).

Thus, the conditions of magnetic separation at three 
values of magnetizing current and appropriate inductions of 
magnetic field are introduced in table i.

M e t h o d s  o f  a s s e s s m e n t
after determination of mass yields the products of clas-

sifying and separation were subjected to chemical analyses 
and measurements of volume magnetic susceptibility. Loss 

Fig. 1.	 Design	of	the	Jones	separator

Fig. 2.	 the	cassette	equipped	by	plates
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on ignition (LoI) at 900 ºC and Sio2 content were assayed 
gravimetrically. other elements have been determined by 
atomic absorption spectroscopy using the device varIan 
with accessories: Fast Sequential aaS aa240FS, Zee-
man aaS aa240Z with programmable Sample Dispenser 
pSD120, Graphite Tube atomizer GTa120 and vapor Gene-
ration accessory vGa-77. Mercury in the products of mag-
netic separation was assayed using a Trace Mercury analyser 
TMa 254. 

the volume magnetic susceptibility “κ” measured using 
the device kappabridge kLy-2, Geofyzika Brno at the fol-
lowing conditions: a magnetic field intensity of 300 a m–1, a 
field homogeneity of 0.2 %, an operating frequency of 920 Hz, 
measurement range of device –1,999 × 10–6/650,000 × 10–6 SI 
units4.

on the basis of mass yields and chemical analyses the 
recoveries of observed components into products of classi-
fying and separation were calculated according to the method 
of classical material balance.

results
G r a i n  S i z e  a n a l y s i s

The results are introduced in Tables II and III, respecti-
vely. as to values in Table II, it is clear, that content of Fe is 
higher in coarser classes. The iron content corresponds with 
content of manganese, magnesium and LoI. Thus, at increa-
sing of Fe content, the contents of all mentioned components 
increase too. Conversely, contents of Sio2 and al are higher 
in finer classes. Similarly, the highest values of main undesi-
rable elements such as as, Cu, Zn and ni were detected in the 
finest classes. mercury was determined only in the finest class 
and its content was of 1.5 ppm. as it implies from Table III, 
the recoveries of observed components into individual classes 
are strongly influenced by mass yield values as a result of 
small differences among contents of given component in 
various classes. But recoveries of utility components, namely 
Fe and Mn, into coarser classes (2 mm) are higher than reco-
veries of Sio2 and al. Thus, it can be stated, that main utility 
mineral, i.e. siderite slightly concentrates in classes 2 mm 
and free quartz and quartz-bearing rocks in finer classes. 

Table I
Conditions of magnetic separation

 magnet. current induction of magnetic field [t]
 [a] Top of groove Flat plate
 1.50 0.60 0.47
 1.75 0.70 0.54
 2.00 0.75 0.60

Table II
Chemical composition of grain size classes

 Grain size yield κ Fe Sio2 Mn LoI as  al Mg Ca Cu Zn pb ni
 [mm] [%]  [%] [%] [%] [%] [ppm] [%] [%] [%] [ppm] [ppm] [ppm] [ppm]
 4.0  15.40 873 29.90  8.32 1.79 29.51 630 0.80 3.84 0.44 115.00 70.00 45.00 14.50
 3.0 –4.0  15.15 882 29.28 10.94 1.64 28.78 410 1.07 3.70 0.36 100.00 75.00 20.00 16.80
 2.0 –3.0 6.99 894 29.52 10.69 1.75 28.71 820 1.08 3.70 0.35 65.00 100.00 20.00 17.80
 1.0 –2.0 23.08 891 28.49 11.89 1.68 28.01 700 1.27 3.59 0.32 145.00 115.00 10.00 19.50
 0.5 –1.0 16.80 861 27.83 12.11 1.63 27.72 710 1.35 3.55 0.43 95.00 85.00 20.00 21.90
 0.25 –0.5 10.39 865 26.64 13.51 1.59 27.11 770 1.67 3.45 0.59 145.00 100.00 15.00 24.90
 0.125 –0.25 6.47 863 25.72 12.74 1.52 26.85 980 2.01 3.36 0.45 300.00 140.00 10.00 32.80
 0.063 –0.125 4.06 872 26.46 12.13 1.53 26.59 970 1.72 3.52 0.70 185.00 170.00 25.00 34.50
  –0.063 1.66 862 25.15 13.36 1.38 24.80 1160 2.61 3.25 0.38 150.00 125.00 15.00 34.50
 feed 100.00 876 28.28 11.40 1.66 28.08 699 1.30 3.61 0.42 131.30 98.38 20.49 20.88

Table III
recoveries of observed components into grain size classes

 Grain size Fe Sio2 Mn LoI as  al Mg Ca Cu Zn pb ni
 [mm] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
 4.0  16.28 11.23 16.65 16.18 13.87 9.49 16.39 16.20 13.48 10.95 33.80 10.69
 3.0 –4.0  15.68 14.53 15.04 15.52 8.88 12.49 15.54 13.04 11.54 11.55 14.78 12.18
 2.0 –3.0 7.30 6.55 7.37 7.15 8.20 5.82 7.16 5.85 3.46 7.11 6.82 5.96
 1.0 –2.0 23.25 24.05 23.41 23.02 23.10 22.59 22.94 17.67 25.49 26.98 11.26 21.55
 0.5 –1.0 16.54 17.84 16.49 16.59 17.06 17.49 16.55 17.29 12.16 14.52 16.40 17.62
 0.25 –0.5 9.79 12.31 9.98 10.03 11.44 13.38 9.95 14.67 11.48 10.56 7.61 12.39
 0.125 –0.25 5.88 7.22 5.93 6.19 9.06 10.02 6.02 6.96 14.78 9.20 3.16 10.16
 0.063 –0.125 3.80 4.32 3.75 3.85 5.64 5.39 3.97 6.80 5.72 7.02 4.96 6.71
  –0.063 1.47 1.94 1.39 1.46 2.75 3.34 1.49 1.51 1.89 2.11 1.21 2.74
 feed 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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M a g n e t i c  S e p a r a t i o n
The quality of separation products obtained at three 

values of magnetizing current or more precisely induction of 
magnetic field is described in tables iV–Vi. Subsequently, 
the recoveries of observed components into separation pro-
ducts, i.e. magnetic (M) and nonmagnetic (n) ones, are intro-
duced in Tables vII–IX. 

an increasing of the value of magnetizing current 
resulted above all in a rising of mass yield into magnetic 
product. understandably, the highest Fe content in magnetic 
product was achieved at the smallest induction of magnetic 

field, when grains of liberated siderite with the highest mag-
netic susceptibility are collected in this product. However, 
the recovery of iron under such conditions is minimal. Thus, 
with gradually enhancing of induction, the magnetic product 
is slightly contaminated by waste components, mainly Sio2, 
but the recoveries of iron and manganese significantly rise.

Conclusions
Present results of the research on benefication of the 

class 0–4 mm of siderite ore can be recapitulated as follows: 

Table Iv
properties and quality of products obtained at magnetizing current of 1.5 a

 product Yield κ × 106 Fe Sio2 Mn LoI as Hg al Mg Ca Cu Zn pb ni
  [%] [Si unit] [%] [%] [%] [%] [ppm] [ppm] [%] [%] [%] [ppm] [ppm] [ppm] [ppm]
 M 33.36 1011 32.31 5.37 1.64 30.46 370 1.30 0.99 3.24 0.28 110 75 15 15
 n 66.64 791 25.12 14.60 1.36 26.62 710 1.60 1.64 3.40 0.35 195 100 10 27
 feed 100.00 864 27.52 11.52 1.45 27.90 597 1.50 1.42 3.34 0.33 167 92 12 23

Table v
properties and quality of products obtained at magnetizing current of 1.75 a

	 product Yield κ × 106 Fe Sio2 Mn LoI as Hg al Mg Ca Cu Zn pb ni
  [%] [Si unit] [%] [%] [%] [%] [ppm] [ppm] [%] [%] [%] [ppm] [ppm] [ppm] [ppm]
 M 58.01 956 30.62 7.23 1.59 29.70 370 1.00 0.94 3.11 0.29 80 80 15 15
 n 41.99 720 23.10 17.96 1.27 25.80 890 1.80 1.57 3.21 0.38 130 105 10 26
 feed 100.00 857 27.46 11.74 1.46 28.06 588 1.34 1.20 3.15 0.32 101 91 13 19

Table vI
properties and quality of products obtained at magnetizing current of 2 a

 product Yield κ × 106 Fe Sio2 Mn LoI as Hg al Mg Ca Cu Zn pb ni
  [%] [Si unit] [%] [%] [%] [%] [ppm] [ppm] [%] [%] [%] [ppm] [ppm] [ppm] [ppm]
 M 84.20 1003 29.39 8.53 1.56 29.08 570 1.20 1.15 3.46 0.30 135 87 15 21
 n 15.80 549 18.04 27.05 1.00 21.37 1200 3.60 2.34 3.16 0.64 145 110 10 26
 feed 100.00 931 27.60 11.45 1.47 27.86 669 1.58 1.34 3.41 0.35 137 91 14 22

Table vII
recoveries of components into separation products at magnetizing current of 1.5 a

	 Product Fe Sio2 Mn LoI as Hg al Mg Ca Cu Zn pb ni
  [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
 M 39.16 15.55 37.68 36.42 20.69 28.91 23.21 32.31 28.59 22.02 27.30 42.89 21.50
 n 60.84 84.45 62.32 63.58 79.31 71.09 76.79 67.69 71.41 77.98 72.70 57.11 78.50
 feed 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

Table vIII
recoveries of components into separation products at magnetizing current of 1.75 a

 product Fe Sio2 Mn LoI as Hg al Mg Ca Cu Zn pb ni
  [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
 M 64.68 35.74 63.35 61.40 36.48 43.42 45.27 57.21 51.32 45.95 51.28 67.45 44.83
 n 35.32 64.26 36.65 38.60 63.52 56.58 54.73 42.79 48.68 54.05 48.72 32.55 55.17
 feed 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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utility components of ore, i.e. Fe and Mn, a slightly more 
concentrate into coarser fractions 2 mm,
conversely, gangue represented above all by Sio2 and al 
concentrates into finer ones bellow 2 mm,
a relative high content of as from 980 to 1,160 ppm was 
detected in fines bellow 0.25 mm,
similarly, higher contents of other heavy metals such 
as Cu, zn and ni were also determined in fines, while 
the highest content of Pb was identified in the coarsest 
fraction,
an increasing of magnetic field induction at separation 
resulted in slight reduction of Fe and Mn content in 
magnetic product, but also in significant enhancement 
of their recoveries.

Finally, it can be recommended:
to reject the fraction with a grain size of 0–0.25 mm 
from technological flowsheet and in such way to prevent 
the contamination of final product by heavy metals, 
to apply magnetic induction about 0.7–0.8 T at separa-
tion process to avoid losses of iron and manganese in 
nonmagnetic product.

•

•

•

•

•

•

•
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Table IX
recoveries of components into separation products at magnetizing current of 2 a

 product Fe Sio2 Mn LoI as Hg al Mg Ca Cu Zn pb ni
  [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%] [%]
 M 89.67 62.68 89.26 87.88 71.68 63.98 72.36 85.35 71.41 83.22 80.82 88.88 81.14
 n 10.33 37.32 10.74 12.12 28.32 36.02 27.64 14.65 28.59 16.78 19.18 11.12 18.86
 feed 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
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introduction
Clays are naturally occurring aluminosilicates having 

sheet structure. natural clays are low-cost and available 
materials functioning as cation exchangers. They have often 
been used to adsorb metallic contaminants. among the three 
basic classes of clays – kaolinite, micas, smectites, the last 
mentioned have the largest surface area and the highest ca-
tion exchange capacity. If the major mineral in clay is mont-
morillonite or a member of other smectites, than, it is called 
bentonite1. For evaluation its behaviour against chemical at-
tack, bentonite attracted the researcher’s concern for a long 
time and has been studied extensively2.

use of natural bentonite in treating aqueous waste con-
taining heavy metals and organic matter has been previously 
reported in many works.3–5 natural bentonites are usually 
activated or modified with the aim to improve their sorption 
properties.6–7

It is documented that nano-scaled magnetic particles 
could be also used for sorption purpouses and they are good 
sorbents of contaminants from aqueous or gaseous efflu-
ents8.

in this work the natural bentonite was modified by the 
magnetic particles with the aim to enhance its sorption pro-
perties. The structural, surface, porous and sorption proper-
ties of composite materials were studied.

experimental
M a t e r i a l s

The natural bentonite originated from the locality Stará 
Kremnička – Jelšový potok. it was first treated by sedimenta-
tion method to obtain monomineral fraction with the particle 
size below 20 μm.

The composite materials were prepared from the solu-
tions of ferric and ferrous salts, where bentonite was added 
before the iron oxide precipitation. The magnetic particles 
were precipitated by nH4oH added dropwise. The bentonite 
dosage was adjusted in order to obtain different bentonite/
iron oxide wight ratios 1 : 1, 5 : 1 denoted as a, e respectively. 
the modification process was realized at two selected tempe-
ratures 293 and 358 k. 

M e t h o d s
The nitrogen adsorption experiments were realized with 

micrometrics aSaP 2400 apparatus (Slovakia). the specific 
surface area SBET was calculated from the adsorption isotherms 
according to the BeT (Brunauer, emmett, Teller) method in 

a range of relative pressure 0.03–0.2 p/p0. The value of total 
pore volume Va was determined from the amount of adsorbed 
volume at relative pressure close to saturation pressure. The 
micropore volume Vmicro and value of external surface St were 
obtained from the t-plot analysis. The pore size distribution 
of studied materials was calculated using the BJH (Barett-
Joyner-Halenda) method from the desorption isotherms. 

powder X-ray diffraction (XrD) patterns were collected 
using a Philips PW1820 (Germany) equipped with a CuKα 
radiation (40 kv, 40 ma). The JCpDS pDF database was 
used for the phase identification. 

Mössbauer spectroscopy measurements were carried out 
with a 57Co/rh γ-ray source (Germany) at the room tempera-
ture. The velocity scale was calibrated relative to 57Fe in rh. 
recoil spectral analysis software was used for the quantita-
tive evaluation of the Mössbauer spectra9.

The value of magnetization of the samples was deter-
mined by the superconducting quantum interference device 
(SQuID) magnetometer measurement (Germany) at the 
maximum field of 50 koe. 

The scanning electron microscopy (SeM) analyses were 
made in JeoL JSM-6400 (Germany). elements present in 
composites surface were determined using the energy disper-
sive analyzer of X-rays (eDaX) on the SeM.

The sorption of zinc from model aqueous solutions by 
the natural and magnetically modified bentonite was carried 
out using batch-type equilibrium experiments in a rotary 
shaker for 24 hours at constant ambient temperature. The ini-
tial total metal ion concentration range was 10–100 mg dm–3. 
Sorption experiments were realized at pH = 5 and the sorbent 
concentration was 2 g.dm–3. the final metal concentration 
was determined by atomic absorption spectroscopy (aaS 
using a varian Spectr aa-30) and the metal uptake was 
calculated from the difference. Sorption isotherms have been 
fitted with Langmuir equation. the sorption capacities of the 
natural and modified bentonite were compared.

results
The adsorption and desorption isotherms of the natural 

and modified bentonite, shown in Fig. 1.(a), (b), were obtai-
ned from the adsorbed and desorbed gas plotted against the 
relative pressure. The hysteresis loops are associated with the 
capillary condensation that is typical for mesoporous materi-
als. the final arising part of the isotherms assigns the occur-
rence of macropores in the structures10. The values of BeT 
surface area calculated from the adsorption isotherm, values 
of external surface and pore volume are included in Table I. 
The composite materials showed once more higher values of 
specific surface area compared to the bentonite. the value of 
total pore volume has the increasing tendency in dependence 
of the higher content of iron oxide in the composites. The hi-
gher values of the specific surface area and increasing values 
of total pore volumes should be explained by the secondary 
pore structure formation caused by the creating of agglome-
rates on the bentonite surface during the iron oxide precipi-
tation. The t-plot method is a transformation of adsorption 
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isotherm in which relative pressure is replaced by t (estimated 
statistical thickness of adsorbed layer of nitrogen). plot of V 
(adsorbed gas volume) versus t was linearized in the range 
from 0.354 nm (thickness of adsorbed monolayer) to 0.5 nm 
(corresponding roughly to the range of relative pressures 0.1–
0.2) and the extrapolation of this plot to t = 0 gave the values 
of specific volume of micropores. as follows from the Fig. 2. 
the contribution of small pores to the total pore volume is not 
significant because the values of the micropore volume obtai-
ned by this method were almost equal to zero. 

Distribution of adsorbed volume in the investigated 
samples was estimated by the BJH method from the desorp-
tion isotherms. Fig. 3. shows the dependence of the volume 
density distribution on the average pore diameter of the natu-
ral bentonite and its modified samples.

The curves of the composite materials indicate the incre-
ase in the volume in mesopores in comparison to the natural 
bentonite. The analysis has shown that the porosity of modi-
fied samples varied with the different content of magnetic 

particles in composite. The stronger formation of secondary 
mesopore structure showed the samples a293 and a358, 
especially in the range 11–25 nm. The curve of pore size dis-
tribution of the e293 sample is shifted left that signifies oc-
currence of smaller pores in comparison with e358. 

the Xrd analysis of the composites confirmed the pre-
sence of montmorillonite and Fe oxidized phase, but it was 
not able to determine the iron oxide phase because of strongly 
overlapping of magnetite and maghemite diffraction lines. 
Therefore the Mössbauer spectroscopy was used to identify 
this phase. except the maghemite, goethite in the samples 
synthesized at 293 k was observed too, Fig. 4.

Fig. 1.(a)	 adsorption	 –	 desorption	 isotherms	 of	 natural	
and modified bentonite at 293 K (filled symbols – adsorption 
isotherms,	open	symbols	–	desorption	isotherms)

Fig. 1.(b)	 adsorption	 –	 desorption	 isotherms	 of	 natural	
and modified bentonite at 358 K (filled symbols – adsorption 
isotherms,	open	symbols	–	desorption	isotherms)

Table I
Structural parameters of the investigated samples

 Sample SBeT va vmicro St
  [m2 g

–1] [cm3 g–1] [cm3 g–1] [m2 g–1]
 Bentonite 39.4 0.096 0.005 27.6
 a293 73.7 0.216 0.004 64.2
 e293 90.7 0.187 0.002 83.9
 a358 82.8 0.251 0.004 73.7
 e358 84.8 0.183 0.003 77.5

Fig. 2. t-plot of the investigated samples (filled symbols – line-
arized	parts)

Fig. 3.	 Pore	size	distribution	of	the	investigated	samples
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The room temperature Mössbauer spectra of com-
posites a293, a358 and e358 are complexes consisting of 
paramagnetic doublet and one sextet. The analysis of the 
a293 sample, Fig. 5.(a), confirmed the presence of γ-Fe2o3 
(average hyperfine magnetic field for the octahedral site: 
Boct = 41.8 T, isomer shift IS = 0.25 mm s–1, relative spectral 
area ra = 40.15 %; for the tetrahedral site: hyperfine mag-
netic field Bhf

Tet = 47.6 T, IS = 0.13 mm s–1, ra = 24.1 %) 

and small amount of goethite (Bhf = 35.8 T, IS = 0.26 mm s–1,  
quadrupole splitting QS = –0.08 mm s–1, ra = 28.7 %) 
in composite sample. The Mössbauer spectrum analysis 
of the samle a358 showed only the presence of maghemite 
(average hyperfine magnetic field for the octahedral site: 
Boct = 38.8 T, isomer shift IS = 0.25 mm s–1, relative spectral 
area ra = 59.7 %; for the tetrahedral site: hyperfine mag-
netic field Bhf

Tet = 47 T, IS = 0.13 mm s–1, ra = 35.8 %) in 
composite, Fig. 5.(b). The similar results were obtained for 
the sample e358. The relative spectral area of maghemite 
was lower that was confirmed by its lower content in com-
posite. More expressive paramagnetic doublet of bentonite 
was observed for this sample. The Mössbauer spectrum of the 
e293 sample has shown only a paramagnetic doublet. It was 
fitted with two paramagnetic doublets, Fig. 5.(c). in the case 
of very small magnetic particles, they do not show magnetic 
properties and their sextet structure is bowing into paramag-
netic doublet structure.

In all investigated composite samples two paramagnetic posi-
tions of Fe3+ in bentonite were detected.

the magnetization σ of nanosized iron oxide synthe-
sized at 293 k and 358 k without the bearer was measu-
red by SQuID magnetometer. The obtained values were 
83.59 emu g–1 and 80.95 emu g–1 respectively. These mea-
sured values were used to calculate the expected theoretical 
values of magnetization for the modified samples. 
The measured magnetization for the composites increases 
in dependance on the increasing maghemite content in the 
samples. The measured values do not respond to theoretical. 
That should be explained by the contribution of measured 
bentonite magnetization and in the case of samples a293 and 
e293 also by the presence of goethite in their structures. The 
value of magnetization of the e293 sample is almost equal to 
zero. it was confirmed by the mössbauer spectroscopy that 
composite e293 contain small particles. The obtained values 
are listed in Table II.

Fig. 6.(a) shows the morphology of the sample e293 
observed by SeM in Compo mode. The white spots belong 
to maghemite agglomerates on the bentonite surface. It was 
also confirmed by the edaX analysis illustrated on Fig. 6(b) 

Fig. 4.	 X-ray	 diffraction	 pattern	 of	 natural	 bentonite	 and	
modifiet samples (M – montmorillonite, * - iron oxide diffrac-
tion,	g	–	goethite)

Fig. 5.(a)	 fitted	mössbauer	spectrum	of	the	sample	a293

Fig. 5.(b)	 fitted	mössbauer	spectrum	of	the	sample	a358

Fig. 5.(c)	 fitted	mössbauer	spectrum	of	the	sample	e293
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where the presence of Fe and o elements on the bentonite 
surface was detected.

The sorption experiments of zinc were realized on the 
natural bentonite and composite material. From all obtai-
ned results of previous studies two samples were interesting 
from the sorption point of view. a358 showed the highest 
value of pore volume and magnetic property, e293 had the 
largest specific surface area. on the basis of the result of zeta 
potential measurement, the last mention sample was used for 
sorption experiment. The effect of metal ion concentration on 

zinc adsorption was investigated over the concentration range 
10–100 mg dm–3 at room temperature. The sorption isotherms 
obtained at constant temperature are shown in Fig. 7. From 
this, it is observed that the adsorption capacity qe increases 
as a function of metal concentration. The maximum sorption 
capacity of sorbents has not been reached yet. The experi-
mental data of sorption were fitted with linearized Langmuir 
type model, Fig. 8.(a), (b), according to the equation (1).

1e e

e m m

C C
q Q K Q

= +
⋅

, (1)

where Ce is the equilibrium concentration of metal in solu-
tion, qe is the corresponding amount of metal ions sorbed onto 
sorbent, Qm and K	are Langmuir constants related to sorption 
capacity and sorption energy, respectively. Maximum sorp-
tion capacity Qm represents monolayer coverage of sorbent 
with sorbate and K represents enthalpy of sorption and should 
vary with temperature.

The maximum sorption capacity of bentonite and e293 
calculated from the slope of the plot was 22 mg Zn g–1 and 
23 mg Zn g–1, respectively.

Table II
Measured and theoretical values of magnetization of the 
investigated samples

 Sample σ [emu g–1] theoretical σ [emu g–1]
 Bentonite 4.02 –
 a293 37.02 41.80
 e293 0.69 13.93
 a358 46.22 40.48
 e358 15.07 13.49

Fig. 6.(a)	 sem	 Compo	 mode	 image	 of	 the	 composite	 sample	
e293.	White	parts	signify	the	presence	of	iron	oxide	on	the	ben-
tonite	surface

Fig. 6.(b)	 eDaX	analysis	of	the	composite	sample	e293

Fig. 7.	 sorption	isotherms	of	Zn2+	ions	by	the	natural	bentonite	
and	e20	composite	sample

Fig. 8.(a)	 linearized	 form	 of	 langmuir	 sorption	 isotherm	 of	
Zn2+	on	natural	bentonite
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Comparing the efficiency of the natural and modified 
bentonite towards zinc cations it seems the composite mate-
rial e293 to be more convenient in removing of this metal 
from solutions.

Conclusion
magnetic modification of natural bentonite seems to be 

a perspective way of enhancing its sorption properties and 
offers an easy separation and recovery of sorbents11. 

the natural bentonite was modified by iron oxide partic-
les and its improved properties were studied. The natural ben-
tonite as well as composites showed mesoporous structure, 
the occurrence of macropores was observed from their hyste-
resis loops. The BeT surface area of the composite materials 
was twice higher in comparison to the natural bentonite. The 
total pore volume had the increasing tendency in dependance 
on the higher content of iron oxide in the composite materials 
because of textural porosity created between the iron oxide 
particles. 

The composite materials exhibited the magnetic proper-
ties, which were confirmed by magnetization measurements. 
The XrD analysis showed the diffractions of Fe oxidized 
phase in composites materials, in case of the composites syn-
thesized at 293 k, goethite diffractions were observed. Fe oxi-
dized phase was identified by the mössbauer spectroscopy 
and it belonged to maghemite. only the composite sample 

e293 showed the paramagnetic property that it was caused 
probably by small iron oxide particles in the composite. The 
presence of the iron oxide particles on the bentonite surface 
was observed by SeM and analyzed by eDaX. Maghemite 
particles were nonhomogenously distributed on the bentonite 
surface, creating agglomerates.

The sorption properties of the natural bentonite and 
composite e293 were studied. The composite sample showed 
the higher adsorption capacity of Zn2+ over the whole con-
centration range in comparison to the natural bentonite. The 
experimental data were well fitted by the Langmuir type 
model. Comparing the efficiency of both materials, magneti-
cally modified bentonite seems to be a promise candidate for 
practical use in heavy metals removal.

The authors are thankful for financial support of VEGA 
grant G-6189.
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introduction
Iron oxides are ubiquitous in soils and rocks, lakes and 

rivers, on the sea floor, in air, and in organisms. they are 
abundant in soils and aquifers, where they act as a sorbent 
of heavy metals and of other components. Iron oxides have a 
substantial impact on the quality of underground waters and 
porous water in sediments1.

In an aquatic environment, iron occurs in two oxidative 
states; Fe3+ and Fe2+. Ferric iron is stable in aerobic condi-
tions, especially in neutral and alkaline pH. The concentra-
tion of free ferric ions in these conditions is approximately 
10-17 M. on the other hand, ferrous iron is highly soluble in a 
wide range of pH and in anoxic conditions2. Ferrous iron rap-
idly oxidizes in the presence of oxygen to ferric iron, which 
rapidly precipitates above pH 2.5. Below pH 2.5, both iron 
species are soluble and the oxidation of Fe2+ to Fe3+ is ex-
tremely slow3.

Dissimilative reduction of ferric iron is an alternative 
way of respiration of microorganisms in anaerobic condi-
tions. Trivalent iron that could occur in a form of soluble or 
insoluble compounds can act as a final acceptor of electrons 
taken during the oxidation of organic matter (heterotrophic 
organisms) or inorganic matter (autotrophic organisms)4. 
Iron is a redox-active element and it easily transforms from 
one oxidative state to another. redoxpotential of the pair 
Fe3+/Fe2+ at pH 2 is 0.77 v. This value (0.84 v) is close to the 
standard redox potential of the system o2/H2o(ref.5).

The bacterial reduction of solid state ferric iron causes 
the dissolution of iron minerals including associated ele-
ments6. reductive dissolution of iron can be applied in elimi-
nation of undesirable ferric minerals from nonmetalics or in 
bioremediation of acid mine drainage.

This work presents the behavior of solid as well as liq-
uid ferric iron reduction by bacteria Acidiphilium SJH. The 
bacteria of genus acidiphilium are heterotrophic, aerobic or 
facultative anaerobic organisms. These thrive in acidic and 
neutral range of pH, with an optimum at pH 3 7. They oxidize 
organic substratum to Co2 and as an oxidant they utilize oxy-
gen or trivalent iron 8. acidophilic heterotrophic bacteria have  

 
unique properties, therefore they seem to have the possibility 
for reductive leaching of solid ferric iron compounds9.

Bacteria acidiphilium SJH reduce Fe(III) to Fe(II) even 
at the presence of oxygen10,5. The obligatory anoxic environ-
ment is not a necessary term in the above mentioned pro-
cesses of iron reduction. In addition, some strains of the ge-
nus acidiphilium can simultaneously utilize both oxygen and 
trivalent iron during the oxidation of organic material. The 
co-respiration of o2 and Fe3+ at acidophilic heterotrophs is an 
interesting phenomenon. The absence of oxygen is an obliga-
tory requirement for many neutrophilic microorganisms to 
reduce ferric iron. Iron respiration is inhibited even at a trace 
amount of oxygen.

experimental
I r o n  o x i d e  p r e p a r a t i o n  a n d 
C h a r a c t e r i z a t i o n

Five pure synthetic iron minerals were prepared as fol-
lows:

Goethite – α-Feo(oH) was prepared from an alkaline 
system by the hydrolysis of 1M Fe(no3)3 with 5M 
koH. The synthesis took 60 hours at 70 °C. yellow-
brown colored goethite powder was obtained.
Lepidocrocite- γ-Feo(oH) was synthesized by oxidizing 
a Fe2+ (FeCl2. 4H2o) containing solution at a pH close to 
neutral. By this method crystalline reddish-yellow lepi-
docrocite was obtained. 
Magnetite – Fe3o4 was prepared from the solution of 
FeSo4

. 7H2o flushed with n2 gas. The solution of kno3 
and koH was used as an oxidizing agent. The oxidation 
proceeded at 90 °C. The black precipitate occurred after 
several minutes. 
maghemite – γ-Fe2o3 was prepared by the heating of the 
sample of synthetic lepidocrocite in a furnace at 250 °C. 
The thermal transformation was carried out for 2 hours. 
Hematite – α-Fe2o3 was being synthesized by acid hyd-
rolysis from the solution of FeCl3 and HCl at 78 °C for 
ten days.
The resulting products were separated from the liquid 

phase by centrifugation and then washed with distilled water. 
the iron oxide powders were finally dried at laboratory tem-
perature and stored in the exicator.

the specific surface area of each iron mineral was mea-
sured by the BeT (GeMInI 2360, Micromeritics, uSa). This 
method is based on the adsorption of nitrogen molecules on 
the solid state’s surface.

The XrD patterns were collected using a philips pW 
1820 powder diffractometer with Cukα radiation. The JCpDS 
pDF database11 was utilized for phase identification.

Mössbauer spectra of the samples were taken in trans-
mission geometry at temperature T = 293 k. a 57Co/rh γ-ray 
source was used. The velocity scale was calibrated relative to 
57Fe in rh. The recoil spectral analysis software was used 
for the quantitative evaluation of the Mössbauer spectra12.

•

•

•

•

•
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B a c t e r i a l  I r o n - r e d u c t i o n 
Bacterial strain Acidiphilium SJH was obtained as 

a gift from Dr. Barrie Johnson (university of Wales, Ban-
gor, School of Biol. Sci.). It was incubated aerobically in an 
acidic medium that contained (per liter) 6.25 g (nH4)2So4, 
2.5 g MgSo4

. 7H2o, 0.13 g tryptic soy broth, 0.9 g D-galac-
tose, and 1 ml solution of trace elements. The medium was 
adjusted at pH 2.5 with 5M H2So4. The bacteria were culti-
vated in a thermostat at 25 °C under aerobic conditions. The 
bacterial growth was measured as optical density, recorded 
at λ = 600 nm. the grown bacterial cultures were collected 
by milipore membrane filters with a pore size 0.22 μm. Cell 
pellets were suspended in fresh medium and adjusted to final 
cell concentration equal to oD600 = 1.0. The cell suspension 
was poured into special tubes with a screw cap and a septum. 
each tube contained m = 0.05 g of iron mineral. The experi-
ments were done in triplicates and each series included one 
abiotic control. The tubes were closed airtight and incubated 
statically at 25 °C. 

In order to keep anoxic conditions within the tubes and to 
avoid the contamination, the samples were taken through the 
cap’s septum with sterile needles and syringes. The samples 
were filtered in order to separate the solid and liquid phases. 
The leaching solutions were immediately stabilized by sulfu-
ric acid to prevent abiotic oxidation of ferrous iron. The fer-
rous iron concentration was measured by the o-phenantroline 
colorimetric method13, ferric iron by uv- spectrophotometric 
method at λ = 300 nm14.

Bacterial reduction of soluble ferric iron was carried 
out in a stirred laboratory bioreactor with working volume of 
1 dm3. The innoculum was prepared identical as in the afore-
said experiments. During the incubation, the samples of me-
dium were withdrawn in intervals for the chemical analyses 
and optical density measurements. Iron speciation and bacte-
rial cell concentration were measured as stated above. The 
specific iron reduction rates were normalized for cells density 
equivalent to 1.0 absorbance unit (oD600).

results
The XrD analyses and Mössbauer spectroscopy con-

firmed the purity of prepared synthetic minerals. the Xrd 
pattern of the hematite sample is presented in Fig. 1. The 
positions of all experimental diffraction lines are the same 
as those for the theoretical diffraction lines of the α-Fe2o3 
phase. Thus, the as-synthesized sample corresponds to pure 
α-Fe2o3 phase11.

The room-temperature Mössbauer spectrum of the he-
matite sample is characterized by symmetric sextet structure 
(Fig. 2.). the spectrum is well fitted by one sextet component 
with the hyperfine parameters: isomer shifts iS = 0.24 mm/
s, quadrupole splitting QSM1 = –0.10 mm s–1 and hyperfine 
magnetic field B = 51.2 t. these parameters are character-
istic of ferric (Fe3+) ions15, 16 in octahedral coordination of 
oxygen ions in α-Fe2o3.

Significant differences in specific surface areas were 
measured for individual iron minerals (Table I).

Fig. 3 shows the time course of bacterial leaching of 
goethite and hematite. non-linear regression was used to 
calculate initial leaching rate, because the instantaneous 
rate decreased with time. Goethite and hematite have well 
ordered crystalline structure and are rather refractory towards 
leaching. Their stability could also be assumed in natural 
environment. The samples of lepidocrocite and maghemite 
possessed the highest specific surfaces. they also proved the 
highest rates of chemical and bacterial leaching (Fig. 4). The 
lepidocrocite is a less stable mineral in comparison with goe-
thite and hematite. This was validated by the results of our 
experiments. The initial rate of iron reduction at lepidocrocite 
was 3.0	mg dm–3 h–1, at maghemite 2.83	mg dm–3 h–1. The hi-
ghest observed concentrations of Fe2+ in leaching solutions 
reached approximately 600	mg dm–3, which corresponds to 
20% yield. the rate of the leaching was gradually decreasing. 
The reason of this decelerating could be the passivation of 
mineral surface, adsorption of Fe2+ ions from solution onto 
mineral surface or bacterial cells. In addition, the inhibition 
could be caused by the change of sorption affinity of bacterial 
cells to mineral surface17.

Fig. 1.	 XrD	patterns	of	the	hematite	sample

Fig. 2.	 room-temperature	57fe	mössbauer	spectrum	of	hema-
tite
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The bacterial activity is limited by the availability of 
Fe3+. When solid substrates are utilized, the linear bacterial 
growth is commonly observed. The growth is limited by the 
rate of iron dissociation from the solid surface. the specific 
rates of leaching were calculated for a unit of mineral surface 
and a unit of bacterial cells (table i). For the quantification 
of leaching rates for various minerals initial rates were calcu-
lated from non-linear regression, using a second-order power 
function. 

In anoxic conditions, bacteria utilized Fe3+ cation as 
an electron acceptor from the oxidation of organic matter 
(saccharides). The rate of bacterial reduction of Fe3+ to Fe2+ 
in the solution highly exceeds the dissociation rate of Fe3+ 
from mineral surface, which is the rate-determining step. 
Therefore, in the presence of iron reducing bacteria, almost 
all soluble iron occurs in the form of Fe2+ ions. 

In solutions without bacteria both iron species were de-
tected (Fig. 5.). The sterile acidic medium (pH 2.2) brought 
about the chemical leaching of iron from oxihydroxides 
because of the adsorption H+ protons to mineral surface fol-
lowed by the extraction of Fe3+ from the crystal lattice18. 
The acid leaching is a reversible process of the hydrolytic 
reaction connected with the formation of Fe(III) precipitate:  
2Fe3+ + 3H2o ↔ Fe2o3 + 6H+. The presence of Fe2+ in aci-

dic leaching liquors in the absence of Fe-reducing bacteria 
could be a result of chemical reduction of Fe3+ with organic 
substances obtained in media (D-galactose and tryptic soy 
broth). 

Magnetite contains both Fe2+ and Fe3+ ions in its crystal 
structure. under anoxic conditions, two potential mechanisms 
exist for aqueous release of iron from magnetite. one is the 
reaction resulting in maghemite formation and incongruent 
release of Fe (II) to solution (1)19.

[Fe2+Fe3+
2]o4(mn) + 2H+ → γ[Fe3+

2]o3(mh) + Fe2+ + H2o (1) 

In addition, in extremely acidic solutions pH < 1 congru-
ent dissolution was observed, which releases both Fe2+ and 
Fe3+ from magnetite (2) corresponding to Fe3+/Fe2+ ratios of 
2 : 1(ref.20).

[Fe2+Fe3+
2]o4(mn) + 8H+ → Fe2+ + 2Fe3+ + 4H2o (2)

In our experiments, sterile controls containing magne-
tite proved high concentrations of Fe2+ in leaching liquor, 
according to (1). The presence of trivalent iron points out 
the possibility of leaching according to (2). Fig. 4. presents 
the behavior of chemical and bacterial leaching of magnetite. 
The initial rate of the iron extraction from this mineral was 
1.44	mg dm–3 h–1. recounted values to magnetite’s specific 
surface (13	m2 g–1) showed the highest specific rate of iron 
extraction. 

Fig. 6. depicts the bacterial reduction of soluble fer-
ric iron in the bioreactor. after the innoculation of bacteria 
into the fresh medium, the dissolved oxygen was consumed 
within 2 hours and ferric iron became the only terminal 
electron acceptor for the bacterial oxidation of organic sub-
stratum (3).

Fig. 3.	 Bacterial	 leaching	 of	 goethite	 (squares)	 and	 hema-
tite	 (circles).	 symbols	 represent	 the	 means	 of	 triplicate	
incubations	±	standard	deviation.	open	symbols	indicate	chemi-
cal	leaching	of	minerals	in	abiotic	controls

Table I
Specific surface area, initial rates of iron reduction and *speci-
fic rates of iron reduction normalized for surface area of 1 m2 
and cells density equivalent to 1.0 absorbance unit (oD600)

 Mineral Sa [m2 g–1] r0 [mg dm–3 h–1] rsp [μg m–2 h–1]*

 Goethite 30 0.095 0.89
 Hematite 5 0.053 3.03
 Lepidocrocite 73 3.0 11.64
 Maghemite 87 2.83 9.24
 Magnetite 13 1.44 31.45

Fig. 4.	 Bacterial	leaching	of	lepidocrocite	(squares),	maghemite	
(circles)	and	magnetite	(triangles).	symbols	represent	the	means	
of	 triplicate	 incubations	±	standard	 deviation.	 Curves	 indicate	
the fit of a second order power function used to determine initial 
rates.	open	symbols	 indicate	chemical	 leaching	of	 these	mine-
rals	in	abiotic	controls
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C6H12o6 + 24 Fe3+ + 6 H2o → 6 Co2 + 24 Fe2+ + 24 H+ (3) 

the bacteria grew exponentialy with a specific growth rate 
μ = 0.024 h–1. in this period, the specific rate of iron reduction 
calculated to an absorbance unit was 250	mg dm–3 h–1. after 
the exponential growth phase, the specific rate of iron reduc-
tion started decreasing. The bacteria completely reduced fer-

ric iron to ferrous iron within 48 hours. after the depletion of 
Fe3+ the bacterial growth has stopped because of the absence 
of any available electron acceptor in the medium.

Conclusions
Iron reduction in natural conditions, in suboxic zones 

and aquifers, is caused by several abiotic and biotic processes. 
Iron reducing bacteria make use of Fe(III) as an electron ac-
ceptor from the oxidation of organic matter. Solid iron com-
pounds undergo reductive dissolution, which affects the per-
sistence and mobility of metals, phosphates, radionuclides, 
and organic pollutants4.

The rate and the extent of bacterial reduction of Fe(III) 
oxihydroxides could be affected by several factors, mainly by 
the composition of microbial population, the kind of the iron 
mineral, and the sorption affinity of bacterial cells to mineral 
surface17. In addition, the rate of iron reducing could be in-
hibited by adsorption of Fe2+ ions from the solution onto the 
mineral surface or the surface of bacterial cells. This work 
deals with the kinetics of five synthetic iron minerals´ leach-
ing by acidophilic heterotrophic iron- reducing bacteria. The 
kinetics of chemical and bacterial leaching depends on the 
solubility of minerals that follows from the degree of crys-
tal structure’s coordination. The initial rates of solid Fe(III) 
reduction normalized to a biomas and mineral surface unit 
were in the range from 0.89 to 31.45 μg m–2 h–1. The leaching 
rates decreased in the following order: lepidocrocite > ma-
ghemite > magnetite > goethite > hematite (Table I). accord-
ing to these results, hematite presents the most refractory 
from the studied minerals. 

the maximal observed specific rate of solid ferric iron 
reduction calculated to biomas unit was 4.3	mg dm–3 h–1. The 
specific rate of bacterial reduction of soluble Fe3+ calculated 
to biomas unit reached 250	mg dm–3 h–1. The rate of soluble 
iron reduction was incomparably higher than the rates ob-
served at solid ferric compounds rates reduction. In the case 
of solid phases, the rate determining step is the dissolution of 
iron ions from the solid phase into the solution.
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introduction
Due to oncoming fossil fuel depletion, attention is nowa-

days paid to alternative resources, especially the renewable 
ones. Their major handicap is a limited possibility of the 
utilization compared to current resources. Hydrogen, owing 
to great properties to easy and high-efficient conversion to 
electricity, is consequently regarded as a universal energy 
carrier. on this account, r & D of new methods to produce 
hydrogen, its transport, storage and utilization are the prio-
rities.

r e c a p i t u l a t i o n  o f  C u r r e n t  S t a t e
production and consumption of hydrogen is gradually 

increasing nowadays and it is expected to increase by 6 to 
10 % annually in next few years. Currently the hydrogen con-
sumption exceeds 50 billion normal cubic meters per year. 
In connection with changing conditions of world energy mar-
ket, the structure of particular national energetic conceptions 
is also changing, leading in an effort to employ the sources 
with high efficient energy conversion and simultaneously 
small or even no amount of produced pollutants. It is credi-
table that these changes are demanded and widely supported 
also at the politic level. The technology of fuel cells is closely 
connected with hydrogen utilization and generally works at 
high efficiency and upon zero emissions of carbon dioxide 
and also other pollutants. another hydrogen advantage is 
high variability of its production. It can be produced from 
all fossil or regenerative fuels and also nuclear energy. This 
flexibility and high efficient and clean utilization give hyd-
rogen its giant power and promising future. Concerning dis-
tribution of hydrogen, it can be transported as a compressed 
gas or liquefied. Liquefied hydrogen is preferred for big 
amounts and for long distances because of higher energy cost 
for liquefaction. Compressed hydrogen can be transported in 
pressure flasks or gas pipelines. Co-distribution of hydrogen 
and natural gas is discussed as a possibility of distribution 
hydrogen during a transition period to hydrogen economy.

C o - D i s t r i b u t i o n  o f  H y d r o g e n  w i t h 
n a t u r a l  G a s

For a transport of the gaseous hydrogen pipelines can 
be used similarly to natural gas. However there is not suff-
iciently wide distribution net nowadays. That is reason why 
hydrogen and natural gas co-distribution is considered in 
existing pipelines system. There were several practical expe-
riments, which confirmed possibility to co-distribute up to 
5 % vol. hydrogen in natural gas, without any influence on 

gas industry devices. it means no essential modification on 
transit pipelines, regulating stations etc. In case of local pipe-
lines it is not necessary to fear of hydrogen addition, since 
in the past, coal gas, which contains up to 50 % vol., was 
successfully distributed. Co-distribution of hydrogen with 
natural gas may be in transition period very advantageous 
because of several reasons: (i) current gas pipelines are able 
to provide sufficient capacity for hydrogen supply without 
additional costs, (ii) emission of pollutants (Co, nox) pro-
duced by existing gas appliance can be considerable lowered, 
causing positive environmental effect especially in bigger 
agglomerations.

r e l a t e d  L e g i s l a t i o n
Considering addition of hydrogen to natural gas, safe 

and trouble-free operation of gas appliances must be ensu-
red. There are two main regulations in the Czech republic: 
tPG 902 02 regarding requirements for gas quality and čSn 
en 437 regarding gas appliances testing. tPG 902 02 defines 
quality grade and testing of gaseous fuels with high methane 
content. it restricts hydrogen content to 2 % mol. it implies 
impossibility of distributing hydrogen in natural gas in higher 
concentrations. according to čSn en 437 a gas with hydro-
gen content 23 % vol. is applied during testing to examine 
appliance for flame stability or in different word danger of 
backfiring. up to 2% difference in Wobbe index is allowed.

experimental
The main purpose of the research was an evaluation 

of emission characteristics of various hydrogen–natural gas 

Table I
Composition of used gas mixtures

 Component nG 10 % H2 20 % H2 30 % H2

 φ(CH4) [% mol] 97.93 90.58 78.41 69.97
 φ(C2H6) [% mol] 0.777 0.719 0.772 0.684
 φ(C3H8) [% mol] 0.263 0.243 0.262 0.233
 φ(i–C4) [% mol] 0.044 0.041 0.044 0.040
 φ(n–C4) [% mol] 0.049 0.045 0.049 0.044
 φ(i–C5) [% mol] 0.010 0.009 0.010 0.009
 φ(n–C5) [% mol] 0.008 0.007 0.008 0.007
 φ(C6) [% mol] 0.002 0.002 0.002 0.001
 φ(H2) [% mol] – 7.26 19.52 28.26
 φ(Co2) [% mol] 0.059 0.055 0.068 0.061
 φ(n2) [% mol] 0.855 0.984 0.81 0.676
 φ(o2) [% mol] – 0.054 0.043 0.024

Table II
properties of used gas mixtures

 attribute nG 10 % H2 20 % H2 30 % H2

 Hi (15 °C) [MJ m–3] 34.15 32.32 29.48 27.40
 Hs (15 °C) [MJ m–3] 37.91 35.93 32.88 30.63
 W (15 °C) [MJ m–3] 50.34 49.27 47.85 46.82
 d (15 °C) [–] 0.567 0.532 0.472 0.428
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mixtures. Furthermore, the determination of optimal volume 
concentration interval that can be reliable operated under 
conditions in the Czech republic were demand. results 
should be a basis for evaluation of possibility to co-distri-
bute hydrogen with natural gas. It should be possible also to 
prove expected lowering of pollutants production. Conclusi-
ons should be applicable especially in relation to end user and 
their gas appliances.

e x p e r i m e n t a l  a r r a n g e m e n t
Measurements were carried out on two standard and 

one condensing boiler, which should also provide data about 
benefit of using condensing boilers in respect of specific 
emission of Co and nox. Standard boilers were represented 
by top supported Therm 12 S with nominal heat output 15 kW 
and stationary viadrus G27 ID with nominal heat output  
32–37.5 kW. Condensing boilers were represented by Junkers 
ZSB 16-1 a CeraSMarT with nominal heat output 16.1 
kW. Several model mixtures from 1.5 % vol. up to 40 % vol. 
of hydrogen in natural gas were examined.

The Therm boiler was observed in two operational 
regimes: half and full heat output, the viadrus boiler was 
examined at full heat output. Measured quantities were com-
position of inlet gas (gas chromatography Hewlett-packard 
6890 with tCd and Fid), composition of flue gas (analyzer 
Horiba pG 250, o2, Co2, Co, nox) and continuous heat 
output measurement. Flue gas was sampled by portable sam-
ple treatment unit PSS-5 with heated inlet filter, heated tef-
lon hose, teflon membrane gas pump and Poltier gas cooler. 
experimental arrangement is shown on Fig. 1.

results
In Table I, compositions of inlet gases are summarized. 

also values of lower heat value (Hi), higher heat value (Hs), 
relative density (d) and Wobbe index (W) calculated accor-
ding to ISo 6976 are shown.

The results of experiment are average weight concent-
rations of carbon monoxide and nitrogen oxides 

(expressed as no2) for normal reference state 
(t = 0 °C, p = 101325 pa), dry gas and reference oxygen con-
tent 3% vol. measured during 15 to 30 minutes intervals of 
steady state. The results are summarized in Table III and Iv.

Conclusions
The results prove lowering of weight concentrations of 

Co by hydrogen addition with an optimum concentration 
of hydrogen about 20 % vol. emission of Co was lowered 
to half for therm and to less than 10 % for Viadrus in the 
optimal case (Table III). In all occasions, the highest con-
centration of Co and nox was for natural gas without hyd-
rogen addition, which proves possibility to add hydrogen 
to natural gas to lower emission of pollutants. emissions of 
nox showed decreasing tendency with hydrogen addition 
in the whole interval. Therefore extension of measure inter-
val is desirable in future to at least 40 % vol. of hydrogen. 
even more interesting for evaluation of hydrogen effect on 
emissions are specific emissions per 1 kWh summarized in 
Table v and vI. It also proved the highest Co and nox emis-
sion by combustion of natural gas without hydrogen addition.  

Fig. 1.	 scheme	of	experimental	installation:	1	–	pressure	cylin-
der	with	gas	sample,	2	–	pressure	regulator,	3	–	gas	meter,	4	–	gas	
boiler,	5	–	duct	system,	6	–	gas	chromatograph,	7	–	heated	sam-
pling track, 8 – sample treatment, 9 – flue gas analyzer

Table III
Co emissions:  [mg m–3]

 Boiler nG 10 % H2 20 % H2 30 % H2

 Therm 19.8 15.8 10.8 10.2
 Therm (1/2) 44.8 20.8 24.0 30.9
 viadrus 6.4 2.0 0.5 1.7

Table Iv
nox emissions: [mg m–3]

 Boiler nG 10 % H2 20 % H2 30 % H2

 Therm 175 154 162 142
 Therm (1/2) 182 134 139 127
 viadrus 150 126 132 120

Table v
Co specific emissions: [mg kWh–1]

 Boiler nG 10 % H2 20 % H2 30 % H2

 Therm 22.1 17.4 11.8 11.0
 Therm (1/2) 50.0 23.1 26.2 33.5
 viadrus 7.1 2.2 0.5 1.8

Table vI
nox specific emissions: [mg kWh–1]

 Boiler nG 10 % H2 20 % H2 30 % H2

 Therm 195.7 170.5 177.3 154.0
 Therm (1/2) 202.9 147.8 152.5 137.1
 viadrus 167.6 139.6 144.2 130.2
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In the case of nox there was lowering up to 30 %, for Co 
even up to 70 %. Performed experiment showed possibi-
lity to combust mixtures of natural gas and hydrogen (up to 
30 % vol.) without operational problems i.e. backfiring. Hyd-
rogen addition causes Co and nox emission lowering in all 
observed cases.

This work has been partly supported by MSM 604 613 
73 04.
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introduction
kaolinite (al2(Si2o5)(oH)4) dehydroxylation processes 

have been studied for many years by many ways including 
thermal analysis1–8, molecular spectroscopy1, structural ana-
lysis1,9 and electron microscopy7,10.

The dehydroxylation of kaolinite is determined by diffe-
rent factor, such as degree of structural ordering, particle size 
and shape, adsorbed and substituted ions, mineral admixtu-
res, etc. also the influence of instrumental conditions (espe-
cially sample mass, heating rate and sample pre-treatment) 
on the decomposition is often discussed. another important 
experimental factor is the pressure2,5,6. It was observed that 
the temperature of the dehydroxylation effect shifts to lower 
temperatures as the reduction of particle size takes place2.

The thermal dehydration of hydroxyl-containing com-
pounds like kaolinite occurs in a formation of water molecules 
due to an interaction of neighboring oH groups. The water 
release from the octahedral coordinated al3+ ion could gene-
rate isolated oH groups5

The reaction path, which gives orthorhombic mullite 
from kaolinite, can be simplified to following simultaneous 
reactions7,11: 

400 700 C
2 3 2 2 2 3 2 2al o 2Sio 2H o al o 2Sio 2H o− °⋅ ⋅ → ⋅ +  (1)

925 1,050 C
2 3 2 2 3 2 22(al o 2Sio ) 2al o 3Sio Sio− °⋅ → ⋅ +  (2)

1,100 C
2 3 2 2 3 2 23(2al o 3Sio ) 2(3al o 2Sio ) 5Sio> °⋅ → ⋅ +  (3)

1,200 C
2 2Sio Sio (cristobalite)> °→  (4)

Dehydroxylation is splitting into two separate processes 
with Tmax about 550 and 600 °C. the first step was explai-
ned due to loss of “structural water” and destruction of the 
kaolinite sheet structure. The second step was discussed as a 
kinetically controlled recombination of alumina and silica to 
the meta-kaolinite structure5. 

The effect of particle size on course of dehydroxylation 
processes of washed na-kaolin Sedlec Ia were investigated 
by mid-infrared spectroscopy via series of isothermal experi-
ment on temperature range from 150 to 650 °C. ralatioship 
between particle size and primary spectroscopic variables, 
i.e. amplitude, peaks wavelength and half-width, of kaolinite 
spectral bands were evaluated.

experimental
k a o l i n

Washed na-kaolin Sedlec Ia from region karlovy vary 
(Czech republic) produced by Sedlecký kaolin a.s. was used 
in this study. Content of kaolinite is higher than 90 % wt. 
with equivalent diameter grain median in range 1.2–1.4 µm. 
The main impurities are mica group minerals and quartz. The 
colorant oxides content – hematite (α-Fe2o3) and tetragonal 
Tio2 (rutile), is lower than 0.85 and 0.2 % wt., respectively. 

The kaolin grain fraction with particle diameter 90–80 µm  
(f90–80), 80–71 µm (f80–71), 71–63 µm (f71–63), 63–50 µm 
(f63–50), 50–40 µm (f50–40) and undersize (f< 40) were used for 
FT-Ir experiments. This fraction was previously dried for 2 h 
at 150 °C due to removing of adsorbed water. the specific 
surface area of sample was 16.6 m2 g–1 (Chembet – 3000). 
Thermogravimetric weight loss (TG-DTa analyzer Setaram 
92–18) of applied kaolin is about 13.15 % wt.

I n f r a r e d  S p e c t r o s c o p y
Infrared spectra of samples were recorded in kBr pellets 

using FT-Ir spectrometer nicolet Impact 400 in the wave-
lengths range from 4,000 to 400 cm–1. Measurements were 
done under resolution 8 cm–1. 

Heat threaded samples were mixed with kBr with mass 
ratio 1 : 100. Mixtures were homogenized by grinding in mor-
tar dish. Weighted amount of these mixtures were pressed 
under 40 kpa for 20 s and next 80 kpa for 30 s.

D a t a  p r o c e s s i n g
all correction of spectra (smoothing, subtracting and 

fitting), mathematic and statistic operations were made with 
originpro 7.0 and Statistica 8.0 software.

results
The FT-Ir spectrum of dray kaolin is shown on Fig. 1. 

The data from refs.12–14 were used for interpretation of mea-
sured infrared spectra.The quadruplet of Ir bands in X-H 
stretching region (X = o, n, C) are ν1, ν2, ν3 a ν4 vibration 
modes of hydroxyl groups in kaolinite structure. the first 
three bands at 3,697, 3,669 and 3,655 cm–1 belong to stret-
ching of so-called outer hydroxyls (ouoH, inner-surface 
hydroxyls). the rest ν4(oH) vibration mode is assigned to 
stretching of inner surface hydroxyl (inoH). These groups 
are located on the shared plane between the octahedral and 
tetrahedral sheets of the same kaolinite layer.

The inner-surface hydroxyl groups show a strong in-
phase symmetric stretch at 3,697 cm–1 (ν1) with transition 
moment close to c* and two weak out of phase vibrations at 
3,669 (ν2) and 3,655 cm–1 (ν3) with transition moment in the 
(001) plane12. The oH groups bending and translation vib-
rations are located at 935 δ1(ouoH), 910 δ2(inoH) and 791, 
754 cm–1, respectively. 

There are three sharp bands at Si–o stretching region 
belonging to vibration of Si–o(apical) at 1,115 cm–1, sym-
metric stretching of Si–o–Si (siloxane bridge) at 1,033 cm–1  
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and asymmetric of Si–o–Si at 1,007 cm–1, respectively. Band 
of Si–o bending is located at 431 cm–1.

The other kaolinite bands in the spectrum on Fig. 1. 
are relatet to o–al–oH (698 cm–1) and Si–o–al (537 and 
470 cm–1) in kaolinite structure. Bands at 643 and 588 cm–1 
probably belong to admixture of illite.

o H  S t r e t c h i n g  r e g i o n 
ir spectrum fitted over hydroxyl stretching region by 

Lorentz function is shown on Fig. 2. In addition to fundamen-
tal modes of oH groups (a–d) there was found small band at 
3,599 cm–1 (e), which probably belongs to admixtures in the 
sample – illite or goethite.

S i – o  S t r e t c h i n g  a n d  o H 
D e f o r m a t i o n  r e g i o n 

Loretz function gave no good results over this region 
thereby the first type Voight function was applied:

where y0 is offset, xc peak center, a amplitude, w width and 
mu shape factor of peak. Fitted spectrum is shown on Fig. 3.

D e h y d r o x y l a t i o n  o f  k a o l i n
The change of the spectra shape during thermal treat-

ment of sample in static oven atmosphere is shown on Fig. 4. 
for 50–40 µm fraction and on Fig. 5. for 71–63 µm fraction.

Dehydroxylation process is in generally accompanied 
with decrease oH stretching and bending bands. Stretching 
and bending modes of Si–o and al–o bond show loses of 
their selectivity. The details about kaolinite spectra changes 
during course of dehydroxylation process we are already 
described in ref.15.

Fig. 1.	 subtracted	ft-ir	spectrum	of	kaolin	sedlec	ia	for	the	
f50–40	fraction

Fig. 2.	 fitted	 spectrum	 in	 the	 o–h	 stretching	 region	 for	 the	
f50-40 fraction of dried kaolin Sedlec Ia: ν1(ouOH) (a), ν2(ouoh)	
(b), ν3(ouOH) (c), ν4(inOH) (d) and ν(OH) of admixtures in the 

(5)

Fig. 3.	 fitted	 spectrum	 in	 si–o	 stretching	 and	 o–h	 bending	
region	of	kaolin	sedlec	ia	(f50–40): ν(Si-(apical)O) (a), νs(si–o–si)	
(b), νas(Si–O–Si) (c), δ1(O–H) (d) and δ2(o–h)	(e)

Fig. 4.	 subtracted	spectra	of	burning	kaolin	sedlec	ia	(fraction	
f50–40)
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p e a k s  S p e c t r o s c o p i c  v a r i a b l e s 
–  T h e  o – H  S t r e t c h i n g  r e g i o n

The progress of the primary spectroscopic parameters, 
i.e. amplitude, half width and peak’s center, of ν1(ouoH) and 
ν4(inoH) Ir bands during kaolin thermal were compared. 
The dependence of peak’s amplitude on the temperature and 
particle size is shown on Figs. 5. and 6.

While peak’s amplitude as well as its area is related to 
amount of hydroxyl groups in sample, the peaks width pro-

vides information about level of hydrogen bonds interaction. 
The width of bands increase together with extends of inter-
molecular interaction, whereas the peak’s center is degreased. 
relation of peak’s half-width on the temperature and particle 
size is shown on Figs. 7. and 8.

Peak´s amplitude and half-width show the significant 
positive correlation on the level p < 0.05. value of correlation 
coefficient was calculated on 0.405. 

The dependence of peak’s center on the temperature and 
particle size is shown on Figs. 9. and 10.

Fig. 5. Dependence of ν1(ouoh)	peak’s	amplitude	on	the	tem-
perature	and	particle	size

Fig. 6. Dependence of ν4(inoh)	peak’s	amplitude	on	the	tem-
perature	and	particle	size

Fig. 8. Dependence of ν4(inoh)	peak’s	width	on	the	tempera-
ture	and	particle	size

Fig. 7. Dependence of ν1(ouoh)	peak’s	 width	 on	 the	 tempera-
ture	and	particle	size
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p e a k s  S p e c t r o s c o p i c  v a r i a b l e s 
–  T h e  S i – o  S t r e t c h i n g  r e g i o n

The band of symmetric stretching of Si–o bond in 
siloxane bridge (Si–o–Si) at wavelength ~ 1,033 cm–1 was 
pursued. among other leads the thermal inducted processes 
during dehydroxylation of kaolinite to increasing of shape 
factor (mu) of applied voight function (1). Further sample 
heating leads to lose selectivity of νs and νas vibration.

Conclusions
the ν1(ouoH) and ν2(inoH) sharp spectral bands were 

used for dehydroxylation process study, because these stretch 
band can be fitted with good accuracy and selectivity they 
isn’t lose absorbtion selectivity during dehydroxylation.

The reason for peak’s amplitude decrease and its re-
entry increase on temperature interval 200–350 °C is pre-
dehydroxylation process, which according several authors8, 
takes place on the temperature interval from 160 to 360 °C, 
i.e. this process precluding dehydroxylatin.

For ouoH groups has influence of predehydroxylation 
process on the shape of spectra decreased with growing par-
ticle size (see Fig .5.). this effect is insignificant for inner 
hydroxyl groups. Smaller particles show more slowly loosing 
of inoH groups than bigger (see Fig. 6.).

The intensive van der Wals force for the biggest par-
ticles at low temperature is caused by capillary water, while 
small particles are already exsiccated. There is visible signi-
ficant influence of pre-dehydroxylation process on the peks 
half width (see Fig. 7.).

For small particles were interactions between inoH 
groups decrease with temperature more quickly than bigger 
particles (see Fig. 8.).

van der Wals force going to be stronger during pre-
dehydroxylation process. The most intensive hydrogen bonds 
interaction between outer hydroxyls was found for tempera-
ture interval from 200 to 300 °C and the particles smaller 
than 60 µm. The process of pre-dehydroxylation takes place 
on this temperature interval.

Smaller particles are more sensitive to pre-dehydroxyla-
tin, but dehydroxylation proceeds faster. Isolated oH groups 
are formed via this process and peak’s wavelength during 
heating increase more rapidly than in the case of bigger par-
ticles (see Fig. 9.).

Inner hydroxyl groups show the minimum extent of 
hydrogen bonds interaction about 500 °C, this correspond to 
starts of the second dehydroxylation step, i.e. recombination 
of alumina octahedron and silica tetrahedron (see Fig. 10.).

the influence of dehydroxylation process on the shape 
of infrared spectrum was also evaluated from shape factor of 
peak of asymmetric stretching of Si–o bond. Increasing of 
mu value with growing temperature means that peak’s shape 
more approaching to Lorentz function profile.

This work has been supported by MŠMT poject NPV 
– NHV – 1 number 2B08024.
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introduction
Very fine powder materials are used widely in applica-

tions of material engineering, chemical industry, industry of 
building materials, food processing industry, production of 
pharmaceuticals and in various other areas. In all the here 
above areas of application, the use of very fine powder mate-
rials is conditioned by their granulometry: the contents of 
particles above the defined limit is usually strictly restricted, 
respectively the presence of finer particles than defined, i.e. 
particles below the defined limit – for example the highest 
acceptable content of pulverous share. In both of the here 
above cases, for separation of coarse particles from the finer 
particles, a series of sorting processes are used. Those pro-
cesses are applied to the given very fine powder material in 
the form of a dispersion or suspension in the gaseous medium 
or liquid medium. 

one of the basic ways of grain-size classifying of very 
fine powder materials used in the industry is the “dry” way 
of sorting of particles of materials dispersed in the flow of 
gas in the air classifiers. those air classifiers (often known as 
“air separators”) are based on the principle of competition of 
centrifugal forces and adrifting forces. 

the very often discussed limits defined for working 
regimes of classification in the air classifiers1 are the fol-
lowing:

the required classifying sharpness 
adhesive forces of sorted materials
the maximal classifying fineness attainable in operation 
processes
abrasion

Hereinafter, we will deal with the attainable fineness of 
classified materials and classifying sharpness of air classi-
fiers.

experimental
D e f i n i t i o n  a r e a

air classifiers with cylindrical rotor – see Fig. 1. and 
Fig. 2. – represent the type of classifying equipment that ena-
bles us to attain the maximal sorting effectiveness of very fine 
powder materials under the here above conditions of “dry” 
industrial classifying.

Functional critical balance of forces causing the move-
ment of sorted materials is established on the level of the 
radius of the cylindrical turbine in case of uniform motion of 
particles in a straight line way with a constant speed relative 

•
•
•

•

Fig. 1. Air classifiers function: 1 – Input material hopper, 2 
– Feeder, 3 – Classifying chamber, 4 – Suction air filter, 5 – Air 
flap, 6 – Cyclone clarifier, 7- Centrifugal blower, 8 – Beg dust 
filter, 9 – Coarse share bin, 10 – Fines bin,11 – Powder fines bin, 
12 – Pulsating flick air, 13 – Classification air outlet

Fig. 2. Classifying cylindrical turbine of air classifiers

Fig. 3. The balance of forces in the course of particles classifi-
cation	for	dcr
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to the sorting turbine blades. This balance depends on and 
is given by just and only the centrifugal and adrifting forces 
then. The adrifting forces are represented by the aerodynamic 
forces of the resistance of the particle to its relative move-
ment in the centripetal flow of air in the classifying turbine 
(Fig. 3.).

the balance of forces is defined by the relations2,3  
(1)–(6):

(re)C f=  (3)

22centr circF m v D= ⋅ ⋅  (6)

where: 
C [–] – resistance coefficient taking into account gas flow 
round the particle,
dcr [m] – Critical particle size, 
d75F [m] – particle dimension which corresponds to the 
passed 75% wgt amount of the fine share 
D [m] – effective diameter of classifier turbine,
m [kg] – The particle mass of the critical grain dimension dcr, 
n [min–1] – turns of classifier turbine,
qd [%] – Particle size amount 
S [m2] – Frontal cross-section plane of the critical dimension 
particle,
 vair [m s–1] – Gas flow that drags solid particles into classifier 
turbine, 
vcirc [m s–1] – Peripheral velocity of classifier turbine on its 
effective diameter, 
ρ, ρf  [kg m–3] – Specific mass of classified solid, gas stream 
density,
µ [pa s] – Gas stream viskozity 
re [–] – reynolds number,
Tmod [–] – modified tromp number. 

 
the classification sharpness (7) corresponds to the modi-

fied tromp definition3 based on the grain-size curves analysis 
(Fig. 4.).

mod 75 25F RT d d=  (7)

e x p e r i m e n t a l  F a c i l i t y  a n d 
C l a s s i f i e d  M a t e r i a l 

Pilot plant air classifier Hosokawa alpine atP-50 
(Fig. 5.) 

Grain sizer: granulometr La-500 Horiba (Japonsko).
Classified material : surface treated carbonate filler on 

the basis 2Va omYa Vápenná a.s., the specific weight of 
which equals ρ = 2.72 kg m–3; with additional surface treat-
ment by higher fatty acids on the level of 0.3 % wt. (Fig. 6.). 

M e a s u r e m e n t  p r o c e d u r e
the here above carbonate filler was classified in and by 

the air classifier. in the course of the process, the following 
variables were changed4: Turns n of the classifying turbine, 
the input minp of sorted material incoming into the classifier 

(1)

(2)

(4)

(5)

Fig. 4. Definition of the classification sharpness

Fig. 5. Pilot plant air classifier

Fig. 6. Grain sizing curve of the filler at the inlet area of the 
classifier



Chem. Listy, 102, s265–s1311 (2008) Chemistry of Inorganic Materials

s854

as well as the speed w of the classifying air incoming into 
the classifying turbine. The evaluated parameters dcr and Tmod 
were obtained from the grain sizing curves of the coarse and 
fine shares of the classified material. 

We concentrated especially on the classification of the 
finest particles of material, i.e. on the area with the highest 
turbine speed attainable in the sorting equipment used.
results

The iterative calculation of the relations (1)–(6) in 
excel® mode provided us the way to establish the classifica-
tion process area (Fig. 7.). out of the figure the following is 
evident: the combinations of the turns range of the classifying 
turbine n and the velocity of the classifying air w are needed 
to attain the required fineness of classifying defined by the 
size of the coarsest particles dcr 

The analysis of the deviations of the really measured 
values from calculated values as well as the analysis of the 
airflow around the particles of material under the conditions 
of the transition region as well as the changes in the mor-
phology of particles of real material will be specified in a 
separate publication. 

This article deals especially with the limiting conditi-
ons under which it is possible to attain the highest fineness 
of classification. out of the results we have achieved in the 
course of the measurements, we show here just the time 
dependence of the values of classification sharpness Tmod in 
the area of the highest fineness of the classified material and 
the maximal turns of the classifying turbine with the opti-

mal material input (Fig. 8.). The theoretical (i.e. calculated) 
fineness of sorting dcr set by regulating the velocity of the 
classifying air is shown here as a parameter.

Conclusions
the attainable level of the fineness of classification 

depending on the type of the classified material and the size 
of the classifiers amounts to several micrometers5, the paper6 
cites 3µm and the latest catalogue of the products made by 
the world-renowned company Hosokawa alpine7 mentions 
2,5 µm. What is the reason for this limitation? Why is it not 
possible to move the limits of the air classifying towards the 
higher fineness when attaining higher turns of rotors of the 
classifiers cannot be a principal problem these days and when 
the present technologies require particulate solids of higher 
fineness? the solution to these questions is evidently contai-
ned in the analysis relating to Fig. 8.

the chart shows that the classificatio sharpness between 
the fine and coarse share of the classified material decreases 
significantly with the set fineness of sorting. as the higher 
theoretical fineness is set in the classifying system at the gi-
ven turns of the classifying turbine by the decreasing of the 
velocity of the classifying air incoming into the classification 
process, the problem is to keep the regular, relatively very low 
flow rate of the classifying air in the blades of the classifier at 
the extremely high turns of the classifying turbine. The mea-
sured values of the time dependence (Fig. 8.) show that the 
conditions for keeping regular conditions are getting worse 
with the increasing time of classification. Significant change 
for the worse is evident especially at the initial phase of clas-
sifying. on the basis of the computer simulation4 (Fig. 9.) we 
assume that in the course of the classification process, at the 
peripheral area of the classifying turbine, a barrier layer of 
critical grain of material is created that partially restrains the 
movement of the finer fractions that have been sorted out into 
the exhaust of those shares that is located in the axis of the 
classifying turbine.

as the hypothetical barrier layer of the critical grain 
of material has to restrain the sorting air flow into this tur-
bine, we anticipate the occurrence of the pressure pulsation 
(and therefore also a flow rate pulsation) of the classifying 
air that carries the coarser particles into the finer fractions.  

Fig. 7. Attainable classification fineness as a function of the 
velocity	of	the	classifying	air	w	and	turns	of	the	classifying	tur-
bine	n

Fig. 8.	 time	 dependence	 of	 the	 classifying	 sharpness	 in	 the	
area of the highest fineness of classifying

Fig. 9.	 Creation	of	a	barrier	layer	in	the	classifying	process	of	
very fine particulate solids
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This is the mechanism that we use to explain the irregulari-
ties of the conditions under which the classifying air flows 
into the classifying system. Due to that mechanism, it s no 
more possible to achieve higher fineness in the processes of 
air classifying today. We arrived at the following conclusion: 
any evidence that would prove occurrence of the hitherto 
hypothetical barrier layer of the critical sizes of grain of the 
classified material might result in changes in constructions 
and processes that could enable us to overcome the fineness 
classificatio limits of the present air classifiers.
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introduction
reactions between thiosulfate and ions of metallic 

elements in solution have been repeatedly studied, several 
papers being published, for instance1,2,3,4,5.

The theory of the method of continuous variations as gi-
ven by Job is reviewed and extended to cases in which more 
than one compound is formed from a given pair of compo-
nents.

The method was applied to the formation of CuS2o3. 
The absorption of the monochromatic light was the property 
measured in this case. Because only a single compound is 
formed, the results are independent of the wave length of the 
light used. Job’s method was used to identify the intermediate 
compound formed by the reaction of the two components. 

Cu2+ and S2o3
2– react in a 1 : 1 ratio, consistent with the 

formation of CuS2o3(ref.6)
The reaction between Cu(II) and thiosulfate ions results 

from the formation of an intermediary complex, CuS2o3, 
similar with the complex FeS2o3

+.
It’s considered:
Cu2+ + S2o3

2– ↔ CuS2o3  k = k1/k2
CuS2o3 + S2o3

2– → Cu+ + 4o6
2–  k

where the seconds step is determined by speed.
The formation of the reaction intermediate develops fast 

both ways, which implies the following relation between the 
speed constants: k1, k2 >> k.

The concentration of the reactions’ intermediate is the 
one that corresponds to the equilibrium for the first process, 
just as the first one does not happen. 

Due to the fact that the second process takes place, 
the concentration of the reaction’s intermediate is close the 
equilibrium one, no exactly it, but the approximation of pre-
equilibrium is considered the one appropriate to this equili-
brium7.

The formation of this complex can be followed spectro-
photometrically, but the time of this reaction is very small 
(10–50 ms), therefore for the study of the formation of 
CuS2o3 was used the stopped-flow technique.

experimental
r e a g e n t s

all chemical used were analytical grade, from B&a 
and were used without further purification. the dilution of  
 

Cu(Clo4)2, na2S2o3 and HClo4 (60%) were made with 
doubly distilled water.

a p p a r a t u s
a stopped-flow apparatus7 was used.	The essential parts 

are: two syringes needed to rapidly inject the reactants into 
the mixing chamber, manually. after leaving the mixing 
chamber the mixture flows into a third syringe whose piston 
is suddenly stopped after a predetermined volume of soluti-
ons has been injected. at the moment the flow is stopped, a 
micro switch operated by the third piston triggers the oscil-
loscope of the detection system. 

on the osscillogramme the variation of transmitted 
light intensity It through the solution, depending on time, 
for known reactant concentrations (Fig. 1.) is followed. The 
intensity of light at the maximum transparency, I0, was also 
recorded.

For each set of concentrations of the two reactants 
there have been at least 20 experiments, the reproduci-
bility of the experimental data obtained being very good 
even for really small concentrations of the reactants.  
([Cu2+] = 5 × 10–4 mol dm–3; [S2o3

2–] = 5 × 10–4 mol dm–3).

results	and	Discussion
according to the Lambert-Beer Law, extinctions at 

different concentrations of the Cu(Clo4)2, na2S2o3 were 
computed. Many experimental records were done for con-
centrations of [Cu(Clo4)2] = [5 × 10–4, 10–1] mol dm–3, 
[na2S2o3] = [5 × 10–4, 10–1] mol dm–3, for wavelength 
λ = 430 nm.

The measured absorption at 430 nm, e, is made out of 
contributions of the colored species, which in our case is just 
the reaction’s intermediate CuS2o3:

E = ε l [CuS2o3]
where the optical way is l = 1.2 cm.

The extinction of the solution has been calculated for the 
mixing period,	E0 = log (I0/It)0. The initial concentrations of 
the reactants are identical in all determinations; therefore the 

Fig. 1.	 the	 variation	 of	 transmitted	 light	 intensity	 i(V)	
with	 respect	 to	 time	 t	[s]	 for	 [Cu2+]	=	5	×	10–3	mol	dm–3;		
[s2o3

2–]	=	5	×	10–3	mol	dm–3; λ = 430 nm; T = 21 °C
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influence of the pre-equilibrium on the experimental reaction 
order could be fully manifested. 

So, for example, with concentrations of [Cu2+] = 
5 × 10–3 mol dm–3, [S2o3

2–] = 5.10–3 mol dm–3 and 
[HClo4] = 2 × 10–2 mol dm–3, wavelength λ = 430 nm and 
T = 21 °C, I0 = 1,493.5 mv. The curve of formation the reac-
tion intermediate is given in Fig. 2.

The calculus for the determination of the reaction order 
was made using Mathlab sheets. e = f(t) (Fig. 2.), lg (e) and 
1/e = f(t) were represented graphically as well as de/dt, 
which is a measure of the reaction rate.

using these data, the reaction order with respect to the 
colored complex was calculated. The plots of logarithm of the 
rate vs. the logarithm of the extinction gave straight lines with 
slopes 1, as it is illustrated by Fig. 3., where the reaction order 
n = 0.98 was calculated with initial concentrations of 5 × 10–
3 mol dm–3 for both reactants in aqueous acidic solution (2 × 10–
3 mol dm–3 HClo4), wave length λ = 430 nm and t = 21 °C. 

 In conclusion, the reduction of Cu2+ with ions of thio-
sulfate is a reaction with pre-equilibrium, from kinetic point 
of view 8,9.

another set of experimental data are presented in 
Table I.
Conclusions

the applications of the stopped-flow technique are 

numerous. any reaction, which can be initiated by mixing 
two solutions, can be studied by the stopped-flow technique 
as far as the reaction is a rapid one.

This studies show that the formation of the copper thi-
osulfate complex (CuS2o3) from the rapid redox reaction 
between Cu(II) and thiosulfate ions proceed at 21.0 °C is 
a first order reaction.
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introduction
The 15th and 16th century ceramic vessels covered with 

“blebs” called the Loštice pottery (see Fig. 1.) represent 
unique products of the mediaeval and early modern Central 
european pottery. These tumblers were exported abroad and 
become famous in the whole europe. Workshops producing 
this pottery were located in the village Loštice in the north 
Moravia (Czech republic). used raw material came from 
nearby villages’ districts. 

The presented research is aimed at the raw materials’ 
identification, the examination of the Loštice pottery chemi-
cal and mineralogical composition and technological produ-
ction process.

The paper summarizes the results of micropetrographic, 
geochemical and experimental examination of the mediaeval 
pottery from Loštice. The original tumblers’ (based on shape 
and raw material petrographical composition they have been 
divided into five groups), assumed raw material (clay and 
loess) and also the experimentally fired vessels were subject 
to chemical analyses, optical and scanning electron micros-
copy (SeM) and energy dispersive (eDX) analyses. The 
firing temperature and the affect of garnets on the formation 
of “blebs” were experimentally examined. 

analyses	of	the	loštice	Pottery	artifacts	and	raw	mate-
rials
a n a l y t i c a l  M e t h o d s

SeM and eDX analyses were done on Cameca SX 100 
equipment (at 15 kv and 10 na)

•

Chemical silicate analyses were done in the aCMe labo-
ratories in vancouver, Canada. The complete analysis of 
main oxides was done via ICp-emission spectrometry 
and trace elements via ICp-MS 
Some of the samples were analysed by so called wet 
analysis
recalculations on normative minerals were done using 
the MInLITH software 
optical microscopy; analyses were carried out using 
covered thin sections on olympus BX 51 petrological 
polarising microscope

C h e m i c a l  C o m p o s i t i o n  o f  t h e 
a s s u m e d  r a w  M a t e r i a l  a n d 
a r t i f a c t s

Silicate analyses were done to evaluate the complex che-
mical composition of the original raw materials. eight origi-
nal ceramic artifacts, two assumed raw material samples and 
four samples extracted from the furnace vault were exami-
ned. Graphical results – see Figs. 2. and 3.

•

•

•

•

Fig. 1.	 the	 loštice	 pottery.	 Collections	 of	 the	 moravian	
museum	in	Brno

Fig. 2.	 normative	composition	of	examined	artifacts	and	raw	
materials	calculated	from	the	chemical	silicate	analyses

Fig. 3.	 normative	 composition	 of	 examined	 artifacts	 calcu-
lated	from	the	microchemism	of	glass	and	binder.	analyzed	by	
P.	sulovský
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Explanations to Figs. 2. and 3.: 
L1 – raw material (grey clay containing graphite)
L2 – raw material (loess soil)
L3 and L7 - ceramic artifacts of the (020) group
L4, L5 and L6 – ceramic artifacts of the (010) group
L8 – ceramic artifacts of the (030) group
L9 – ceramic artifacts of the (040) group
L10 – graphite ceramics of the (050) group
23/0 – 23/3 – samples extracted from the furnace vaults. 

Chemical analyses of the 23/0, 23/1, 23/2 and 23/3 samples 
were done on CAMECA SX100 micro analyser. Chemical 
analyses of the L1–L10 samples were done by wet silicate 
analysis.

The recalculation results show that the (010), (020), 
(030) and also (040) pottery groups’ chemical composition is 
very similar. Seven visually different samples (coming from 
all the five pottery groups) were chosen to verify the applica-
tion of normative minerals for the identification of the Loš-
tice pottery raw materials. 

It is evident that the normative minerals recalculations 
from silicate and eDX analyses correspond to each other. 

the presence of graphite (identified by chemical analy-
ses and also by optical microscopy) represents the evidence 
of graphitic raw material application. The sorted out graphite 
clasts of high quality might have been used for graphitic pot-
tery production. The material of lower quality, so called waste 
(clasts containing less graphite and more micas and iron oxi-
des), might have been a suitable non-plastics supplement in 
the case of vessels covered with “blebs” (i.e. especially of 
the (010) pottery group). In the artifacts of the (010) group, 
graphite was present in the amount of 0.2–1.9 % wt.

except of cordierite also sekaninaite and osumilite were 
be identified there – see tablei. Fig. 5. documents that these 
are new-formed crystals formed from the melt. along with 
them, spinelides (magnetite, magnesioferrite and hercynite) 
occur in the pottery. 

In some artifacts of the (040) group, relict garnets were 
determined – pyrope (94.6 % of pyrope and 4.4 % of alman-
dine component).

The surface red colour of the (010) pottery group is cau-
sed by iron enamel with the melting addition. except of one 
case, the enamel did not contain pb. It is very probable that 
also the other enamels were alkalical and contained the addi-
tion of washed brick clay, which is responsible for the red up 
to red-purple colour of the enamel. The addition of iron clay 
did not have to be high. In the case of the Loštice pottery, 
the red colour was also caused by the interlayer under the 
enamel.

experimental	firing	
Miniature replicas of the Lošice pottery were made of 

local loess and clay soils found during the archaeological 
works. The raw material corresponds to tertiary deposits in 
the surroundings (e.g. in Litovel), which were also mined for 
the pottery production in later periods. Graphite was added 

in a form of graphitic clay. The graphitic pigment improves 
the clinkering properties of ceramic body. The bodies were 
always white, with grey streaks in the cross section. apparent 
darker colour of the clay is explained by re-deposition of the 
raw material. 

The difference between clay and loess is evident even 
macroscopically. Brownish colour of the fired body is caused 
by iron oxides. 

The raw materials were mixed with water. as non-plas-
tics, a garnet (almandine) concentrate was added to the cera-
mic paste. 

to reach the specific surface colour, the dried replicas 
were coated with an engobe layer containing minerals of iron 
and melting addition before the firing. the firing was carried 
out in oxidation furnace at 1,250 °C.

the high melt content during the firing caused collapse 
of the vessels made of loess (see Fig. 4.). 

Fig. 4. Experimental firing of the Loštice pottery miniature 
replicas.	the	collapsed	vessels	were	made	of	loess	soil

Fig. 5.	 “Bleb”	in	the	loštice	pottery	of	the	(020)	group	(sample	
no.	l	3)	lined	with	a	thin	layer	of	spinel	and	glass	matter	contai-
ning	a	new-formed	cordierite.	Photo	by	r.	Škoda
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The experiments bring the evidence of the use of alman-
dine. The Loštice pottery replicas undisputedly display 
macroscopically the same “blebs”, which are found in the 
original vessels. The correspondence of the mineralogical 
composition of the replicas and the original artifacts has been 
proven by optical and electron microscopy and microchemi-
cal examination of the new-formed phases (compare Table I 
and Table II).

Discussion
The basical plastic raw material corresponds to clay with 

a low content of very fine graphite (5–8 % wt.). the origi-

nal raw material (pottery clay) from Loštice was used for the 
experiments. The products made of clay were able to resist 
high temperatures without a shape deformation. on the other 
hand, the utilization of local loess has been disproved by the 
experimental firing. the replicas made of loess collapsed at 
the temperature about 1,200 °C. 

The opinion that the “blebs” on the pottery surface form 
by the decomposition of sulphides contained in the graphite 
from Svinov (měchurová, čejka, zalabák 1992) has also 
been disproved by the experiment. The replica made of soil 
extracted from a pottery workshop did not contain any sur-
face “blebs” after the experiment. The “blebs” only appeared 

Table I
Chemical composition (eDX) of cordierite (Mg2al3[alSi5o18]), sekaninaite ((Fe2+

1.5Mg0.5) al3[alSi5o]1)8) and osumilite  
(k0.75na0.25Fe2+

1.5Mg0.5)al2.25Fe3+
0.75[Si9al3o30])

 Sample L 3 L 5 L6 L 11 L 15 L 3 L 5 L 9 L-19 L-24
 Mineral/oxide Cordierite Sekaninaite osumilite
 Sio2 47.6 49.3 47.6 47.1 47.3 58.6 59.8 60 56.5 54.5
 Tio2 0.2 0.1 0.4 0.1 0.1 0.1 0.8 1.1 1.7 1.6
 al2o3 36.5 32.6 33.8 32.3 32.4 11.6 18.4 23.2 13.3 14.7
 Feo 7.7 7.2 8.5 14 16.7 20.3 15.8 6.6 20.2 15.7
 Mno 0.1 0.1 0.1 0 0.1 0.1 0 0.1 0.2 0.4
 Mgo 7.8 9.1 8.7 4.9 3.2 0.6 0.9 3.1 0.4 1.4
 Cao 0.1 0 0 0 0 0.9 1.2 1.2 2.7 3.5
 na2o 0 0.2 0 0.1 0 0.8 0.2 0.7 0.2 0.7
 k2o 0.3 0.6 0.2 0.4 0.5 4.5 2.7 4.1 3.6 3.2
 Cl           0   0.1 0  
 F           0 0   0  
 Bao           0.2 0 0.1    
 p2o5 0.1   0 0   0.1   0    
 Total 100.5 99.3 99.4 99.1 100.3 97.8 100 100.4 98.8 95.7
 nakCa                    
 na 0 0 0 0   0.1 0 0.1 0.1 0.3
 k 0.3 0.1 0 0 0.1 0.9 0.6 0.9 0.8 0.7
 Ca                 0.1 0
 sum 0.3 0.1 0 0 0.1 1 0.6 1 1 1
 FeMgMn                    
 Fe(ii) 0.6 0.6 0.7 1.2 1.5 1.6 1.5 1 1.4 0.9
 Mn 0 0 0 0 0 0 0 0 0 0.1
 Mg 1.2 1.4 1.3 0.8 0.5 0.2 0.2 0.8 0.1 0.4
 Ca           0.2 0.2 0.2 0.4 0.7
 al 0.1 0 0 0   0 0   0.1  
 Subtotal 1.8 2 2 2 2 2 1.9 2 2 2.1
 FealTi                    
 al           1.3 2.4 2.9 1.1 1.2
 Ti           0 0.1 0.1 0.2 0.2
 Fe           1.5 0.4   1.6 1.6
 Subtotal           2.8 2.9 3 3 3
 Sial                    
 Si 4.8 5 4.8 4.9 5 10.8 10.6 10.2 10.3 10
 al 4.2 4 4.1 4.1 4 1.2 1.4 1.8 1.7 2
 Sum 9 9 8.9 9 9 12 12 12 12 12
 o 18.1 18 17.9 18 17.9 30.2 30 30.3 30.3 30.1
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on the surface of replicas made of a raw material with the 
addition of almandine. 

the experiments proved that the firing temperature rea-
ched 1,200–1,250 °C. The number and appearance of “blebs” 
depends on the content and chemical composition of alman-
dine (garnet) in the raw material mixture. The reaction of 
almandine garnet (decomposed on almandine and pyrope 
components) with kaolinite can be summarized by the fol-
lowing equation:

Mg2+
3al2Si3o12 + 3Fe2+

3al2Si3o12 + 8al2Si2o5(oH)4
 → (1)
2Mg2+

1.5Fe2+
0.5al4Si5o18 + 8Fe2+al2o4 + 6H2o + 18 Sio2

The composition of spinel, formation of cordierite, sekani-
naite and possibly osumilite depends not just on the garnet com-
position but also on the original plastic raw material (abbott, 
Clarke 1979, Green 1977).

Conclusion
The results show that the technology of the Loštice pot-

tery production was completely different than described in 
older papers (e.g. měchurová, čejka, zalabák, 1992). 

the firing temperature of the Loštice pottery was nearly 
300 °C lower than mentioned by měchurová, čejka and 
zálabák (1992) based on Xrd identification of cristobalite 
(1,470 °C). Cristobalite already forms at temperature above 
1,000 °C. 

The mineralogical analyses of the artifacts and the expe-
riments showed that the cause of “blebs” formation was the 
addition of almandine.

This research has been supported by the MSM 
0021622427 research project “Interdisciplinary reserch of 
prehistory to late mediaeval cultures”.

Table II
Chemical composition (eDX) of cordierite (Mg2al3[alSi5o18]), sekaninaite ((Fe2+

1.5Mg0.5) al3[alSi5o]1)8) and osumilite  
(k0.75na0.25Fe2+

1.5Mg0.5)al2.25Fe3+
0.75[Si9al3o30]) in ceramic miniature replicas of tumblers experimentally fired at the tempe-

rature of 1,250 °C

 Sample/oxide 1/1 1/2 1/3 1/4 1/5 2/1 2/2 4/1 4/2 4/3 4/4 4/5 4/6
 Sio2 47.6 47.3 47.9 44.6 47.1 56.0 52.5 51.1 51.7 51.7 47.7 50.7 48.9
 Tio2 0.2 0.2 0.2 0.2 0.2 0.4 0.2 0.1 0.0 0.1 0.1 0.2 0.2
 al2o3 34.0 34.5 33.5 36.0 34.3 24.4 27.3 32.0 32.5 32.5 29.2 32.3 36.2
 Feo 7.7 7.2 7.8 8.5 7.7 14.4 14.0 3.3 2.6 3.6 1.9 4.3 3.2
 Mno 0.1 0.0 0.1 0.1 0.1 0.2 0.3 0.1 0.1 0.1 0.1 0.1 0.1
 Mgo 8.9 9.1 8.6 9.1 8.7 2.0 3.6 11.9 12.3 11.4 4.1 11.2 10.7
 Cao 0.1 0.0 0.0 0.0 0.1 0.3 0.2 0.1 0.1 0.1 15.8 0.4 0.0
 na2o 0.1 0.2 0.1 0.2 0.1 0.0 0.0 0.0 0.0 0.0 0.4 0.0 0.0
 k2o 0.7 0.9 0.7 0.9 0.8 0.9 0.4 0.2 0.3 0.2 0.1 0.5 0.3
 p2o5 0.0 0.0 0.0 0.0 0.0 0.3 0.1 0.0 0.0 0.1 0.0 0.1 0.0
 Total 99.3 99.5 99.1 99.6 99.2 98.9 98.6 98.8 99.6 99.7 99.4 99.7 99.7
 nakCa             
 na 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0
 k 0.0 0.1 0.1 0.1 0.1 0.2 0.1 0.0 0.0 0.0 0.0 0.1 0.0
 Ca 0.0 0.0 0.0 0.0 0.0 1.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 Sum 0.1 0.1 0.1 0.1 0.1 0.3 0.1 0.0 0.1 0.0 0.1 0.1 0.1
 FeMgMn             
 Mg 1.3 1.4 1.3 1.4 1.3 0.5 0.6 1.8 1.8 1.7 0.6 1.7 1.6
 Fe 0.7 0.6 0.7 0.7 0.6 2.3 1.3 0.3 0.2 0.3 0.2 0.4 0.3
 Mn 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 Ca 0.0 0.0 0.0      0.0 0.0 1.2 0.0 0.2
 Subtotal 2.0 2.0 2.0 2.1 1.9 2.8 1.9 2.1 2.0 2.0 2.0 2.0 2.0
 FealTi             
 al      3.0       
 Fe 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 Ti 0.0 0.0 0.0 0.0 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 Subtotal 0.0 0.0 0.0 0.0 0.0 3.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0
 Sial             
 Si 4.8 4.8 4.9 4.5 4.8 9.9 5.6 5.1 5.1 5.1 4.9 5.0 4.8
 al 4.2 4.2 4.1 4.5 4.2 2.1 3.4 3.9 3.9 3.9 4.1 4.0 4.2
 Subtotal 9.0 9.0 9.0 9.0 9.0 12.0 9.0 9.0 9.0 9.0 9.0 9.0 9.0
 o 18.0 18.0 18.0 17.9 17.9 30.5 18.2 18.2 18.1 18.1 18.0 18.1 18.0
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4.2.	Posters

P01	 OPTIMALIZATION	OF	LEAD	SULPHIDE	
MECHANOCHEMICAL	SYNTHESIS

MarCeLa Achimovičová, AnnAmáriA 
mockovčiAková and erIka Dutková
Institute of Geotechnics, SAS, Watsonova 45, 043 53 Košice, 
Slovak Republic,
achimovic@saske.sk

Introduction
nanocrystalline lead sulphide is an important part  

of opto-electronic devices such as light emitting diodes  
and solar cells1,2. one of the most problematic issues of par-
ticles prepared by mechanochemical synthesis is their ten-
dency for an aggregation, and this problem makes it very diff-
icult to obtain particles with a high degree of dispersity. the 
dispersity is characterized by the particle size distribution, the 
particle’s shape and morphology as well as their interfacial 
properties3. Stearic acid C17H35cooh is a fatty acid that was 
used as a process control agent for mechanochemical synthe-
sis of different nanocomposites where the sticking of synthe-
sized particles and mechanical alloying was delayed4,5. also 
the additional parameters of the mechanochemical synthesis, 
as the time of mechanochemical synthesis and intensity of 
milling (mill revolutions) strongly influence the resulting 
particle size distribution. the reason for this behaviour lies 
in the different dependencies of nucleation and growth rates 
on supersaturation3. Several authors used statistical factorial 
design methods for conditions optimalization of the process 
under study.6–9 this factorial plan examines the given area 
thoroughly because it involves all possible combinations  
of levels of watching factors and provides the determination  
of an optimum value of search function from minimum num-
ber of the experiments. one of the frequently used factorial 
design method is the 1st order model fitting 2nd (n-number 
of factors). on the basis of solving of factorial plan designed 
matrix, it is possible to obtain objective function:

0 1 1 2 2 3 3 12 1 2 13 1 3

23 2 3 123 1 2 3

Y b b b b b b

b b

x x x x x x x

x x x x x

= + + + + + +

+ +  
(1)

the aim of this study was a statistical experiment 
design of PbS mechanochemical synthesis with determined 
response–mean particle size and three independent factors: 
time of milling, mill revolutions, the amount of stearic acid 
and to detect the interaction factors that can affect the output 
parameters.

Experimental
M e c h a n o c h e m i c a l  S y n t h e s i s

mechanochemical synthesis of PbS particles was per-
formed in a planetary mill Pulverisette 6 (Fritsch, Germany) 
by high-energy milling of lead acetate and sodium sulphide 
with stearic acid (SA) as the process control agent in the air 
according to the reaction10:

( )3 2 2 22

3 2

ch coo Pb 3h o na S 9h o

PbS 2ch coona 12h o

⋅ + ⋅ →

+ +  
(2)

the following constant conditions were used: load-
ing of the mill with 50 balls of 10 mm diameter; material 
of milling chamber and balls: tungsten carbide; weight of 
(CH3COO)2Pb . 3H2o: 4.75 g; weight of na2S . 9 H2o: 3.01 g; 
temperature: laboratory. After the completion of reaction (2), 
the PbS nanoparticles have been washed and dried. 

the particle size distribution of mechanochemically 
synthesized PbS particles was measured by a particle size 
analyzer hELoS (Sympatec Gmbh, Germany) with wet 
dispergation unit SucELL 12LA. mean particle size of PbS 
particles was determined according to a mathematical model 
that is based on spherical systems.

D e s i g n  o f  E x p e r i m e n t
One 23 factorial experiment with the mean particle size 

D = Y as a response of mechanochemically synthesized PbS 
and 3 independent variables: time of milling-tM, mill revolu-
tions-n and weight of stearic acid-mSa used as factors x1, x2, 
x3 was performed. in table i are introduced the basic level, 
variation interval of selected factors and two factor levels 
which were assigned to each of three factors x1 = tM, x2 = n 
and x3 = mSa and these levels were varied in all kinds of com-
bination.

Eight experiments of PbS mechanochemical synthe-
sis were performed. their conditions are specified in the 
table ii. 

table i
Levels of independent variables (factors)

 Factor level x1 = tM [min] x2 = n [min–1] x3 = mSa [g]
 Basic level – x0i  8 400 0.09
 variation interval – 2 100 0.05
 Δxi
 Low level – xLi  6 300 0.04
 high level – xHi 10 500 0.14

table ii
Specified conditions of PbS mechanochemical synthesis 
experiments

 trials series n° x1 = tM [min] x2 = n [min–1] x3 = mSa [g]
 1 6 300 0.04
 2 10 300 0.04
 3 6 500 0.04
 4 10 500 0.04
 5 6 300 0.14
 6 10 300 0.14
 7 6 500 0.14
 8 10 500 0.14
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Results
The 1st order model fitting predicting the values of 

mean particle size was found, where the coefficients repre-
sent the measure of the effects of variables x1 = tM, x2 = n 
and x3 = mSa. the mixed terms x1x3 and x2x3 indicate the 
measure of mutual interactions between the variables. the 
designed matrix, observed responses and predicted values 
are introduced in table iii and the regression coefficients of 
model function are in table iv. variance of reproducibility 
Sre

2 of the mean particle size values of synthesized particles 
is 0.014 calculated from experiments performed in the centre 
of experiment (trials 9 to 14 from the factorial experiment), 
the mean value of Y equal to 1.33 μm respectively). on the 
basis of Sre

2 value, the variance of regression coefficients or 
parameters of model function, Sbi

2 was calculated, that equals 
to 0.0098. the values of Student’s test-t were calculated 
according to the formula:

2

i
i

bi

b
t

S
=

 
(3)

the value of this t-test defines the significance of the 
regression coefficient: regression coefficient is significant if 
the calculated value of Student’s test is greater than the table 
value, tα,f = 2.57(ref.11). After separation of insignificant 
regression coefficients the model function of PbS mechano-
chemical synthesis has the following form:

1 2 1 3 2 31.91 0.12 0.47 0.12 0.43Y x x x x x x= − − + −  (4)

the values of F-Fisher’s test were calculated because 
of verifying of the factors significance according to the for-
mula (5).

2

2
r e

iSF
S

=
 

(5)

According to Fisher test the factor is significant if the 
calculated value of F-test is greater than the table value 
F = 6.61(ref.11).

An adequacy of model function was verified by F-test 
that consist in a comparison of the variance reproducibility 
Sre

2 and the variance SaD
2 that is given by the variances of 

theoretical and experimental values of mean particle size 
Y = D, according to:

2

2
r e

AD
AD

S
F

S
=

 
(6)

the proposed model function sufficiently represents the 
course of mechanochemical synthesis process in examined 
region because the calculated FaD value equal to 1.24 is less 
than the table value of FaD = 5.41(ref.11).

it can be concluded from table iii, that the observed 
responses Yi

Or are in close agreement with predicted values 
Yi

PV of the model. it follows from the model function, that 
the mean particle size of PbS is mostly influenced by revolu-
tions of mill, less by time of mechanochemical synthesis and 
the weight of stearic acid did not influence the mean particle 
size in used range 0.04–0.14 g. the twofactors interaction 
between the revolution of mill and the amount of stearic acid 
has larger effect on the PbS mean particle size. the smallest 
mean particle size from the particle size distribution analysis 
point of view (table iii) can be obtained at trials 7 and 8  
of table ii, it means at high level of the factors – mill revolu-
tion and amount of stearic acid.

Conclusions
the role of the process control agent – stearic acid 

with the aim to decrease the ability of particles to create 
aggregates during the mechanochemical synthesis of PbS 

table iii
Designed matrix of PbS mechanochemical synthesis sys-
tem, observed responses – Yi

Or and predicted values – Yi
PV  

of mean particle size, D

 Trials         Yi
Or Yi

PV
 series x0 x1 x2 x3 x1x2 x1x3 x2x3 x1x2x3 [μm] [μm] n°
 1 1 –1 –1 –1 +1 +1 +1 –1 2.13 2.19
 2 1 +1 –1 –1 –1 –1 +1 +1 1.66 1.71
 3 1 –1 +1 –1 –1 +1 –1 +1 2.07 2.11
 4 1 +1 +1 –1 +1 –1 –1 –1 1.58 1.63
 5 1 –1 –1 +1 +1 –1 –1 +1 2.77 2.81
 6 1 +1 –1 +1 –1 +1 –1 –1 2.95 2.38
 7 1 –1 +1 +1 –1 –1 +1 –1 1.15 1.01
 8 1 +1 +1 +1 +1 +1 +1 +1 0.97 1.01
 9 0 0 0 0 0 0 0 0 1.25 1.25
 10 0 0 0 0 0 0 0 0 1.23 1.01
 11 0 0 0 0 0 0 0 0 1.23 1.01
 12 0 0 0 0 0 0 0 0 1.53 1.01
 13 0 0 0 0 0 0 0 0 1.36 1.01
 14 0 0 0 0 0 0 0 0 1.38 1.01

table iv
1st order model fitting results for PbS mechanochemical syn-
thesis with mean particle size, D as optimization parameter

  regression Si
2

  coefficients variance
 variable of model  due to t-Student’s F-Fisher’s
  function (1) factors and test test
  b0 bi. bij bijk

 factor
   interactions
 x0 1.91 0.5 60.83 36.34
 (constant)
 x1 –0.12 0.12 3.83 8.72
 x2 –0.47 1.75 14.99 127.80
 x3 0.05 0.02 1.59 1.45
 x1x2 –0.05 0.02 1.59 1.45
 x1x3 0.12 0.12 3.83 8.72
 x2x3 –0.43 1.5 13.72 109.01
 x1x2x3 –0.04 0.01 1.37 0.73



Chem. Listy, 102, s265–s1311 (2008) Chemistry of Inorganic Materials

s866

in a planetary mill was studied. the 1st order model fit-
ting with the mean particle size-Y as a measured response 
and three independent variables: time of mechanoche-
mical synthesis-x1, revolutions of mill-x2 and weight of 
stearic acid-x3 was constructed and the model function 
Y = 1.91 – 0.12x1 – 0.47x2 + 0.12x1x3 – 0.43x2x3 was obtained. 
it resulted from this function that the mean particle size of 
synthesized PbS nanoparticles was most influenced by revo-
lutions of mill, less influenced by time of mechanochemical 
synthesis and the weight of stearic acid did not influence the 
mean particle size of synthesized PbS particles basically.

The research activities were kindly supported by Slo-
vak Grant Agency VEGA (project 2/0035/08), the Slovak 
Research and Developing Agency (project 0347-06) and 
Center of Excellence of Slovak Academy of Sciences (project 
NANOSMART).
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Introduction
multicomponent ceramic materials have a variety of 

industrial applications. types of application are strongly 
depended on the properties such as mixed ionic and electro-
nic conductivity, transport properties, ability working at 
severe reducing conditions and elevated temperatures. the 
main purpose for study and producing of multicomponent 
ceramic oxides are applications in syngas production, oxy-
gen membranes or components of SoFcs. these properties 
are interdependent on the way of preparation. in general the 
routes of preparation can be divided into two groups. the 
first one is “wet” chemical routes. there are typical methods 
as precipitation synthesis, sol-gel processes then the novel 
ones as self-combustion reactions – glycine nitrate processes 
(GnP)1,2, spray pyrolysis or Pechini synthesis3. otherwise 
the conventional synthesis based on solid state reactions are 
still frequently applied as well4,5. this study is focused on 
the preparation of multicomponent perovskite system La – Sr 
– Fe – ti – o by several methods. System La – Sr – Fe – ti – o 
belongs to materials with high oxygen transport and suffici-
ent mixed conductivity at high temperatures.

Doped lanthanum ferrites were studied by tsipis 
and all.6. they observed the high mixed conductivities in  
La1–xSrxFeo3–δ when x = 0.5. the high strontium content 
determined the high conductivity values but is associated 
with poorer thermodynamic and chemical stability under the 
large oxygen chemical potential gradient. the way to improve 
the stability in higher temperatures is partial substitution of 
iron by redox-stable cations such as transition metals e.g. tita-
nium and chromium or cobalt what was published by several 
authors7,8. the work is focused on the preparation and study 
of composition of La – Sr(ca) – Fe – ti – o perovskites.

Experimental
P o w d e r  P r e p a r a t i o n

Perovskite systems La0.2Sr0.8Fe1–xTixO3–δ (LSFt) and 
La0.2Ca0.8Fe1–xTixO3–δ (LcFt) (x = 0.2 – 0.4) were synthe-
sized by two methods. conventional solid state reaction and 
glycine-nitrate process (GnP) were used. 

the oxides and carbonates of appropriate metals were 
used as starting material for SSr the suspensions of oxides 
in isopropanol in stechiometric ratios (table ii) were milled 
in planetary ball mill for 24 h then dried. these precursors 
were put to the furnace for SSr for 30 h at the temperature 
of 1,100 °C.

the nitrates and alkoxides of appropriate metals were 
used as starting materials in GnP process. the aqueous solu-
tions of each cation were mixed in stechiometric ratios and 

glycine was added at G/n ratio = 5/9. the concentrations 
are given in table 1. Synthesized precursor was calcined 
(950 °C 4 h–1) for decompositions of carbonates residues and 
SSr of oxide precursors.

P o w d e r  c h a r a c t e r i z a t i o n
the phase composition was determined by X-ray 

diffraction analysis. kco wavelength (X´pert. Philips. nethe-
rlands). the morphology of powder products was studied by 
scanning microscopy (SEm XL 30. Philips. netherlands). 
the composition was determined by EDS detector of scan-
ning microscopy (SEm XL 30. Philips. netherlands). the 
specific surface area (SSABEt) was determined by the BEt 
method (chembet. Quantachrome. uSA). Particle size was 
calculated from BEt values.

Results
All materials obtained by SSr and GnP process were 

composed of one phase products. the properties of synthesi-

table i
the data used for preparation of suspensions for compositi-
ons (x = 0.2, 0.4)

Starting Concentration Concentration
 materials [mol dm–3] [mol dm–3]
  La0.2Sr0.8Fe1–xTixO3–δ La0.2Sr0.8Fe1–xTixO3–δ

  x = 0.2 x = 0.4 x = 0.2 x = 0.4
 La2O3 0.0838 0.0940 0.1158 0.1162
 SrCO3 0.7507 0.7565 – –
 CaO – – 0.9255 0.9345
 Fe2O3 0.3752 0.2837 0.4627 0.3508
 TiO2 0.1876 0.3783 0.2314 0.4671

table ii
the data used for preparation of solutions

 Starting materials Concentration[mol dm–3]
 La(no3) . 9H2O 1.2269
 Sr(no3)2 3.0741
 Fe(no3)3 . 9H2O 1.8444
 Ti(C2H6O)4 0.3074
 Glycine 1.0775

table iii
Properties of synthetized powders

 Sample XrD rietveld BEt Particle
   analysis [m2 g–1] size [μm]
 SSr x = 0.2 cub. Pm3m 1.00 1.08
 LSFt x = 0.4 cub. Pm3m 3.00 0.36
 SSr x = 0.2 orth. Pbnm 1.60 0.67
 LcFt x = 0.4 orth. Pbnm 1.00 1.08
 GnP x = 0.4 cub. Pm3m 5.20 0.21
 LFSt
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zed powders are given in table iii. Powders prepared by con-
ventional solid state reaction are phase pure and the particle 
size was in range of 300 nm to 1.2 μm. the perovskite sys-
tem La0.2Sr0.8Fe1–xTixO3–δ was single phase with cubic lat-
tice symmetry (space group Pm3m). the perovskite system 
La0.2Ca0.8Fe1–xTixO3–δ was single phase with orthorhombic 
lattice symmetry (space group Pbnm).

the XrD patterns of ceramic powders of several com-
positions are given in Fig. 1.

the multicomponent system was analysed by EDS SEm 
and the compositions are given in table iv.

Systems synthesized via both methods were single 
phase with cubic lattice symmetry (space group Pm3m). The 
temperature of formation of pure phase was different for 
each of method. the solid state reactions were performed at 
1,100 °c and for 30 hours. the glycine/nitrate combustion 
synthesis occured several minutes after evaporation of water 
and was followed by SSr at 950 °c for 4 hours. the particle 

size of prepared powders is depended on method which was 
used. in case of SSr the particle size was around 360 nm 
and 210 nm for GnP process. the SEm micrographs of 
La0.2Sr0.8Fe0.6Ti0.4O3–δ are given in Fig. 2.

Conclusions
the single phase multicomponent ceramic systems were 

successfully prepared via both methods – SSr and GnP. the 
particle size of synthesized powders was in the range of 0.21 
to 1.08 um and specific surface area in the range of 1.0 to 
5.2 m2 g–1.

This work has been supported by the Ministry of Edu-
cation, Youth and Sports of the Czech Republic (MSM 
0021630508).
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Fig. 1.	 XRD	patterns	of	synthetized	powders

table iv
chemical composition analysed by EDS SEm

 Expected compostition Determined composition
  (eDS SeM)
La0.2Sr0.8Fe0.8Ti0.2O3–δ La0.21Sr0.68Fe0.80Ti0.20O3–0.91
La0.2Sr0.8Fe0.6Ti0.4O3–δ La0.21Sr0.73Fe0.61Ti0.39O3–0.41
La0.2Ca0.8Fe0.8Ti0.2O3–δ La0.23Ca0.67Fe0.79Ti0.21O3–0.16
La0.2Ca0.8Fe0.6Ti0.4O3–δ La0.15Ca0.49Fe0.44Ti0.56O3–0.75

 (a) (b)
Fig. 2	 SEM	micrographs	of	syntetized	powders:	(a)	SSR	syn-
thesis	and	(b)	GNP	combustion	reaction
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Introduction
Diffusion barriers are a wide group of protective coa-

tings currently used for high temperature applications. they 
ensure an improvement of substrate surface stability against 
degradation processes closely related to the working environ-
ment, oxidation and hot corrosion mainly1. Generally, the 
effect of heat treatment is possible to be divided into the pro-
tective coating formation and degradation of the coating just 
formed2.

in principal, the diffusion coating production is based on 
thermodiffusion saturation of the substrates by aluminum or 
aluminum combined with other elements (e.g. Al-cr, Al-Si). 
A great variety of techniques for deposition of diffusion 
coatings were designed. regarding to the diffusion coating 
production costs, the powder mixtures with halide activators, 
circulating gaseous phase and slurry deposition techniques 
are prefered.

the first and the second technique use similar chemi-
cal process for aluminide coating formation (in a shortcut: 
activator decomposition, saturating gas formation, substrate 
surface saturation and diffusion coating growth) during 
annealing in relatively wide temperature range: from 500 °c 
to 1,200 °C3. nevertheless, to co-deposit aluminum in com-
bination with other elements, suitable pack activators and 
temperature range to create favourable conditions for coating 
formation must be found4,5. 

instead of the techniques mentioned above, the use of 
slurry deposition has a series of advantages. they are as fol-
lows: preparation of arbitrary elements powder mixtures,  
a shorter thermal cycles necessary to the coating formation, 
a possibility of local and large-size substrate coating deposi-
tion. the slurry is made of saturating elements powder mixtu-
res and of an organic binder. Diffusion annealing (commonly 
in the temperature range from 650 °c to 1,200 °c) ensures a 
complete burnout and volatilization of organic components 
without deteriorating the substrate and coating2,6,7. 

Experimental
Sheets of ni (nickel of commercial purity, 99.7 % wt. ni),  

ni-cr (commercial nichrome, ni-20 % wt. cr) and inconel 
713Lc were used as substrates. the substrate surface was 
ground with abrasive paper to #600, polished with 3 µm 
diamond paste and washed with acetone in ultrasonic cle-
aning bath for 15 min. Slurry was prepared by stirring a 
mixture of Al, Si powders (up to 90 and 45 µm in diameter, 
respectively) and amyl acetate based organic binder solution 

(100 ml to 38 g of Al and 32 g of Si powder) with propeller 
stirrer at 150 rpm for 15 min. viscosity of the slurry measu-
red by Ford cup (Ø 6 mm, 20 °c) was 13 s. the slurry was 
sprayed by hand onto the sheets’ surface. Specimens prepared 
this way were heated in a tube furnace with flowing argon-
gas atmosphere. heat treatment conditions were 200 °c 
60 min–1 (Ar-gas flow 9 dm3 min–1) to decompose organic 
binder and 1,000 °c per 0, 60, 120, 180, 360, 600 min (Ar-
gas flow 5 dm3 min–1) to investigate the intermetallic layer 
formation and development. After heating, the samples were 
cooled under Ar-gas flow to 550 °c and then in air to room 
temperature.

For microstructure observation, the scanning electron 
microscope (Philips XL30) was used. Elements interaction 
studies, based on energy dispersive microanalysis (EDAX), 
and layer thickness measurements by means of image  
analysis (niS Elements Ar 2.3) were performed. microhard-
ness tester (Lm 247At) was used for layers hardness deter-
mination.

Fig. 1.	 The	cross-sectional	SEM	images	of	coating	 formed	on	
Ni	after	annealing	at	1,000	°C;	 (a)	–	0	min,	 (b)	–	60	min,	 (c)	–	
180	min	and	(d)	–	600	min

Fig. 2.	 The	cross-sectional	SEM	images	of	coating	 formed	on	
Ni-Cr	after	annealing	at	1,000	°C;	(a)	–	0	min,	(b)	–	60	min,	(c)	
–	180	min	and	(d)	–	600	min
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Results
Figs. 1., 2. and 3. show SEm images of the course of 

diffusion coating formation on ni, ni-cr and inconel 713Lc 
substrates, respectively.

concentration change of the elements with depth from 
the surface to nickel-base substrates, measured by EDS, are 
depicted on Fig. 4. the coating transformation diagrams, 
based on image analysis measurements were constructed, see 
Fig. 5. hardness of the substrates decrease during annealing 
while the hardness of intermetallic layers is stable within 500 
to 950HV.

Conclusions
the first step of annealing is necessary for organic bin-

der decomposition. this leads to partial aluminum powder 
oxidation. intermetallic phases start to form when the tempe-
rature exceeds the Al-Si eutectic point.

relatively thin intermetallic layers of niAl and ni3al 
were produced at the moment when the temperature 1,000 °c 
was reached. the part of the coating, termed as “Al reserves”, 
is also intermetallic in this moment but with high degree of 
open porosity. this layer disappears at the expense of inner 
layers growth during the annealing dwell.

Silicon addition in the slurry is detrimental in the case of 
ni substrate (diffusion coating destroyed after 180min annea-
ling) and beneficial for ni-cr and inconel 713Lc (stabilises 
the lower cr-rich layer, forms cr-Si intermetallics and/or car-
bides, respectively).

The authors are grateful to the Ministry of Education 
(grants MSM002163058 and 2E08017) and Grant Agency 
of Czech Republic (grant GAČR 106/05/H008) for financial 
support.
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Fig. 3.	 The	 cross-sectional	 SEM	 images	 of	 coating	 formed	
on	Inconel	713LC	after	annealing	at	1,000	°C;	 (a)	–	0	min,	 (b)	
–	60	min,	(c)	–	180	min	and	(d)	–	600	min

Fig. 4.	 Concentration	change	of	the	elements	with	depth	from	
surface	 to	 substrate	 after	 annealing	 at	 1,000	°C	 for	 (a)	 0	min,	
(b)	600	min	on	Ni,	Ni-Cr	and	 Inconel	713LC	substrates	 (from	
the	top)

Fig. 5.	 Transformation	of	diffusion	coating	during	annealing	at	
1,000	°C	on	(a)	Ni,	(b)	Ni-Cr	and	(c)	Inconel	713LC	substrate
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Introduction
Great variety of surface modifications was developed 

in the effort to improve bearing steels’ surface properties.  
in order to achieve an improvement in performance of the 
bearings working at higher temperatures, the diffusion coa-
tings may be applied. the diffusion coatings are special 
group of surface modifications commonly used to improve 
the high temperature alloys’ surface protection against degra-
dation processes, closely related to the working environment 
(oxidation and hot corrosion, mainly)1.

Several deposition techniques were designed for the diff-
usion coating application. the most widely used techniques 
are coating in powder mixtures with halide activators or the 
in circulating gaseous phase. these techniques use similar 
chemical processes for diffusion coating formation, i.e. acti-
vator decomposition, saturating gas development, substrate 
surface saturation and diffusion coating growth. main disa-
dvantages of these techniques lie in the need for favourable 
multicomponent co-deposition conditions design and in the 
substrate surface corrosion damage during the coating forma-
tion (triggered by incomplete “saturation” halide gas decom-
position)2,3.

Application of the diffusion coatings using slurry  
is a widely used technique, as well. the slurry is made  
of saturating elements powder, such as Al, Al-cr, Al-Si, and 
of an organic binder. ready-to-use slurry could be applied  
by various methods, such as dipping, brushing or spraying 
onto the substrate surface. When the coating is applied onto 
the surface and dried, the heat treatment designed for pro-
tective layer formation follows4.

in this article, the influence of temperature on the sili-
con-alloyed aluminide diffusion coatings formation on the 
100cr6 bearing steel is investigated.

Experimental
the 100cr6 bearing steel was used as substrate. the sub-

strate was ground, polished and washed with acetone in ultra-
sonic cleaning bath. Slurry was made of 55 % Al + 45 % Si 
powders and of amyl-acetate based organic binder solution. 
the slurry was sprayed by hand onto the substrates’ surface.

Samples prepared this way were heated in a tube fur-
nace with flowing argon-gas atmosphere. the two-stage heat 
treatment for surface layer formation was employed; the first 
stage, i.e. low temperature dwell, to decompose the organic 
binder and the second stage, i.e. e. high temperature dwell, at 
800, 900 and 1,000 °C 3h–1 for intermetallic layers formation. 

 For microstructure observation, the light microscope 
(olympus GX71) and scanning electron microscope (Phi-
lips XL30) were used. Elemental interaction studies, based 
on energy dispersive microanalysis (EDS), glow discharge 
optical emission spectrometry (GD oES) and layer thickness 

Fig. 1.	 The	SEM	cross-sectional	 image	of	Al	and	Si	diffusion	
layer	after	annealing	at	800	°C	3h–1

Fig. 2.	 The	SEM	cross-sectional	 image	of	Al	and	Si	diffusion	
layer	after	annealing	at	900	°C	3h–1

Fig. 3.	 The	SEM	cross-sectional	 image	of	Al	and	Si	diffusion	
layer	after	annealing	at	1,000	°C	3h–1
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measurements by means of image analysis (niS Elements 
Ar 2.3) were performed. the intermetallics’ composition 
ranges were calculated from Al-Fe binary diagram.

Results
Figs. 1., 2. and 3. show SEm images of Al-Si diffusion 

coatings on 100cr6 substrate after annealing at 800, 900 and 
1,000 °c, respectively. changes in concentration of elements 
with depth, measured by EDS and GD oES, are presented in 
Figs. 4., 5., 6. and in Figs. 7., 8., 9. for each annealing tempe-
rature, respectively. the calculated phase composition results 
are presented in Figs. 10,. 11. and 12. Fig. 13. shows the 
thickness of the interdiffusion zone, evaluated by the image 
analysis from SeM images.

Conclusions
the Si alloyed aluminide layers after annealing at 800, 

900 and 1,000 °c were formed on the substrate of 100cr6 
bearing steel.

the coating after annealing at 800°c was divided into 
three continuous intermetallic layers separated by sharp  
Al and/or Si concentration gradient. concentration of Al and Si  

decreases slowly from the top of the coating towards the 
substrate. calculated intermetallics, i.e. FeAl3 + Fe2al5, 
FeAl + FeAl2 and FeAl were identified. the hardest “Si-
rich” layer (1,050 up to 1,100 hv0.025) was identified as 
FeAl + FeAl2.

Fig. 4.	 Composition	change	of	the	elements	with	depth	from	sub-
strate	to	surface	after	annealing	at	800	°C	3h–1,	measured	by	EDS	

Fig. 5.	 Compositional	variation	with	depth	 from	substrate	 to	
surface	after	annealing	at	900	°C	3h–1,	measured	with	EDS

Fig. 6.	 Compositional	variation	with	depth	 from	substrate	 to	
surface	after	annealing	at	1,000	°C	3h–1,	measured	with	EDS

Fig. 7.	 Compositional	variation	with	depth	from	surface	to	sub-
strate	after	annealing	at	800	°C	3h–1,	measured	with	GD	OES

Fig. 8.	 Compositional	variation	with	depth	from	surface	to	sub-
strate	after	annealing	at	900	°C	3h–1,	measured	with	GD	OES
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the coating after annealing at 900 °c was composed of 
two layers; the upper one (irregular and incompact), calcu-
lated as FeAl aluminide, and the lower one, Fe-Al solid solu-
tion, termed as interdiffusion zone.

After annealing at 1,000 °c, only the interdiffusion zone 
was formed.

the higher temperature was used the thicker the 
interdiffusion zone was observed. Annealing temperature 
under 900 °c has to be applied to produce stable and conti-
nuous surface layer.

This work has been supported by the MSMT (grants 
MSM002163058 and 2E08017), MPO (project TA3/151).
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Fig. 9.	 Compositional	variation	with	depth	from	surface	to	sub-
strate	after	annealing	at	1,000	°C	3h–1,	measured	with	GD	OES

Fig. 10.	 Phase	composition	of	Al	and	Si	 surface	 layers	calcu-
lated	on	the	basis	of	Al-Fe	binary	system	for	800	°C	3h–1

Fig. 11.	 Phase	composition	of	Al	and	Si	 surface	 layers	calcu-
lated	on	the	basis	of	Al-Fe	binary	system	for	900	°C	3h–1

Fig. 12.	 Phase	composition	of	Al	and	Si	 surface	 layers	calcu-
lated	on	the	basis	of	Al-Fe	binary	system	for	1,000	°C	3h–1

Fig. 13.	 Thickness	of	the	interdiffusion	zone
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Introduction
the growing interest is related to synthesis of reactive 

low-energy belite cements as an alternative to the conven-
tional Portland cement. cements composed by β-ca2SiO4 
(belite) represent great economic and environmental value, 
mainly because of co2 emission reduction and energy saving. 
many investigations have been realised in order to synthes-
ize belite cement1,2. Also, use of wastes and byproducts from 
coal combustion processes of fossil fuels in power plants and 
electric power stations as alternative secondary raw materials 
for synthesizing belite cements have become the hotspot in 
cement-concrete materials science at present3,4.

 in our previous works5,6, mechanochemical synthesis 
of belite precursors from coal fly ash/portlandite mixture has 
been reported. 

in this paper, hydrothermal method for structure and 
properties modification of fluidized coal fly ash for belite 
cement synthesis is presented

Experimental
M a t e r i a l s  a n d  M e t h o d s

Slovak coal fly ash of chemical composition (table i) 
from fluidized bed brown coal combustion in power plant 
Eno A (nováky) was used as raw material. in order to reach 
required finesses of coal fly ash the short termed milling 
in vibratory mill was carried out (1 min.). Starting mixture 
consisting of milled coal fly ash and cao (analytical grade 
reagent) with cao/Sio2 molar ratio of 2 was prepared by 
homogenization. 

initial mixture and demineralised water at a water-
to-solid ratio of 5 was hydrotermally activated in rotating 
autoclave A-08 at 175 °c and 200 °c during 2 and 4 hours, 
respectively. the products of hydrothermal treatment were 
filtered and dried at 55 °c during 24 h. 

the starting mixture and products of hydrothermal 
treatment were subsequently calcinated at temperatures of 
700 °c, 800 °c and 900 °c. crystalline phases development 
after hydrothermal treatment and heating of starting mixture 

and all products was characterized by XrD analysis (Dron 
6.0, technabsexport, russia).

Results	and	Discussion	
the main crystalline phases as anhydrite, calcite, quartz, 

lime and portlandite (Fig. 1.) were identified in starting mix-
ture.

Based on XrD diffraction patterns of mixtures after hyd-
rothermal treatment at different conditions, the optimal para-
meters were defined for formation belite precursors: 200 °c 
for 4 hours. the changes in integral intensities of XrD refle-
ctions of main crystalline phases (without anhydrite) of star-
ting mixture as a consequence of the hydrothermal treatment 
and subsequent calcinations can be seen in Figs. 2.–5. Forma-
tion of new profiles of low intensities corresponding to cSh 

table i
chemical composition of coal fly ash

 LI SiO2 Fe2O3 al2O3 CaO MgO O3
 [%] [%] [%] [%] [%] [%] [%]
 5.25 30.36 2.29 16.95 51.21 2.45 33.36
LI – loss of ignition

Fig. 1.	 XRD	diffraction	pattern	of	starting	mixture	consisting	
of coal fly ash and CaO (A – anhydrite, C – calcite, Q – quartz, 	
L	–	lime,	P	–	portlandite)

Fig. 2.	 XRD	diffraction	pattern	of	starting	mixture	after	hyd-
rothermal	treatment	at	200	°C	for	4	hours	(A	–	anhydrite,	C	–	
calcite, Q – quartz, t – tobermorite, X – xonotlite, CSH – calcium 
silicate	hydrate,	k	–katoite)
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phases as belite precursor as well as calcium silicates and 
aluminosilicates (tobermorite, xonotlite) after hydrothermal 
treatment of mixture was confirmed (Fig. 2). calcination of 
hydrotermally treated products (Figs. 3.–5.) showed that hea-
ting at 800 °c led to transformation of cSh phases to wol-
lastonite (cS) and belite phase (c2S). Formation of gehle-
nite which is known as a retarder of cement hydration was 
observed at 900 °c. As can be seen in Figs. 2.–5., the high 
cao content fixed in anhydrite wasn’t changed during the 
hydrothermal treatment and subsequent calcination and the 
same quantity of belite phase from cSh phase was reached. 

the reason of low cSh phase content after hydrothermal 
treatment and low conversion degree of precursors to belite 
consists in anhydrite that is a very stable compound. Appli-
cation of pre-treatment focused on decomposition of anhyd-
rite structure in coal fly ash at high temperature for obtaining 
higher amount of reactive cao could by successful but we 
preferred to use coal fly ash as raw material.

Conclusions
the obtained results confirm that the hydrothermal 

modification in combination with subsequent calcination is 
not suitable treatment of starting mixture based on coal fly 
ash with high anhydrite content for preparing belite.

This work has been supported by vEGA č. 1/3343/06.
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Fig. 3.	 XRD	diffraction	pattern	of	starting	mixture	after	hyd-
rothermal treatment (200 °C; 4 h) and subsequent calcination at 
700 °C (A – anhydrite, Q – quartz, CSH – calcium silicate hyd-
rate,	C2S	–	belite)

Fig. 4.	 XRD	diffraction	pattern	of	starting	mixture	after	hyd-
rothermal treatment (200 °C; 4 h) and subsequent calcination 
at 800 °C (A – anhydrite, Q – quartz, W – wollastonite, C2S 
–	belite)

Fig. 5.	 XRD	diffraction	pattern	of	starting	mixture	after	hyd-
rothermal treatment (200 °C; 4 h) and subsequent calcination 
at 900 °C (A – anhydrite, Q – quartz, W – wollastonite, C2S 
–	belite,	G	–	gehlenite)
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Introduction
the adverse effect of microbial activity on the long-

term performance of cement materials is often not consi-
dered, despite the fact that studies on the effect of microbial 
activity on concrete have been ongoing for many years1. The 
corrosion process is initiated by the conversion of sulphate 
to sulphide by sulphate-reducing bacteria2 (SrB) e.g. Desul-
fovibrio desulfuricans (Dvs.d) in anaerobic conditions. Dvs.
d. are chemoorganotrophic, strictly anaerobic and gramne-
gative bacteria. optimal growth conditions are in ph range 
6.5–7.3 and temperature range 30–37 °c. Sulphur-oxidising 
bacteria Acidithiobacillus thiooxidans (A.t.) were chosen for 
microbially influenced corrosion (mic) of concrete testing; 
because is most aggressive biological agents promoted3. A.t. 
as strictly autotrophic bacteria oxidizes sulphur and thiosul-
phate to sulphuric acid. optimal growth temperature was 
38–30 °c and ph has been in 2.0–3.5 range.

Experimental
B a c t e r i a  a n d  G r o w t h  c o n d i t i o n 

Sulphuretum simulated by A.t. and Dsv.d. under opti-
mal growth conditions were chosen for experimental plan. 
Bacteria Dsv.d. were isolated from a mixed culture obtained 
from the potable mineral water (Gajdovka spring, the locality 
kosice-north, Slovakia) and for the isolation and cultivation 
of these bacteria a selective nutrient medium DSm-634 was 
used. During their growth bacteria Dsv.d. produce a large 
amount of hydrogen sulphide that assures the maintenance 
of anaerobiosis5.

Sulphur-oxidizing bacteria A.t were isolated from the 
mixed culture obtained from the mine water (the shaft Pech, 
the locality Smolník, Eastern Slovakia) and the selective nut-
rient medium 9k6 was used for the isolation and cultivation 
of them. 

c o n c r e t e  S a m p l e s
concrete cylinder samples of a 25 mm diameter and 

20 mm height formed as a drilled core from real concrete 
cube using drilling mechanism StAm were used for experi-
ment. the cylinder specimens were polished.

u t i l i z e d  A p p a r a t u s
mic proceeded in laboratory reactor, where sulphure-

tum simulation (simultaneous effect Dvs.d. of and A.t.) was 
under way. Laboratory apparatus of 1 flask with SrB and  

1 flask as a trap for h2S that were mutually joined with 
reactor consisted. Active bacterial SrB was in first flask and 
the second flask cadmium acetate contained.

Four samples in the four beakers were into reactor 
inserted. First beaker was filled with waste water (1), the 
second with acid mine drainage (2), the third with A.t. cul-
tivating medium (3) and the fourth was with distilled water 
filled (4). the top of samples was by A.t. inoculated and on 
the bottom of reactor distilled water was poured. 

the samples were every 7 days inoculated by A.t. and in 
the same period the change of cultivating medium for Dvs.d. 
were realized.

M e t h o d s
the weight changes were determined by gravimetric 

method. ph changes in leachate were evaluated as differen-
ces between initial ph and final ph after the experiment. the 
values of leachate ph were by ph meter Phh-3X omega 
measured. the calcium concentrations in the solution were 
determined by atomic absorption spectrometry using varian 
SpectrAA-30 spectrometer. Structural concrete surface chan-
ges were observed by stereomicroscope Stm 723 Zoom.

Results
After 50 days the concrete samples were took out of their 

solutions, dried and the change of the weight was determined. 
the results are presented in table i.

ph value has been increased into alkali after experiment 
for all samples. the most increment was in sample (2) and (3) 
registered as is evident from table ii.

Because of activity of A.t. and bacterial production of 
H2SO4 by SrB, releasing of calcium from concrete matrix 
was expected. the calcium concentrations in the solution 
determined are presented in table iii.

table i
the change of concrete samples weight

  Weight of sample [g] change of weight
 Sample Before After [g] [%]  experiment experiment
 (1) 46.1876 46.3041 0.1165 0.25
 (2) 43.6003 43.4153 –0.185 –0.42
 (3) 21.1463 21.1925 0.0462 0.21
 (4) 25.0345 24.1245 –0.0914 –0.09

table ii
change in ph value in liquid leachate

 Leachate ph leachate
  initial ph Final ph
 (1) 9 10.24
 (2) 4 9.95
 (3) 4 10.24
 (4) 7.80 8.45
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ca was released from concrete matrix under influence of 
H2SO4 bacterially produced. consequently precipitations of 
CaSO4 white crystals were attached on the concrete surface 
as it was in instances of samples (1)–(3) as Fig. 1 shows. 

the most considerable changes of concrete structure 
samples were visible on samples (1) and (2). For illustration, 
surface structure changes of sample (1) after 50 days are pic-
tured in Figs. 2. and 3.

For every sample except (4) was typical that some gravel 
components were completely removed and	were significantly 
eroded. it is visible in white crystals probably of gypsum, 
which are on the surface precipitated. Accept the change of 
color of sample (4) into grey, there were no changes observed 
at this sample.

Conclusions
concrete samples were under sulfuric acid influence 

corroded. the most considerable activity of microbially 
influenced corrosion degradation was on sample immerged 
into wastewater and into acid mine drainage. Experiment 
simultaneous effect of bacteria A.t. and SrB, which were the 
source of h2S has proven.

Acknowledgement: This work has been supported by 
Grant Agency of Slovak Republic (project No. 2/0075/08).
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table iii
calcium content in leachate

 leachate Ca [mg dm–3]
  before experiment after experiment
 (1) 87.14 8.4
 (2) 128.38 24.6
 (3) 45.7 37.6
 (4) 0 45.1

Fig. 1.	 CaSO4	white	 crystals	on	 the	 concrete	 samples	 surface	
(20 × 4.5 magnifications)

Fig. 2.	 Surface	of	concrete	sample	(1)	before	experiment	(mag-
nification 20 × 4.5)

Fig. 3.	 Surface	of	concrete	sample	(1)	after	50	days	experiment	
duration (magnifications 20 × 4.5)
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MarkéTa hErmAnová
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Introduction
thaumasite ca6Si2(SO4)2(CO3)2(OH)12·24(H2O) is an 

unusual mineral in that it contains silicon in 6-coordination 
with hydroxyl. it is sometimes classified as a silicate because 
it content silicon or as carbonate for presence of carbonate 
ions. But thaumasite belongs to sulfate class and to Ettringite 
Group for his similarity of crystal structure and properities 
with ettringite.

t h a u m a s i t e  F o r m a t i o n
Sulphate attack on concrete is considered as a source 

of damage. ingressing sulphate ions can react with minerals 
from the cement paste to form gypsum, ettringite or thauma-
site. these phases bind additional water and this effect leads 
to an increase in volume. if there is no space for such an 
expansion, micro-cracks are formed, the tension becomes hi-
gher than the tensile strength of the hardened cement paste, 
cracks are formed, which support access of sulphate ions and 
accelerate the process of destruction.

c o n d i t i o n s  o f  t h a u m a s i t e 
F o r m a t i o n 1

a source of c–S–h,
an external supply of sulfate ions,
a source of carbonate ions,
mobile water (condition pro transport iontů),
cool temperatures( < 15  °c),
molar ratio c/S (cao, Sio2), quantity of cao, ph, tem-
perature, humidity

Experimental	part
influence of moisture and enviroment temperature on 

interface of phases and creation rate of thaumasite was obser-
ved in these samples t6. Portland cement Sio2 was used as 
a source. Proportion of base mixture was designed to agree 
with materials that are used for production of concrete

•
•
•
•
•
•

Samples were composed from Portland cement, special-
milled quartz, caSo4

. 2 H2O, calcite CaCO3 and H2O.
Samples was storaged in four different conditions: 
t6vt – moisture, 25 °c; t6vz – moisture, 2 °c;  

t6st – dry, 25 °c; t6sz – dry, 2 °c
Formula dese6:

CaSO4
. 2H2O + H2O + CaCO3 + SiO2 + Ca(OH)2  (1)

→ caSio3
. CaSO4

. CaCO3.15H2O

Results
it appears from rtG analyses (table i) that thaumasit 

began to create in samples t6vz after 4 months. ideal con-
ditions for thaumasite creation are intense moisture and low 
temperatures. thaumasite was created in other 2 samples 
(t6sz, t6vt) after 10 months. in comparison of these samples 
we can observe, that low temperature is more essential for 
creation of thaumasite. it creates faster at these temperatures 
than at room temperature. c–S–h gel was created in sample 
t6vt, which can be considered as antecedent of thaumasite. 
this presumtion was confirmed after 10 months.

CSH + H2O + CO3
2– + SO4

2– + Ca2+  (2)
→ thaumasite + calcite(ref.3)

morfologies of samples t6sz and t6vz after 10 months 
are presented on these images. this follows that thaumasit 
has crystals in columns form of lenght 3 µm.

volume changes were occured at samples t6vz and t6sz, 
what is presented in the Fig. 3.. volume change resulted in a 
loss of coherence, samples were plastic, which is caused by 
hydration suppression of Portland cement at low temperatu-
res.

Picture from electron microscope (Fig. 4.) demonstra-
tes baculiform crystals in sample t6st, which was placed at 
laboratory temperatures and at dry enviroment. these crys-
tals can correspond to crystals of thaumasite. According to 
rtG analysis existence of thaumasite wasn´t confirmed. 
these crystals are in insignificant amount in comparison with 
other phases, which were created during observation, that´s 
why they weren´t recorded by rtG analysis. Samples didn´t 
change their volume during the observation.

table i
results of rtG analyses

 t6sz After 4 month gypsum calcite Sio2 –
  After 10 month gypsum thaumasite calcite Sio2
 T6st After 4 month calcite gypsum Sio2 portlandite
  After 10 month gypsum calcite Sio2 –
 t6vt After 4 month calcite Sio2 gypsum c–S–h
  After 10 month gypsum calcite Sio2 thaumasite
 t6vz After 4 month gypsum calcite Sio2 thaumasite
  After 10 month thaumasite gypsum – –



Chem. Listy, 102, s265–s1311 (2008) Chemistry of Inorganic Materials

s879

Discussion
Preparation of thaumasite is long-term process of sta-

bilization of the whole system, when transformation of pri-
mary material via transiant phases (portlanit or c–S–h gel) 
to stable phases (kalcite, gypsum, eventually Sio2 and thau-
masite) is occured. 

During observation of thaumasite was discovered, that 
creation of thaumasite depends on physical conditions – low 
temperature below 10 °c and intense moisture. Dependence 
of moisture occured at samples t6, in the concrete at sam-
ples t6vz and t6sz, which were kept at low temperatures 
about 2 °c during the observation, t6vz in moist enviroment, 
t6sz in dry enviroment. From the rtG and SEm results of 
these two samples (table i) follows that presence of water 
accelerates creation of thaumasite due to easy availability of 
water, which is necessary for crystallization of thaumasite 
(15 molecules of water) caSio3

. CaCO3
. CaSO4

. 15H2O.
Dependence on temperature is visible at samples t6vz, 

t6vt. Phase composition of sample t6vt after 10 months was 

consistent with composition of sample t6vz, which was ana-
lysed after 4 months. It means, there is difference of 6 months 
and in comparison with the sample t1 1a (it has the same 
phase composition after 2 months, kept at low temperatures 
and in moist enviroment) there is diference of 8 months. this 
considerable difference is too perceptible between samples 
t6st and t6sz (see table i).
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Fig. 1.	 Picture	of	SEM	of	sample	T6sz	after	10	months Fig. 3.	 Comparison	of	 standard	 sample	 (left)	without	volume	
increase	and	sample	T6vz	with	volume	change

Fig. 2.	 Picture	of	SEM	of	sample	T6vz	after	10	months Fig. 4.	 Picture	of	SEM	of	sample	T6st	after	10	months
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Introduction
Production of new generation of aircraft gas turbine 

engines is based on designing new constructions and mate-
rials, which make it possible to operate under still more 
severe conditions. the key assembly of the engine is its tur-
bine, whose materials and design determine the tolerable gas 
temperature. increased inlet gas temperatures resulted in the 
shortening of the service life of the blades protected with diff-
usion coatings. new principles of coating deposition opened 
up new possibilities for purposive improvement of coating 
compositions and variation of their properties1.

A diffusion barrier from Al-Si layer was developed for 
turbine blades of aircraft engines from nickel-base superalloy 
ZhS6k as oxidation and corrosion protection. the main sub-
ject of the research is application of Al-Si protect layers to 
alternative materials as are in713Lc and in738Lc.

Experimental
this paper is focused on microstructure and chemical 

analysis of protective layers created by co-deposition of Al 
and Si (Al + Si spray application and diffusion annealing at 
950 °C for 4 h) on nickel-based superalloys in713Lc and 
in738Lc (chemical composition is shown in table i) after 
thermal and thermal-stress exposition. it also was observed 
an influence of Al-Si layer on mechanical properties of basic 
materials with and without Al-Si layer. 

An operational degrading process were simulated by 
high-temperature heat treatment (700 to 1,100 °c – 50 to 
1,000 h), by creep tests (750 to 1,000 °c under constant load) 
and low fatigue tests (at 800 °c).

Results
c r e e p  t e s t s  r e s u l t s

For the mutual comparison of the influence of Al-Si 
layer on creep-resistant properties for in 713Lc and 738Lc, 
we applied the L-m model2. A graphical comparison of stress 
versus Larson-miller parameter for the coated material by 
Al-Si layer and the uncoated material are shown in Fig. 1.

L o w - F a t i g u e  t e s t s  r e s u l t s
total strain controlled tests have been performed on 

cylindrical specimens of polycrystalline in713Lc. results of 
low cycle fatigue tests made at 800 °c on uncoated samples 

table i
Alloy chemical composition [% wt.]

 Element in713Lc in738Lc
 C 0.05 0.11
 Cr 12.08 15.86
 Ti 0.75 3.27
 al 5.91 3.31
 Zr 0.10 0.03
 nb 2.02 0.88
 ta < 0.05 1.65
 Mo 4.58 1.74
 W – 2.54
 co < 0.05 8.26
 ni Bal. Bal.

Fig. 1. The influence of Al-Si layer on creep- resistance

Fig. 2. Manson-Coffin curves of coated and uncoated IN713LC	
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are compared with similar tests carried out on specimens with 
Al-Si coating. Fatigue life curves are documented on Fig. 2.	
there is dependence plastic strain amplitude εap at half life on 
number of cycles to fracture nf in the bilogarithmic represen-
tation. Experimental data were fitted by the manson-coffin 
law3. it can be seen that Al-Si layer increases low cycle 
fatigue life of the coated specimens.

m e t a l l o g r a p h i c  A n a l y s i s
According to the pictures and analyses from light and 

scanning electron microscopy, a split into several areas is 
evident. the surface of the samples from both materials at 
the initial state is divided into four sub-layers, see Fig. 3., 
left. the upper layer, called “oxide layer”, is very thin and 
discontinuous. By the spot and space analysis we detected 
al2O3 oxides which originated by diffusion from the layer, 
and under these oxides we can find cr2O3 which are created 
by diffusion from the base material. Sometimes Sio2 oxides 
grow up. the second layer is a “coating zone” with ni and 
Al phases. the next layer is called the “inter-diffusion zone” 
and contains more Si and heavy elements, such as mo, nb, 
cr, W. Simultaneously the content of ni and Al decreases. 
the last sub-layer, a “substrate diffusion zone”, is actually a 
band without γ’ phase. Sometimes, this layer can be reached 
in complex phases and carbides based on co, cr, Al with 
acicular morphology, Fig. 3. right. 

After thermal exposition and thermal-stress exploita-
tion, the thickness of particular layers is changed. Several 
sub-layers are created while several disappear. the distribu-
tion of single elements is also changed (Fig. 4.). After expo-
sition at temperature 1,000 °c (and higher) for longer time 
one layer remains and gets wider. From EDS microanalysis 
that followed, the oxygen stays on the surface and its con-
tent decreases with the distance from the surface. After tem-

perature and creep exposition, the oxides Al2O3 and Cr2O3 
are more created. After exposition at 1,000 °c and 200 h, 
this layer is somewhere cracky and sporadically is a surface 
without layer. however, this temperature highly exceeds the 
working conditions. 

the surface of the samples without layer is non-uniform. 
there is a band without coherent γ’, depleted by cr and Al 
and with titanium nitrides which have an acicular morpho-
logy. this band is extended with time and temperature.

Conclusions
From performed analyses followed that the Al-Si layer 

improves heat-resistance of materials in 713Lc and 738Lc. 
it were also estimated that this layer does not nearly have 

an influence on creep-resistance of observed materials.
the low cycle fatigue life of in713Lc at 800 °c increa-

ses with application Al-Si coating.

This work has been supported by the Czech Science 
Foundation, projects No. 106/07/1507, 106/08/1243.
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Fig. 3.	 Microstructure	of	AlSi	 layer	on	IN738LC,	as	received	
(left),	after	thermal-stress	exposition	800	°C	–	500	h	(right)

Fig. 4.	 Microstructure	of	Al-Si	 layer	on	IN738LC,	after	 ther-
mal-stress	exposition	900	°C	–	50	h;
Note:	1	(Cr2O3),	2	(Al2O3),	3,	4	(solid	solution	mixture	reached	
in	Si,	Cr),	5	(solid	solution	mixture	reached	in	Si,	Ti),	6,	7	(Ti,	Nb	
complex	carbide),	8	(Cr-Si-Co-Ni	complex	phase),	9,	10	(Co,	Cr,	
Al	complex	phase)
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Introduction
coal fly ash is well-know material utilized in civil engi-

neering, mainly in building materials preparing such as blen-
ded cements and concretes. traditionally, coal fly ashes are 
used as a pozzolanic material to enhance physical, chemi-
cal and mechanical properties of concretes. however, only 
amounts of 20–30 % of this waste kind are used in these 
terms and the excess is stored in large extension1. The rea-
sons of small quantities coal fly ash exploitation consists in 
insufficient quality of fly ash required by the standard. 

A number of hydrothermal activation methods have been 
proposed to activation coal fly ash using alkaline solutions 
(mainly naoh a koh solution). the traditional conversion 
methods differ in the molarity of the alkaline reagents, activa-
tion-solution/fly ash ratio, temperature (80–200 °c), reaction 
time (3–48 h) and pressure, depending on the type of coal fly 
ash used2. 

in our previous paper has been shown that the zeolite 
phase formation influences favourably process of physico-
chemical consolidation at hardening of coal fly ash/cement 
pastes and leads to higher compressive strength in compari-
son to composite prepared without alkaline treatment3.

the objective of this study was to investigate the hyd-
rothermal alkaline treatment influence of coal fly ash/cement 
mixture on mechanical properties of hardened composites in 
dependence on temperature.

Experimental
Portland cement (cEm i 42.5) and coal fly ash origi-

nating from Slovakian power plant Eno A in nováky were 
used as raw materials. Granulometric composition of original 
coal fly ash and cement is given in table i. 

table ii summarizes chemical composition of coal fly 
ash. total amount of Sio2 and al2O3 was 82.127 %. Based on 
the chemical analysis, the used coal fly ash is high silica ash 
with molar ratio of Sio2/Al2O3 = 3.2. the presence of crys-

talline phases was detected by X-ray diffraction (XrD) ana-
lysis on diffractometer Dron 2.0 with goniometer Gur-5 
(technabsexport, russia). the following minerals as major 
components present in coal fly ash are quartz, mullite and 
hematite. cristobalite, magnetite, illite, anhydrite, some sili-
cates, aluminosilicates and their hydrates (albite, andalusite, 
kaolinite) were identified too.

Laboratory investigation of alkaline treatment of coal 
fly ash/cement mixtures with 25 % wt. cement replacement 
was carried out in 5m naoh solution at solid/liquid ratio 
of 0.5. comparative cement paste was prepared by mixing 
only cement with water (sample 1). mixed pastes were given 
in forms and subsequent 24 hours heated at temperatures of 
120, 160 and 200 °c (sample 2, 3, 4) in drying-oven. harde-
ning samples during 28 and 90 days under laboratory condi-
tions was realized.

the compressive strengths were measured at concrete 
prisms (40 mm × 40 mm × 160 mm) after hardening and eva-
luated according to the Stn En 206.

Results
the compressive strength values of composite samples 

after 28 and 90 days hardening are presented in the table iii. 
As it can be seen, compressive strengths of hardened experi-
mental coal fly ash/cement composites reach the values ran-
ging from 7 to 14 mPa. compressive strengths of concretes 
increase with hardening duration. however, compressive 
strength values of experimental composites are lower than 
that of comparative composite (sample 1). 

the compressive strength development is closely related 
table i
Granulometric composition of coal fly ash and Portland 
cement

 Fraction [% wt.]
 [μm] coal fly ash Portland cement
 180 24.64 –
 180–125 10.79 –
 125–71 23.67 0.10
 71–45 13.09 3.85
 < 45 27.81 96.05

table ii
chemical composition of coal fly ash

 component content [%]
 SiO2 62.526
 MgO 1.900
 k2O 2.879
 na2O 1.683
 Fe2O3 8.068
 CaO 2.893
 al2O3 19.601
 LOI* 2.38
LOI* – loss of ignition

table iii
compressive strength rc of composites after 28- and 90-days 
hardening

 Sample rc [mPa]
  28 days 90 days
 1 32.1 33.6
 2 12.4 13.6
 3 7.8 9.2
 4 7.1 9.8
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to the temperature. As it is shown in table iii, compressive 
strength of composites is in indirect proporcionality with 
temperature increase. From all investigated composites, 
the highest value of 28 and 90 days compressive strength 
accounts the sample 2 that was 24 hours heated at tempera-
ture of 120 °c.

Based on the XrD results of hardened products, zeolitic 
phases such as analcime and hydroxy-sodalite during alka-
line treatment of coal fly ash/cement mixtures under selected 
conditions were formed. it is known that hydroxysodalite can 
be formed by conversion of the A zeolite in alkaline solution 
( > 10 % wt. naoh). According to paper4, crystalline phase 
of A zeolite is created in reaction mixture with Sio2/Al2O3 
ratio = 2 within temperature range from 25 to 150 °c. 

Structures of identified phases are different from those 
of naP1 zeolite and phyllipsite designated in the case of hyd-
rothermal alternation of alone coal fly ash in autoclave. these 
phases favourably influence the concrete structure matrix as 
well as mechanical properties of hardened composite3 in dif-
ference from composites based on alkaline and subsequent 
thermally treated coal fly ash/cement mixtures.

Conclusions
According to the standard requirements of Stn En 206, 

the measured values of 28 and 90 days compressive strengths 
of composites prepared by alkaline treatment of coal fly ash/
cement mixture correspond to concrete class of c 8/10.

therefore, concretes with hydrothermal alkaline treated 
coal fly ash at 25 % wt. cement replacement can be used for 
non-load-bearing constructions.

The authors are grateful to the Slovak Grant Agency for 
Science (Grant No. 1/3343/06) for financial support of this 
work. 
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Introduction
the Al-ni binary phase diagram contains five intermetal-

lic compounds (Al3ni, Al3ni2, al3ni5, Alni and Alni3). For 
high temperature coatings and structural materials the Alni 
and Alni3 phases are widely used1. the third, considerably 
lower area of interest, are the aluminum-based matrix com-
posites (Amc) strengthened by Al3ni and Al3ni2 phases2.

the Al-Al3ni eutectic composites production consists 
of the semi-product manufacturing (sharp interface between 
Al and ni) and the following mechanical and/or heat treat-
ment (enables the creation of Al3ni particles as strenghtening 
phase).3–5

in this paper, the high velocity oxyfuel deposition tech-
nique was used for semi-product manufacture. the influence 
of annealing, at temperatures below the Al-Al3ni eutectic 
point, and dwell time on strenghtening phase formation was 
studied.

Experimental
Aluminum sheet of commercial purity (99.5 % wt.Al) 

was used as a substrate. the substrate surface was ground 
with abrasive paper to #600, blasted by Sio2 particles and 
washed in acetone bath before plasma coating deposition. For 
nickel powder (45 ± 5 μm in diameter) deposition, the high 
velocity oxyfuel technique was employed. the thickness of 
the layer was approximately 200 ± 10 μm. After the deposi-
tion, the specimens were heated in a furnace. heat treatment 
conditions were designed closely to the Al-Al3ni eutectic 
melting point (639.9 °c). the first set of samples was heated 
to 600 °C for 50 and 500 h, the second set to 630 °C for 10 
and 50 h. the samples were fan-cooled in air after the heat 
treatment.

For the microstructure observation, the scanning electron 
microscopes (JEoL 840 and PhiLiPS XL30) were used. 
Eneregy dispersive x-ray microanalysis of selected points 

and layer thickness measurements by image analysis (niS 
Elements Ar 2.3) were performed.

Results
A s - r e c e i v e d  s t a t e

the microstructure of Al substrate coated by ni without 
heat treatment is shown on Fig. 1. the chemical concentrati-
ons measured by EDS are presented in table i.

a n n e a l i n g  a t  6 0 0  ° C
Binary images used for image analysis based on SEm images 
were prepared, see Fig. 2. chemical concentrations measu-
red in selected points are presented in table ii. the values of 
al3ni particles formed (count, diameter and circularity), are 
summarized in table iii.

Fig. 1.	 The	cross-sectional	SEM	image	of	Al	substrate	coated	
by	Ni	in	as-received	state

table i
chemical composition of selected points, see Fig. 1.

 Point o [% at.] Al [% at.] Fe [% at.] ni [% at.]
 1 8.34 0 0 91.66
 2 4.52 95.48 0 0
 3 6.60 86.29 7.11 0

Fig. 2.	 The	 cross-sectional	 SEM	 images	 of	 HvOF	 deposited	
Ni	coating	on	Al	substrate	and	the	binary	images	prepared	for	
image	analysis	measurements	after	annealing	at	600	°C	per	(a,	c)	
50	h,	(b,	d)	500	h,	respectively

table ii
chemical composition of selected points, see Fig. 2.b

 Point o [% at.] Al [% at.] Fe [% at.] ni [% at.]
 1 9.03 0 0 90.97
 2 5.56 58.17 0 36.27
 3 4.27 73.38 0 22.35
 4 2.96 86.87 4.06 6.12
 5 3.29 79.61 6.99 10.12
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a n n e a l i n g  a t  6 3 0 ° C
Binary images used for image analysis based on SEm 

images were prepared, see Fig. 3. chemical concentrations 
measured in selected points are presented in table iv. the 
values of Al3ni particles formed (count, diameter and circu-
larity), are summarized in table v.

Dependence of annealing time and temperature height 
on the al + al3ni band thickness growth and on the Al3ni 
volume fraction is shown on Fig. 4.

Conclusions
in this work, the elements interaction on Al and ni 

sharp interafce during annealing below the melting point of 
al+al3ni eutectic was investigated primarily. the Al3ni2 
(light gray) and al3ni phases (dark gray) between the ni coa-
ting and Al substrate were observed and analysed. Platelet-
like and needle-like particles of Al3ni phase were observed 
in the Al substrate; the first one formed at the grain bounda-
ries and the second one on the favourable places inside the 
grains, most probably due to the grain boundary and pipe 
diffusion mechanisms. these mechanisms are apparently 
faster then volume diffusion at these “lower” temperatures. 
rising temperature accelerates the diffusion of ni into the 
Al and increases the thickness of Al+Al3ni band. the longer 
dwell time leads to the formation of coarse and less regular 
particles, as well.

This work has been supported by the Ministry of Edu-
cation (grant MSM002163058) and Grant Agency of Czech 
Republic (grant GAČR 106/05/H008).
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table iii
Image analysis data of al3ni particles

 heat treatment count [–] Diameter [μm] circularity [–]
 600 °C 50 h–1 202 3.82 0.84
 600 °C 500 h–1 253 7.59 0.68

Fig. 3.	 The	 cross-sectional	 SEM	 images	 of	 HvOF	 deposited	
Ni	coating	on	Al	substrate	and	the	binary	images	prepared	for	
image	analysis	measurements	after	annealing	at	630	°C	per	(a,	c)	
10	h,	(b,	d)	50	h,	respectively

table iv
chemical composition of selected points, see Fig. 3.b

 Point o [% at.] Al [% at.] Fe [% at.] ni [% at.]
 1 9.96 0 0 90.04
 2 6.41 59.00 0 34.60
 3 4.88 72.42 0 22.70
 4 3.00 87.90 2.65 6.45
 5 4.85 77.89 10.41 20.97

table v
Image analysis data of al3ni particles

 heat treatment count [–] Diameter [μm] circularity [–]
 630 °C 10 h–1 341 3.92 0.81
 630 °C 50 h–1 239 5.85 0.67

Fig. 4. The influence of annealing time and temperature on the 
Al3Ni	+	Al	band	(a)	thickness	growth,	(b)	volume	fraction
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Introduction
vitrification is a well established technology that invol-

ves the conversion of the waste in a stable and homogenous 
glass through a thermal treatment of melting, with the additi-
onal modification of the starting composition with glass-for-
ming additives1.

the paper deals with the magnetic properties of an iron-
containig waste from the former nickel hydrometallurgy 
plant in Sereď (Slovakia). the waste, nickel leaching residue 
(nLr), was used as a model carrier of heavy metals (co, cu, 
cd, Pb, ni) from wastewater treatment, which was necessary 
to stabilize. recently, microwave enegy has been applied for 
the waste treatment as an energy efficient alternative to cur-
rent heating technologies2. in the presented work, microwave 
vitrification was used for the stabilization of heavy metals 
carriers.

the magnetic properties were studied by magnetic 
susceptibility measurement and mössbauer spectroscopy 
method.

Experimental
m i c r o w a v e  v i t r i f i c a t i o n

the chemical composition of waste (nLr) and the raw 
materials used for the glasses is following: nLr 15 % Sio2, 
4.8 % Al2O3, 3.54 % cao, 2.21 % mgo, 38.57 % Fe2O3, 
22.64 % Feo, 1.06 % cr2O3, 0.17 nio, glass cullet 72.4 % 
SiO2, 1.7 % Al2O3, 9.6 % cao, 1.7 % mgo, 0.05 % Fe2O3, 
13.8 % na2o, 0.6 % k2o, dolomite 0.59 % Sio2, 0.34 % 
al2O3, 29.61 % cao, 22.47 % mgo, 0.29 % Fe2O3total, 
0.04 % na2o, 0.11 % k2o, 46.35 % loss of ignition, glass 
sand 99 % Sio2, soda 58 % na2O.

the glasses from S1 series contain 30–60 % of nLr, 
glass cullet and dolomite. in S2 series, the glasses include 
30–50 % of nLr, glass sand and soda, besides glass cul-
let and dolomite. the theoretical chemical compositions of 
glasses measured by AAS (varian, Australia) are described in 
table i (S1) and table ii (S2). 

microwave vitrification was carried out in a microwave 
furnace Panasonic nn-5251B (series S1) and Panasonic nn-
Q453 (series S2) with frequency 2.45 Ghz and output 900 W 
(S1) and 1,000 W (S2). the samples were placed in thermal 

isolated ceramic crucibles and heated during 30 (S1) and 45 
(S2) minutes. When the samples achieved the melting tempe-
rature, they slowly cooled down in the furnace.

m a g n e t i c  S u s c e p t i b i l i t y  a n d 
m ö s s b a u e r  S p e c t r o s c o p y 
m e a s u r e m e n t s 

magnetic susceptibility of the melted samples was mea-
sured by kappabridge kLY-2, Geofyzika Brno in magnetic 
field intensity of 300 Am–1 with homogeneity of 0.2 % at 
frequency 920 hz.

the room-temperature mössbauer spectroscopy mea-
surements were realized in transmission geometry using a 
conventional spectrometer in a constant acceleration mode.  
a 57co/rh γ-ray source was used. the velocity scale was 
calibrated relatively to 57Fe in rh. A proportional counter was 
used to detect the transmitted γ-rays. mössbauer spectral ana-
lysis software recoil3 was applied to provide a quantitative 
evaluation of the spectra.

Results
m a g n e t i c  S u s c e p t i b i l i t y 
m e a s u r e m e n t s

the magnetic susceptibility of the raw materials and 
glasses are presented in table iii, iv and v. the measured 
values are not depending on the iron content. Samples 2-S1 
with the highest value of magnetic susceptibility in the series 
and 4-S2 with the lowest value of magnetic susceptibility have 
been chosen for mössbauer spectroscopy measurements.

table i
chemical analysis of samples from S1 series [% wt.]

 Sample Sio2 Fe2O3 Feo Al2O3 cao mgo na2O k2O
 1-S1 19.28 11.73 6.79 1.95 17.79 12.24 2.78 0.18
 2-S1 13.55 15.58 9.06 2.26 17.18 12.29 1.40 0.12
 3-S1 42.27 15.48 9.06 2.80 9.18 3.98 6.90 0.31
 4-S1 14.99 19.41 11.32 2.71 14.57 10.26 1.40 0.10
 5-S1 16.44 23.23 13.58 3.15 11.97 8.24 1.39 0.09
 6-S1 30.80 23.19 13.58 3.42 7.97 4.08 4.14 0.19

table ii
chemical analysis of samples from S2 series [% wt.]

Sample Sio2 Fe2O3 Feo Al2O3 cao mgo na2O k2O
 1-S2 52.37 11.61 6.79 1.90 6.42 3.34 6.37 0.16
 2-S2 46.15 11.64 6.79 2.02 9.86 5.67 4.15 0.20
 3-S2 56.92 11.61 6.79 2.22 6.86 2.55 6.21 0.28
 4-S2 48.01 11.63 6.79 2.49 9.78 3.93 8.28 0.37
 5-S2 53.87 15.46 9.06 2.11 3.86 2.18 10.14 0.07
 6-S2 48.92 15.47 9.06 2.38 6.78 3.56 3.45 0.16
 7-S2 42.27 15.48 9.06 2.80 9.18 3.98 6.90 0.31
 8-S2 46.75 19.30 11.32 2.74 3.69 1.45 5.68 0.12
 9-S2 46.38 19.31 11.32 3.08 5.61 1.79 5.62 0.24
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m ö s s b a u e r  S p e c t r o s c o p y 
m e a s u r e m e n t s 

Fig. 1. shows the mössbauer spectrum of nLr. the 
spectrum is characterized by three doublets and two sextets. 
the doublets correspond to iron in Fe2+ state and superpara-
magnetic Fe3+. the sextets are ordered in tetrahedral and 
octahedral position. the parameters of nLr mössbauer 
spectrum are in table vi.

the percentage content of iron forms is possible to 
determine from the intensities. Spectrum 1 and 3 represents 
Fe2+ with iron content of 9.6 % and 10.9 %. the isomer shift 
of subspectrum 2 presents Fe3+ (12.7 %) in polycrystalline 
state. Subspectrum 4 was found to be Fe in the tetrahedral 
form of Fe3O4 (28.7 %) and subspectrum 5 in the octahedral 
form of Fe3O4 (38.1 %).

Fig. 2 shows the mössbauer spectrum of glass 2-S1. the 
spectrum contains a central doublet and a magnetic sextet. 

the structure of central doublet in the sample confirms the 
presence of Fe2+ and also Fe3+ ions. the central doublet cor-
responds to Fe cations in nanoparticles in superparamagnetic 
state. magnetic sextet belongs to magnetite in a polycrystal-
line (ferrimagnetic) state. the wide spectral lines indicate the 
presence of iron containing particles with a large distribution 
of dimensions4. 

mössbauer spectrum of glass 4-S2 (Fig. 3.) is fitted by 
three subspectrums – doublets. the presence of doublets 
confirmed the paramagnetic respectively superparamagnetic 

table iii
magnetic susceptibility of raw materials

 Sample magnetic susceptibility × 10–6

  Si unit
 nLr 135,222
 Glass cullet 247
 Dolomite 36
 Glass sand 34

table iv
magnetic susceptibility of vitrified samples from S1 series

 Sample magnetic susceptibility × 10–6

  Si unit
 1-S1 126,943
 2-S1 245,918
 3-S1 56,441
 4-S1 189,272
 5-S1 211,601
 6-S1 96,101

table v
magnetic susceptibility of vitrified samples from S2 series

 Sample magnetic susceptibility × 10–6

  Si unit
 1-S2 45,792
 2-S2 54,739
 3-S2 35,318
 4-S2 15,066
 5-S2 115,310
 6-S2 130,587
 7-S2 81,010
 8-S2 99,680
 9-S2 169,626

Fig. 1.	 Mössbauer	spectrum	of	NLR	(lobs–experimental	spekt-
rum,	lcalc-theoretical	spectrum)

table vi
mössbauerspectrum parameters of nLr

 Subspectrum iS QS i [%] h σB  [mm s–1] [mm s–1]
 1 QSD Site 1  0.36 0.73 9.6 – 0.28
 2 QSD Site 2  1.16 2.72 12.7 – 0.04
 3 QSD Site 3  1.01 0.72 10.9 – 0.2
 4 hFD Site 1 0.30 – 28.7 47.7 0
 5 hFD Site 2 0.61 – 38.1 43.6 2.69

Fig. 2. Mössbauer spectrum of vitrified sample 2-S1
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state of iron in the sample. Low magnetic susceptibility is 
expected for this magnetic state.

the values of isomer shift of subspectrum 1 iS(1) 
and subspectrum 2 correspond to polycrystalline Fe3+. 

the content of Fe3+ is 31.3 % (subspectrum 1) and 47.1 %  
(subspectrum 2) respecively. Subspectrum 3 represents Fe2+ 
with the content of 21.6 % (see table vii).

Conclusions
By the mössbauer spectroscopy measurements, the 

magnetic properties of vitrified samples depend on magnetic 
state that is influenced by grain size5. magnetic susceptibility 
of glasses is affected by the ratio of iron content in magne-
tic ordered phase represented by sextet to the iron content in 
superparamagnetic phase represented by doublet. the grain 
size of glasses is mainly influeced by a cooling of molten 
mixture.

This works has been supported by the Slovak Research 
and Development Agency under the contract No. APVV-51-
035505.
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Fig. 3. Mössbauer spectrum of vitrified sample 4-S2 (lobs-
experimental	spektrum,	lcalc-theoretical	spectrum)

table vii
mössbauer spectrum parameters of vitrified sample 4-S2

 Subspektrum  iS [mm s–1]  QS [mm s–1] i [%]
 1 QSD Site 1 0.27 0.47 31.3
 2 QSD Site 2 0.25 1.03 47.1
 3 QSD Site 3 0.68 2.62 21.6
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Introduction
metakoalin represents one the important puzzolana 

materials that are widely used in mortar and concrete tech-
nology. it is white amorphous aluminosilicate Al2O3

. 2SiO2. 
it is prepared by calcination of kaolin in temperature range 
500–800 °c. this process is possible to describe by the fol-
lowing equation: 

500 800 °C
2 3 2 2 2 3 2 2al O 2SiO 2H O al O 2SiO +2H O−⋅ ⋅ → ⋅  (1)

Adsorbed water is released at 100 °c and the dehydro-
xylation begins over 400 °c. At the temperature over 900 °c, 
other reactions occur. their resultant products are silica and 
mullite. the dehydroxylation process affects the degree of 
structure orderliness, disturbances of crystal lattice, particle 
shape and size, type and amount of mineral admixtures, and 
also experimental conditions. the electrokinetic potential 
measurement, Ft-ir spectroscopy and differential ther-
mal analysis were used for determination of the kinetics of 
metakaolin thermal conversion.

Experimental
S a m p l e  p r e p a r a t i o n

Zeta	potential
industrial kaolin was calcinated at the temperatures of 

105, 300, 400, 450, 500, 550, 600, 700, and 800 °c in a por-
celain cup.

Infrared	spectroscopy
kaolin symples were calcinated by temperatures 440 

and 500 °c and were mixed with dried kBr in weight ratio 
1 : 100.

Thermal	Analyse
kaolin samples were calcinated at the temperature range 

400 to 520 °c for the period of 2 hour. the heating rate was 
30 °C min–1.

Results
Z e t a  P o t e n t i a l

measured values of zeta potential are displayed in the 
Fig. 1.

At the temperature range 105–300 °c is capillary and 
adsorbed water released. volume change attending capillary 
water evaporation generate tension that is released by cracks‘ 
formation or disintegration of aggregate. the observed growth 
of zeta potential is possible to explain by the pre-dehydroxy-

lation on the surface of particles. At the temperature range 
400–500 °c, dehydroxylation proceeds. Water that is fixed 
in ions solvation sheets is released in first step. the charge 
reduction that results in zeta potential decrease is possible to 
describe by the following reaction:

T
2 x 2[ Al o] [na (h o) ] Al o na x h o(g)− += − →= − − +  (2)

Along with the partial water vapour pressure (pH2O), 
the water released from the hydration sheath, Si-o bonds 
of the siloxane bridges (≡ Si – o – Si ≡) tetrahedic layers and 
silanol groups ≡Si–oh form. the surface silanoles dissocia-
tion is connected with the surface potential increase, which 
leads to the zeta potential increase of the samples calcinated  
at 500 °C.

Along with the temperature of the thermal treatment, the 
amount of water released during the condensation between 
≡ Si – oh a hoAl = bonds increases. the process may be 
described by the following reactions:

H O2,
2Si O Si H O 2 Si OHT p≡ − − ≡ + → ≡ −  (3)

H O2,
2Si OH al OH Si O al H O(g)T p≡ − + = − →≡ − − +  (4)

H O2,
22 al OH al O al H O(g)T p= − ←→= − − = +  (5)

the dehydroxylation (decrease of the oh bonds abun-
dance) connected with polykondenzation (500–550 °c) 
results to the kaolin zeta potential decrease. Above the tem-
perature of 550 °c, a significant zeta potential value increase 
was observed. the increase can be explained by the forma-
tion of a metastable phase – metakaolin. the reconstructive 
phase transition is connected with the destruction of sheet 
structure of kaolinite. At lower temperature, the amount of 
crystal defects forming in the metakaolin structure is signi-
ficant. the zeta potential increase can be explained by the 
adsorption of hydroxyl anions on these defects from dis-
persive environment, which increases the surface potential  
of a particle.

Fig. 1.	 Relation	of	zeta	potential	on	the	burning	temperature
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T h e r m a l  a n a l y s e 
the dehydroxylation of kaolin proceed at temperature 

range 400 to 670 °c and there occurs weiht decrease about 
13,1%.

overall activation energy and pre-exponential coeffici-
ent were defined from the Arrhenius equation in logarithmic 
form. the overall activation energy reaches 148.78 kJ mol–1 
and pre-exponential coefficient reaches 2.71 × 107 s–1, under 
isothermal conditions.

i n f r a r e d  S p e c t r o s c o p y
the spectum shape changes show that the dehydroxyla-

tion process consists of two steps – see Fig. 3.

the major part of water molecules from layer kaolin 
structure leaves the structure first.

During this process, reduction of hydroxyl stretching a 
bendind absorption bands occurs, while Sio and Alo modes 
do not change. the second step is connected with the loss of 
selectivity of Sio and Alo modes (30 min.) because of chan-
ges in primary coordinate shell during kaolin to metakaolin 
conversion. the second step, at the temperature 440 °c) 
begins after 15 minutes. the ν1 modes of ouoh groups were 
used for interpretation of kinetics of kaolin decomposition 
only. the –ln (1–y) linear dependace on time confirmed  
F1 model of kaoline dehydoxylation.

Conclusions
the paper demonstrates that zeta potential measure-

ment may be used for characterization of dehydroxylation 
processes. Zeta potential increases during pre-dehydroxyla-
tion process. During dehydroxylation zeta potential reaches 
its minimum value at 550 °c. Destruction of kaolinite sheet 
structure during nucleation of metakaolinite leads to the 
repeated increase of zeta potential values. the good agree-
ment between zeta potential measurement, thermogravime-
try and infrared spectroscopy results was achieved. All the 
methods applied on the examination of isothermal kaolinite 
dehydroxylation indicate that the dehydroxylation proceeds 
during a single nucleation process (F1) at the temperature 
range from 420 to 520 °c. the overall activation energy 
determined by thermogravimetry reaches 148.78 kJ mol–1 
(tG). Good agreement with literature sources was achieved. 
this value lies within the most frequently reported interval: 
140–250 kJ mol–1 

This work has been supported by research centre MŠMT 
No. 1M06005.
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Introduction
refractory materials with height and very height alumina 

content are commonly used at higher temperatures under 
reduction conditions. these materials are based on mullite 
and corundum. mullite (3Al2O3

. 2SiO2) is under ordinary 
pressures only stable compound in the Sio2 – al2O3 system 
and the other alumosilicates, such as silimamite, andalucite 
and cyanite, become to mullite at temperatures 1,545, 1,390 
and 1,370 °c, respectively. mullite confers interesting pro-
perties to the refractory materials, such as thermal and che-
mical stability, mechanical resistance, low thermal expansion 
and thermal impact strength.1–3

the aim of this work is study of alumina and vanadium 
oxides corrosion of shaped high alumina refractory material. 
the corrosion products were investigated by DtA, Ft-ir and 
XrD.

Experimental
corrosion process of corundum based refractory 

materials used in combustion reactor was compared. Phos-
phate bonded corundum heat-resistant brick korrath k99 
(al2O3 > 99 %) can be employed to the 1900 °c under 
reducing condition. material properties were enhanced by 
addition of Cr2O3 and Zro2. LS – kleber 34 (94 % Al2O3,  
4 % P2O5) was used as binding agent.

S i m u l t a n e o u s  t G - D t A 
the tG-DtA analysis of the korrath k99 lining frag-

ment in an air oven at ambient atmospheric condition was 

carried out by tG-DtA Analyzer Setaram 92-18 up to tem-
perature 1,400 °c. Applied heating and cooling rate was 
10 °C min–1.

i n f r a r e d  S p e c t r o s c o p y 
infrared spectra of samples were recorded in kBr pellets 

using Ft-ir spectrometer nicolet impact 400 in the wave-
lengths range from 4,000 to 400 cm–1. measurements were 
done under resolution 8 cm–1.

Grinded samples were mixed with kBr with mass ratio 
1:100. mixtures were homogenized by grinding in dish and 
its weighted amount was pressed under 40 kPa for 20 s and 
next 80 kPa for 30 s.

X - r a y  D i f f r a c t i o n
Sample phase composition was investigated by X-ray 

powder diffraction analysis by difractometer X´Pert (Phi-
lips).

Results
D i f f e r e n t i a l  T h e r m a l  a n a l y s i s

the DtA results of unused and corroded heat resistant 
brick korrath k99 is shown on Figs. 1. and 2. there is one 
sharp endothermic peak at temperature 795 °c on Fig. 1. 
With regard to sample composition is this effect probably 
caused by unmixing of Al2O3 – Zro2 solid solution. Sample 
mass changes are insignificant.

material used in refractory line show endothermic dou-
blet at 553 and 583 °c. 

this double peak was fitted by first type voight function 
(1), due to specify peak’s temperature of second endothermic 
effect – 586 °C.

Where y0 is offset, xc peak center, A amplitude, w width 
and mu shape factor of peak.

Fig. 1.	 DTA	of	refractory	material	korrath	k99	unaffected	by	
corrosion

Fig. 2.	 DTA	of	corroded	refractory	material	korrath	k99

(1)
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the first peak on Fig. 2. belongs to thermal decomposi-
tion of the CaO·V2O5 (2). reaction was connected with v2O5 
reduction to vo2.

2 5 2 22 CaO V O C 2 CaO 4 VO CO⋅ + → + +  (2)

Low temperatures eutectic melts were form between 
product of reaction (2) and Fe or ti compounds. Source of Fe, 
ti compounds is burning aw material. the second endother-
mic peak is connected with eutectics melt appearance.

i n f r a r e d  S p e c t r o s c o p y 
Ft-ir spectrum of unused and corroded heat resistant 

brick korrath k99 is shown on Figs. 3. and 4. While the first 
of them is virtually similar like the spectrum of corundum, 
corroded brick show more complicated XrD pattern. 

there was found absorbtion band of silica and mullite. 
mullite is part of basic brick material, but Sio2 spectral bands 
belong to glassy phase of corrosion product. Silica source is 
heat resistant binding agent.

X - r a y  D i f f r a c t i o n
the XrD patterns of unused and corroded heat resistant 

brick korrath k99 is shown on Figs. 5. and 6.

The Ca0.17V2O5 dual oxide was identified as main crys-
talline product of korrath k99 corrosion (Fig.6). 

Conclusions
in XrD pattern of corroded material of korrath k99 heat 

resistant brick wasn’t found diffractions of mullite. Accord to 
Ft-ir results is this compound more sensitive to corrosion 
process than corundum. there has been risk of prior corro-
sion of binding mullite phase.

in addition vanadium oxides corrosion of high alumina 
refractory line, there was formed glassy phase. Alkali oxides 
from raw material play significant role on its origin.

This work has been supported by MŠMT poject NPV 
– NHV – 1 number 2B08024.
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Fig. 3.	 FT-IR	of	unused	korrath	k99	material

Fig. 4.	 FT-IR	of	corroded	korrath	k99	material
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Fig. 6.	 XRD	of	corroded	korrath	k99	material
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Introduction
the old buildings (sights) are very complicated in their 

composition and function. Some of these buildings survive 
for hundreds of years, but many of them are not in good 
condition, so here is a space for restorers, who want a mate-
rial or materials, which will help them to conserve or repair 
these sights or presents from our ancestors. restorers have 
to respect rules of care of historical monuments (try to use 
materials similar or the same as the original material of the 
sight is) which requires searching for materials, that will pro-
tect, restore and conservate the object with minimal harm.

this paper describes testing of lime stone from kuro-
vice, especially chemical, phase composition and hydraulic 
modulus determination.

natural cement (roman cement), which was used as a 
building material in the last century in the area of Bohemia, 
isn´t produced nowadays in the czech republic and surroun-
ding states. the roman cement is a historical variation of 
lime binder, it’s important for its hydraulic properies and it 
is necessary to be interested in this material because of con-
servators.

chemical analysis was focused on assesment of loss 
during annealling and oxides specification (oxides which 
are useful in characteristic modules calculation – cao, Sio2, 
al2O3, Fe2O3, MgO).

For classification prepared roman cements and base 
materials is good analyses methods tG-DtA method, XrD 
method and heating microscope showed us the temperature 
of sintering, melting point and phase composition of tested 
material from stonepit in kurovice.

very important for classification prepared roman cements 
is hydratation haed. these work is suggests easy method for 
determination hydratation head. H2O.

Experimental
the enthalpiometric method for the hydration heat as-

sessment in prepared roman cements was tested. the appa-
ratus consisting of multimeter with thermistor and styrofoam 
calorimetric cell with magnetic stirrer was made and whole 
system was connected to Pc (Fig. 1.). the measurement it-
self was performed in styrofoam cup placed in calorimetric 
cell. Determined amount of distilled water was poured into 
the cup and after temperature stabilization the exact amount 
of sample of roman cement was added while slowly stirred. 
After the temperature stabilization (minimum 15 min of 
stable temperature) the measurement was finished. From the 
recorded data the temperature difference was determined and 

together with roman cement amount, volume of used distilled 
water, and calorimetric constants it served for the hydration 
heat calculations according to (1). the number of moles of 
water was calculated from (2). the calculations resulted in 
the determination of hydration heat released from the hydra-
tion of roman cement.

For calculation hydratation heat was used this formula:

2 2HYD H O H OQ n c T= ⋅ ⋅∆  
(1)

QHYD – hydratation head [J mol–1]
nH2O – number of moles (water) [mol]
cH2O – heat capacity (water) [J k–1 mol–1]
ΔT – difference of temperatutre [°c]

For calculation number of moles was used this formula:

2

2

2

H O
H O

H O

m
n

M
=

 
(2)

Fig. 1.	 The	experiments	for	measuring	of	hydratation	heat

table i
composition of synthetic roman cement 1

 component Weight [%] Grams to 100 g
 CaCO3 58.98 80
 CaSO4

. 2H2O 3.09 4.0
 Mg(OH)2 1.19 1.6
 kaolinit 8.01 9.0
 Fe3O4 4.87 6.6
 SiO2 20.65 28.0
 k2CO3 1.91 2.6
 na2CO3 1.03 1.4
 al(OH)3 1.62 2.2
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Results
in this work the samples of synthetic roman cements 

were tested. the amount of 50 ml distilled water was poured 
into the cup. the exact amount of binder sample was added 
at once while stirring. the temperature inside the vessel was 
recorded each 5 sec. by thermistor. 

Samples of roman cements were prepared by burning 
out the raw meal at the temperature of 870 °c for the period 
of 4 hours. Synthetic roman cements were prepared by 
mixing the pure chemicals at a dry state. (tables i–iii). the 
refference sample was prepared in the same way from natural 
raw material from kurovice quarry.

the results of masurment of hydratation heat are stated 
in table iv.

Conclusions
it can be assumed, that the enthalpiometric determina-

tion is appropriate method for hydration heat measurement 
for roman cements as well as for other hydraulic binders. 
mainly the easy intrumentation and short measurement times 
can be pointed out.

Also it was found, that roman cements prepared from 
natural raw material have the hydration heat values signifi-
cantly lower than those prepared from pure chemicals. the 
reason for this is that the silicon oxide in pure state does not 
likely react with calcite to form dicalcium silicite and the soft 
lime is formed, which releases large amount of heat when 
hydrating.

This work has been supported by NPV II program MŠMT 
ČR project number 2B08024.

table ii
composition of synthetic roman cement 2

 component Weight [%] Grams to 100 g
 CaCO3 60.24 80
 CaSO4

. 2H2O 3.16 4.0
 Mg(OH)2 1.81 2.4
 kaolinit 6.78 9.0
 Fe3O4 2.25 3.0
 SiO2 21.08 28.0
 k2CO3 1.96 2.6
 na2CO3 1.05 1.4
 al(OH)3 1.66 2.2

table iii
composition of synthetic roman cement 3

 component Weight [%] Grams to 100 g
 CaCO3 60.24 80
 CaSO4

.2H2O 3.16 4.0
 Mg(OH)2 1.81 2.4
 kaolinit 6.78 9.0
 Fe3O4 2.25 3.0
 SiO2 21.08 28.0
 k2CO3 1.96 2.6
 na2CO3 1.05 1.4
 al(OH)3 1.66 2.2

table iv
results of measurement of hydratation composition of syn-
thetic roman cement 1

 Sample Δt Q [J mol–1] Q [J g–1]
 nature 1.2682 264.522 244.242
 rC 1 3.3386 696.368 642.979
 rC 2 3.5725 745.155 688.026
 rC 3 2.5360 528.96 488.406
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Introduction
cements show variable and sometimes unpredictable 

hydration behavior which may sometimes leads to opera-
tion failures. the rapid and accurate characterization method 
for identification of clinker and accessory minerals is needed. 
these requirements are for the Fourier transform infrared 
(Ft-ir) spectroscopy fulfilled. the infrared spectrum pro-
vides informative signature of cement, in which is encoded 
information about its elemental and mineralogical compo-
sition. Ft-ir methods can be in cement chemistry used for 
monitoring of hydration reactions and prediction of the per-
formance properties1,2.

the Portland cement composition was studied by mid-
ir spectroscopy. this work is a part of wider Ft-ir study 
about course hydrolysis of clinker minerals and kinetic of 
hydration processes of in aged Portland cement paste.

Experimental
the Portland cement was used in this study. the sam-

ple was characterized in wavelengths range from 4,000 to 
400 cm–1 by Ft-ir analyzer nicolet imact 400 with using of 
kBr pellets technique. Applied resolution for measurements 
is 8 cm–1. 

Dried samples were mixed with kBr with mass ratio 
1 : 100. mixtures were homogenized by grinding in mortar 
dish. Weighted amount of these mixtures were pressed under 
40 kPa for 20 s and next 80 kPa for 30 s.

Results
infrared spectrum of Portland cement is shown on Fig. 1. 

there were identified absorbtion bands of several clinker 
minerals relevant to its technical phase: allite – tricalcium-
silicate (C2S), belite – larnite (c2S) and C3A – tricalcium-
aluminate. Further are present spectral bands of anhydrite 
(CaSO4), gypsum (caSo4

. 2H2o) and hydration product: 
portlandite, calcite and hexagonal hydrates. Presence of the 
clinker minerals hydration products indicate that sample was 
slightly hydrated by air humidity. 

From data published in literature1,3–7 we put together 
correlation table (Fig. 1.). Portland cement ir bands assign-
ment is summarized in table i. 

the peak belongs to stretching of Si–o bond in structure 
of C3S, which is centered at wavelength 925 cm–1, implies 
band complexity. this multiplet was fitted by Lorentz fun-
ction (1) due to obtain other information about composition 
of the sample.

Fig. 1.	 Subtracted	infrared	spectrum	of	Portland	cement	and	
correlation table. The Si–O stretch region was fitted by Lorentz 
function

table i
Ft-ir spectrum of Portland cement

 ν [cm–1] peak’s assignment compound
 3,644 ν(oh) portlandite
 3,550 ν(oh) water (silanol groups)
 3,404 ν1(OH) water
   (adsorbed on the surface)
 1,685 ν2(oh) water (hydrates)
 1,621 ν2(OH) water
   (adsorbed on the surface)
 1,495, 1,420 ν3(CO3

2–) calcite
 1,138 ν3(SO4

2–) anhydrite
 1,118 ν3(SO4

2–) gypsum
 925 ν3(SiO4

4–) tricalciumsilicate (c3S)
 732 ν4(CO3

2–) calcite
 670, 599 ν4(SO4

2–) gypsum
 524 ν4(SiO4

4–) larnite (C2S)
 451 ν2(SO4

2–) gypsum

Fig. 2.	 IR	 spectra	 region	 from	 1,350	 to	 700	cm–1 fitted by 
Lorentz	function.	Peaks	assignment	is	noted	in	Table	II
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where y0 is offset, xc is wavelength of peak’s center, w is 
peak’s half-width and A is amplitude of peak.

Fitted spectrum of the Portland cement is shown on 
Fig. 2. there were found absorbtion bands of anhydite, 
gypsum, larnite, c2S, C3S and calcite. cement ir bands 
assignment is summarized in table ii. 

Conclusions
the Fourier transform infrared spectroscopy is a sui-

table tool for determination of cement phase composition, 
because enable monitored course of hydration processes by 

changes of spectroscopic variables (ν, w and A) in the time. 
these parameters may provide secondary information about 
changes in the sample.

main absorbtion area of clinker minerals is spread over 
spectral region from 1,000 to 400 cm–1. Peaks coincidence 
make interpretation of spectrum more difficult, but is possible 
distinguished of individual peaks. 

Amount of spectral bands in hydrated or partially hyd-
rated cement has increasing due to intermolecular interaction 
of cations with So4

2– and CO3
2– anions leading to reduction 

of their symmetry.

This work has been supported by MŠMT poject NPV 
– NHV – 1 number 2B08024.
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table ii
Fitted Ft-ir spectrum of Portland cement

 ν [cm–1] peak’s assignment compound
 1,199 ν3, b1(SO4

2–)
 1,164 ν3, a1(SO4

2–) anhydrite
 1,144 ν3, a2(SO4

2–) 
 1,115 ν3(SO4

2–) gypsum
 1,062 ν(Al–o) hexagonal hydrates
 1,000 ν1(SO4

2–) anhydrite
 960, 883 ν3(SiO4

4–) larnite (C2S)
 923 ν3(SiO4

4–) tricalciumsilicate (c3S)
 828 ν1(SiO4

4–) larnite (C2S)
 775 ν(Al–o) tricalciumaluminate
 720 ν4(CO3

2–) calcite
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Introduction
the performance of precision devices and instruments 

has been limited by the problem of thermal stress induced 
by the thermal expansion between different materials. to 
avoid this problem, one of the choices is to develop negative 
thermal expansion materials1. it has been known that ther-
mal shock resistance of ceramics is influenced by the thermal 
expansion coefficient2. LaS (Li2O . al2O3

. SiO2) system has 
been investigated extensively, because its show low, zero or 
even negative thermal expansion coefficient as well as high 
thermal shock resistance3.

the most important crystaline phases present in the LAS 
system are β-eucryptite (Li2O . al2O3

. SiO2), β-spodumene 
(Li2O . al2O3

. 4SiO2), virgilite (Li2O . al2O3
. 6SiO2), petalite 

(Li2O . al2O3
. 8SiO2) as well as metastable solid solutions 

that are derived from the hexagonal high quartz structures by 
the substitution of Al3+ and Li+ for Si4+. these solid solutions 
are denoted as β-quartz (ss) and have general composition 
Li2O . al2O3

. nSiO2, where n varies from 2 to 10(ref.2).
there are many methods to prepare ultra-fine powders 

for synthesis of LAS ceramic or glass-ceramic. the conven-
tional method is melt processing, which has many problems, 
such as too high melting temperature and high viscosity of 
melt. Lately, sol-gel processing has been widely used in the 
manufacture of LAS. this method reduces the sintering tem-
perature and can obtain high purity and homogenous produ-
cts.4–6

the present study on the LAS ceramic based on spod-
umene is mainly concentrated to investigation of influence 
of Ca2(PO4)3oh on thermal behavior of sol-gel derived pre-
cursor. Processes whose take place during thermal treatment 
were analyzed by DtA and heating microscopy.

Experimental
the β-spodumene powder precursor was prepared from 

Li2oh, Al(no3)3
. 9H2o, both in analytical purity grade. 

Silica sol containing 30 % wt. of Sio2 (tosil) was applied 
as source of Sio2. A weighed quantities of lithium carbonate 
and Al(no3)3

. 9H2o were first dissolved in hydrochloric acid 
and tosil, respectively. 

Both prepared solutions were next slowly mixed toge-
ther. resulting sol contain Licl, Al(no3)3

. 9H2O and SiO2 in 
weight ratio 1 : 1.77 : 1.89 that is equal to spodumene com-
position. the gelation of mixed sol at 80 °c took place af-
ter 20 min. the resulted gel was dried at 105 °c for 24 h. 

Powder LAS ceramic precursor was prepared by calcination 
and subsequent milling of grinded xerogel at 750 °c for 2 h.

the powder precursor was next doped with 0.25, 0.50, 
0.75 and 1.00 % wt. hydroxyapatite (ca5(PO4)3oh) working 
as sintering additive (agent of mineralization).

D i f f e r e n t i a l  T h e r m a l  a n a l y s i s
The DTa analysis of the Ca5(PO4)3oh doped powder 

precursor in an air oven at ambient atmospheric condition 
was carried out by tG-DtA Analyzer Setaram 92-18 up to 
temperature 1,400 °c. Applied heating and cooling rate was 
10 °C min–1.

h e a t i n g  m i c r o s c o p y
test piece (cube, a = 3 mm) was prepared by pressing 

of precursor and hydroxyapatite mixture under pressure 
1 mPa. Sample was heated in an air oven at ambient atmos-
pheric condition up to sample melting temperature at heating 
rate 10 °C min–1.

Results
D i f e r e n t i a l  T h e r m a l  a n a l y s i s

Fig. 1. shows the DtA curves of powder precursor with 
hydroxyapatite content from zero to 1 % wt.. the endother-
mic peak at temperature about 1,360–70 °c belong to mel-
ting of sample. Peak shape and temperature (tm) depend on 
concentration of Ca5(PO4)3OH.

the values of melting temperature, that are found 
for individual samples is shown in table i. this table further 
contains the peaks temperature shift against system without 
additive (∆t). 
table i

the DtA curves of cooled powder precursor with hyd-
roxyapatite are shown on Fig. 2. only one exotherm was 
observed in each curve. this peak is associated to crystalli-
zation of glass (tk).

Fig. 1.	 Heating	step	of	DTA	of	the	LAS	powder	precursor	with	
0,	0.25,	0.50,	0.75	and	1.00	%	wt.	Ca5(PO4)3OH
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the values of crystallization temperature, that are found 
for individual samples is shown in table ii. this table further 
contains shift of peaks temperature against crystallization in 
pure LAS system (∆t).

the shift of baseline, which takes place in samples with 
hydroxyapatite content equal and higher than 0.25 % wt. was 
recognized as high quartz solid solution phase separation. 
the found values are listed in table iii.

Heating	Microscopy
the dependences of test piece on temperature were 

shown on Fig. 3. height of sample without agent of mine-
ralization has been decreased about 9.5 % on temperature 
interval 600–810 °c due to formation of β-spodumene. this 
process begin at higher temperature if samples containing the 
Ca5(PO4)3OH.

the influence of hydroxyapatite concentration in sample 
on spodumene formation interval and sample melting tempe-
rature is shown in table iv. 

Photos for significant temperatures, whose were taken 
during thermal treatment of sample placed in heat micros-
cope furnace are shown on Fig. 4.

influence of ca5(PO4)3oh content on temperature 

table i
temperature of melting of LAS ceramic (tm) and peak shift 
(Δt) for different ca5(PO4)3oh content. Significat correla-
tion coeficien (r) level is typed bold

 Ca5(PO4)3oh [%] tm [°c] Δt [°c]
 0 1,388.9 –
 0.25 1,368.6 –20.3
 0.50 1,367.0 –21.9
 0.75 1,361.1 –27.8
 1.00 1,359.8 –29.1
 r –0.888 

Fig. 2.	 Cooling	step	of	DTA	of	the	LAS	powder	precursor	with	
0,	0.25,	0.50,	0.75	and	1.00	%	wt.	Ca5(PO4)3OH

table ii
crystallization peaks temperature and peak shift (Δt) for dif-
ferent Ca5(PO4)3OH content. Significant correlation coeffici-
ent (r) level is typed bold

 Ca5(PO4)3oh [%] tk [°C] ΔT [°C]
 0 1,333.1 –
 0.25 1,290.8 –42.3
 0.50 1,279.8 –53.3
 0.75 1,281.2 –51.9
 1.00 1,267.0 –66.1
 r –0.885 

table iii
the phase separation temperature for different Ca5(PO4)3OH 
content in heating (Tg,1) and cooling (Tg,2) step

 Ca5(PO4)3oh [%] tg,1 [°C] Tg,2 [°C]
 0 – –
 0.25 – –
 0.50 1,292.9 1,113.7
 0.75 1,305.4 1,158.0
 1.00 1,343.3 1,166.6

Fig. 3.	 Heat	microscopy	of	the	LAS	powder	precursor	with	0,	
0.25,	0.50,	0.75	and	1.00	%	wt.	Ca5(PO4)3OH

table iv
temperature synthesis of spodumene (ts) and melting of 
sample (tm). Significant correlation coefficient (r) level is 
typed bold

 Ca5(PO4)3oh [%] ts [°C] Tm [°C]
 0 600–805 1,335.5
 0.25 792–918 1,337.0
 0.50 767–1,016 1,325.2
 0.75 789–997 1,325.2
 1.00 789–957 1,316.1
 r  –0.933
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of sintering, deformation, hemisphere a pouring of melt is 
shown in table v. 
Conclusions

in presence of hydroxyapatite is spodumene stabilized 
in solid solution with β-Sio2 (ss) and melting was changed 
from incongruent to congruent. in range from 0 to 1.0 % wt. 
of Ca5(PO4)3oh content has been melting temperature fall 
about 29.1 °c. 

Solid solution immiscibility process was proceed in 
samples with ca5(PO4)3oh concentration 0.50 % wt. and hi-
gher. temperature of process has been increased with content 
of hydroxyapatite.

temperature of sample melting and β-Sio2 (ss) precipi-
tation has been decreased with increasing content of hydro-
xyapatite.

in presence of hydroxyapatite in the sample, the tem-
perature of the β-spodumene formation was shifted to hi-
gher temperature. temperature of β-spodumene was average 
increased about 184 ± 6 °c.

Significant negative correlation of melting temperature 
on hydroxyapatite content in the sample was found by hea-
ting microscopy. in range from 0 to 1.0 % wt. can by this 
relationship expressed as:

5 4 3m ( ( ) )T 1337.9 20.24 C a P O O Hw= − . (1)

Significant thermal points, i.e. temperature of sinter-
ing, deformation, hemisphere and melting, has generally de-
creased in presence of ca5(PO4)3OH.

This work has been supported by MŠMT poject NPV 
– NHV – 1 number 2B08024.
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Fig. 4.	 Picture	of	powder	precursor	test	peace	at	temperature	
of	sintering,	deformation,	hemisphere	and	pouring

table v
the significant thermal points of fired LAS powder precursor 
with different Ca5(PO4)3OH content

 Ca5(PO4)3OH [%] Sintering [°c] Deformation [°c]
 0 1,300 1,350
 0.25 1,325 1,350
 0.50 1,300 1,325
 0.75 1,300 1,325
 1.00 1,250 1,300
 Ca5(PO4)3OH [%] hemisphere [°c] Pouring [°c]
 0 1,375 1,400
 0.25 1,360 1,380
 0.50 1,350 1,370
 0.75 1,350 1,370
 1.00 1,350 1,360
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TITANIA	–	kAOLINE	SYSTEM
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FrAntiŠEk ŠOukaL and tomáŠ OPraVIL
Institute of Materials Chemistry, Brno University of Techno-
logy, Purkyňova 118, 612 00, Czech Republic,
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Introduction
heterogeneous catalysis is the most promising techno-

logy for the reduction of environmental pollution in soil, air 
and water. the pillared clays (PiLcs) are an interesting group 
of microporous materials, because they combined catalytic 
activity, porous structure and surface acidity. the PiLcs have 
great potential either as support or directly as catalyst. Pilla-
red clays were prepared by calcination of intercalate of clay 
minerals (smectite and mica group) with polynuclear metal 
cation. Specific surface are higher than 300 m2 g–1.1–5 

Generally is the synthesis of tiLcs with well defined 
bidimensional zeolite structure and good thermal stability 
difficult, because obtaining of adequate polymeric catio-
nic species depends on several related parameters. the bes 
results were reached by acidic (hcl, h2SO4...) hydrolysis of 
TiCl4 or Ti(OC3H7)4 (TTIP)2.

interlayer surface of tio2 pillared montmorillonite 
is hydrophobic and that hydrophobic interaction between 
adsorbate and interlayer surface of the pillared clay is one of 
the most predominant factors in adsorption of various orga-
nic compounds. Surface hydrophobicity of tio2 pillared clay 
has been increasing in the order saponite < fluorine hectori-
te < montmorillonite < fluorine mica3.

the aim of this work is preparation, characterization and 
study of the efficiency of the na-kaolin/tio2 and metakao-
lin/tio2 catalysts. the catalytic performance was compared 
with pure na-kaolin. Simultaneous tG-DtA (tG-DtA Ana-
lyzer Setaram 92-18), infrared spectroscopy (Ft-ir Analyzer 
nicolet impact 400), X-ray diffraction (Difractometer X´Pert 
Philips) were used for investigation of prepared samples.

Experimental
Washed kaolin Sedlec ia produced by Sedlecký kaolin 

a.s. was used for sample preparation. content of kaolin is hi-
gher than 90 % wt. with equivalent diameter grain median 
in range 1.2–1.4 µm. the main impurities are mica group 
minerals and quartz. the content of colorant oxides – hema-
tite (α-Fe2O3) and tetragonal TiO2 (rutile), is lower than 0.85 
and 0.2 % wt., respectively.

two kinds of catalyst were prepared by hydrolysis 
of TiCl4 in 30 % wt. aqueous suspension of washed na-kao-
lin:

kaolin/tio2,
metakaolin/tio2

titanium tetrachloride was introduced in to stirred sus-
pension in the flow of carrier gas (argon) at laboratory tempe-

•
•

rature for 30 min. the suspension was deposit on the surface 
of substrate – glass balls with diameter about 5 mm. Film on 
the glass support was solidified by drying at laboratory tem-
perature for 24 h. metakaolin/tio2 type sample was still cal-
cined at 600 °c for 2 h. Purely kaolin deposited on the glass 
support surface was used as standard.

catalytic performance of prepared catalysts was exami-
ned on flow reactor in temperature range from 100 to 400 °c. 
the ordering of experiment is shown on Fig. 1. Ethanol vapor 
was flow (1.48 mol min–1) through heated catalyst in the flow 
of carrier gas (12.85 cm3 min–1). in periodic interval was into 
reactor introduced oxygen from 356.4 cm3 stack pressurized 
to 700 mbar. concentration of oxygen in reactor leaving gas 
was measured by oxymeter. 

relative degree of conversion (αr) and extend of reac-
tion (ξr) were evaluated as follow:

There ak and akT are peaks area obtained for pure kao-
lin and kaolin (metakaolin)/tio2 catalyst, respectively. the 
denominator value in (2) is equal to stoicheiometric coeffici-
ent of ethanol (νO2 = –3) in reaction:

2 5 2 2 2C H OH 3O 2 CO 3H O+ → +  (3)

values of αr and ξr can be converting according to (4).

Fig. 1.	 Schematic	representation	of	the	apparatus	for	investiga-
tion	of	catalytic	performance

, (1)

, (2)

 (4)
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Results
T h e r m a l  a n a l y s i s

tG-DtA experiments results is shown on Fig. 2. there 
are endothermic peak at 525 °c accompanied with sample 
mass decrease about 8 % wt. and exothermic peak at 984 °c. 
Any changes takes place at this temperature.

Endoterm belong to course of dehydroxylation process 
of kaolin to metakaolin. cubic phase formation – spinel 
phase (2Al2O3

. 3SiO2) or γ-Al2O3, is on the contrary exother-
mic process.

i n f r a r e d  S p e c t r o s c o p y
Fig. 3. show Ft-ir spectrum of kaolin/tio2 and metakao-

lin/tio2 catalyst. the bands located at wavelengths 3,696, 
3,673, 3,652 and 3,619 cm–1 are ν1, ν2, ν3 and ν4 stretching 
of o–h bonds in outer (ν1–3) and inner hydroxyl groups (ν4) 
of kaolinite. Bending and translation modes of these groups 
are appeared at 939, 912 and 791, 754 cm–1, respectively. 

the broad band centered at 3,440 cm–1 and band located 
at 1,634 cm–1 belongs to o–h bond stretching and bending 

of surface adsorbed water molecules, respectively. Bands at 
1,115, 1,032 and 1,007 cm–1 are stretching, symmetric and 
asymmetric stretching of Si–(apical)o and Si–o–Si, respecti-
vely. Bending vibration is appearing at 421 cm–1. The Si–O–al  
and Al–o out of plane deformation shows the band at wave-
lengths 536 and 496 cm–1, respectively.

the calcination leads to dehydroxylation of kaolinite 
and product of ticl4 hydrolysis – TiO(OH)2. Sample may 
also contain a small amount of tiocl2. the o-h bands were 
almost disappeared during this process, but small amount of 
“residual hydroxyl groups” is still present. the Si–o bond 
stretching and bending modes show lose of his selectivity.

X - r a y  D i f f r a c t i o n 
the XrD patterns on Fig. 3.(a) show intensities of 

kaolinite and other component of applied kaolin Sedlec ia 
– montmorillonite, hematite and quartz. Anatase was formed 
via titanium tetrachloride hydrolysis. metakaolin is amor-
phous and diffractions related to kaolinite were disappeared 
after sample calcination (b).

Fig. 2.	 TG-DTA	of	kaolin	(a)	and	kaolin/TiO2	catalyst	(b)

Fig. 3.	 baseline	corrected	infrared	spectrum	of	kaolin/TiO2	(a)	
and	metakaolin/TiO2 catalyst (b): ■ kaolinite bands, ● product 
of	hydrolysis	of	TiCl4, ▲ molecules of surface adsorbed water

Fig. 4.	 Powder	XRD	patterns	of	the	kaolin/TiO2	catalyst	before	
(a)	and	after	calcination	(b)

Fig. 5:	 Results	obtained	for	kaolin	Sedlec	Ia
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C a t a l y t i c  P e r f o r m a n c e
recorded data about answer of catalyst on oxygen 

“pulse” is for kaolin shown on Fig. 5. individual peaks were 
next integrated due to determination of their area, height and 
width. results obtained for kaolin is of Fig. 6. Analogical 
procedures were applied on kaolin or metakaolin/tio2 cata-
lyst.

catalytic performance results obtained for kaolin/tio2 
system is shown on Fig. 7. the process is strongly influenced 
by thermal behavior of product of ticl4 hydrolysis. Water 
evolving during dehydroxylation process was influenced of 
specific surface of catalyst and partial water vapor pressure 
(pH2O) over sample. Exchange adsorption of ethanol on the 
internal catalyst surface is influenced by pH2O value.

temperature dependence of relative degree of conver-
sion (αr) and extend of reaction (ξr) are plotted on Fig. 9.(a) 
and (b). the best results were found for 300 °c.

result obtained for metakaolin/tio2 system is shown on 
Fig.8 and temperature dependence of αr and ξr are plotted 
on Fig. 9(c) and (d).Fig. 6.	 Changes	of	oxygen	peaks	parameters	with	temperature	

for	kaolin	Sedlec	Ia:	area	(a),	height	(b)	and	width	(c).	Correla-
tion matrix is shown on (d). Significant correlation level is typed 
by	bold

Fig. 7.	 Changes	of	oxygen	peaks	parameters	with	temperature	
for	kaolin/TiO2	system:	area	(a),	height	(b)	and	width	(c).	Corre-
lation	matrix	is	shown	on	(d)

Fig. 8.	 Changes	of	oxygen	peaks	parameters	with	temperature	
for	metakaolin/TiO2	system:	area	(a),	height	(b)	and	width	(c).	
Correlation matrix is shown on (d). Significant correlation level 
is	typed	by	bold.

Fig. 9.	 Temperature	dependences	of	relative	degree	of	conver-
sion (αr) and extend of reaction (ξr)
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Conclusions
The TiCl4 hydrolysis product shows any significant 

influence on the results of tG-DtA experiment. Dehydroxy-
lation peak was slightly increased about 2.5 °c. temperature 
formation of cubic phase isn’t influenced. 

Peaks height and width must depend of specific surface 
of catalytic system. While value of the first parameter has 
decreased with growth of specific surface, the second has 
increased.

Area of peak is directly proportional to amount of moles 
of oxygen. the minimum values of αr was found for kaolin/
TiO2 catalyst at 250 °c, due to course of tio(oh)2 dehyd-
roxylation. 

High pH2O value makes adsorption of ethanol on the 
catalyst surface more difficult. temperature 300 °c show 
the best catalytic performance, because dehydroxylation of 
TiO(OH)2 be on the wane and kaolinite dehydroxylation 
doesn’t proceed till this time.

the metakaolin/tio2 catalyst show higher catalytic 
performance than kaolin on temperature interval from 350 

to 350 °c. Dehydroxylation has in general negative influence 
on catalytic performance, because this process leads to speci-
fic surface reduction.

This work has been supported by MŠMT poject NPV 
– NHV – 1 number 2B08024.
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Introduction
Photocatalysis has recently become a common word and 

various products using photocatalytic functions have been 
commercialized. Photocatalytical self cleaning surfaces offer 
many advantages in household, construction, industrial and 
medical sectors. Among many candidates for photocatalysts, 
TiO2 is almost the only material suitable for industrial use at 
present and also probably in the future. this is because tio2 
has the most efficient photoactivity, the highest stability and 
the lowest cost1,2.

Experimental
Deposition of the tio2 on a glass and ceramics surface 

was provided by precipitation of gas phase at temperature 
of 22, 100, 200, 300, 400 and 500 °c for 3 hours (1). ticl4 
(Lachema, p.a., in gaseous state) and water vapour in current 
of argon were leaded into tempered tube reactor within three 
supports (glass or ceramics). Flow rate of argon was regu-
lated at 30 cm3 min–1. the ordering of experiment is schema-
tically drawing in Fig. 1.

4  (g) 2 (g) 2 (s) (g)TiCl 2H O TiO 4HCl+ → +  (1)

Surface of support was studied by the optical micros-
copy. the photos of tio2 layer were taken by olympus BX 
50F4.

unprecipitated ticl4 went out from reactor at the tem-
perature of 500 °c and hydrolyzed in water bath or tosil 
(koma, s.r.o., colloidal solution of Sio2, 30 % wt. of Sio2). 
temperature of tosil was 20, 40, 50 and 60 °c.

TiO2 dispersion in water and Sio2–TiO2 hydrosol were 
analyzed by infrared spectroscopy (Ft-ir spectroscope 
nicolet imapct 400), particulates size distribution (Zetasizer 

3000hS), differential thermic analysis (tG-DtA Analyzer 
SEtArAm 92–18) and X-rays diffraction.

Results
the morphological properties depend on temperature. 

Polycrystalline agglomerates arise from decreased tempe-
ratures whereas continuous layer come up from increased 
temperature. Further quality of substrate’s surface proves on 
appearance deposit layer. Sintered corundum ceramics have 
much more active adsorptive centres (e.g. edges and tops of 
crystal).

System which is created by hydrolysis ticl4 appro-
aches monodispersive. it results from shape distribution 
curve (Fig. 2.). the fraction has major representation about 
233.3 nm particles size and minor about 293.7 nm.

Distribution curves Sio2–TiO2 hydrosol indicate three 
peaks (Fig 3.). the first part shows Sio2 particles size  

Fig. 1.	 Ordering	of	the	experiment

table i
Layers of TiO2 on glass and ceramics support (place in the 
middle of tube reactor)

 t [°c] Glass support ceramics support

 22

 200

 500
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(Fig. 3. (a) peak 7.6 nm, (b) peak 7.1 nm), the most of tio2 
particles are included in the second part (Fig. 3. (a) peak 
121.1 nm, (b) peak 90 nm) and the third peak proves the par-
ticles coagulation.

the Ft-ir spectrogram contains only absorption bands 
of silica (Fig 4.). Assign of recognized peaks are summarized 
in table ii.

Conclusions
the presented work compares tio2 layers on glass sur-

face with layers on ceramics surface. morphological charac-
teristic TiO2 layer is significantly influenced by temperature 
of deposition and substrates type. Smaller tio2 particles arise 
by hydrolysis ticl4 in tosil than hydrolysis in water.
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Fig. 2.	 TiO2	dispersion	in	water

Fig. 3.	 SiO2	–	TiO2	 hydrosol	 prepared	 at	 20	°C	 under	 ultra-
sound	treatment

Fig. 4.	 SiO2	–	TiO2	 hydrosol	 prepared	 at	 50	°C	 under	 ultra-
sound	treatment

Fig. 5:	 FT-IR	SiO2	–	TiO2	hydrosol	prepared	at	20	°C

table ii
Peaks assignment

 T [°C] 20 assignment
  1,203.8 δ(ti – oh)
  1,112.6 ν(Si – o)
 1/λ 1,055.3 ν(Si – oh)
 [cm – 1] 959.2 νs(Si – O – Si)
  798.4 γ(Si – o – Si)
  473.4 δ(Si – o – Si)
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Introduction
the nature of the cement production process allows uti-

lizing various secondary raw materials and wastes. one of 
such wastes is the meat and bone meal (mBm). this material, 
especially if coming from herds in which BSE-positive cows 
were identified, has to be liquidated by a high-temperature 
process. this can be done in incineration plants, but also in 
rotary cement kilns. the advantage of the latter is that mBm 
is utilized as a low-grade1 fuel and at the same time it is de-
graded and the hazardous substances are liquidated, while its 
incombustible components are built in the clinker. the main 
problem is the relatively high P2O5 content, contained in the 
ash as calcium phosphate. P2O5 influences the properties of 
the clinker melt2, enters the structure of clinker minerals, 
and influences the phase composition of clinker3–5 and thus 
also the quality of cement4,5. So far, the common cement 
production practice is that only such amounts of mBm are 
combusted that do not adversely affect the clinker proper-
ties. maximum safe amount is around 0.5 % wt.P2O5 in the 
clinker (only exceptionally more6). We assume that the study 
of reaction kinetics and of the phase changes in clinkers con-
taining P2O5 will enable to produce clinker with much higher 
levels of this oxide without negative impact on clinker prop-
erties, along with discovering new findings on its influence 
on clinker minerals.

Methods	and	Results
the raw meal for laboratory experiments, prepared from 

common raw materials, was mixed to have the following 
basic chemical parameters: SLP = 98, ms = 2.3 a ma = 1.8. 
P2O5 was added to this basic raw meal in graded amounts of 
finely ground ca3(PO4)2 or ashed MBM.

the burning of these P2O5-enriched raw meals was 
performed in a superkantal oven in equilibrium- as well as 
non-equilibrium burning regime at 1,450 °c. Quantitative 
phase composition was determined by microscopic point 
counting7 and the chemical composition of clinker minerals 
by spot microanalyses performed with electron microprobe 
cAmEcA SX100 (accelerating voltage 15 kv, beam current 
20 na).

the results obtained with mBm ash were in equilib-
rium-burned clinkers very similar to those acquired with raw 
meals enriched with pure ca3(PO4)2. incompletion of reac-
tions in non-equilibrium burnings of raw meals blended with 

mBm ash leads to the increased volumes of the clinker melt, 
to incomplete consumption of free lime at low P2O5 contents 
in clinker, and to the increase of alite proportion in clinkers 
high in P2O5. the trend of the influence of P2O5 on the phase 
composition of clinker is nevertheless the same, with criti-
cal limit around 0.7 % wt. P2O5 in clinker, when the c2S and 
free lime proportions start to enhance on the expense of c3S 
(Fig. 1.).

the results of electron microanalysis indicate that both 
in alite and in belite the increase in P2O5 in clinker leads to 
the decrease of SiO2, TiO2 and MnO, and to an increase of 
P2O5, al2O3, mgo, na2O, and k2o. All minor oxides (besides 
mgo) are in belite present in higher levels than in alite.

An interesting finding ensued from the compari-
son of concentrations of P2O5 and al2O3 (Fig. 2.). it oc-
curs that P enters the structure of both clinker minerals at 
least partially through the so called berlinite substitution: 
al3+ + P5+ ↔ 2Si4+, where AlPo4 (the berlinite component), 
isostructural with quartz, substitutes Sio4 tetrahedrons. The 
berlinite substitution is the more important, the higher is the 
P2O5 content in clinker.

Based on the obtained results, experiments aimed on 
more detailed elucidation of the entry of P2O5 into clinker 
phases in the presence of Al2O3 were run. For the burning 
of clinkers without either Al2O3 or Fe2O3, raw meals were 
blended from pure components; the theoretical content of 
P2O5 in clinker was chosen to be 0, 1, 3 and 5 % wt. (added 
as Ca3(PO4)2).

the phase composition of such equilibrium-burned 
clinkers without Al2O3 develops in relation to the P2O5 levels 
in a way similar to the common clinker with all four main 
oxides. the degree of alite conversion is anyway higher with 
increasing P2O5 content and as the al2O3 is missing, the in-
terstitial mass is formed above all by c2F. in clinkers without 
Fe2O3 the evolution of phase composition is distinctly differ-
ent. the alite proportion in these clinkers is at the same lime 
saturation lower, but the negative impact of P2O5 on alite 
formation manifests itself only at the theoretical content of 
3 % wt. P2O5 in clinker; and at the content of 5 % wt., certain 

Fig. 1. The influence of P2O5	 content	 (added	 in	 the	 form	 of	
MbM ash) on the phase composition of non-equilibrium burned 
clinkers	(IM	–	interstitial	mass)
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small amount of alite still forms. mutual comparison of alite 
contents in individual clinkers from all three series of experi-
ments is shown on Fig. 3.

Discussion	and	Conclusions
the experiments have confirmed that P2O5 has distinctly 

negative impact on the nucleation of alite and that it stabilizes 
belite by entering the structure of c2S, forming a solid solu-
tion with c3P.

Starting from 0.7 % wt. P2O5 in the clinker, negative 
impact of P2O5 on the phase composition of clinker was ob-
served, involving the increase of belite and free lime con-
tents on the expense of alite. Even after four hours burning 
at 1,450 °c, which can be considered due to their length as 
equilibrium, with increasing P2O5 full reacting of free lime 
with belite to alite does not happen. 4.5 % wt. of P2O5 in 
clinker completely block the formation of alite. the result of 
P2O5 addition is similar to that of SO3(ref.8), but the mecha-
nism of their operation is most probably different.

Electron microanalysis documented distinctly increas-
ing content of P2O5 in the structure of clinker silicates, above 
all of belite, with increasing bulk P2O5 content in clinker. 
it was found that P enters the structure of both clinker 
silicates partially by means of the berlinite substitution: 
al3+ + P5+ ↔ 2Si4+. 

these findings led to experiments with clinker com-
posed of only three main oxides, i.e. without either Al2O3 or 
without Fe2O3. it was found that the raw meal mix without 
Fe2O3, characteristic for clinkers used for production of white 
cement, to a certain extent eliminates the negative effect of 
P2O5 on the alite formation.

This article was worked out within the frame of Ministry 
of Industry and Trade of the Czech Republic project No. FT-
TA3/026.
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Fig. 2.	 Relationship	between	average	P2O5	and	Al2O3	contents	
in	belite.	Each	point	represents	an	average	of	15–20	spot	analy-
ses. (1 – non-equilibrium burning, MbM addition, 2 – equilib-
rium burning, MbM addition, 3 – equilibrium burning, MbM 
addition,	C3P	addition)

Fig. 3.	 The	dependence	of	alite	content	on	the	theoretical	con-
centration	of	P2O5	 in	clinker	(S	–	clinkers	with	4	main	oxides,	
S-A	–	clinkers	without	Fe2O3,	S-F	–	clinkers	without	Al2O3)
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Introduction
Lots of important material parameters of high perfor-

mance concrete (hPc) can be improved by application of 
chemical modifying admixtures called superplasticizers 
(SP). Also the desired properties can be achieved by proper 
mixture design. this work is aimed at the study of the com-
pressive and flexural strength of high performance concrete 
(hPc) as the function of its composition. the influence of 
the hPc composition on hydration process was observed by 
means of isoperbolic calorimetry.

Experimental
the mixtures composition was selected as the constitu-

tion of ordinary used hPc (table i). constituents used for 
hPc preparation were: white cement (A), silica fume (S), 
finely ground granulated blast furnace slag (vPS), finely 
ground silica (Suk), calcinated bauxite (B), polycarboxy-
late superplasticizer (SP) and water. the compressive and 
flexural strength of hPc prepared was measured after 28 day 
moist curing.

the influence of hPc composition on hydration process 
was observed by means of isoperbolic calorimetry. From 
obtained calorimetric curves, the maximal achieved tempe-
rature and time from mixing to reaching this temperature was 
evaluated.

Results
the controlling samples of cement and one consti-

tuent studied was prepared. Flexural strength of these 
mixtures decreased in the following sequence: silica 
fume > Suk > vPS > bauxite and compressive strength in this 
sequence: silica fume > vPS > Suk > bauxite.

From mixtures prepared by combination of selected 
components, the highest strength was measured in mixtures  
 

table i
the constitution of mixtures

 number of A S B Suk vPS SP h2O
 mixture [g] [g] [g] [g] [g] [g] [g]
 1 750 300 1,050 0 0 25 148
 2 750 225 500 0 0 25 130
 3 750 300 1,050 150 0 25 171.5
 4 750 300 1,050 0 150 25 176
 5 750 300 1,050 150 150 25 189
 6 750 300 500 0 0 25 148
 7 750 300 0 300 300 25 205
 8 750 300 500 300 300 25 215
 9 750 300 500 150 150 25 180
 10 750 300 500 300 300 25 220
 11 750 150 0 150 150 25 169.5
 12 750 150 500 0 0 25 110
 13 750 0 500 0 0 25 176.5
 14 750 300 0 0 0 25 130
 15 750 0 0 300 0 25 173
 16 750 0 0 0 300 25 207
 17 750 0 500 150 0 25 172
 18 750 0 500 0 150 25 175

table ii
the constitution of mixtures

 number max. time of max Flexural compressive
 of temperature temperature strength strength
 mixture [°c] [hours] [mPa] [mPa]
 1 32.35 12.54 18.87 154.40
 2 36.11 10.65 19.66 146.80
 3 33.64 11.58 22.76 160.30
 4 31.81 10.59 20.55 161.20
 5 31.15 11.24 21.26 145.10
 6 36.05 11.44 16.03 123.05
 7 34.85 8.95 19.5 147.90
 8 32.44 9.03 20.6 139.80
 9 34.31 8.19 17.77 133.70
 10 34.09 6.21 20.23 138.48
 11 41.33 6.80 17.92 147.48
 12 36.00 7.36 20.27 164.10
 13 39.88 7.21 10.31 98.50
 14 42.41 10.51 14.48 140.55
 15 43.49 8.75 13.34 102.40
 16 44.80 9.22 9.53 123.40
 17 37.45 8.91 13.28 125.20
 18 37.82 10.44 14.34 123.20

Fig. 1. Influence of water to binder ratio on temperature 	
changes
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with cement, silica fume, bauxite and only minimal amount 
of other components.

the influence of water to binder ratio on temperature 
changes was observed by measuring of mixture with all com-
ponents and different amounts of added water.

When the w/b ratio is increased, total amount of heat 
is increased too. the temperature is increasing only to fixed 
amount of added water. increasing the quantity of added 
water results in better contact of elements with water and 
hence supports the heat releasing hydration reaction. When 
the amount of added water is higher than quantum necessary 
for the hydration processes, this water becomes the “inert 
water”, which does not contribute to the hydration, hence the 
maximum temperature reached during the hydration process 
is lowered.

From evaluated data (table ii) we can see, that as 
expected the highest temperature was reached by the mixtu-
res with the highest amount of cement. 

When some cement is replaced by other component, the 
maximum temperature and heat release is decreased. this 
decreasing is probably possible thanks to reaction of compo-
nents with free lime, which going to decreasing of ph value. 
When the ph is changed, total heat of reactions is changed 
too. the bauxite is probably use as “inert element”, which is 
effecting similarly as “inert water”. For decreasing of maxi-
mum temperature are components more effectively in this 
sequence: bauxite > silica fume > Suk > vPS. 

Some constituents studied also caused the retardation of 
the hydration process, which can be observed on the calori-
metric curves as the shift of the second peak maximum. the 
constituents used are increasing time of hydration process in 
following sequence: silica fume > vPS > Suk > bauxite.

When we change some dosage of cement by other com-
ponents, may be maximum temperature decreased by 20 °c 
and time of hydration increased two times. in compare with 
measuring of strength we can look that the highest strength is 
in mixtures with lower maximum temperature.

Conclusions
the compressive and flexural strength of hPc prepared 

was measured after 28 day moist curing. the influence of hPc 
composition on hydration process was observed by means of 
isoperbolic calorimetry. From obtained calorimetric curves, 
the maximal achieved temperature and time from mixing to 
reaching this temperature was evaluated. Flexural strength of 
prepared mixtures decreased in the following sequence: silica 
fume > Suk > vPS > bauxite and compressive strength in this 
sequence: silica fume > vPS > Suk > bauxite. For decreasing 
of maximum temperature are components more effectively in 
this sequence: bauxite > silica fume > Suk > vPS, for increa-
sing time of hydration process in following sequence: silica 
fume > vPS > Suk > bauxite.

 (a) (b)
Fig. 2.	 Decreasing	of	the	maximum	temperature	and	delaying	of	the	second	peak	on	the	hydration	curve

Fig. 3.	 The	changes	in	hydration	process	by	using	of	other	com-
ponents
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Introduction
nowadays a part of hydrated cementitious materials 

research branch is focused on the polymer-cement composites 
with unusual manufacture qualities. the high-strength poly-
mer-cement composites based on a water-soluble polymer 
are also known as macrodefect-free (mDF) composites. the 
name originates from its typical structure free of macrode-
fects such as large pores and flaws. mDFs have a privileged 
position due to its superior mechanical properties in the field 
of cementitious materials. its flexural strength is reaching up 
to 300 mPa compared with values of about 5 mPa typical 
ones for ordinary Portland cement paste. the strength impro-
vement is reached only by addition of up to 10 % of polymer 
and subsequent high-shear processing1.

macrodefect-free composites exhibit high sensitivity to 
moisture2 due to its water-soluble polymer that interpenetrates 
throughout the whole bulk of composite forming an organo-
inorganic matrix. the used polyvinylalcohol-acetate polymer 
forms the matrix with hydration product of aluminate cement 
during the high-shear processing and especially during the 
subsequent curing. the curing condition such as temperature 
and moisture plays important role in the matrix formation and 
further chemical composition and physical properties.

Experimental
the tested mDF composites were prepared using alu-

minate cement Secar 51 (Lafarge Aluminates) whose major 
phase is cao . al2O3 supplemented with 12cao . 7al2O3, 
2CaO . al2O3 and CaO . TiO2 with total Al2O3 content above 
50 % and with polyvinylalcoholacetate Sloviol P-8810 
(nchZ) of hydrolysis degree 88 % and viscosity of 4% water 
solution 11.6 mPa s.

cement with polymer was mixed in amount from 2 up 
to 7.5 % wt. the water was added certainly to obtain an opti-
mal consistency for subsequent high-shear processing. the 
water – solidus ratio varied around the value of 0.16. 1 % wt. 
of superplasticizer Glenium c151 (Degussa) was also added. 
the mixture of cement, polymer, water and superplastici-
zer was compacted and high-shear processed with twin-roll 
mixer. 100 × 20 × 2 mm sized thin specimens were pressed at 
5 mPa to constant pressure. these specimens were heated at 
20, 40, 60, 80 and 100 °c in open atmosphere and afterwards 
for 1 and 7 days put into three types of surroundings – dry 
(polyethylene bags), moist (at almost 100% rh.) and immer-
sed in water.

After 1 or 7 days of curing the specimen’s flexural 
strength was tested in three-point bend instrumentation with 
40 mm distance of supports.

Results
the flexural strength results of tested composites with 

different polymer content, cured at various temperatures and 
moisture conditions are shown at Figs. 1.–5. the results are 
divided according to moisture conditions to five histograms. 
the first graph at Fig. 1. represents samples cured in dry con-
dition in closed PE bags. the effect of moisture was studied 
in two intensities – at almost 100% relative humidity and 
immersed in water, and after two periods – 1 day and 7 days, 
that is shown at following four histograms at Figs. 2.–5. 
Flexural strength is served in dependence on polymer content 
together with curing temperature.

Fig. 1. shows that composites with given polymer con-
tent have different flexural strength dependence on curing 
temperature stored in dry conditions. the highest flexu-
ral strengths at given polymer dosage are following: 2.5 % 
– 40 mPa at 80 °c, 4 % – 43 mPa at 40 °c, 6 % – 56 mPa at 
60 °c and 7.5% – 61 mPa at 60 °c.

Samples cured at almost 100% relative humidity (Fig. 2. 
and Fig. 3.) generally exhibits lower flexural strength com-
pared with that ones cured in dry atmosphere. the strength 
decrease at higher polymer content is over 50 % and at lower 
polymer content (2.5 %) about 30 %. it can be explained by 
lower initial strengths due to insufficient polymer content. At 
curing temperature of 60 and 80 °c the decrease is more out-
standing (up to 75 %).on the other hand the most expressive 

Fig. 1.	 Flexural	 strength	 of	 MDF	 composites	 with	 different	
polymer	content	and	curing	 temperature,	cured	 in	dry	atmos-
phere
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difference is at 100 °c. After 1 day of moist curing the flexu-
ral strengths keep almost the same values compared with dry 
curing, whereas flexural strengths after 7 days of moist curing 
are very low especially at polymer content of 7.5 %, where 
the flexural strength exhibits only almost 10 % of the initial 

value. composites cured at other temperatures generally are 
not influenced by time of moist curing.

mDF composites immersed in water for 1 day (see 
Fig. 4.) exhibit overall more lower flexural strengths than 
composites cured in moist atmosphere. one significant irre-

Fig. 2.	 Flexural	 strength	 of	 MDF	 composites	 with	 different	
polymer	 content,	 curing	 temperature,	 cured	 in	 moist	 atmos-
phere	for	1	day

Fig. 3.	 Flexural	 strength	 of	 MDF	 composites	 with	 different	
polymer	 content,	 curing	 temperature,	 cured	 in	 moist	 atmos-
phere	for	7	days

Fig. 4.	 Flexural	 strength	 of	 MDF	 composites	 with	 different	
polymer	 content,	 curing	 temperature,	 immersed	 in	 water	 for		
1	day

Fig. 5.	 Flexural	 strength	 of	 MDF	 composites	 with	 different	
polymer	 content,	 curing	 temperature,	 immersed	 in	 water	 for		
7	days
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gularity is in the case of composites cured at 60 °c. these 
samples have almost the same flexural strength like that 
ones cured in dry atmosphere. on the other hand composi-
tes immersed for 7 days exhibits markedly lower decrease of 
flexural strength. the lower polymer content and temperature 
is, the lower decrease is monitored. Polymer in mDF compo-
sites immersed in water is washed out during the first day that 
leads to very porous structure and lower strength. in the fol-
lowing period up to 7 days of immersion water come into the 
open pores and the non-hydrated cement grains undergoes 
further hydration. Large pores after polymer agglomerates 
are filled with Al(oh)3 precipitated from solution and cAh 
gel forms the binder matrix. therefore the flexural strength 
of mDF composites after longer immersion increases again.

Conclusions
Prepared mDF composites exhibits extreme mechani-

cal properties in terms of cementitious materials. the best 
reached flexural strength was 61.3 mPa in the case of 7.5 % 
of PvAl cured at 60 °c. overall the best performing com-
posite consist of 6 % of PvAl at all curing temperatures. its 
best flexural strength was reached after curing at 60 °c in the 
value of 55.7 mPa.

Generally, the mechanical properties of tested compo-
sites were significantly influenced by contact with water. 
Samples stored in moist atmosphere for 7 days exhibited hi-
gher strength decrease then that ones stored for only 1 day. 
immersion in waterfor 1 day leads to even higher strength 
fault compared with moist atmosphere. on the other hand 
the longer storage under water evoked follow-up increase of 
flexural strength. in the first stage polymer was washed up 
from pores of composite and subsequently water hydrated 
exposed clinker grains throughout the open pores.

This work has been supported by project MPO ČR 
FT-TA3/026
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Fig. 6.	 Image	in	polarized	light	of	thin	section	of	MDF	compo-
site	containing	6	%	of	polymer	after	7	days	in	moist	atmosphere

Fig. 7.	 SEM	 image	 of	 thin	 section	 of	 MDF	 composite	 contai-
ning	6	%	of	polymer	after	7	days	of	immersion	in	water
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Introduction
nowadays an extensive research is aimed to polymer-

cement materials. Generally, two ways can be mentioned how 
to combine organic polymer with the inorganic cement. the 
first one is concrete impregnation with polymer, where poly-
mer in form of solution, emulsion or dispersion is transported 
into the open pore structure of concrete. the second type of 
these materials is the polymer modified concrete (Pmc), 
where the polymer is mixed within fresh cement paste buil-
ding up two component composite binder. the nature of 
mineral phases – polymer chemical interactions decides on 
the consequent properties of composite2.

Polymer latex modified cement composites forms within 
its structure two different binder – cement paste and polymer 
films. Properties of these binders can supplement each other 
due to intramolecular forces interactions. Water from latex is 
consumed during the hydration of cement that leads to forma-
tion of polymer films. interactions of polymer with the sur-
rounding mineral phases are primarily of van der Walls type. 
Almost no chemical bonds are supposed in this system. Latex 
modified mortars exhibit increased flexural strength. Elastic 
polymer films fulfill pores and flaws which avoids premature 
failure of the material. on the other hand pressure strength 
is not so influenced by polymer films formation. its value is 
preferably determined with concretion of gel and crystalline 
phases of hydrated cement1,2.

the paper deals with effect of polymer in latex on 
mechanical properties of latex modified cement materials.

Experimental
P r e p a r a t i o n  a n d  c u r i n g  o f  P m c

there were selected 5 types of latexes according to 
polymer nature. Some of their basic properties are presented 
at table i. Lipaton XA 491 represents styrene-vinylacrylic 
esters (SAE), Lipaton SB 5813 is representative of styrene-
butadiene rubbers (SBr), Plextol × 4002 of polyacrylic esters 
(PAE), Plextol D 509 is latex of copolymer of methylmet-
hacrylate and n-butylacrylate (mBr) and Duvilax BD-20 is 
latex of polyvinylacetate (PvAc). Latexes of series Lipaton 
and Plextol are produced by PolymerLatex company in Ger-
many and Duvilax is produced by Duslo Šala in Slovakia. 
Polymer latexes were combined with Portland cement cEm i 
42.5 r (turňa nad Bodvou, Slovakia).

Polymer latexes were mixed with cement from 1 to 15 % 
of weight to cement. various amount of water was added 
to obtain always the same consistency. Fresh pastes were 

formed to testing beams of dimensions of 20 × 20 × 100 mm. 
thereafter smples were cured in atmosphere of almost 100% 
relative humidity.

Results
m e c h a n i c a l  P r o p e r t i e s

the whole range of tested latexes was primarily tested in 
Pmc pastes of polymer content of 5, 10 and 15 % of weight 
to cement. compressive and flexural strength after 28 days 
of curing was tested as the basic mechanical parameters. For 
comparation a pure cement paste without latex was prepa-
red and its compressive strength was 64.06 mPa and flexural 
strength was 9.14 mPa and this values are marked in graphs 
with red line. the experimental results are shown at Fig. 1. 
and Fig. 2. Polymer latexes Plextol × 4002 (PAE) and Duvilax 
BD-20 (PvAc) in dosage 10 and 15 % markedly fall behind 
the other types in strength parameters. We can see that Pmc 
pastes with PAE and PvAc latex in dosage of 5 % exhibit 
almost the same flexural strength compared with pure cement 
paste. higher polymer dosage leads to decrease of flexural 
strength up to 50 % of initial value. Polymer addition decre-
ased the compresive strength in all cases beyond SBr latex. 
SBr latex decreased compressive strength under the value 
of pure cement paste after dosage of 15 %. PAE and PvAc 

table i
Basic properties of tested polymer latexes

    Polymer latex
 Properties Lipaton Lipaton Plextol Plextol Duvilax
  XA 491 SB5813 X 4002 D 509 BD–20
 Polymer Sae SBr Pae MBr PVac
 Solids
 content 57 48.5 60 50 53.5
 [%]
 ph [20°c] 8.0 8.0 2.0–2.5 7.5 3.0–5.0
 Density 1.04 1.01 1 1.05 –
 [g cm–3]
 Viscosity 500– 30 100– 100– 4,000–
 [mPa s] 4,000  2,000 2,000 19,000

Fig. 1.	 Compressive	strength	of	PMC	after	28	days	of	curing
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latexes leads to compressive strength decrease up to 20 % 
of pure cement paste. therefore the following experiments 
targeted the only three perspective latexes – Lipaton SB 5813 
(SBr), Lipaton XA 491 (SAE) and Plextol D 509 (mBr).

Subsequently the selected polymer latexes were used to 
prepare Pmc pastes of polymer dosage 1, 2.5, 5, 7.5, 10, 12.5 

and 15 % of weight to cement. Again flexural and compres-
sive strength was tested and its results are shown at Fig. 3 
and Fig. 4. At Figs. 3. and 4. we can see that increasing con-
tent of polymer in all cases increases flexural strength and on 
the other hand it decrases compressive strength. the highest 
increase is notable in the case of SBr latex from 10.15 mPa 
up to 25.01 mPa. Pmc pastes with 15 % of polymer reach 
almost double flexural strength in case of SAE and mBr 
latexes and paste with SBr latex reached even triple flexu-
ral strength compared to pure cement paste. SAE latex leads 
to flexural strength increase after 5% addition to paste and 
under this value flexural strength is decreased. compressive 
strength decrease was lowest in pastes with SBr latex again. 
the pastes with polymer dosage up to 10 % exhibited higher 
compressive strength even than pure cement paste. Pmc 
paste with mBr latex holds its compressive strength over the 
pure cement one up to 2.5% of polymer content and paste 
with SAE latex only at 1% dosage.

Pmc paste with the most perspective SBr latex was 
tested also for strength development in time. the experiment 
were hold with 5, 10 and 15 % polymer dosage and compres-
sive and flexural strength was test after 1, 3, 7 and 28 days of 

Fig. 2.	 Flexural	strength	of	PMC	after	28	days	of	curing

Fig. 3.	 Compressive	strength	of	selected	PMC	after	28	days	of	
curing

Fig. 4.	 Flexural	 strength	 of	 selected	 PMC	 after	 28	 days	 of	
curing

Fig. 5.	 Compressive	strength	development	of	PMC	with	 latex	
Sb	5813

Fig. 6.	 Flexural	 strength	 development	 of	 PMC	 with	 latex		
Sb	5813
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hydration. Experimental results are introduced at Figs. 5. and 
6. We can see that increasing polymer content increases also 
flexural strength development and decreases development 
of compressive strength. Producent declared 2–day flexural 
strength of pure cement paste is 3.3 mPa and compressive 
strength 31.1 mPa (red lines in Figs. 5. and 6.). Flexural 
strength development of tested Pmc paste with SBr latex is 
several times faster. Strength development of Pmc paste with 
low polymer dosage significantly slows down after 3 days 
of hydration in contrast to high polymer dosage Pmc paste 
whose strength development rate is quite extensive up to 28 
days of hydration. Development of compressive strength is 
markedly fast up to 3 days in all polymer dosage.

Conclusions
the measured strength characteristics show that the 

most promissing type of polymer latex for preparation of 
polymer modified concrete is styrene-butadiene ruber latex 
(SBr). its 15% addition to cement paste leads to triple flexu-
ral strength after 28 days of hydration, while compressive 

strength is not reduced up to 10% dosage. its flexural strength 
development in time is very fast. it reaches more than 30 % 
of final strength after 1 day of hydration. very good results 
were achieved also with styrene-vinylacrylic ester latex and 
methylmethacrylate n-butylacrylate copolymer latex. they 
higher addition leads to higher compressive strength decre-
ase, therefore they should be preferably used in low dosage. 
Polyacrylic ester latex and polyvinylacetate latex exhibited 
decrease of the compressive even the flexural strength so that 
they are not suitable for Pmc preparation.

This work has been supported by project MPO ČR: 
FT-TA3/026 and project MŠMT NPVII: 2B08024.
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Introduction
Aluminate cement is known since beginning of 20th cen-

tury. After a few collapses of constructions made from alumi-
nate cement its utilization such as construction material was 
prohibited in many countries. nowadays aluminate cement 
finds utilization especially in refractories and some non-tra-
ditional material e.g. macrodefect-free composites.

Ca (CaO . al2O3), the major component of common 
aluminate cements, is responsible for the characteristic 
properties of aluminate cements, namely strength and hyd-
ration rate. Ca2 (CaO . 2al2O3) mineral grossite and C12a7 
(12CaO . 7al2O3) mineral mayenite are usually minor hyd-
raulic phases of aluminate cements, but cA2 can major com-
ponent of high-aluminate cement. their presence influences 
the properties of cement, chiefly hydration rate and early and 
late strength. C3a (3CaO . al2O3) is an important component 
of Portland cement. Although it is not major component, it 
plays significant role in hydration process of Portland cement 
especially in reactions with gypsum.

Despite of cement hydration has been studied for a 
long period and there were established a number of reaction 
mechanisms (Le chatelier, michaelis) and there were identi-
fied some of hydration products, the process of hydration of 
the individual phases has not been clearly explained. in con-
trast to calcium silicates primarily not all the hydration pro-
ducts of calcium aluminates have been identified to date as 
well as their hydration kinetics at various ph environments.

Experimental
P r e p a r a t i o n  o f  h y d r a u l i c  c a l c i u m 
A l u m i n a t e  P h a s e s

calcium aluminate phases can be prepared in several 
ways. the most common preparation method is based on 
solid phase clinkering that was used. caco3 and al2O3 in p.a. 
clearness were well mixed in stoicheiometric rate appropriate 
for the individual phases.

According to results the sintering has to be done at least 
twice to establish thermodynamic equilibrium and to obtain 
the pure phase. throughout the first sintering the mixture was 
heated to 900 °C at rate of 10 °C min–1 for 1 hour. then the 
heating continued at the same rate to the final temperature and 
there kept out for 5 hours. the final temperature depends on 
the prepared phase: cA and c3a – 1,450 °C, Ca2 – 1,600 °C, 
C12a7 – 1,360 °c. the second heating was accomplished 
without the holding at 900 °c right to final temperature for 

5 hours as well. the products were grounded after each sin-
tering in vibration mill. the clearness of prepared calcium 
aluminate phases was verified with XrD analysis. only the 
powder fraction with particles passed sieve mesh of 90 μm 
was used for the following hydration.

h y d r a t i o n  a n d  S e m i a d i a b a t i c 
C a l o r i m e t r y

For the evaluation of hydration kinetics the semiadiaba-
tic calorimeter has been utilized. the calorimeter consists of 
thermo-isolation cell from polystyrene foam, 250 ml reaction 
vessel, magnetic stirrer, thermistor, digital multimeter and 
data logging software in Pc.

hydration of the individual phases was monitored at four 
different ph values varying from neutral to high alkali: 6, 9, 
11, 12.65. 30 g of the phase was poured into 50 ml of water 
with appropriate puffer. the ph 6 was measured in the pure 
distilled water. the temperature logging was started imme-
diately after the pouring of oxide into water with logging 
interval of 2 seconds for following 48 hours. Afterwards the 
hydrated mixture was filtrated and several times rinsed with 
distilled water. the solid hydration products were dried at 
40 °c at decreased pressure for 4 hours.

Results
S e m i a d i b a t i c  c a l o r i m e t r y

Hydration of C3A is the most intensive between 20 and 
50 minutes after mixing with water depending on ph value 
(see Fig. 1.). this hydration process is very fast and linked 
with high evolution of heat and its kinetics is enough fast 
until 5 hours after mixing. At ph of 6, 9 and 11 can observed 
very weak exotermic process at 32–36 hours after mixing. 
compared with other oxides the hydration of c3a is the fas-
test. hydration at ph value of 6 is connected with the highest 
temperature increase of all oxides.

hydration of cA at all environments is characteristic by 
two separated processes evolving heat. the first one has maxi-
mum of rate at 3–12 hours after mixing and its rate strongly 

Fig. 1.	 Semiadiabatic	 calorimetric	 curves	 of	 CA	 hydrated	 at	
pH	6–12



Chem. Listy, 102, s265–s1311 (2008) Chemistry of Inorganic Materials

s917

depends on ph value (see Fig. 1.). the hydration rate is incre-
asing with increasing ph, only hydration at ph 9 is totally 
inhibited in this first step. on the other hand the intensity of 
the second weak process occurring after 27–32 hours is hi-
gher then intensity at the other ph values. overall hydration 
rate of cA is the second slowest of the examined oxides.

Ca2 exhibits the lowest hydration activity (see Fig. 1.). 
the hydration process starts during the first 5 hours and the 
evolution of heat is poorly identifiable. the hydration con-
tinues whole monitored 48 hours at very low intensity. two 
weak separated processes could be found at 6–9 hours, that 
is most clear at ph 6, and about 23 hours of hydration de-
tectable at ph 11 and 12.

the kinetics of hydration process of mayenite is very 
similar to that of C3A (see Fig. 1.). the highest evolution of 
heat comes on after 40–60 minutes of hydration. this process 
is also very fast. A weak process can be observed at 30–36 
minutes after mixing as well. c12a7 is the second most reac-
tive oxide.

D t A  a n d  X - r a y  D i f f r a c t i o n 
a n a l y s i s

Samples cured at almost 100% relative humidity 
(Figs. 2. and 3). the DtA curves of hydrated c3A exhibit 
three endothermal effects at all ph (see Fig. 2.). XrD ana-
lysis identified only one crystalline hydration product – hyd-
rogrossular c3aH6 (see Fig. 3.). the first endotherm without 
weight loss at 150 °c can be connected with decomposition 
of C3aH6 to C2aH5 and portlandite ch. the second strong 
endothermal effect at 310 °c is invoked by dehydration of 
C2aH5 followed by dehydration of portlandite at 460 °c. 
this process is confirmed by the proportion of weight loss 
during these dehydrations that is always strictly 5 : 1. tGA 
curves shows that the most amount of hydrogrossular was 
created at ph 9 and the least at ph 11.

the hydrated cA exhibits more hydration product 
than C3A and their amount only slightly depends on ph 
(see Fig. 2.). As well as in the case of c3A there can be 
found hydrogrossular, but only as the minor hydration pro-
duct, especially at ph 12 (well observable is only endotherm 
at 310 °c). Endotherms at 150 and 275 °c at all ph are 
joined with dehydration of c2aH8. this hydrate was not 
identified by XrD (see Fig. 3.), so that it has to be of amor-
phous or microcrystalline nature. the amount of c2aH8 is 
comparable at all ph values. A distinct endothermal effect 
is connected with a crystalline hydrate that was identified 
also by XrD. the nature of this hydrate was not clarified.  
its diffractions are not published in available XrD databases. 
the highest amount of this hydrate is at ph 6 and 12, the least 
at ph 11. Another weak endothermal maximum can be obser-
ved at 225 °c mainly at ph 11 (see Fig. 2.) and one at 320 °c 
noticeable at ph 6. these effects have not been assigned.

DtA curves of hydrated cA2 are shown also at Fig. 2. 
DtA and tGA curves correspond with measured calorime-
try results (see Fig. 1.). the extent of hydration is very low.  
no hydration products at ph 9 were identified. hydration 
at ph 6 and partially at ph 11 and 12 leads to lower amount 
of hydration products. As well as in the case of cA there can 

Fig. 2.	 Semiadiabatic	 calorimetric	 curves	of	C3A	hydrated	at	
pH	6–12

Fig. 3.	 Semiadiabatic	calorimetric	curves	of	CA2	hydrated	at	
pH	6–12

Fig. 4.	 Semiadiabatic	calorimetric	curves	of	C12A7	hydrated	at	
pH	6–12
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be identified hydrate c2aH8 and not clarified hydration pro-
ducts (at 70 and 215 °c).

hydration of mayenite leads to similar hydration produ-
cts as in the case of cA. there can be identified hydrogros-
sular c3aH6 at ph 11 and 6 such as main hydration, whereas 
at ph 9 and 12 its amount is lower. c2aH8 was found mainly 
at ph 6, 9 and 12 as well as the not clarified crystalline hyd-
ration product at 100 °c that is the main hydration at ph 6, 9 
and 12. Analogous to c3A the lowest conversion of oxide to 
hydration products is at ph 11.

Conclusions
According to obtained results oxides c3a and C12a7 

exhibit highest hydration activity. hydration products and 
their formation kinetics are very similar at all tested ph 

values. the least reactive calcium aluminate phase is cA2. 
Hydration of C3A at all ph values evokes only one product 
– cubic hydrogrossular c3aH6. hydration of cA at all ph 
and C12a7 at ph 9 and 12 leads also to formation of hydrate 
C2aH8. Less amount of c2aH8 was also found in hydration 
products of mayenite at ph 6 and 11 and cA2 at ph 6, 11 and 
12. During the hydration of cA and c12a7 an unidentified 
crystalic hydration product is generated. its X-ray diffractions 
were not found in the newest databases. Generally, hydration 
of Ca and C12a7 leads to formation of the same products, 
only changes are in the amount of hydrates.

This work has been supported by project MPO ČR: 
FT-TA3/026 and project MŠMT NPVII: 2B08024.

Fig. 5.	 DTA	curves	of	hydrated	CA	at	pH	6–12

Fig. 6.	 DTA	curves	of	hydrated	C3A	at	pH	6–12

Fig. 7.	 DTA	curves	of	hydrated	CA2	at	pH	6–12

Fig. 8.	 DTA	curves	of	hydrated	C12A7	at	pH	6–12
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Introduction
Biodeterioration or biocorrosion of building materials 

– stone, concrete, mortar, etc., can be caused by such micro-
organisms as bacteria, fungi, lichens, algae, and plants (Was-
serbauer, 2000). multidiscipline methods are available for 
the study of biodeterioration each other materials. Almost of 
them is bearing to biological part of problem e.g. identifica-
tion of biodeteriorates, evaluating of birth biofilm or studies 
of metabolites. Biofilms are complex communities of micro-
organisms attached to surfaces of materials generally, or as-
sociated with interfaces. Bacterial biofilm formation on inert 
surfaces is a significant technical and economic problem in a 
wide range of environmental, industrial, and medical areas. 
Bacterial adhesion is generally a prerequisite for this coloni-
zation process and, thus, represents an attractive target.

Experimental
to the purpose of concrete corrosion study (chemical, 

physical and structural changes) is important to obtain the 
representative sample from damaged part. Drilling corps 
are the most suitable for these purposes. on the other hand, 
there is some risk to damage of biodeteriogen or biofilm in 
consequence of high temperature beside drilling procedure. 
the cores of 75 mm diameter and about 100 mm length 
were obtained by coring equipment hilti. the experimen-
tal samples are from concrete material of sewerage system 
of 30 years old building with very aggressive environment, 
because mineral water sources with h2S are in this locality. 
consequently potential risk of biodeterioration follows to 
SrB (sulphate reducing bacteria) which living in this type 
of water. 

chemical impact on to concrete samples was tested by 
classical methods; results are in tables ii and iii. From sur-
face were taken small amounts of sample under sterile con-
ditions for microbiological tests and examination of miD of 
concrete.

A n a l y t i c a l  E v a l u a t i o n
the dependence of ph values changes and aggressive 

ions on depth e.g. their profile was determined. the samples 
were separated mechanically by gradual depth up to 3.0 mm. 
concrete powder after grinding procedure was collected; the 
each other portion of samples was dried up to constant weight 
at 105–110 °c. For potenciometric determination of alkality 
we used 1 ± 0.0005 g of samples after their separation, and 
dissolute in 100 ml distilate water. Solutions were shaken for 
2 hours. Filtrate was used to determine cl– ions by potentio-
metric method. the result expressed as % wt. in cement stone 

are in tables ii and iii. the ph values were determined by 
potentiomeric method, too. concentration of inorganic sul-
phates was determined by gravimetric method follow to Slo-
vak standard rules (Priganc, terpáková, 2003).

B i o c o r r o s i o n  E v a l u a t i o n
the media used for isolation and continued cultivation 

of samples obtained from concrete surface were neutrophi-
lic media (n) and acidophilic media (A) prepared follow to 
(Sand, 1987). Experiment continues in this time and details 
of biodegradation inner parts of concrete will be tested by 
AFm (atomic force microscope) in a future.

Results

table i
colonial types of bacteria cultivated from concrete

  (n) (A) 
  opaque, white spreader Large, white with
 Sample with irregular edges very good growth
 1 Small, round, creamy
  collared
  Small, round, creamy Small, round, white
 Sample collared translucent colonies
 2 opaque, white spreader Small, round, shiny
  with irregular edges yellow colonies
(n) – neutrophilic medium
(A) – acidophilic medium

table ii
chemical results of concrete core 1

 Depth of   concentration [%]
 sample ph ± 0.01 cl– SO4

2– l.o.i 1,000 °C [mm]
 0–3 9.25 0.025 0.13 12.23 ± 0.01
 3–6 9.36 0.021 0.12 10.95 ± 0.02
 6–9 9.40 0.020 0.11 9.86 ± 0.02
 9–12 9.55 0.020 0.09 9.78 ± 0.01
 12–15 9.73 0.017 0.09 9.53 ± 0.01
 comprehensive strength values [mPa] 20.3

table iii
chemical results of concrete core 2

	 Depth of   concentration [%]
 sample ph ± 0.01 cl– SO4

2– l.o.i 1,000 °C [mm]
 0–3 9.12 0.028 0.16 13.40 ± 0.01
 3–6 9.20 0.022 0.13 11.24 ± 0.01
 6–9 9.23 0.019 0.11 10.18 ± 0.01
 9–12 9.35 0.018 0.08 10.25 ± 0.01
 12–15 9.62 0.015 0.07 10.13 ± 0.01
 comprehensive strength values [mPa] 19.5
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major colonial types of bacteria obtained from corroded 
concrete product are described in table i.

Determination the typical corrosive agents confirmed 
their presence in the structure of concrete and consequently 
manifestation of sulphate corrosion and carbonisation above 
all.

Conclusions
Aggressive miD microorganisms can form a biofilm on 

the surface of samples so that when nutrients are provided 
the microbes remain active. the changes of physical – che-
mical characteristics expressed as the differences in alkaline 
reaction confirme the neutralisation process of cement stone 
due to miD up to 3–6 mm depth. Follow to alkali reaction 
values is possible to confirm that 2–3 degree of carbonisation 
concrete is present in both samples, (matoušek, Drochytka, 

1998). the statistically significant changes were obtained in 
case determination of loss weight by ignition too. results of 
long time experiment after incubation by neutrophilic and 
acidophilic medium were present in future.

Acknowledgement: This work has been supported by 
Grant Agency of Slovak Republic (project No. 2/0075/08).
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Figure 1: Detail view of  surface sample number 1.  

Fig. 1.	 Detail	view	of	surface	sample	number	1    

Figure 2: Detail view of  surface  sample number  2   

Fig. 2.	 Detail	view	of	surface	sample	number	2
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Introduction
high-energy milling is now one of the materials proces-

sing methods that is widely used in powder technology. the 
advantage of high-energy milling is its simplicity and effecti-
veness. the disintegration of mineral particles by mechanical 
activation is accompanied by an increase in the number of 
particles and by generation of fresh, previously unexposed, 
surface1,2.

Particle size reduction in olivine is produced by milling 
(either wet or dry), the nature of which plays an important role 
in the physicochemical properties of the resulting powders 
and in the further processing steps.3–5 The effects of milling 
have been studied extensively, mainly for silicates minerals 
such as olivine because it is a mineral possible to use as a 
suitable feedstock for carbon dioxide sequestration3,4.

the basic concept behind co2 disposal by means of 
silicates well known as mineral sequestration was originally 
proposed by Seifritz in 1990 and first studied in more details 
by Lackner. this idea mimics very slow (of thousands to mil-
lions of years) natural weathering process of silicate minerals 
conversion.

mechanical activation by high-energy milling can results 
in major improvement of the reaction rate1.

Experimental
M a t e r i a l

the olivine sample used in this study was kindly 
supplied by the norwegian mining company north cape 
minerals (ncm) and originates from the production plant at 
Ǻheim (norway). 

the sample contains approximately 93 % forsterite (mg-
2SiO4) and 7 % fayalite (Fe2SiO4). this olivine composition 
is referred to as Fo93. Small amounts of accessory minerals 
like chlorite, chromite, enstatite, serpentinite and talc can 
also be found in the sample. the olivine product used in this 
study is a foundry sand (AFS50) and contains approximately 
95 % pure olivine.

the bulk chemical composition (as analysed by ncm 
using X-ray fluorescence (XrF) analysis) of the sample is 
following: 50.2 % mgo, 41.5 % Sio2, 7.41 % Fe2O3, 0.36 % 
al2O3, 0.33 % nio, 0.30 % cr2O3, 0.08 % mno, 0.08 % 
cao, 0.01 % na2o, 0.01 % k2o, Loi 0.27 %.

m e c h a n i c a l  A c t i v a t i o n
two milling models including dry and wet modes are 

applied in the milling processes such as mechanical activa-
tion of material and/or minerals. the comparison of the wet  
 

and dry milling effects on the structural changes usually was 
made at the same grinding mill.

the olivine sample was mechanically activated in two 
high-energy mills by various conditions:

Laboratory	planetary	ball	mill (Pulverisette 6, Fritsch, 
Germany) (Pm) (Fig. 1.a):

Weight/diameter of balls: 360 g 10 min–1

volume of milling chamber: 250 ml
material of milling chamber and balls: Wc
rotation speed: 450 min–1

Weight of sample: 18 g
volume of added water: 0–100 %
milling times: 2–30 min
conditions of milling: ambient temperature, free access 
of air

Industrial	nutating	mill (Hicom 15, Hicom Internatio-
nal Pty, Ltd., Australia)(nm)(Fig. 1.b):

Weight/diameter of balls: 10 kg 5 mm–1

volume of milling chamber: 5,000 ml
material of milling chamber and balls: stainless steel 
rotation speed: 900 min–1

Weight of sample: 1,000 g
volume of added water: 0–50 %
milling times: 1–10 min
conditions of milling: ambient temperature, free access 
of air

S p e c i f i c  S u r f a c e  A r e a
the specific surface area was determined by the low 

temperature nitrogen adsorption method in a Gemini 2360 
sorption apparatus (micromeritics, uSA).

Results	and	Discussion
the olivine sample was mechanically activated in one 

laboratory and one industriall mill. conditions of milling are 
described in previous part. the aim of the present investiga-
tion was to study the effects of dry and wet milling on the 

•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•

Fig. 1. Specific surface area SA	 as	 a	 function	 of	 milling	 time		
in	a	planetary	mill
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changes in surface area of olivine sample. Summary of the 
milling results is given in table i.

As can be seen from results in table i, milling of olivine 
in laboratory planetary mill produces an increase of starting 
surface area from 0.25 m2 g–1 to 5.21 m2 g–1 at 30 min without 
water addition and to 41.49 m2 g–1 at the same time with addi-
tion of 50 % of water (Fig. 1.). it was observed increase of 
specific surface area (Sa) by milling with various addition of 
water (0, 5, 20, 50, 100 %) at the same time (30 min). Pro-
gressive increasing up was observed in the presence of 50 % 
of water, in the presence of 100 % of water the Sa decrease 
(Fig. 2.). 

the increase of specific surface area was observed by 
milling in industriall nutating mill from value 0.25 m2 g–1 to 
3.03 m2 g–1 at 10 min without water (Fig. 3.). Special effect 

has been observed by milling of olivine for 10 min in nuta-
ting mill in the presence of small amounts of water (Fig. 4.). 

the less water is applied, the higher values for specific 
surface area have been obtained: for 5 % wt. h2o the value 
of Sa was 21.6 m2 g–1. The effect of the addition of small 
amounts of a liquid to accelerate the solid-state reactions car-
ried out by milling is called kneading in the chemical engi-
neering. kneading has been described as a sort of catalysis, 
where the small amount of solvent provides a lubricant for 
solid-state diffusion6,7.

the corresponding micrographs for as-received olivine 
as well as for the same samples activated by dry milling for 
30 min in a laboratory planetary mill and in an industriall 
nutating mill for 10 min are given in Fig. 5. the as-received 
sample shows particles irregular in shape with characteristic 
sharp edges. During milling the particles are rounded, fractu-
red and diminished. Some large particles still exist but an 
overall reduction in size appears to have occurred as a result 
of high-energy milling. the evidence of well-bonded aggre-
gates can be seen. 

table i
milling parameters and specific surface area

 type of Milling H2o Specific surface area
 mill time addition [m2 g–1]
  [min] [%] Dry milling Wet milling
 – – – 0.25
 PM 2 50 1.82 2.19
 PM 5 50 4.51 11.61
 PM 10 50 4.76 21.06
 PM 15 50 5.25 30.86
 PM 20 50 5.11 37.34
 PM 30 5  13.19
 PM 30 20 5.21 38.29
 PM 30 50  41.49
 PM 30 100  40.49
 nm 1 – 0.88 –
 nm 3 – 1.76 –
 nm 5 – 2.46 –
 nm 10 5  21.64
 nm 10 10 3.03 17.57
 nm 10 20  12.31
 nm 10 50  9.43

fig. 2. Specific surface area SA	as	a	function	of	H2O	addition	
by	milling	in	a	planetary	mill

Fig. 3. Specific surface area SA	as	a	function	of	milling	time	in	
a	nutating	mill

Fig. 4. Specific surface area SA	as	a	function	of	H2O	addition	
by	nutating	milling
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Conclusions
changes in specific surface area of mechanically acti-

vated olivine in high-energy mills were detected. milling 
in wet mode results in the highest values of specific surface 
area.
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Fig.	5.	 SEM	photos	of	olivine:	A	–	as	received	sample,	samples	
after	dry	milling	in	(b)	planetary	mill,	(C)	nutating	mill
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Introduction
reactions between thiosulfate and ions of metallic ele-

ments in solution have been studied1,2.
cu2+ – thiosulfate reaction kinetics explanation is of inte-

rest since cu2+ is used as catalyst within the reaction between 
Fe3+ and thiosulfate, allowing determining the presence of 
copper traces, but also because copper ions play important 
roles in biological processes, as enzymes components and as 
antioxidants3.

the kinetics of cu2+ reduction with S2O3
2– in aqueous 

acidic solutions is not yet known, there is just one paper dea-
ling with the reaction of cu[nh3]4

2+ with S2O3
2, the observed 

half time of this reaction being about 0.15 s(ref.4).
reaction between cu(ii) and thiosulfate ions results 

in the formation of a colored intermediate, supposed to be 
cuS2O3, similar to the intermediate FeS2O3

+, but unloaded.
the evolution of this complex can be followed spectro-

photometrically, but the reaction’s half time is three or four 
orders of magnitude smaller than the one of the FeS2O3

+-com-
plex, therefore the disappearance of cuS2O3 study requires a 
stopped-flow apparatus.

The	Analytical	Modelling	of	the	Process
For the input signal u(t) with the amplitude (u0) and 

period (τ), the output light intensity y(t, p) experimentally 
measured can be approximated by:

as shown in Fig. 1, for p = p1 > 0.

the J(p) function it is approximated to be polynomial 
decreasing of the form5,6:

0 1 2 2 3 3J(p)  J   J p  J  p  J p= + + + . (2)
the maximum value for (1) results from:

1

1
p

y tJ(p ) (1 ) 0
t T

∂  = ⋅ − = ∂ 
, (3)

so that

T  tm = , (4)

for which

it   2T= , (7)

As a result, the analytical modelling for y(t, p) can be 
qualitatively illustrated in Fig. 2, where the maximum values 
ym(t, p) become proportional to curve 2, as it results from (5). 

 the decreasing polynomial curve (2) results from expe-
rimental measurements and it has been approximated in the 
following two variants, associated to Fig. 3.

We define: J(p0), 
0p

J
p

 ∂
 ∂ 

, J(pf) and 
fp

J
p

 ∂
 ∂ 

 from 

which we can obtain the coefficients in (2): J0 = J(p0);  

, (1)

Fig. 1.	 Light	intensity	y	[mv]	=	f(time	t	[ms])

, (5)

, (6)

. (8)

Fig. 2.	 Light	intensity	vs.	concentration	and	time
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1 J(p ) J J p J p
p

− − ⋅ − ⋅   .

the variant has the advantage of following a rigorous 
polynomial trajectory and the disadvantage of a more diff-
icult choice of the slopes from the ends of this curve. 

We define the four points where that the polynomial 
curve (2) needs to pass, respectively J(p0), J(p1), J(p2) and 

J(pf), finally having: J0 = J(p0); J1 = 
ΦDeT
1DeT

; J2 = 
ΦDeT
2DeT

 

and J3 = 
ΦDeT
3DeT

. the four determinants correspond to a sys-

tem of four linear algebraic equations, written in the points 
(p0, p1, p2 and pf) from the polynomial curve (2).

this variant has the advantage of this curve passing th-
rough those four predetermined points (usually experimental) 
and the disadvantage of eventually deformations of the curve 
between the four predetermined points.

Results
the experimental measurements have been done for 

stoechiometric mixtures of reactants with concentrations 
between 5 × 10–4–1 × 10–1 mol dm–3.

the polynomial approximation (2) has been achieved by 
using the experimental data obtained for the domain of the 
above concentrations. 

the results obtained by simulation for the second variant 
of calculus are:

(i) [cu2+] = 5 × 10–3 mol dm–3; [S2O3
2–] = 5 × 10–

3 mol dm–3, J = 9.54 mV ms–1; tm = t = 59.6 ms; 
ym = 209.3 mV

the curve obtained by simulation overlapped on the 
curve obtained experimentally, for [cu2+] =5 × 10–3 mol dm–3;  
[S2O3

2–] = 5 × 10–3 mol dm–3, is presented in Fig. 5.

(ii) [cu2+] = 10–1 mol dm–3; [S2O3
2–] = 10–1 mol dm–3, 

J = 130.6 mV ms–1; tm = t = 15.6 ms; ym = 650 mV.
the curve obtained by numerical simulation over-

lapped on the curve obtained experimentally, for  
[cu2+] = 10–1 mol dm–3; [S2O3

2–] = 10–1 mol dm–3, is pre-
sented in Fig. 6.

the parameters k1, k–1 and k2 and molar absorption 
coefficient for the initial conditions ([cu2+] = [S2O3

2–] = 
5 × 10–3 mol dm–3,, l = 0.4 cm, I0 = 2,950 mV, e = lg I0/i) 
is obtained by optimization, realized by multiple iterations, 
so as the square middle error tend to small values for a better 
superposition of the simulated response and the experimen-
tal response. it has to be mentioned that the flat section of 
the maxim was moved. this section seems to appear due to 
hydrodynamic conditions and due to diffusion phenomena 
existing in thoroidal mixing chamber, although at much redu-
ced scale, and also due to fact that in flow time the reaction 
may start beyond the measuring cell.

Fig. 3.	 J	[mv	ms–1]	=	f	(concentration	p	[mol	dm–3])

Fig. 4.	 J	[mv	ms–1]	=	f	(concentration	p	[mol	dm–3])

Fig. 5.	 Superposition	 experimental	 curve;	 (-)	 to	 the	
simulated curve, (▲) for [Cu2+]	=	5	×	10–3	mol	dm–3;		
[S2O3

2–]	=	5	×	10–3	mol	dm–3
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Due to imperfect mix, it was necessary the translation of 
the experimental values – corresponding to decomposition of 
the intermediary compound – toward the values correspon-
ding to forming operation of the intermediary compound.

the obtained results from the optimization of the 
simulated curve (Fig. 7.): k1 = 9.7; k–1 = 0.7; k2 = 8,222.5; 
ε = 1489.7 m–1 cm–1, the reaction order for decomposition of 
the intermediate compound is n = 2.

the value of the formation constant of cuS2O3 at 19.5 °C 
is k = k1/k–1 = 13.86.

Conclusions
it was simulated and modeled the kinetic of rapid redox 

reaction between cu2+ and S2O3
2– (Figs. 5., 6.). the proposed 

mathematical model, which is based on the reaction mecha-
nism determined in conformity with the obtained experimen-
tal values, allow – by numerical simulation – the approxi-
mate calculus of the kinetic parameters: k1 = 9.7; k–1 = 0.7 
and k2 = 8,222.5; ε = 1,489.7 m–1 cm–1 and n = 2. the results 
obtained by analogical modeling and numerical simulation 
are in accordance with the experimental values.
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Fig.	6.	 Superposition	 experimental	 curve	 (-)	 to	 the	 simulated	
curve (▲) Fig. 7.	 The	 absorbance	 E	=	f(t);	 experimental	 curve	 (bold);	

simulated	curve	(line)
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Introduction
there is an increasing need for medical implants, due to 

an increasing aged population. Bone defects resulting from 
trauma, disease or developmental anomalies can substanti-
ally be improved by reconstructive surgery.

Bone is essentially constituted of nanoscale inorganic 
materials and proteins. the inorganic materials are minerals 
which are structurally apatite-like, such as hydroxyapatite 
[Ha, Ca5(PO4)3oh], fluorapatite [FA, ca5(PO4)3F] and car-
bonate-apatite.

therefore, composite fluorhydroxyapatite (FhA) mate-
rials have been developed by different synthesis routes and 
techniques in order to improve both bioactivity and mecha-
nical properties of various orthopaedic prosthesis and dental 
implants. Besides bioactivity and mechanical properties, the 
non-cytotoxicity is one of the most important requirements 
for applications of these materials.

the present work deals with the bioactivity and the 
cytotoxicity investigation of ceramic materials on the base 
of apatites with general formula ca5(PO4)3(OH)1–xFx (x = 0, 
0.5 and 1).

Experimental
S a m p l e s  P r e p a r a t i o n

the samples of hydroxyapatite (hA), fluorapatite (FA) 
and fluorhydroxyapatite (FhA) were prepared by homo-
geneous precipitation method using ca(no3)2

. 4H2O and 
(nh4)2HPO4 as starting materials and ammonia solution as 
agents for ph adjustment. Equations (1)–(3) illustrate chemi-
cal reactions leading to the precipitation of hA, FA and FhA, 
respectively. A suspension of ca(no3)2

. 4H2o powder was 
diluted in deionised water. then, a solution of (nh4)2HPO4 
was slowly added by drop-wise to the ca(no3)2

. 4H2o solu-
tion. in all experiments the ph of ca(no3)2

. 4H2o solution 
was kept by ammonia solution at 10. the final solution was 
stirred at room temperature for 3 h. then, the precipitate 
formed was filtered off, washed with deionised distilled water 
several times to the neutral ph, and finally dried in owen at 
70 °c for 24 h. After drying, the samples were powdered and 
treated at 1,000 °C for 1 h. after heat treatment at 1,000 °C, 
the pellets were compressed from powdered samples and 
heated at the same temperature. 

the chemical process leading to hA can be explained by 
the following reaction (1):

5ca(no3)2
. 4H2o + 3(nh4)2HPO4 + 4nh4OH

→ ca5(PO4)3oh + 10nh4no3 + 23H2O 
(1)

Likewise the FA was obtained according to the reaction (2): 

5ca(no3)2
. 4H2o + 3(nh4)2HPO4 + 4nh4F (2)

→ ca5(PO4)3F + 10nh4no3 + 3hF + 20h2O

the solid solution of FhA (FA : hA = 1 : 1) was prepared 
according to the reaction (3):

5ca(no3)2
. 4H2o + 3(nh4)2HPO4 + 3.5nh4F 

+ 0.5nh4oh → (3)
Ca5(PO4)3OH0.5F0.5 + 10nh4no3 + 3hF + 20h2O

u s e d  M e t h o d s
obtained hA, FA and FhA powders were controlled by 

powder X-ray diffraction.
the bioactivity of the samples was evaluated by in vitro 

testing in simulated body fluid (SBF). SBF, which ion con-
centrations are almost identical with inorganic ion concent-
rations of human blood plasma, was prepared according to 
literature1. the calculated volumes of SBF (4) were poured 
in the plastic containers and heated up to the temperature of 
36.5 °C.

VS = Sa
10 , (4)

VS – volume of SBF [ml],
Sa – apparent surface area of specimen [mm2].

the pellets of FA, hA and FhA were immersed in SBF 
for 4 weeks at 36.5 °c. changes of the surface microstructure 
of the samples were observed by scanning electron micros-
copy (SEm).

hA, FA and FhA have also been used to investigate the 
cytotoxic effect on murine fibroblast. the cytotoxicity was 
determined using the method of direct cell counting2. nih–
3t3 cells were cultured with biomaterial discs for 24 h, 48 h 
and 72 h. the cell proliferation and the morphology were 
examined. 

Results
the results of SEm analysis after SBF acting are showed 

in Figs. 1., 2. and 3., respectively. the high in vitro bioacti-
vity of all samples is demonstrated by the growth of new apa-
tite-like phase on the surface of them. 

Fig. 4. shows the direct effect of hA, FA and FhA on 
cell proliferation evaluated at 24, 48 and 72 h of culture. 
hA, FA and FhA induced slight inhibition of nih–3t3 cell 
proliferation. in the first time interval cells affected by bio-
materials proliferated was 92.68 % for hA, 97.56 % for FA 
and 96.34 % for FhA. After 72 h incubation the inhibition 
of cell division was the same for all the biomaterials (25 %). 
According to this, the cytotoxicity was in the range of 5 
49–27.19 %. 
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the morphology of nih–3t3 cells grown in direct con-
tact with apatites was completely similar to that of control 
cells and did not show any morphological damages.

Conclusions
the new layer of apatite-like phase covered the surface 

of all samples. the creation of the new biologic active layer 
confirmed the bioactivity of apatites.

hA, FA and FhA induced slight inhibition of cell pro-
liferation, which was the same for all apatites after 72 h 
incubation. the cell number monitoring showed their slight 
cytotoxicity.

the morphology of cells grown in direct contact with 
apatites did not show any morphological damages.

This work has received financial support from Slovak 
Grant for Science and Technology APVT No. 20-015904.
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 (a) (b)
Fig. 1.	 Surface	microstructure	of	HA:	(a)	before	immersion	in	
SbF,	(b)	after	4	weeks	in	SbF

	 (a) (b)
Fig. 2.	 Surface	microstructure	of	FA:	(a)	before	immersion	in	
SbF,	(b)	after	4	weeks	in	SbF

	 (a) (b)
Fig. 3.	 Surface	microstructure	of	FHA:	 (a)	before	 immersion	
in	SbF,	(b)	after	4	weeks	in	SbF

Fig.	4.	Growth	curve	of	NIH–3T3	cells	cultured	with	biomateri-
als : ♦ – C; ● – fHA;	▲- fA;	■ – HA

 control FhA FA hA
Fig. 5.	 Morphological	 analysis	 of	 NIH–3T3	 cells	 cultured	 for	
72 h in presence of fHA, fA and HA. Magnification: 80 ×
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Introduction
the aim of present work is to obtain particles of hyd-

roxyapatite (hA – ca10(PO4)6(OH)2) suitable for the repa-
ration of defects occurring on the surface of dental enamel 
as a result of demineralization process. hA was chosen as 
the filling material due to its composition similar to enamel 
which can be chemically defined as non-stoichiometric apa-
tite (Ca10–x(HPO4)x(PO4)6–x(OH)2–x

. xh2o, 0 < x <2)1. how-
ever, particle size of hA is limited to be sub-micron by the 
micrometric size of surface defects.

numerous techniques of hA synthesis have been deve-
loped during past years, particularly wet chemical methods 
based on the low temperature precipitation from aqueous 
solutions. usually ca(no3)2

. 4H2o is used as a source of cal-
cium2, however, several authors have already reported the use 
of gypsum (caSo4

. 2H2O)3,4 as a starting material. recently, 
microwave irradiation has been used in order to obtain nano-
particles of a variety of inorganic materials in a short time 
including hA.5–7 Despite our effort we did not find any men-
tion of the utilization of plaster (caSo4

. 1/2h2o) even though 
its higher reactivity in aqueous solutions is well known. 

therefore, in this report the preparation of hA by micro-
wave-hydrothermal synthesis from plaster and the applica-
tion of obtained powder on tooth enamel are presented.

Experimental
CaSO4

. 1/2h2o (Aldrich) and (nh4)2HPO4 (aldrich) 
were used as starting materials for the synthesis of hA accor-
ding to the following equation which is the modification of 
the formulation reported by katsuki et al.7:

10CaSO4
. 1/2h2o + 6(nh4)2HPO4 → (1)

Ca10(PO4)6(OH)2 + 6(nh4)2SO4 + 4H2SO4 + 3H2O

Plaster was mixed with a 1m solution of (nh4)2HPO4 
in a teflon beaker with molar ratio of ca/P equal to 10/6 
corresponding to stoichiometric hA. the ph of the mixture 
was adjusted to a value between 9–10 using nh4oh solu-
tion. reaction mixture was then irradiated for 40 min. with 
a microwave power of 750 W in home microwave oven 
(Whirlpool Jt357, 2.45 Ghz). After the reaction, sample was 
filtered, washed by distilled water and dried at 100 °c in air. 

calcination of sample at 1,000 °c for 15 h permitted to 
determine the stoichiometry of powder8. Powder was charac-
terized by XrD (Siemens D5000 diffractometer), Ft-ir 
(Bomen mB2), BEt (analyzer micromeritics ASAP 2010) 
and SeM (Hitachi S2500 and Hitachi S4700). 

For the study of defect reparation a gel of methyl cel-
lulose containing 5 % wt. of hA powder was prepared and 
applied on the tooth surface using classical toothbrush. Arti-
ficial defect was created on the tooth enamel in order to faci-
litate microscopic observations.

Results	and	Disscussion
Phase composition of hA powder was studied by XrD 

(Fig. 1.). in non-calcinated powder, large peaks of low crys-
talline hA occurred without any other phase (Fig. 1.a). the 
XrD of calcinated powder confirmed full conversion of star-
ting materials and revealed the presence of sharp peaks of hA 
and β-tcP (β-tricalcium phosphate; β-ca3(PO4)2) (Fig. 1.b). 
it was reported that peaks of hA accompanied by β-tcP oc-
cur in samples with ca/P ratios between 3/2 (stoichiometric 
β-tcP) and 10/6 due to the decomposition of a ca-defici-
ent hydroxyapatite (cDhA, ca10–x(HPO4)x(PO4)6–x(OH)2–x,  
0 <x < 1)(ref.2). therefore, it can be supposed that non-calci-
nated powder contain cDhA. 

this supposition was confirmed by Ft-ir analy-
sis (Fig. 2.) showing the presence of an absorption band 
of HPO4

2– (874 cm–1) characteristic for cDhA. Apatitic 
structure was supported by the observation of the splitting 
of PO4

3– bands (602–562 cm–1, 1,095–1,029 cm–1) and the 
presence of oh- bands (630 cm–1, 3,570 cm–1). As expected, 
since the sample was not calcinated, bands of adsorbed water 
(3,433 cm–1, 1,638 cm–1) and carbonate (co3

2–) groups 
(1,420–1,500 cm–1) were also visible.

the specific surface area (SSA) of hA powder obtained 
by BEt measurement is 73.1 ± 0.7 m2 g–1. the microstructure 
of the sample can be observed in Fig.3. SEm micrographs 
reveal fine needle-like particles 200 nm long and 30 nm wide 
which corroborates BEt measurement.

Fig. 1.	 XRD	patterns	of	HA	sample	(a)	non-calcinated	and	(b)	
calcinated
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Artificial scratches are easily recognized and are much 
deeper than defects normally occurring on the tooth surface 
(Fig. 4.). three days after the application of gel with hA par-
ticles the defect was filled in by the material and tooth surface 
looked smoother with homogeneous color (Fig. 4.). Apart 
deposited particles, newly formed crystals appear in defects 
(Fig. 5.) supposed to be hA which signify that application of 
hA gel may enhance further formation of hA from natural 
environment.

Conclusions
Sample hA was prepared from plaster by microwave-

hydrothermal synthesis after 40 minutes of irradiation at 
750 W. characterization techniques showed that non-cal-
cinated sample is composed from fine needle-like particles 
of ca-deficient apatite. hA powder was dispersed in methyl 
cellulose gel and applicated on tooth surface with an artificial 
defect. three days after the application defects were filled in 
by hA gel and newly formed crystals were observed too.
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Fig. 2.	 FT-IR	spectrum	of	non-calcinated	HA	powder

Fig. 3. SeM micrographs of sample HA at (1.) low magnifica-
tion and (2.) high magnification

Fig. 4.	 SEM	micrographs	of	 tooth	 surface	 (a),	 (c)	before	and	
(b),	(d)	3	days	after	the	application	of	gel	with	HA

Fig. 5.	 New	crystals	formed	in	defect
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Introduction
 magnesium alloys belong to the most perspective 

metallic construction materials. Besides their good mecha-
nical properties (tensile and yield strength, uniform elonga-
tion, hardness) they also dispose by very low density. this 
fact makes them very popular e.g. in automotive industry, 
since the lighter is the construction, the lower are service 
costs (petrol consumption) and consequently environmental 
damage is diminished.

unfortunatelly, due to very low electrochemical poten-
tial of magnesium, corrosion resistance of these alloys is very 
poor. in the case of alloys containing lithium is this fact even 
emphasised. 

typical surface treatment for magnesium alloys are con-
version coating. most effective type of coating, the chromate 
coating, were excluded from use by Eu legislation1 since 
they contained a cancerogenic hexavalent chromium. how-
ever, in laboratory scale is this type of coating still widely 
used as a standard of corrosion protection2. 

Goal of this work is to find a chromating solution that 
will make a continuous coating on the surface of alloy AZ 
91. this alloy is most commom magnesium alloy in techni-
cal use. the phase structure of this alloy is quite complex, 
containing α-solid solution of ellements in magnesium, inter-
metallic compound Al12Mg17 and their eutectic mixture, see 
Fig. 1.

these phases differ a lot in reactivity3. Then it is a com-
mon result, that α-phase is covered by coating and intermetal-
lic phases remain uncoated.

Experimental
cast specimens of AZ 91 alloy were used. they were 

cut to size app. 5 × 20 × 20 mm and grinded by metallographic 
Sic paper (Struers, no. 320). composition of alloy is 9 %Al, 
1 %Zn and ballance is magnesium. 

the starting solution was established according to ref.4 
as 0.35M k2Cr2O7 (Lachema, p.a.). Further exeperiments 
were carried out with solutions 0.12m, 0.035m and 0.0035m. 
the bath should work at room temperature. Set of solutions 
that diferred in ph value was also prepared. ph were 3.7; 2.9; 
2.1; 1.5; 1.3; 1.2; 1.1; 1.0; 0.9; 0.8; 0.7 and 0.6. values were 
set by addition of 1m solution of hydrochloric acid (Lach-
ner, p.a.) and measured by ph-meter Gryf 208 

time of immersion was varied in scale 5; 15; 30 and 60 
seconds for each solution.

After the process, the specimen were rinsed by distilled 
water and ethanol and dried by hot air. the surface was obser-
ved on micrsocope neophot 21 (Zeiss). this way the contiu-
nuity of prepared coating was assessed.

C o a t i n g  W e i g h t
coating weight was measured by stripping method5. 

the specimen was weighed (accurancy 0.1 mg) immersed for 
60 second in boiling suspension of 2 g Ag2CrO4 in 200 ml of 
solution cro3 (15%). After this immersion the specimen was 
dried as stated above and weighed again.

C o r r o s i o n  r e s i s t a n c e
corrosion resistance was measured according to ref.5. 

Weighed specimen was placed into 3.5% solution of nacl in 
distilled watter for 1 hour. than it was rinsed by water and 
placed in stripping suspension of Ag2CrO4 (process described 
above). then it was dried and weighed. in the case of coated 
specimens, the coating weight had to be taken into account.

All the quantitative measurement were done is sets of 
3–6 measurement. Q-test for removing of statistical outliers 
were performed and the average of the results and the stan-

Fig. 1.	 Micrograph	 of	 alloy	 AZ	 91.	 Light	 microscope,	
mgf.1000 ×. A – solid solution α, b – eutectic of solid solution and 
intermetalic	compound,	C	–	intermetallic	compound	Al12Mg17

Fig. 2.	 SEM	Micrograph	of	chromate	coating	on	alloy	AZ	91.	
A – area, where the substrate is solid solution α, b – area, where 
the	substrate	is	eutectic	or	intermetalic	compound.
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dard deviation σ were calculated. Absolute error was taken 
as 2σ.

Results
According to visual assessment (microscopy), the opti-

mal conditions were estimated as: ck2Cr2O7 = 0.12m, ph = 0.6 
and time of immersion 15 s. At these conditions the speci-
mens were continuously coated, although there were obser-
vable differences between grain size at sites of α-phase and 
grain size at sites ofintermetallic phases (see Fig. 2.).

the coating weight was estimated by stripping method 
as 660 μm cm–2. corrosion resistance, estimated by above 
described method, was obtained at both the coated and unco-
ated specimen. the corrosion rate of bare AZ 91 alloy was 
found to be 9 ± 1 mm year–1 and rate of alloy with chromate 
coating was 5 ± 1 mm year–1.

Conclusions
the composition of chromating soultion convenient for 

prepration of standard AZ91 corrosion specimens was found, 
besided the optimal immersion time. Possibility of use of the 
nacl solution for test of these coatings was proved. corro-
sion rate of the coated specimen was approximately half the 
value of the uncoated AZ 91 alloy.

rEFErEncES
 1. Eu Directive 2002/95/ES, January 27, 2003.
 2. Sharma A. k.: metal Finishing 87,33 (1989).
 3. Gray J. E. Luan h.: J. Alloys compd. 336, 88 (2002).
 4. magnesium Electron, Surface treatments for magnesium 

alloys in aerospace and defence, 2006, http://www.mag-
nesium-elektron.com/products-services.asp?iD=9.

 5. Ambat r., Aung n. n., Zhou W., corros. Sci 42,1433 
(2000).


	Lectures_3_opr.pdf
	Posters_3_opr.pdf

