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Enhanced mechanical, thermal and 
barrier properties of clay-based 
polymer nanocomposite systems

David P. PENALOZA Jr.  Chemistry Department, College of Science, De La Salle University, Manila, 
Philippines  david.penaloza.jr@dlsu.edu.ph

Érkezett: 2019. 01. 09.  Received: 09. 01. 2019.  https://doi.org/10.14382/epitoanyag-jsbcm.2019.13

Abstract
Silicate clay-based polymer nanocomposites derived from the use of an organically modified 
clay montmorillonite (MMT) mineral and other related materials have attracted a great deal 
of technological and scientific interest owing to the promise of greatly improved properties 
over those of the unfilled polymer. In this review, enhancement in different properties – e.g. 
mechanical strength, thermal stability and flammability as well as barrier properties – of the 
resulting nanohybrid materials through the incorporation of a modified clay to a bulk polymer - is 
discussed. 
Keywords: clay-polymer nanocomposites, property enhancement, modified clay
Kulcsszavak: agyag-polimer nanokompozitok, tulajdonságjavítás, módosított agyag

David P. PENALOZA Jr. 
is an associate professor in the Chemistry 

Department, College of Science, De La Salle 
University. His research interests focus on 

self-assembled systems and nanostructured 
materials.

1. Introduction
Clay-polymer hybrid materials are a class of inorganic-organic 

hybrids having a polymeric material reinforced with a small 
loading (<10%) of clay fillers [1-10].  The term nanocomposite 
refers to a combination of two or more materials where one 
of the phases has one, two or three dimensions within the 
nanometer (10-9 m) range [11].  Due to the small size and the 
high surface-to-volume ratio of the inorganic filler at this length 
scale, the polymer nanocomposites have exhibited remarkable 
property enhancements and new properties compared to their 
unfilled polymer and conventional composites. 

Two important research outputs have contributed 
immensely in the increased attention in the field of polymer 
nanocomposites.  First is the pioneering work of Toyota in the 
late 1980s where silicate-based nanocomposite was prepared 
from a polyamide by scientists from the Toyota’s Central 
Research and Development Laboratories (CRDL) [12-18]. The 
researchers were able to synthesize nylon-clay hybrids (NCHs) 
using in situ intercalative polymerization technique.  The NCHs 
have exhibited substantial increases in the tensile strength, 
Young’s modulus and heat distortion temperature.  These 
remarkable property enhancements led to the first commercial 
application of clay-filled polymer in the manufacture of timing 
belt cover on Toyota cars. Then in 1993, the research team of 
Vaia et al. [19] showed that it is possible to prepare a clay-based 
polymer nanocomposite by melt mixing polymers with clays 
previously modified with cationic organic surfactants.  This 
process eliminates the use of organic solvents.  This is very 
appealing from the point of view of the industries as clay-
based polymer-nanocomposites can be prepared using existing 
industrial setups.  These two key studies have opened the doors 
for vigorous research works aimed at enhancing properties of 
various types of polymers in recent years [20].

2. Mechanical performance 
In order to improve mechanical properties of polymers, fillers 

in the form of fibers, particles or platelets are incorporated in 
the polymer matrix to form a composite. Enhancement in 
properties of the resulting hybrids is exhibited even at relatively 
low filler content using nano-sized inorganic inclusions, 
such in the case of silicate platelets in clay-based polymer 
nanocomposites. Unlike traditional composites where as high 
as 50% by weight filler is needed to effect a substantial change 
in the mechanical properties, the incorporation of nano-
sized particles, like silicate platelets, can lead to a comparable 
property effect even at a very low clay loading (<10% weight).

The researchers from the Toyota’s Central Research and 
Development Laboratories were the first to demonstrate in the 
1980s that a substantial increase in the mechanical properties 
of a polyamide resin can be realized through reinforcing the 
nylon matrix with a silicate clay.  They successfully prepared a 
nylon-clay hybrid (NCH) that possessed improved mechanical 
and thermal properties – a higher modulus, an enhanced 
strength and a better heat distortion temperature – over the 
unfilled nylon. These property enhancements  resulted in 
NCHs being applied to automotive timing belt covers as an 
engine part [14-18, 21-25]. 

Cho and Paul (2000) [26] compared the properties of a 
modified MMT filled-polyamide nanocomposite with a glass 
fiber-reinforced composite in studying the effect of using two 
different inorganic fillers in reinforcing the same polyamide 
matrix that the Toyota scientists used. About 38% increase in 
the tensile modulus was observed when the nylon 6 matrix 
was filled with 5% wt organoclay (3.66 GPa) compared to the 
unfilled nylon 6 (2.66 GPa). The same amount of glass fiber 
reinforcement (5% wt) gives a lower tensile modulus (3.26 MPa, 
23% improvement relative to the bulk nylon). However, when 
5% wt of the glass fiber was added to the 5% wt organoclay-
filled nylon nanocomposite, the modulus is 81% higher (4.82 
GPa) than the neat polyamide. This significant increase only 
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shows that a synergistic effect on the modulus was achieved 
when the clay-filled polyamide nanocomposite was used as 
the matrix to prepare a glass fiber-reinforced composite as 
measured value is far greater than the additive sum of the 
modulus of the individual nanofiller-reinforced nylons. The 
nanocomposites were prepared via direct melt compounding 
using a conventional twin screw extruder.

Various researchers have carried out research on the effect of 
clay additions on the structure and property of epoxies. Epoxies 
are important thermosetting polymers that are widely used 
as matrices of polymer composites, adhesives for aerospace 
applications and coatings for metals.    For instance, Wang 
and Pinnavaia (1994) [27] reported enhanced mechanical 
properties of an epoxy system that is filled with delaminated 
MMT clay. The epoxide resin used is the diglycidyl ether of 
bisphenol A while the organoclay is an MMT clay previously 
modified with various ammonium alkyl halides. The epoxy 
resin is heated with the onium ion exchanged form of the MMT 
in the presence of diamine curing agent. The long-chain alkyl 
surfactants facilitate the insertion of the epoxy monomer in the 
clay galleries promoting the epoxide polymerization between 
platelets. They found that the length of the intercalating agent 
affects the final morphology of the clay filler. For instance, the 
nanocomposites formed from the incorporation of a MMT 
clay modified with CH3(CH2)7NH3

+, CH3(CH2)11NH3
+ and 

CH3(CH2)15NH3
+ yield exfoliated nanocomposite as shown 

by the absence of the d001 spacing in their XRD plots. The use 
of shorter alkyl ammonium cations produced intercalated 
structure.

The mechanical properties of this hybrid have remarkably 
improved compared to the neat epoxy. For example, the 
tensile strength and modulus of the epoxy system filled with 
CH3(CH2)17-NH3

+-MMT increases with an increasing clay 
reinforcement. At the addition of only 15 wt %  of the exfoliated 
organoclay, more than a ten-fold increase in the strength and 
modulus compared to the unfilled epoxy. Also, the strain 
at break for the prepared epoxy-clay composites remains 
the same as the pristine matrix suggesting that the clay filler 
nanoparticles do not disrupt continuity of the epoxy matrix.

The organoclay incorporation is also found effective in 
reinforcing polyurethanes [28-31].  Wang and Pinnavaia 
(1998) [32] reported an increase in the strength and toughness 
of a polyurethane nanocomposite enhanced with an MMT 
organoclay.  A polyurethane matrix was filled with a modified 
MMT clay. Initially, the MMT was derivatized by replacing 
the exchangeable cations of the native mineral with the more 
organophillic alkyl ammonium ions, C18H37NH3

+. At a loading 
of only 10 wt % of the organoclay, the strength and modulus 
of the nanocomposites are more than doubled while also 
increasing the strain-at-break. Another group, Wei et al. (2000) 
[33] also reported improved mechanical properties for the PU-
MMT nanocomposites prepared via in situ polymerization. 
The addition of only 1 wt% of MMT clay modified with 
tris(hydroxymethyl)aminomethane to a PU matrix results in 
a 34% increase in Young’s modulus, a 1.7-times increase in 
tensile strength and a 1.3-fold increase in the elongation at 
break of the PU-MMT nanocomposite. Song et al. (2003) [34] 
noted enhanced tensile strength (120% increase) and doubled 

elongation at break when MMT clay was added to a PU matrix.
These property enhancements were found to be dependent 

on the silicate content of the nanocomposite. The common 
observation in the mechanical property measurements of the 
polymer nanocomposites enhanced with clay fillers is that 
it is very unusual to improve modulus and strength while at 
the same time significantly improving toughness of the bulk 
material [35]. The enhancement in strength and modulus 
is directly attributable to the reinforcement provided by the 
dispersed silicate nanolayers. The authors suggested that the 
improved elasticity that they observed for their nanocomposite 
may be attributed in part to the plasticizing effect of the gallery 
onium ions that are used to previously modify the silicate fillers 
prior to their incorporation in the polymer matrix.  

The remarkable mechanical property improvements of 
the nanocomposites like significantly enhanced stiffness and 
tensile strength observed through the clay incorporation 
in engineering plastics have attracted interest in the use 
of silicate clays to improve some physical attributes of 
thermoplastic olefins [36-37]. To improve their properties, 
the nanocomposites derived from the incorporation of silicate 
clays onto these poly(olefins) have been studied [38-41]. Two 
examples of widely used commodity thermoplastic olefins are 
poly(propylene) and poly(ethylene).

Hasegawa and co-workers (1998) [37] prepared clay-based 
polypopylene nanocomposites using a maleic anhydride-
modified PP oligomer (PP–MA) as a compatibilizer. The polymer 
matrix was melt-blended with a silicate clay that was previously 
treated with the compatibilizer. Remarkable mechanical 
property enhancements were noted in the nanocomposites. 
The dynamic storage moduli of the nanocomposites were 
higher than that of the unmodified poly(propylene) up to 130 
oC.  The modulus of the nanocomposite containing 5 wt % 
clay and 22 wt % PP–MA nearly doubled compared to that of 
plain poly(propylene) at 80 oC. As the dispersibility of the clays 
was improved, the reinforcement effect of the clays was also 
increased. The authors noted that the clay particles became 
smaller and were dispersed more uniformly, as the ratio of 
compatibilizer to the clay was increased.

Parent and co-researchers (2002) [42] observed significant 
property enhancement in the Young’s modulus of exfoliated 
clay-based poly(ethylene) nanocomposites compared to the 
unfilled poly(ethylene).  The nanocomposites containing 
5 wt% and 10% Nanomer I.44PA led to an increase of 30% 
(220 MPa) and 53% (258 MPa), respectively compared to 
the neat poly(ethylene) (183 MPa).  The anhydride-modified 
poly(ethylene) (PE-g-MAn) has a Young’s modulus of 169 MPa.  
The nanocomposites were prepared by melt compounding a 
commercial organoclay Nanomer 1.44PA (Nanocor Inc.) that 
is ion-exchanged with a dimethyldialkylammonium halide 
(70% C18, 26% C16 and 4% C14) in a matrix of graft-modified 
poly(ethylene) (PE-g-MAn, Fusabond® M611-25, DuPont 
Canada, MFI=9.6).  PE-g-MAn contains approximately 1% wt 
of maleic anhydride as modifier.

Based on their studies of melt compounding various 
pre-treated organoclay into a matrix of linear low density 
poly(ethylene) to prepare clay-based polymer nanocomposites, 
Hotta and Paul (2004) [43] observed that in some cases, a small 
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clay loading (about 5%) resulted to doubling of the modulus.  
The morphological studies of these nanocomposites using 
WAXD and TEM revealed the clay was largely exfoliated.

The above mentioned improvements in the mechanical 
properties of nanocomposites have attracted attention for the 
use of these materials in various automotive and industrial 
applications.  These include their use in the car industry as 
mirror housings, engine and timing belt covers, door handles 
and intake manifold.  They are also being currently considered 
in the manufacture of parts for general use equipment as 
housings for power tools, impellers and blades for vacuum 
cleaners and covers for portable electronic equipment.

3. Thermal stability and flammability
It has been reported that the MMT clay when used as 

fillers can be used to enhance thermal stability and reduce 
flammability of some polymers.

Burnside and Giannelis (1995)[44] reported a clay-based 
poly(dimethylsiloxane) (PDMS) nanocomposite that is 
significantly more thermally stable compared to a neat PDMS 
polymer. The nanocomposite was prepared by sonicating a 
silanol-terminated PDMS (18,000 g/mole) with MMT, that is 
ion exchanged  with a dimethyl ditallow ammonium salt. A 
tallow is a naturally-occurring hydrocarbon that contains a 
mixture of various lengths of alkyl chains (C18 - 65 wt%, C16 - 30 
wt% and C14 - 5 wt%). The nanocomposite contains only 10% 
mass fraction of the modified clay. At 50% weight loss (Fig. 1), 
the nanocomposite has displayed more than 140 °C increase 
in its degradation temperature than the unfilled PDMS. The 
increased thermal stability was attributed by the authors to the 
hindered diffusion of volatile decomposition products from 
the nanocomposite. X-ray diffraction showed that the clay filler 
was exfoliated as the nanocomposite had a featureless X-ray 
pattern indicating a disordered–delaminated nanostructure.

	 Fig. 1.	 A nanocomposite prepared by incorporating well dispersed MMT clay platelets 
in a poly(dimethysiloxane) (PDMS) matrix exhibited a substantial increase in 
its degradation temperature by as much as 140 oC at 50 % weight loss compared 
to an unfilled PDMS polymer as shown in this TGA thermogram [44]

	 1. ábra	 A diszpergált MMT-agyaglemezek poli(dimetil-sziloxán) (PDMS) mátrixba 
való beépítésével előállított nanokompozit jelentősen megnövelte a lebomlási 
hőmérsékletet (akár 140 oC-kal, 50% -os tömegveszteségnél), normál PDMS 
polimerhez képest, amint azt a TGA ábra mutatja [44]

Using melt intercalation, a poly(ester) nanocomposite was 
prepared by incorporating an MMT clay that is previously ion 

exchanged with an ammonium tallow. The nanocomposite 
obtained using poly(butylene terephthalate) (PBT) containing 
3% telechelic ionic groups dispersed with 5% of the organoclay 
exhibited improved thermal characteristics. It has a heat 
distortion temperature (HDT) that is 48 °C higher compared 
to that of the unfilled PBT. Also, the thermogravimetric 
analysis revealed higher heat decomposition temperature of 
the nanocomposite compared to the neat poly(ester) [45].

Clay-based polymer nanocomposites were also found to 
exhibit a substantial increase in the flame retardancy relative 
to the bare polymer. The flame retardancy effect appears to 
originate from the ability of the clay to promote char formation. 
The char layer acts as a barrier that slows down the heat transfer 
and retards the movement of gases to feed the flame [46]. 

The presence of nanosized silicate clays was found to 
promote char formation as confirmed by several studies. Vaia 
et al. (1999) [47] on poly(amide)-silicate nanocomposites 
showed increased yield in the amount of carbonaceous char 
when silicate clays are added.  This observation of the ability 
of clay to promote char formation has been verified by several 
authors even for polymeric systems that do not normally 
show tendency to form char.  This was reported by Wilkie et. 
al (2004) [48] in the preparation of a clay-based poly(styrene) 
nanocomposite. The clay-poly(styrene) nanocomposite was 
prepared via bulk polymerization using organomodified MMT 
clay. Prior to the polymerization of the styrene, the clay was 
ion exchanged with an alkyl ammonium salt containing a C16 
chain, N,N-dimethyl-n-hexadecyl-(4-vinylbenzyl) ammonium 
chloride.  The nanocomposite and unfilled PBT samples 
were subjected to a thermogravimetric analysis to study 
their thermal behavior.  Under thermo-oxidative conditions, 
while the onset degradation temperature is not significantly 
increased, the char content of the poly(styrene) reinforced with 
the modified MMT is remarkably increased from 6 to 15% wt 
at 400 oC. The presence of clay promotes char formation during 
the thermo-oxidative degradation of the polymer. The char 
provides a transient protective barrier to the nanocomposite 
in combination with the silicate clay platelets acting as barrier.  

Other research works also showed similar observation: 
like in the case of poly(ethylene) [49] poly(propylene) [50], 
poly(styrene) [48], acrylonitrile-butadiene-styrene copolymer 
(ABS) [51] and ethylene-vinyl-acetate (EVA) copolymer [52].

The char formation is complex and involves several processes 
[53]. A two-step mechanism was proposed by Benson and 
Nogia (1979) [54] to explain the oxidation chain reactions 
of organic molecules during thermal degradation. The first 
step involves chain scission of the polymer subsequently 
followed by volatilization. This happens at a low temperature. 
At a higher temperature, oxidative dehydrogenation becomes 
more probable producing thermally stable aromatic charred 
structures due to the formation of conjugate double bond 
sequences. In the presence of a silicate clay as a filler in the 
nanocomposite, the oxidative dehydrogenation dominates as 
evidenced by the enhanced aromatization and reduced rate 
of oxidation [52, 55]. Hence, the clay induces transient char 
formation which only started to degrade at high temperatures.

The cone calorimeter measurement is one of the most 
useful bench-scale methods to characterize the flammability 



építôanyag § Journal of Silicate Based and Composite Materials

 Vol. 71, No. 3 § 2019/3 § építôanyag § JSBCM |   77

properties of various clay-based polymer nanocomposites. In 
a cone calorimeter experiment, flammability properties like 
heat release rate (HRR), peak heat release rate (PHRR), time 
to ignition (TTI), total heat released (THR) and mass loss rate 
(MLR) can be determined. HRR and PHRR are two important 
parameters to evaluate fire safety [56]. HRR is thought of as the 
driving force of fire while PHRR represents the point in a fire 
where heat is apt to propagate further or ignite adjacent objects 
[56]. In studying the thermal properties of clay-polymer 
nanocomposites using cone calorimeter experiments, other 
remarkable characteristics were also noted. PHRR and HRR 
are reduced upon incorporation of nanosized clay [46]. The 
time to ignition is also slightly lowered.

4. Barrier applications
Clay-based polymer nanocomposites have also shown better 

barrier properties in the nanocomposites compared to their 
unfilled polymer counterparts due to the reduced permeability 
against gas and solvent permeating molecules. Well-dispersed, 
randomly oriented single sheets of clay in the polymer matrix 
hinder the permeating molecules as these individual clay sheets 
serve as impermeable barriers in the path of the diffusion 
process (Fig. 2). When the layers are delaminated, the effective 
path length for molecular diffusion is increased. The dispersed 
platelets of the silicate clays make the permeating gas and 
liquid molecules undergo a tortuous path. This “maze” of clay 
platelets retards the progress of the gas and liquid molecules 
through the polymer matrix, hence the observed reduction in 
permeability. The reduced gas and liquid permeability of the 
nanocomposites make them attractive for barrier applications 
e.g. membrane separation and packaging applications.

An onium-alkyl modified MMT was melt-mixed with a 
polyolefin. The nanocomposite was produced by a gradual 
dilution of the intercalated MMT edge-modified with 
1-hydroxydodecane-1,1-diphosphonic acid in the melt high 
density poly(ethylene) until a final clay concentration of 0.3 
wt% was reached. Compared to the unmodified HDPE, oxygen 
and water vapor permeabilities were reduced by approximately 
55 and 70%, respectively [57].

	 Fig. 2.	 Randomly well-dispersed clay platelets serve as barriers making gas molecules 
pass through a `torturous path’ compared to unhindered path in pure polymer 
matrix

	 2. ábra	 A véletlenszerűen elhelyezkedő agyaglemezek gátként viselkednek és 
jelentősen akadályozzák a gáz molekulák egyenletes átáramlását, ahogy az a 
tiszta polimer mátrixban megfigyelhető

Messermith and Giannelis (1995) [58] showed that the 
permeability of a biodegradable aliphatic polyester to water 
can be remarkably reduced through the incorporation of well-
dispersed, delaminated silicate clay platelets. The permeability 
of the films of the polymer nanocomposites to water vapor is 
significantly decreased with increasing silicate content. At 4.8% 
volume silicate content, the permeability of the nanocomposite 
is reduced by an order of magnitude compared to the unfilled 
poly(e-caprolactone). The nanocomposite synthesis involves 
the use of a montmorillonite clay that is ion-exchanged with 
protonated amino acids. The acid groups initiated the ring 
opening polymerization (ROP) of the heterocyclic monomer 
to prepare the clay-poly(e-caprolactone) nanocomposites, 
resulting in polymer chains that are ionically anchored to 
the silicate layers. The gallery polymerization was believed 
to promote the delamination/dispersion of the host layers 
during the ring-opening polymerization of the e-caprolactone 
monomer. X-ray diffraction patterns for the derived 
nanocomposites exhibit no (001) reflections due to the clay 
fillers suggesting that individual silicate layers were dispersed 
in the polymer matrix. 

Chang and co-workers (2003) [59] studied the effect of using 
different kinds of organomodified silicate clays on the oxygen 
gas permeability of poly(lactic acid) (PLA) nanocomposites. 
The increasing amount of modified clays in the PLA 
nanocomposites prepared by melt intercalation systematically 
decreased the oxygen gas permeability of the nanocomposite 
films. At 10 wt%, the permeability value of the nanocomposites 
is reduced by half compared to the permeability of the unfilled 
PLA film regardless of the type of organically modified clay 
used as fillers. The authors attributed the decrease in the 
oxygen permeability of the nanocomposite films to the increase 
in the lengths of the tortuous paths posed by the individually 
dispersed clay nanoplatelets in the nanocomposites. 

5. Conclusions 
The enhancement in the physical properties, such 

as mechanical, thermal and barrier properties of the 
nanocomposites, is observed when the incorporation of an 
organoclay to a polymer matrix led to randomly dispersed, 
individually delaminated silicate platelets to prepare clay-
based polymer nanocomposites. To achieve this, issues on clay 
filler and polymer compatibility and uniform dispersion of the 
clay within the polymeric matrix should be addressed.
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Abstract
Different polystyrene (PS) coatings were prepared and optimized by dissolving PS in D-limonene and 
subsequent dispersion of varying amounts of different chemically modified silica nanoparticles. 
Among the materials prepared, a PS coating filled with silica nanoparticles organo-modified with 
long alkyl carbon chains results in high hydrophobicity (120.8° as compared to bare PS coating 
– 67.0°) and excellent film-formation. 
Keywords: PS/silica coatings, hydrophobicity, contact angle
Kulcsszavak: PS/szilícium-dioxid bevonatok, hidrofobitás, nedvesedési szög
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1. Introduction
Highly hydrophobic coatings have been of particular interest 

over the last decade due to their extensive potential applications 
in anti-corrosion [1,2], self-cleaning [3,4], anti-fouling [5,6], 
anti-icing [7,8], and drag-reducing materials in a wide range 
of industries. Surfaces with water contact angles of at least 
90° are referred to as hydrophobic surfaces whereas surfaces 
with water contact angles greater than 150° are referred to as 
superhydrophobic surfaces [9].

PS is a versatile plastic material that has found wide 
applications in food packaging, laboratory wares [10-13], 
electronics and automobile parts [11,12], etc. Due to its low cost 
of production, most consumer goods come in PS packaging 
in one form or another. This poses a serious problem to the 
environment as PS is shown to be relatively stable and is hard 
to be degraded even after 32 years as stated in a previous study 
[14]. Over the years, the amount of PS waste that accumulates 
in landfills and oceans increases. Based on global statistics, 
about 14 million metric tons of PS are produced each year, 
and only about 15 percent of that is being recycled due to 
cost and processing issues as PS is cheaper to produce rather 
than to recycle and that recycling polystyrene requires it to be 
contaminant free [15-18]. 

As a coating material, it has poor barrier characteristics to 
oxygen and water vapor [19], which is necessary for coating 
applications. However, several researchers have shown that 
added with inorganic fillers like silica, PS-based coating 
materials result in better coating materials [20-22].

Here, we prepared hydrophobic polymer coatings filled with 
silica nanoparticles from solution-casting using D-limonene 
as the dispersing medium. Highly hydrophobic coatings based 
on polystyrene (PS) optimized with different types of surface-
modified silica nanoparticles were prepared. In this study, 

one-pot method of preparation based on surface segregation 
phenomenon of nanoparticles on a polymer matrix was used. 
To make PS and silica dispersion, an environment-friendly 
solvent, D-limonene, was utilized. D-limonene is a natural 
solvent that is extracted from citrus fruits like oranges [23].

2. Experimental methods
2.1 Materials

Polystyrene (PS) (MW ~350, 000) and D-limonene (>97%) 
were purchased from Sigma-Aldrich Co. Three types of 
commercially available organo-modified nanosilica (SiO2) 
particles: Aerosil R 812S, Aerosil R 816, and Aerosil R 972 
were used in this study. Aerosil R 812S, Aerosil R 816, 
and Aerosil R 972 are silica nanoparticles chemically pre-
modified with hexamethyldisilazane, hexadecylsilane, and 
dimethyldichlorosilane, respectively.

2.2 Preparation of PS/SiO2 coatings 
PS (5.0 g) in D-limonene (150 mL) was heated to 40 °C and 

stirred at 400 rpm for 2 hours. Afterwards, 30 mL each of the 
polystyrene dispersion was poured into four individual clean 
Erlenmeyer flasks, where silica nanoparticles where added to 
three of the flasks and then subjected to stirring. In summary, 
there are four treatments considered: (1) PS – control (no silica); 
(2) PS/AS1 - PS/Aerosil R 812S (99:1); (3) PS/AS2 - PS/Aerosil 
R 816(99/1), and PS/AS3 – PS/Aerosil R 972. Each dispersion 
was then coated onto clean glass cover slips via solution casting 
and allowed to dry overnight under ambient conditions. Of the 
three treatments containing silica nanoparticles, the sample 
exhibiting highest contact angle and good film formation was 
then optimized by having varying PS:SiO2 ratios. 
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2.3 Wetting property measurement

The static water contact angle of each coated surface was 
determined by gently dropping 5 μL of distilled water onto 
the coated surface using a micropipette. Five replicates were 
performed for each of the measurements. A photo of the 
droplet was captured immediately after the droplet was placed 
on the surface, and the water contact angle was calculated 
using ImageJ Low-Bond Axisymmetric Drop Shape Analysis 
(LB-ADSA) [24,25].

3. Results and discussion

3.1 Preparation of PS/SiO2 coatings 

The four treatment samples: (1) PS – control (no silica); (2) 
PS/AS1 - PS/Aerosil R 812S (99:1); (3) PS/AS2 - PS/Aerosil 
R 816(99/1), and PS/AS3 – PS/Aerosil R 972 when solution-
casted on glass slides. 

As shown in Fig. 1, the PS dispersion containing no silica 
nanoparticles formed a transparent film. PS/AS1 and PS/
AS2, both result in homogeneous dispersion of the nanosilica 
particles, though, not transparent as the PS film (no silica). PS/
AS3 exhibited poor homogenous film-formation, as a result of 
the silica particles poorly dispersed within the PS matrix.

	 Fig. 1	 Glass cover slips coated with a) PS/AS1, b) PS/AS2, c) PS/AS3 and d) PS 
(control)

	 1. ábra	 Üveg fedőlapok a) PS/AS1, b) PS/AS2, c) PS/AS3 és d) PS (etalon) bevonattal

The method for contact angle analysis was first calibrated 
by comparing the water contact angles of PS and glass used 
to the ones previously reported elsewhere. The average water 
contact angle of PS is ~68° while that of glass is ~40° [26]. 
Using the low-bond axisymmetric drop shape analysis (LB-
ADSA) method [24,25], the water contact angles of PS and 
glass subtract were found to match previously documented 
data. As shown in Fig. 2, all PS films filled with nanosilica 
showed higher contact angle values than the bare PS coating, 
indicating more hydrophobic effect to the PS matrix by organo-
modified silica incorporation. Though PS/AS1 results to an 
even coating from visual inspection than PS/AS2, the latter 
exhibited higher contact angle (Mean = 120.6°).  Among the 
films with incorporated silica, PS/AS3 results in lowest contact 
angle value and poor dispersion of the particles. Statistical 
analysis of all treatments showed a significant difference in the 
observed contact angles of the coatings.

	 Fig. 2.	 Contact angle measurements of the glass substrate used and different PS 
coatings applied on glass

	 2. ábra	 Nedvesítési szög üvegen és különböző PS bevonatokon

From the results of film casting and contact angle 
measurements, PS film modified with Aerosil R 816 exhibited 
homogeneously dispersed particles in a PS matrix with high 
hydrophobicity (high contact angle). Based on an initial PS/
silica ratio of 99/1, varying ratios of PS/Aerosil R816 were then 
prepared.

As expected, the non-wetting behavior of PS-AS2 improved 
with increasing concentration of modified silica (Fig. 3). 
However, at SiO2 concentration greater than 3.0% (relative to 
PS) decreased hydrophobicity and poor film formation were 
noted due to cracking brought about by particle aggregation.

	 Fig. 3.	 Measure contact angles (upper) and photos (lower) taken of various PS films 
incorporated with different amounts of Aerosil R816 (PS/AS3) applied on 
glass

	 3. ábra	 Nedvesítési szög (felső sor) és a hozzájuk tartozó minták amelyekre különböző 
mennyiségű Aerosil R816 (PS/AS3) bevonatot vittek fel (alsó sor)

Fig. 4 showed PS coatings (left) filled with Aerosil R 816 
(PS/AS3) at varying ratios: 99.5:0.5 and 99.9:0.1. The other 
two (right) correspond to glass slides coated with PS only 
and uncoated glass, respectively. Water droplets (colored) 
are applied on the surfaces to compare non-wetting behavior. 
Though not as clear as the unfilled PS coating, PS-filled with 
silica nanoparticles solution-casted using D-limonene as 
solvent can result in more hydrophobic coatings where optical 
property can be fine-tuned by changing the silica concentration.
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	 Fig. 4.	 PS films incorporated with different amounts of Aerosil R816 (PS/AS3) 
applied on glass compared to just bare PS coating and uncoated glass slide

	 4. ábra	 Különböző mennyiségű Aerosil R816 (PS / AS3) bevonattal ellátott PS-fóliák 
összehasonlítva tiszta PS bevonattal és bevonat nélküli üveggel

To check on the uniformity of the prepared film from the 
solution casting of PS filled with Aerosil R816 (PS/AS3), 
at 99.9:0.1 weight ratio with D-limonene as the dispersing 
medium, water droplets were placed at various places across 
the films. As shown in Fig. 5, uniform water droplets can be 
observed displaying high contact angles, that were previously 
determined to have an average value of 120.8° (as opposed to 
the contact angle observed in PS only, 67.0°). 

	 Fig. 5.	 Deposited water droplets deposited on the surface of PS:Aerosil R816 (PS/
AS3) film  (at 99.9:0.1 weight ratio) solution casted from D-limonene as 
solvent

	 5. ábra	 A PS: Aerosil R816 (PS / AS3) film (99,9: 0,1 tömegarányú) felületére 
helyezett vízcseppek 

4. Conclusions
In summary, we were able to prepare a highly hydrophobic PS-

based coating filled with organo-modified nanosilica particles 
from solution-casting using D-limonene as the dispersing 
medium. The film’s properties such as non-wetting behavior, 
film-formation characteristic and optical property can be 
fine tuned with the type of organo-modified silica particles to 
be added as well as the silica concentration. From the three 
commercially available silica nanoparticles used: Aerosil R 812S, 
Aerosil R 816, and Aerosil R 972 which are silica nanoparticles 
chemically pre-modified with hexamethyldisilazane, 
hexadecylsilane, and dimethyldichlorosilane, respectively – the 
PS films modified with Aerosil R 816 at 0.1:99.9 weight ratio 
(relative to PS) result in homogeneous, highly hydrophobic 
(120.8°) coatings as contrasted to PS only (67.0°).  
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Abstract
Examined the formation of free and bound ammonia in various coking processes, the existing 
processes of capture and the impact of ammonia on the environment. Layered double hydroxide 
sorbents of different composition were obtained and investigated. The activity and selectivity 
of layered double hydroxides in the process of sorption of ammonia and its derivatives was 
investigated. It is shown that the main factor affecting the rate of the process is the strength 
of the basic sites. The efficiency of the use of sorbents for the removal of ammonia from the 
environment has been evaluated. 
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1. Introduction 
Coke oven production deals with manufacturing of coal 

coke, coke oven gas, benzene, ethylene, different oils, resins 
etc. These products can be used as fuel or as raw materials for 
manufacturing of polymers, synthetic detergents, pesticides, 
nitrogen containing fertilizers and the like. The main task of 
coke oven production is coal treatment by means of the coking 
method. During such process operations like coal washing, 
coke quenching, gas purification from hydrogen sulphide and 
resin rectification water is contaminated mainly with volatile 
phenols, ammonia and resins [1-4]. It is also characterized by 
excessive concentrations of thiocyanates, sulphides, chlorides, 
presence of thiosulphides and values of PH, ranging from 7.1 
to 8.

2. Analysis of the literature data and setting the 
objective of investigations

The bulk of ammonia at coal coking is formed by means of 
direct extraction of NH3 at pyrolysis of nitrogen containing coal 
compounds. The amount of nitrogen, bound into ammonia 
reaches 11-15 % from its overall content. Ammonia recovery 
at coking of coals, extracted in the Donetsk basin is 0.25-0.30 
%, while for Kuznetsk basin coals it could be up to 0.45 % per 
1 ton of dry coal [5].

Ammonia is a gaseous substance, its density is 0.77 kg/
m3. It forms, when mixed with air an explosive mixture 
with explosiveness limits: 14 % the lower, 33% the higher 
(in volume); the temperature of ignition of ammonia is 780 
ºC [6]. Ammonia is a very toxic substance, it has a strong 
smell, tangible at its concentration in air 40 mg/m3. Maximal 
permissible concentration of ammonia in the working area of 
industrial premises is 20 mg/m3. 

At low temperatures ammonia is well dissolved in water. 
Table 1 shows solubility of ammonia in 100 ml of water [7].

Temperature [ºC] 20 30 40 70 80 90

Solubility [g/100ml] 53.1 44.0 30.4 10.4 6.3 2.6

	 Table 1.	 Dependence of solubility of ammonia in water upon temperature, g/100ml
	1. táblázat	 Az ammónia vízben való oldhatóságának hőmérséklet függősége, g/100ml

Ammonia is a valuable component of coke coals and it is 
economically beneficial to recover it from gas. It is a source 
for obtaining nitrogen fertilizer (ammonia sulphate) and 
it is the main reagent for extraction of pyridine bases in 
sulphate-pyridine department of recovery shop. Coke oven gas 
purification from ammonia is required due to the following 
reasons: at presence of oxygen, water vapours, hydrogen 
sulphide, and hydrogen cyanide in coke oven gas, ammonia 
exerts strong corroding action on the equipment and gas 
pipe-lines; it hampers recovery of benzol hydrocarbons from 
coke oven gas, as it causes rapid damage of stripping oil and 
violates the technological mode; when coke oven gas is used 
for domestic applications it forms poisonous nitrogen oxides 
in fire chambers. Ammonia removal from gas is an obligatory 
condition for normal functioning of coke oven production 
and it is strictly obligatory for application of coke oven gas for 
domestic use [8]. 

Ammonia removal from coke oven gas can be performed in 
two ways: 1) by absorption in cold water in apparatuses, that 
were named scrubbers, the method is based on good solubility 
of ammonia in water; 2) by absorption in sulphur acid in 
apparatuses of bubbling saturators (or absorbers), the method 
is based on reaction of ammonia neutralization by sulphur acid. 
The second method has found a wide application in industry [9].

In ammonia-tar liquor, formed at cooling of coke oven gas 
in cooling towers, gas collectors, or primary coolers the greater 
part of ammonia is in the form of various salts. Their presence 
in ammonia-tar liquor is explained by the fact that  hydrogen 
sulphide, hydrogen chloride, hydrogen cyanide and other acid 
gases are consumed simultaneously with ammonia, the latter 
reacts with them, forming the corresponding salts. 
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Some of these salts-ammonium carbonate (NH4)2CO3, 
ammonium sulphite (NH4)2S and ammonium cyanide  
(NH4CN) are so unstable, that they decompose when their 
water solutions are heated to the temperature, close to boiling 
temperature, emitting ammonia and the corresponding gases: 
H2S, CO2 and HCN. Ammonia, bound in the form of such salts 
is called volatile. 

Ammonium chloride (NH4Cl), ammonium thiocyanate 
(NH4SCN), ammonium sulfate (NH4)2SO4 belong to the group 
of stable compounds and they do not decompose at heating. 
Chemical methods of treatment are to be applied for recovery 
of ammonia from them. Ammonia, containing in ammonia-
tar liquor in the form of these salt is called bound. It can 
be recovered by applying alkali, like slack lime (lime milk) 
stronger than ammonia on them. 

Ammonia-tar liquor also contains some amount of phenols, 
pyridine bases, light oils, and naphthalene. 

Ammonia, contained in ammonia-tar liquor in the volatile 
form is generally called total ammonia. Chemical composition 
of ammonia-tar liquor is characterized by presence of total 
ammonia, separate volatile ammonia, acids, bases and neutral 
admixtures. 

Ammonia and ammonium salts content in ammonia-tar 
liquor is essentially determined by the cooling temperature of 
gas. The lower this temperature is the higher is the content of 
total ammonia in water. Moreover, the content of total ammonia 
in water depends on the specified gas cooling scheme: it is 
smaller when gas is cooled in tubular coolers and higher, when 
gas is cooled in direct action coolers. Ammonia-tar liquor of 
gas collectors salts, containing bound ammonia prevail. 

Ammonia is the main and most valuable component of 
ammonia-tar liquor. It contains up to 0.1% ammonia from 
their resources per 1mt of dry charge. The amount of excessive 
ammonia-tar liquor to undergo recycling is usually 10-12 % 
from the coking charge. Utilization of these vast ammonia 
resources at large scale of coke oven production is a task of a 
paramount importance, as ammonia recovered there can be used 
for production of ammonia sulphate and recovery of pyridine 
compounds. Table 2 shows an approximate composition of 
ammonia-tar liquor, supplied for treatment (at mixing of 
drainage from gas collectors and primary coolers), in g/l. 

Modern process flow sheets of recycling of ammonia-tar 
liquor are closely connected with functioning of sulfate and 
pyridine departments and phenol-removing unit. 

The process of distillation is used for recycling of ammonia-
tar liquor, i.e. recovery of the solved ammonia from ammonia-
tar liquor by means of live steam in distillation columns, 
equipped with bubble cup plates at 100-102 ºC. 

Total 7.0

Volatile 3.0

H2S 1.3

CO2 1.3

Phenols 1.5-2.0

Pyridine compounds 0.4-0.5

	 Table 2.	 Approximate composition of ammonia-tar liquor, g/l
	 2. táblázat	 Az ammónia-kátrány kompozit közelítő összetétele, g/l

Recycling of ammonia-tar liquor includes the following process 
operations: distillation of volatile ammonia from ammonia-tar 
liquor in evaporation column, phenol removal from water by 
means of live-steam method; decomposition of salts of bound 
ammonia inside the reactor by a solution of slack lime; distillation 
of bound ammonia in the column of bubble cup type [10].

The process of recovery of volatile ammonia from ammonia-
tar liquor is based on a drastic reduction of solubility on 
water of ammonia, carbon dioxide, hydrogen sulphate, 
hydrogen cyanide, at water heating up to 98-100ºC. At that 
decomposition of carbonates, sulphides, and cyanides takes 
place with recovery of ammonia and other gases, according to 
the following reactions: 

(NH4)2CO3 -> 2NH3 + СО2 + Н2О,
(NH4)2S -> 2NH3 + H2S,
NH4CN -> NH3 + HCN.

Ammonia-tar liquor of plants, where coals from the Donetsk 
basin are used has an increased content of bound ammonia 
salts (4 to 7 g/l). 

However, the described methods do not permit to get fully 
rid of ammonia ions. Wastewaters contain sufficiently big 
amounts of ammonia ions. Water, drained into the Azov Sea, 
which is not completely recycled contaminates it and also 
underground waters. 

3. The objective and tasks of investigations   
The problem of removal of ammonia nitrogen from water is 

a vital one, as pollution of underground waters inevitably leads 
to pollution of fresh waters. Constant consumption of water, 
containing increased content of ammonia may cause chronic 
acidosis and changes in tissues. Moreover, there is a danger 
of uncontrolled nitrification resulting in formation of nitrites 
as an intermediate product, negative influence of which upon 
human organism is quite substantial. That is why purification 
of wastewaters from coke oven production is quite topical. 

Various methods of additional purification, like, for instance, 
coagulation, bio-filtration, ionite purification, reverse osmosis, 
sorption methods with application of different sorbents are 
most commonly used. Economic and ecological components 
of these methods of additional purification differ very much. 

Most promising and economically beneficial are sorption 
methods of additional purification with application of anionic 
clays of different compositions. Synthetic anionic clays possess 
high selectivity to ammonia ions, they are not costly, as they are 
waste products of chemical industry and there cannot be any 
problems with their utilization as at their thermal treatment 
the reverse process of desorption is not possible. 

4. Experimental results 
4.1. Recovery of double hydroxide sorbents

There are two principal methods of recovering main sorbents 
of hydroxide type: mechanical and chemical method and the 
method of precipitation from a liquid solution. Both these 
methods have advantages and drawbacks of their own. 

By applying the method of displacement of oxides and 
salts with addition of water and also hydroxides and salts 
hydroxides, on the basis of zinc-chromium, calcium-aluminum, 
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copper-aluminum were received. The components in the 
corresponding, calculated quantities were placed into a glass 
and mixed with periodic addition of water for several hours, by 
means of a magnetic mixer. The biggest practical difficulty of 
this method is in the necessity of constant taking of samples to 
observe the progress of reaction, as it is impossible to determine 
the appearance of a new phase visually. That is why the bulk of 
catalysts was received by the method of basic precipitation. 

By applying the method of precipitation various sorbents of 
hydroxide type were obtained and investigated [Mg2Al(OH)6]
OH, [Cu2Al(OH)6]OH, [Zn2Cr(OH)66]OH, [LiAl2(OH)6]OH 
et al. The main problem of the method of precipitation was 
formation of fine-disperse amorphous sediment of hydroxides, 
it making very difficult to filter it and flush it to remove alien 
ions. Increase of crystallinity was obtained by holding the 
sediment in mother waters at the temperature range 50-250 
ºC. In this case the sediment appeared to be more acceptable 
for work, but filtration took too much time. To speed up the 
process the mother waters were cooled, precipitated and 
then the sediment was separated by decanting. Then a new 
portion of flushing water was added, the solution was mixed 
again and settled. Unfortunately, it is not possible to reach a 
complete removal of alien cations, that is why these operations 
were alternated with filtration of the solution in vacuum. The 
process was repeated until the absence of qualitative reaction 
for cations in the flushing liquid. After recovery, basic double 
hydroxides were washed in KOH solution for deactivation of 
acid centres and transition of sorbents into basic state. 

4.2 The methods of determination of ammonia content
The essence of the method is in determining of volatile 

ammonia by a direct titration with sulphur acid along the 
reaction. The way of determination: an aliquot part of ammonia 
water -10 ml is introduced into a conic bulb, then some distilled 
water is added, so that the sample’s volume should be 100 ml 
and volatile ammonia is titrated by a solution of sulphur acid 
until orange methyl indicator acquires pink colour. Afterwards 
we add 5-7 drops of phenolphthalein indicator into this 
neutralized solution and 5 ml of 40 % solution of formaldehyde 
(formalin has to be preliminarily neutralized by NaOH solution 
in presence of phenolphthalein until appearance of pinkish 
colouring). In 2-3 minutes recovered acid is titrated by NaOH 
solution until appearance of pinkish coloring [11]. 

The error of the analysis with acid titrating, i.e. the difference 
between the evaluations should not exceed 0.02g/l. 

4.3. Kinetic investigations  
A sample of excessive water, containing ammonia in different 

compounds, 200 ml in quantity was loaded into a conic bulb, 
equipped with a contact thermometer and a reverse cooler, 
sorbents of various compositions were added and the mixture 
was mixed on a magnet mixer for a specified time span at certain 
temperature. Samples for analysis were taken at fixed intervals. 

5. Results and discussion   
The obtained sorbents were investigated for presence of basic 

sites of different strength (Table 3).

Sorbents H0 ,  mol/l

[Mg2Al(OH)6]OH, 12.2

[Zn2Cr(OH)66]OH, 15.0

[Mg2Al(OH)6]OH, calcined at 650 оС 18.4

[Zn2Cr(OH)66]OH, calcined at 650 оС 45.0
    
	 Table 3.	 The basicity of sorbents
	3. táblázat	 A szorbensek bázikussága

On the basis of the obtained data the values of activity of 
anionic sorbents were compared to the active sites of different 
strength. The quantity of added sorbent was 0.5 mol/mol from 
concentration of bound ammonia. The reaction flows very 
rapidly, that is why the temperature was decreased up to 5 ºC 
to slow it down. 

6. Conclusions   
1. Removal of bound ammonia from excessive waters of 

coke oven production is possible with application of synthetic 
anionic clays of different composition. 

2. Sorption capability of synthetic anionic clays is determined 
by concentration of active sites on their surface, the nature of 
the sites and their basicity. 

3. Synthetic anionic clays, having strong active sites are the 
most efficient sorbents for precipitating ammonia ions. 
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Fenntartható Cement- és Betonipari Technológiák V. 
címû szakmai nap a Miskolci Egyetemen

2019. április 24. 

Az elmúlt évek hagyományait követve idén is megrendezésre került a „Fenntartható Cement- és Betonipari Technológiák” c. szakmai 
nap. A rendezvénynek a Miskolci Egyetem Műszaki Földtudományi Kara adott otthont, 2019.április 24-én. A rendezvényen nyolc 
előadás került bemutatásra egyetemek és ipari cégek szakemberei által.

A világviszonylatban évente keletkező nagy mennyiségű 
ipari melléktermék és hulladék hasznosítása a megfelelő 
technológiák alkalmazásával, továbbfejlesztésével megoldható, 
továbbá környezetbarát anyagok fejlesztésére ad lehetőséget 
a CO2 kibocsájtás és energiaigény csökkentése mellett, így 
megvalósítható a fenntartható nyersanyag-gazdálkodás. 
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Gazdaságtudományi Egyetem

A beton passzív védelme

Paula Oliveira Figueired MSc hallgató, Dr. Carina Ulsen 
egyetemi docens, Dr. Maurício Bergerman egyetemi docens, 
Sao Pauloi Egyetem, Brazília

Építési-bontási hulladékok hasznosítása Brazíliában – 
Recycling of Construction and Demolition Waste in Brazil

Szabó Roland tudományos segédmunkatárs, Dolgos Fann 
tanszéki mérnök, Gulyás Benjámin tanszéki mérnök, Dr. 
Debreczeni Ákos egyetemi docens, Tóth Alfréd tanszéki mérnök, 
Dr. Mucsi Gábor egyetemi docens, Miskolci Egyetem

Hulladékból üveghab és geopolimer hab alapú hőszigetelő 
anyag laboratóriumi és méretnagyítási kísérletei

Dr. Kristály Ferenc tudományos főmunkatárs, Miskolci 
Egyetem

Röntgen-pordiffrakció és Rietveld illesztés a 
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Természeti Erőforrás Gazdálkodás Kiválósági Központban” 
című GINOP 2.3.3. projekt eddigi eredményei

A tudományos előadásokat egy, a Miskolci Egyetemen 
nemrég indult projekt ismertetője követte, amely keretében 
beszerzett eszközök nagymértékben hozzájárulnak majd a 
szakterületen jelentkező K+F+I ipari igények kiszolgálására 
a többi kutatóműhellyel szorosan együttműködve. A 
tanácskozást egy laboratóriumi látogatás követte, amelyen a 
résztvevők megtekinthették a Műszaki Földtudományi Karhoz 
tartozó jól felszerelt laboratóriumokat. 

A szakmai nap jó lehetőséget biztosított a területen működő 
cégek (cementgyárak, betonüzemek, minősítő szervezetek) és 
a kutatás – fejlesztés szakembereinek az eszmecserére, amelyre 
több mint 70 fő regisztrált.

A Szervezők bíznak a kutatóhelyek és ipari cégek 
által megkezdett együttműködések folytatásában mind 
a kutatás-fejlesztés-innováció, mind pedig a felsőfokú 
oktatás vonatkozásában, valamint a szakmai nap rendszeres 
megrendezésével hagyományt kívánnak teremteni.

A rendezvény szervezői: Szilikátipari Tudományos 
Egyesület, Cement Szakosztálya, Beton Szakosztálya, a 
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Bizottság, Bányászati, Geotechnikai és Nyersanyagelőkészítési 
Albizottsága, az MTA MAB Nyersanyagelőkészítési és 
Környezeti Eljárástechnikai Munkabizottsága, valamint 
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továbbá az Országos Magyar Bányászati és Kohászati Egyesület 
Miskolci Egyetemi Szakosztálya.
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Abstract 
Metformin HCl is a drug to treatment of different diseases such as ovary, diabetes, and slimming. 
Present study includes the electrochemical analysis by cyclic blood medium at different pH to 
evaluate the oxidation – reduction current peaks of the metformin compound which appeared 
at +750 and -750 mV respectively in acidic blood medium, while the oxidation current peak 
of the metformin was disappeared in alkaline blood medium with present of reduction one, so 
metformin acts as antioxidant reagent in alkaline blood medium. The study device the patients 
whom have taken metformin tablets as a treatment for diabetic disease must take ascorbic acid 
with metformin tablet to avoid the oxidation stress.
Keywords: metformin, blood, cyclic voltammetry, different pH, redox reaction      
Kulcsszavak: metformin, vér, ciklikus voltametria, különböző pH, redox reakció
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1. Introduction
In the resent time scientists have chosen cyclic voltammetric 

technique to study medicines in blood medium [1-6]. 
Metformin HCl is known in chemical structure 

(1,1-dimethylbiguanide HCl) as shown in Fig. 1. In the 
pharmacy market it is traded under the name of Glucophage 
and it is used as a treatment of type 2 diabetes,[7,8] particularly 
for people who are overweight, has polycystic ovary syndrome, 
cardiovascular disease or cancer complications of diabetes 
[9,10].

	 Fig. 1	 Structure of metformin 
	 1. ábra	 A metformin kémiai felépítése

A new method was used to determine metformin of 
pharmaceuticals, serum and urine from volunteers after 
spiking with metformin. The results were examined by a 
standard addition method. The number of pharmacological 
supplements and blood serum or urine matrix did not affect 
the determination of metformin [11]. The modified electrode, 
multi-walled carbon nanotubes (CNTs) composites on glassy 
carbon electrode (GCE) showed an excellent response to the 
oxidative current to determine metformin compound. In optimal 
conditions, a good linear peak current with concentrations in 
a range of 0.5 μm to 25 μm and a detection unit of 0.12 μm, as 
well as good repetition, was shown. The modified GCE with 
CNTs were applied successfully to determine metformin in 
pharmaceutical samples with good accuracy [12]. In 56 cases 
of lactic acidity strongly associated with metformin, the pH 

of blood lactate had no predictive value. One can reasonably 
rule out the accumulation of metformin as a prognostic 
factor. Ultimately, the determinants of metformin associated 
lactic acidosis were appeared to be the nature and number 
of influencing factors. Significantly, most patients survived 
- although the average pH is not consistent with a positive 
outcome under other conditions [13]. A newly developed 
spectral method was used in the present research project to 
determine the drug metformin hydrochloride, through the 
complication of copper (II). Color products were measured 
at 530 nm. The newly developed system for pharmaceutical 
analysis has been applied [14]. Metformin is an anti-diabetic 
drug that is widely used. HPLC is the most commonly used 
method for the analysis of metformin. Other methods include 
spectroscopy and potentiometric measurements. The drug is 
analyzed not only in a neat solution but also in pharmaceutical 
products alone and in combination with other drugs. Studies 
show that metformin can be successfully used to reduce the risk 
of cancer. However, a randomized trial is needed to see if the 
drug is useful among populations at risk for cancer. This review 
discusses the different methods used to analyze metformin and 
its potential role in carcinogen resistance [15].

In this work, metformin compound was studied by 
electrochemical analysis using cyclic voltammetric method in 
human blood medium at different pH.

2. Experimental methods
2.1 Cyclic voltammetric technique

EZstat (Potentiostat / Glvanostat) series from NuVant 
Systems (manufactured in the USA) was used to carry out the 
measurements. The electrochemical analysis cell was connected 
to the potentio-state and monitored by the program that was 
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installed on the computer to perform cyclic voltammetric 
measurement (CV). Silver / silver chloride (Ag / AgCl in 3 
M KCl) as reference electrode and platinum wire (diameter 1 
mm) was used as counter electrodes. The glass working carbon 
electrode (GCE) was used in this study after cleaning by 
polishing with alumina solution and treated using ultrasonic 
waterway for ten minutes for measurement performance.

3. Materials
Metformin HCl compound was received from Merk sante 

s.a.s (Germany). Blood samples from healthy humans obtained 
from the Baghdad Medical Center were collected for analysis 
after the serum was completely separated from the blood by an 
electronic centrifuge of type 8-1 (3,000 cycles / min). Deionized 
water was used to prepare water solutions. All serum blood 
samples were diluted with deionized water by 1: 9 ml (serum: 
deionized water), 10 ml of dilute serum was placed in a cyclic 
voltammetric cell.

4. Results and discussion 
Previous research has addressed the effects of the use of 

metformin for the treatment of some diseases such as diabetes. 
In the current study we prove the effects of this treatment from 
an electrochemical study of the blood through the peaks of 
oxidation and reduction of metformin compound.

4.1 Effect alkaline pH on metformin in blood medium
According to the results of the pH studies of metformin 

in alkaline blood medium, Fig. 2 illustrated the cyclic 
voltammogram of the oxidation – reduction current peaks of 
metformin in the range of alkaline pH (8-12), it was found the 
oxidation current peak was disappeared in this pH and the 
reduction current peak was enhanced in higher pH (12). 

Also, the oxidation – reduction current peaks of metformin 
at neutral blood medium pH (7) has appeared at 0.750 and 
-0.5 V respectively and disappeared the oxidation one at 
alkaline blood medium (pH=12) as shown in Fig. 3. Thus, the 
metformin HCl compound act as anti-oxidative reagent in 
alkaline blood medium [16].   

	 Fig. 2	 Cyclic voltammogram of metformin in blood medium at different alkaline pH 
(8 and 12) using GCE and Ag/AgCl as working and reference electrode at scan 
rate 0.1 V sec-1

	 2. ábra	 8 és 12 pH-jú vérben lévő metformin ciklikus voltammogramja, GCE és 
Ag/AgCl használatával mint munka- és referenciaelektróda, 0,1 V sec-1–es 
adatrögzítési sebesség mellett

	 Fig. 3	 Cyclic voltammogram of metformin in serum medium at different pH (7 and 12) 
using GCE and Ag/AgCl as working and reference electrode at scan rate 0.1 V sec-1 

	 3. ábra	 7 és 12 pH-jú szérumban lévő metformin ciklikus voltammogramja, GCE és 
Ag/AgCl használatával mint munka- és referenciaelektróda, 0,1 V sec-1–es 
adatrögzítési sebesség mellett

4.2 Effect acidic pH on metformin in blood medium
In the comparing study of metformin HCl compound 

between acidic and alkaline blood medium, it was found 
that oxidation – reduction current peaks of metformin have 
enhanced at acidic blood medium pH (3) as shown in Fig. 4, 
so the metformin in acidic blood medium acts as a catalyst for 
oxidation process [17].   

	 Fig. 4	 Cyclic voltammogram of metformin in blood medium at different pH (3 and 12) 
using GCE and Ag/AgCl as working and reference electrode at scan rate 0.1 V sec-1 

	 4. ábra	 3 és 12 pH-jú vérben lévő metformin ciklikus voltammogramja, GCE és 
Ag/AgCl használatával mint munka- és referenciaelektróda, 0,1 V sec-1–es 
adatrögzítési sebesség mellett

	 Fig. 5	 Relationship between the oxidation current peak of metformin HCl and 
different pH of blood

	 5. ábra	 A metformin-HCl oxidációs csúcsa és a vér különböző pH-ja közötti kapcsolat
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	 Fig. 6	 Relationship between the reduction current peak of metformin HCl and 
different pH of blood  

	 6. ábra	 A metformin-HCl redukciós csúcsa és a vér különböző pH-ja közötti 
kapcsolat

It was found from the results of the oxidation – reduction 
current peaks of metformine in different pH (2-12) that 
reduction current peak was enhanced in alkaline blood 
medium with disappearing the oxidation peak as shown in Fig. 
5 and 6.  

4.3 Effect of different medium on the redox current peaks 
of metformin  

Fig. 7 illustrates the cyclic voltammogram of metformin HCl 
in each of blood and serum (plasma) at alkaline pH (12) to find 
the difference between the two electrolytes, which indicated 
that the blood and its serum have the same properties in 
electrochemical analysis and the overlapping of the cyclic 
voltammogram [18].   

	 Fig. 7	 Cyclic voltammogram of metformin in each of blood and plasma medium at 
alkaline pH (12) using GCE and Ag/AgCl as working and reference electrode 
at scan rate 0.1 V sec-1 

	 7. ábra	 12 pH-jú vérben és plazmában lévő metformin ciklikus voltammogramja, 
GCE és Ag/AgCl használatával mint munka- és referenciaelektróda, 0,1 V 
sec-1–es szkennelési sebesség mellett

5. Conclusions 
Based on the present research, it can be concluded that the 

treatment of metformin HCl for all medical use cases need to 
be taken carefully as results from the electrochemical analysis 
of this compound in different pH of serum medium. It was 
found that using metformin in acidic blood medium causes an 
oxidative stress by enhancing the oxidation current peak which 
indicated as oxidative medicine, while the metformin acts as 
anti-oxidative drug in alkaline blood medium by disappearing 

the oxidation current peak. Thus, an important advice to the 
users of this medicine is to take the complements as blood 
alkaline synthesis such as ascorbic acid to make the treatment 
safer.
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Abstract
Stirred media mills are widely operated in the industry for the production of fine ground materials. 
The application of the mill type in dry mode came to the front in the recent years. Most of the 
operating dry mills have vertical orientation, however the horizontal type mills are also available 
on the market now, and some research is still ongoing for the development of this mill type. In 
the present study two development phase of a laboratory scale continuous dry, horizontal stirred 
media mill is presented. In the first phase the working principle of the mill, the air flow rate and 
feed rate were investigated. Later based on the operational experience and earlier results of 
the grinding experiments the mill has undergone significant changes resulted in a significant 
increase in the amount of air flow rate through the mill. The measurement results of the second 
phase led to that the mill has a significantly higher air flow rate and stable constant feed rate, 
however the control of the air flow during operation is essential to achieve the required product 
particle size. 
Keywords: dry fine grinding, stirred media mill, continuous operation
Kulcsszavak: száraz finomőrlés, keverőmalom, folyamatos üzem
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1. Introduction
Dry stirred media milling is a highly energy-efficient 

and promising technology that can be used to produce fine 
submicron ground materials, but there are still many problems 
to be solved in this area for wider industrial application. 
The operation of a horizontal dry stirred media mill was 
investigated by [1], found that increase of the stirrer speed 
produced finer material up to a point that further addition of 
energy was converted into heat causing decreased efficiency of 
the grinding operation, lower media fillings created inefficient 
grinding environments. Later in the same mill, the effects of 
chamber diameter and stirrer design on dry horizontal stirred 
mill performance was investigated [2], found that the larger 
gap between the stirrer edge and mill chamber performed 
more efficient grinding operation. Stirrer design tests were 
conducted with cross, wing and disc designs having the same 
diameter. At higher energy levels (>40 kWh/t) wing and cross 
design stirrers utilize more energy than the disc design to 
achieve the same degree of size reduction. Reduced milling 
performance of the wing and cross designs were attributed to 
increased mill chamber temperature which indicated that most 
of the energy was dissipated as heat. Dry grinding experiments 
in a self-modified horizontal stirred media mill was presented 
by [3]. It was revealed that dry fine grinding in continuously 
operated horizontal stirred media mills is strongly determined 
by both, machine related values like the choice of process 
parameters as well as product related characteristics like the 
powder flow ability. They confirmed the existence of optimum 
stressing conditions at comparatively low stressing energies. 
High powder flow abilities constantly lead to lower grinding 
efficiencies in the present study. However, also very low 
powder flow abilities are identified to decrease the grinding 
efficiency, as it causes unfavourable stressing conditions and 
an inefficient grinding media motion. The stirrer tip speed was 

identified to be a more critical process parameter than other 
values like bead size and bead material, since the deflector 
wheel is coupled with the stirrer shaft, the stirrer tip speed does 
not only influence the stressing energy of the beads, but also 
the retention behaviour of the wheel classifier.

In the present article, the first two development phases of 
a laboratory scale continuous dry horizontal stirred media 
milling system are presented.

	 Fig. 1	 Continuous dry stirred media mill – first (a) and second (b) configuration 
	 1. ábra	 Folyamatos üzemű száraz keverőmalom – az első (a) és második (b) 

konfiguráció

2. Experimental
A continuous dry stirred media mill was developed and 

built, where the solid material is transported in the mill 
by air flow. The effective volume of the mill is 520 cm3. The 
mill can be operated in open circuit mode. The stirred media 
mill is equipped with a six specially shaped triangle discs. 
The mill is double-walled to cool the grinding chamber. The 
operation of the motor and the ventilator is regulated by a 
frequency controller, so the rotor’s revolutions per minute and 
circumferential speed could be adjusted. Parts of the milling 
system in the first configuration are as follows (Fig 1a): 1. 
Computer; 2. Electrical control board of the data acquisition 
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system; 3. Power supply of the data acquisition system; 4. Mill 
engine; 5. Silo and vibration feeder; 6. Stirred media mill; 7. 
Filter; 8. Venturi tube; 9. Ventilator. 

The parts of the second configuration are as follows (Fig 
1b): 1. Screw feeder; 2. Stirred media mill; 3. Filter; 4. Venturi 
tube; 5. Fan; 6. Data acquisition system; 7. Mill engine. Online 
measurement and data acquisition system was developed for 
the grinding system. For the data acquisition a self-written 
LabWindows program is used. The measuring system is 
capable to measure the static pressure after the mill (p1), the 
static pressure after the filter (p2) and the pressure drop in the 
Venturi tube (Δp). The velocity of the air in the Venturi tube is 
calculated from the pressure drop and therefore the volumetric 
flow rate of the air (Q) can be determined as well. 

	 1)

During the experiments limestone was used as model 
material for the grinding. The limestone powder was obtained 
from the Felnémet mine site. The limestone powder first was 
sieved at 106 µm by laboratory sieve and then the material was 
further separated in an air separator (type NETZSCH CFS 5 
HD-S) to separate the most of the fine particles under 10 µm 
and to receive an appropriate feed for the grinding experiments. 
Rotor speed of the classifier was set to 3500 RPM, and the air 
flow rate was 63 m3/h. 

The particle size distribution of the ground material was 
determined using a HORIBA LA-950V2 type laser particle 
size analyzer. From the measured data the computer calculated 
the particle size distribution according to the Mie-theory. 
During the measurement ultrasonic treatment was used for the 
dispersion of fine particles.

During the experiments with the first configuration 0.2, 0.4, 
0.6 and 0.8 kg/h feed rate was applied. The effect of the rotor 
velocity was investigated at 6, 8, 10 and 11 m/s. To measure the 
effect of the air flow rate, the frequency of the ventilator rotor 
was moderated between 20 and 35 Hz. 

During the grinding experiments of the second configuration 
0.8-1 and 1-1.2 mm zirconium silicate grinding media were 
used. The feed rate was constant during all grinding experiments 
0.6 kg/h. Grinding media filling ratio was set to 0.6. The exact 
air flow rates were measured during the experiments.

3. Results
The operation of the mill configuration “A” was investigated 

in several steps. First the fan operation was tested. It was 
found that the air flow through the mill increasing linearly by 
the frequency of the fan current in case of empty mill. Later 
the mill was filled with grinding media and the mill rotor at 
different velocities was operated (Fig. 2). The air flow rate was 
not affected by the rotor circumferential velocity, at a certain 
fan current frequency. After evaluating the pressure loss data, 
it became clear that the highest pressure loss is on the filter. 

	 Fig. 2	 Airflow rate at different rotor circumferential velocities 
	 2. ábra	 Légáramok különböző rotor kerületi sebességek mellett

During the milling experiments with the configuration A it 
could be observed that the airflow rate decreases as a function 
of the grinding time (Fig 3). During grinding the pressure 
loss on the filter increases with the material layer on the filter 
surface increases. As a result, the average internal air velocity 
in the grinding chamber decreases, and thus the amount of the 
transported material inside the mill decreases, which could 
lead to a blockage in the mill. To solve this problem, at longer 
grinding experiments the filter should have been cleared, 
and thus the pressure loss decreased, and the mill was able to 
operate stable again.

	 Fig. 3	 Airflow rate and air velocity changes within the mill during grinding
	 3. ábra	 Légáram és légsebesség változás a malmon belül őrlés közben
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After the first grinding experiments systematic grinding 
experiments were carried out with the construction A at 
different airflow and feed rates. The effect of the feed rate on 
the cumulative undersize of the product can be seen in Fig 4. In 
the feed material less than 3% are under 10 µm. After grinding 
at different feed rates the ratio of the fine (<10um) particle 
significantly grows up to 30%. The finest product was achieved 
by the 0.2 kg/h feed rate. Higher feed rates resulted in coarser 
product. From the cumulative undersize curves it can be seen 
that the maximal particle size of the feed did not decrease, so 
the stress energy inside the mill was not enough to the effective 
body breakage of the particles. 

	 Fig. 4.	 Effect of the feed rate on the cumulative undersize of the product
	 4. ábra	 A feladási tömegáram hatása az őrlemény szemcseméret-eloszlására

The effect of the feed rate on the median particle size at 
different air flow rates can be seen in Fig 5. At a certain air flow 
rate, the higher the feed rate, the higher the median particle 
size. At a certain feed rate the higher the air flow rate, the finer 
the product. The lowest median particle size was achieved at 
0.2 kg/h feed rate and 7.3 m3/h average air flow rate, its value 
was 16.8 µm. At low feed rates (low mill loading) increasing 
the air flow rate did not have significant effect on the median 
particle size, the grinding is sufficient, the ground material 
is fine. Increasing the feed rate, at same air flow rates, the 
product became coarser, because the residence time in these 
cases was determined by the quantity of feed rate. However, 
at the same feed rate, the higher air flow gives a finer product. 
The explanation for this is that the grinding efficiency was 
improved by increasing the air flow. The main limiting factor 
in the production of fine materials by dry grinding is the 
adhesion of the fine particles and the sticking of the particles 
on the mill liners and on the grinding beads, which decreases 
the efficiency of grinding. The higher air flow reduced these 
effects more sufficiently, so the product became finer [4].

	 Fig. 5	 Effect of the feed rate on the median particle size at different air flow rates
	 5. ábra	 A feladási tömegáram hatása a median szemcseméretre különböző légáramok 

esetén

Based on the grinding results and the operational experiments 
problems of the first configuration came to the surface:
■■ Feeding of fine material couldn’t be done, because 

of the feeding tubes’ blockage, the continuous and 
constant feeding of the mill also was a problem because 
the air flow rate influenced the feed mass flow.

■■ The applied filter wasn’t efficient enough, after a short 
period of time it had to be cleaned.

■■ The pressure drop of the mill and filter was too high, 
thus the energy consumption of ventilator was high.

From the grinding experiments with configuration A it 
can be stated that at the applied air flow rates the material 
transported not only by air, but by a simple flow through as 
well.

Based on the earlier grinding experiments and results the 
continuous dry stirred media milling system was undergone 
improvements that enable more efficient grinding and more 
reliable operation. For this reason, first of all, the feeding 
technique had to be changed, which in practice was realized in 
the form of a storage unit with a larger cone angle and a screw 
feeder placed beneath it. In addition to providing continuous 
and stable mass flow, it appears as a further advantage to 
completely separate the material feed and airflow. In this way, 
the material feed and the airflow rate became independent. To 
reduce the pressure loss on the filter, it was further changed 
to a bag type. The pressure loss of the mill was also decreased. 
Measurements made with the “B” mill construction, similarly 
to previous results, were carried out systematically, with pre-
planned steps, helping to improve the comparability of the 
data obtained from the measurements of the two different 
constructions. During the first measurement experiment, the 
operation of the newly built air filter system was tested, relying 
on data from the previous measurement results, with a feed rate 
of 0.6 kg/h. In the grinding experiments the mill was operated 
for 40 minutes and sampling and filter cleaning was carried 
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out after every 10 minutes. The change of the air flow rate of 
such grinding experiment can be seen in Fig 6. After each filter 
cleaning the starting air flow rate decreased. The level of the air 
flow rate however became significantly higher than in the case 
of construction A, so the pressure loss of the mill and filter was 
successfully decreased. The air flow rate linearly decreases as a 
function of the grinding time. The starting 26 m3/h air flow rate 
was decreased to 20 m3/h after 40 minutes operation.

	 Fig. 6	 Effect of operational time on the air flow rate 
	 6. ábra	 Az üzemelési idő hatása a légáramra

The cumulative undersize of the ground material at 7 m/s 
rotor velocity and after 40 min operation can be seen in Fig. 
7. The product of the mill is finer than the feed, however the 
degree of the size reduction is relatively low. The significantly 
higher air flow rates decreased the residence time of the 
particles inside the mill, thus the stress number of the particles, 
so the grinding was not sufficient. 

	 Fig. 7	 Cumulative undersize of the product after grinding at 7 m/s rotor velocity
	 7. ábra	 Az őrlemény szemcseméret-eloszlása 7 m/s rotor kerületi sebesség esetén

Increasing the stress energy by increasing the grinding 
media diameter to 1-1.2 mm and the rotor circumferential 

velocity to 10 m/s did not resulted in finer product (Fig. 8). 
This can be explained by the centrifugal forces created by the 
higher rotor velocity. Possible way to increase the grinding 
efficiency is to significantly increase the size of the grinding 
beads and reduce the rotor velocity significantly. The larger 
grinding media results in lower pressure loss in the mill and 
higher pore volume which can help the transportation of the 
ground material inside the mill. 

	 Fig. 8	 Cumulative undersize of the product after grinding at 10 m/s rotor velocity
	 8. ábra	 Az őrlemény szemcseméret-eloszlása 10 m/s rotor kerületi sebesség esetén

The effect of the air flow rate on the product fineness can be 
seen in Fig. 9. The higher ventilator current frequency resulted 
in higher average air flow rates. The higher the air flow rate, 
the finer the product. Higher air flow rate results in lower 
residence time in the mill; however the higher air flow rate 
helps to discharge the particles from the mill. 

	 Fig. 9	 Cumulative undersize curves of the ground material at different air flow rates
	 9. ábra	 Az őrlemények szemcseméret-eloszlása különböző légáramok esetén

This can be seen in Table 1, where the ratios of the product 
mass at different air flow rates are presented. The higher air 
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flow rate is more effective to discharge the fine particle from 
the grinding chamber. At lower air flow rate possibly more fine 
particle was created because of the longer residence time, but 
with the lower air flow the product particle was not discharged 
from the mill sufficiently, so more and more fine particle 
remained in the grinding chamber, which could result the 
blockage of the mill at longer operational time. 

Average air flow rate [m3/h] Ratio of the product mass [%]
24.2 86.3
19.5 83.4
16.8 79.3

	 Table 1	 Ratio of the product mass at different air flow rates
	1. táblázat	 A termék tömegének aránya különböző légáramok esetén

4. Conclusions
In the present study the first two development phase of a 

laboratory scale horizontal dry stirred media mill was presented. 
During the development the stable operational time of the mill 
was successfully extended, however further improvements are 
necessary for a long term operation of the milling system. The 
results proved that the mill can effectively produce particles 
below 10 microns, however the control of the product particle 
size requires constant air flow rate during grinding. To ensure 
this, the future goal is to build a controlling system for the fan, 
which can compensate the increase in pressure loss of the mill 
and filter during grinding.
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Abstract
Calcium phosphate, particularly hydroxyapatite (HAp) is an important material in biomedical 
engineering applications. The development of HAp is continued rising due to the similarity and 
biomimetic requirements to the hard tissue of human body such as bone and dental. The purpose 
of our work was to produce and describe HAp bioceramic powder from environmental and cheap 
source (Bovine bone) by thermal process at various calcination temperatures. The analysis of 
Fourier transform infrared spectroscopy (FTIR) verified the formation of HAp because of the 
existence peaks related to phosphate and hydroxyl groups. The analysis of Raman confirmed 
findings of the FTIR the formation of HAp due to the appearance of peaks at 960 and 920 cm−1 
related to a phosphate group. A result of Energy-dispersive X-ray spectrometry (EDS) also referred 
to Ca/P atomic ratio at 1000 °C was 1.6 that has been near stoichiometric hydroxyapatite (1.67) 
in human body.
Keywords: Calcium phosphate, Calcination process, Hydroxyapatite, Tricalcium phosphate
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1. Introduction
Calcium phosphate (CaP) ceramics are a group of ceramic 

materials including calcium ions (Ca2+), different phosphate 
ions [PO4

3−, PO4, P2O7
4-], and sometimes hydroxide (OH-) or 

carbonate (CO3
2-) ions [1]. CaP can be divided into 3 kinds: 

Hydroxyapatite (HAp), Tricalcium phosphate (TCP), and 
Tetracalcium phosphate (TTCP) based on atomic ratio of 
Ca/P [2]. It is common knowledge that atomic ratio of Ca/P is 
the main factor in identifying the bioactivity and dissolution 
property of CaP. A decrease in Ca/P atomic ratio will increase 
the disintegration rate of CaP [3]. Atomic ratio of Ca/P in 
bone and dental of human body exceeds (1.67) represents HAp 
[Ca10(PO4)6(OH)2] in comparison with Ca/P atomic ratio of 
TCP (1.5) and TTCP (2) [4]. 

Due to the continued rising similarity and biomimetic 
requirements to the hard tissue of human body such as 
bone and dental, the use of HAp in biomedical and dental 
applications is rapidly increasing. In addition, the need for 
biocompatibility, osteoconductivity, and bioactivity in the 
biomedical application, tooth implants, and maxillofacial 
surgery, make this ceramic valuable for applications in the 
medical engineering. 

HAp is the one of the major constituent of hard tissue 
(bone and teeth) of human body. Table 1 shows biological, 
mechanical, and physiochemical, properties of HAp [5]. HAp 
can be produced in two methods including chemical methods 
[6][7] and natural resources[8][9]. HAp typically synthesized 
from the chemical methods presents some drawbacks: they 
are having cytotoxicity [10], hazardous chemicals [11] and 

relatively high cost [4]. On the other hand, HAp synthesized 
from the natural resources that can be used without any 
drawbacks in terms of similar chemical composition and 
physical properties [12]. 

Properties Data Properties Data

Chemical 
composition

Ca10(PO4)6(OH)2 
or Ca5(PO4)3(OH) Hardness (HV) 600

Ca/P molar ratio 1.67 Decomposition 
Temp. (°C)

More than 
1000

Crystal system Hexagonal Melting point (°C) 1614

a=b
c

0.942 nm
0.688 nm

Thermal conductivity 
(W/cm. K) 0.013

Young’s modulus 
(GPa) 

80-110 Biocompatibility High

Elastic modulus 
(GPa) 

114 Bioactivity High

Density (g/cm3) 3.16 Biodegradation Low

	 Table 1	 Physiochemical, mechanical and biological properties of HAp [5][13][14]
	1. táblázat	 A HAp. Fizikokémiai, mechanikai és biológiai tulajdonságai

The purpose of our work was to produce and describe HAp 
bioceramic from environmental and cheap source (Bovine 
bone) by thermal process at various calcination temperatures. 
This study is divided into four steps. 
■■ Calcine of the Bovine bone at different temperatures 

(600-1000) ºC for 2 hours.
■■ Calculate the Ca/P atomic ratio of calcined bones at 

different calcination temperatures by using energy-
dispersive X-ray spectrometry (EDS). 
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■■ Determine the best atomic ratio of Ca/P that is close to 
1.67 and that represents HAp.

■■ Characterize the HAp by different techniques such 
as Fourier transform infrared spectroscopy (FTIR), 
Raman spectrum, Scanning electron microscopy 
(SEM), and atomic force microscopy (AFM).

2. Experimental procedure
2.1 Bovine bone preparation

Bovine bone femur was provided by a local meat shop and 
cut into small pieces. The bone pieces were boiled in water 
for 2 h and washed utilizing a strong water jet to take out the 
adhering meat. Drying process was taken at 50 °C for 1 h in a 
furnace and afterward dried at room temperature for 2 weeks. 
Finally, the bovine bones were submerged in acetone for 30 
min and cleaned with water for several times. Fig. 1 shows the 
bovine bone after preparation with yellowish white color.

	 Figure 1	 Bovine bone after preparation
	 1. ábra	 Szarvasmarha csont előkészítés

	 Fig. 2	 Calcination process schedule
	 2. ábra	 Meszesítési folyamat leírás

	 Fig. 3	 Bovine bone after calcination process
	 3. ábra	 Szarvasmarha csont meszesítési eljárás után

2.2 Calcination process
The bovine bones were calcined in a muffle furnace at 

various temperatures for 2 h. Calcination temperature was 
incrementally increased from 600 to 1000 ºC with a step size 
of 100 ºC. Fig. 2 shows the calcination process schedule. The 
heating and cooling rate were kept constant at 10 °C min-1. 
Fig. 3 shows the color of bovine bone after calcination changes 
from yellowish white to white.

2.3 Characterization of calcined bone 
Energy-dispersive X-ray spectrometry (EDS) was used to 

analyze localized chemical composition of calcined bone and 
determined the atomic ratio of Ca/P. Fourier transform infrared 
spectroscopy (FTIR) spectra were utilized so as to achieve the 
functional groups in calcined bone in the scope of 400 – 4000 
cm−1. The crystalline phases of the sample were determined by 
utilizing Raman spectroscopy. scanning electron microscopy 
(SEM) and Atomic force microscopy (AFM) were carried out 
to capture the surface morphology and topography of the 
calcined bone powder.

3.Results and discussion
3.1 Energy-dispersive X-ray spectrometry (EDS)

Table 2 shows EDS analysis of calcined bone at various 
temperatures. As can be seen, increasing calcination temperature 
from 600 to 1000 ºC lead to the decreasing of Ca/P atomic 
ratio from 2.425 to 1.6. It was decided that the best calcination 
temperature for this study was 1000 ºC due to Ca/P atomic ratio 
at this temperature was 1.6 that has been near stoichiometric 
hydroxyapatite (1.67) in human body. The result of EDS also 
referred to the presence of primary constituents such as Ca and 
P with some minor constituents such as Mg, Na, Cl, K, Si, and 
O. Piccirillo et al. [15] in their work on the characterization of 
HAp and TCP mentioned that these minor components such 
as Na and Cl improves on biocompatible and osteointegration.

temperature

Elements wt%
600 ºC 700 ºC 800 ºC 900 ºC 1000 ºC

C 2.878 2.373 2.628 2.567 3.050

O 29.474 35.277 34.945 37.080 42.348

Na 0.539 0.785 1.042 1.154 1.508

Mg 0.398 0.526 0.564 0.554 0.734

Si 1.644 1.959 2.146 1.360 1.012

P 15.424 16.042 16.114 16.557 17.095

Cl 0.248 0.101 0.103 0.087 0.095

K 0.997 0.864 0.952 0.671 0.442

Ca 48.398 42.073 41.507 39.972 33.716

Ca/P ratio 2.425 2.026 1.990 1.865 1.6

	 Table 2	 Chemical composition (wt%) of calcined bovine bone at various temperatures
	2. táblázat	 Különböző hőmérsékleten meszesített szarvasmarha csontok kémiai 

összetétele (tömeg %)

3.2 FTIR and Raman of calcined bone at 1000 ºC
Fig. 4 shows a FTIR spectra of calcined bone at 1000 ºC. A 

typical HAp molecules structure is indicated by the presence 
of peaks matching to phosphate and hydroxyl groups. The 
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organization of HAp structure is dependent on this kind of 
groups [16]. Phosphate groups are a common part of FTIR 
spectra of HAp, which can be divided into three vibrational 
modes: symmetric stretch, asymmetric stretch and bending. 
The symmetric stretch mode is represented in FTIR spectra 
(Fig. 4) at the peak 960 cm-1 corresponding to PO4

3−, 
asymmetric stretch mode is represented at the peaks 1090-
600-568-460 cm-1 corresponding to PO4, and bending mode is 
represented at 1025 cm-1 corresponding to PO4

3−. The peak at 
630 cm-1 is represented due to the vibrational of the hydroxyl 
group. In addition, the presence of 850 cm-1 band in spectra 
corresponding to P-OH related to HPO4 group. A remarkable 
feature of HAp is the presence of HPO4 group. The phosphate 
and hydroxyl groups were corresponded in accordance with 
[16][13][17].

The other test carried out with Raman spectrum (Fig. 5) 
confirmed findings of the FTIR the formation of HAp due 
to the appearance of peaks at 960 and 920 cm−1 related to a 
phosphate group [18].

	 Fig. 4	 FTIR spectra for calcined bone powder at 1000 ºC calcination temperature
	 4. ábra	 1000 ºC-on meszesített porított csont FT-IR spektroszkópia

	 Fig. 5	 Raman spectrum of Bovine bone heated at 1000 °C
	 5. ábra	 1000 ºC-on hevített szarvasmarha csont Raman spectroszkopia

3.3 SEM and AFM of calcined bone at 1000 ºC
The result of SEM is presented in Fig. 6 with different 

magnifications. The shape of HAp particles was irregular like 
needle and polygonal and the size was between 10 nm and 
150 nm as shown in Fig. 7. The results carried out with AFM 
confirmed findings of SEM as shown in Fig. 8. 

	 Fig. 6	 SEM micrograph of bovine bone heated at 1000 °C showing the shape of HAp 
particles at three different magnifications

	 6. ábra	 SEM felvételek az 1000 ºC-on hevített szarvasmarha csont szelet Hap. 
szemcsékről három különböző nagyításban

	 Fig. 7	 Particle size of powder bone after heating at 1000 °C
	 7. ábra	 1000 ºC-os hevítés után szarvasmarha csont szemcsék mérete
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	 Fig. 8	 Topography and surface properties of powder bone after heating at 1000 °C
	 8. ábra	 1000 ºC-on hevített szarvasmarha csont por topográfiai és felületi jellemzői

4. Conclusions
1- The result of EDS referred to the best calcination 

temperature for this study was 1000 ºC due to Ca/P atomic ratio 
at this temperature was 1.6 that has been near stoichiometric 
hydroxyapatite (1.67) in human body.

2- FTIR and Raman analysis confirmed the formation of 
HAp by the presence of peaks matching to phosphate and 
hydroxyl groups which are of great significance in a scope of 
HAp structure.

3- The shape of HAp particles was irregular like needle and 
polygonal and the size was between 10 nm and 150 nm.
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Ladies and Gentlemen,
Dear Cement Researchers, Producers and Users,

This is our honour and great pleasure to invite you to the 15th International Congress on the Chemistry 
of Cement (ICCC 2019) which will be held in September 16–20, 2019 in Prague, Czech Republic.

The International Congress on the Chemistry of Cement (ICCC) is the renowned global platform which 
summarizes the state of art of cement chemistry as well as major trends in cement application. 
Since the first International Congress on the Chemistry of Cement started in London in 1918,  
it has provided a strong and fruitful link between the academic world and the cement industry. 
It has always stimulated scientific exchanges and discussions between students and those who 
have already gained working experience in all of the many fields of chemistry relevant to cement 
production and its use in concrete and mortar.

The ICCC 2019 will present cement and environmental development worldwide and renowned 
experts from all over the world are invited to present their work at the Congress. The scientific 
programme will cover the topics of the newest and the most important research and development 
describing cement and clinker chemistry (incl. kiln process technology), the nano and macro properties  
of the clinker and cement, hydration processes, the impact of additives and admixtures, leaching 
processes, the behaviour of trace elements, microscopy outputs, alternative binders, durability  
of concrete, standards and codes, as well as modern laboratory instrument equipment.  
The Congress will consist of many plenary lectures and parallel sessions on a variety of topics, offering  
to the scientists, researchers, producers and users from all over the world the opportunity to meet, 
to present and to exchange their research results and knowledge.

The Congress is organized by Research Institute of Binding Materials Prague and the Czech 
Cement Association under the auspices of the President of the Czech Republic, the Prime Minister  
of the Czech Republic and the Ministry of Industry and Trade. Following the previous successful 
congresses, the last in Beijing, China, this is a big challenge for both organizers to keep  
and to improve the very high standard of congresses and satisfy all expectations of attendees.  
The Organizing Committee is pleased with the possibility to host this unique event in the Czech 
Republic – a small, pleasant country in the heart of Europe with rich history, beautiful countryside, 
modern infrastructure and nice people.

Everyone from around the world is invited to come and actively participate in this event, to get new 
information and contacts and to enjoy the favourable social activities.

Moreover, participation in ICCC 2019 is for you a unique occasion to visit Prague, one of the most 
charismatic cities on Earth, renowned for its rich history, stunning architecture, friendly people,  
and a fun-loving culture.

We sincerely look forward to meeting you in Prague in September 2019.

Lukáš Peřka Jan Gemrich
Chairman of the Organizing Committee Chairman of the Scientific Committee

Secretary of the Steering Committee

THEMES AND MAIN TOPICS OF THE CONGRESS

1. Process Technology and Clinker Chemistry
• natural and alternative raw materials and meal

composition
• alternative fuels
• preheater and kiln reactions and bypass operations
• clinker formation chemistry and cooling processes
• grinding and grinding aids
• capture and reuse of greenhouse gases,

control of other emissions

2. Hydration, Structure and Thermodynamics
of Portland Cements
• hydration kinetics and hydration reactions modeling
• C-S-H and other hydration phases
• thermodynamics processes
• new techniques for micro and nano structure

characterization

3. Supplementary Cementitious Materials (SCMs)
• processing and reactivity and influences on hydration
• new SCMs and its combination
• control of workability
• wastes and solid industrial residues as SCMs

4. Other Binders and their Application
• alkali-activated materials
• calcium sulfoaluminate cements
• belite-based cements and other low carbon binders
• tailored made binders as rapid hardening,

polymer modified etc.

5. Fresh and Hardened Concrete
• chemical admixtures
• rheology and workability of fresh concrete
• shrinkage, creep and thermal crack
• recycled concrete

6. Concrete Durability
• alkali-aggregate reaction
• sulfate attack
• resistance to freeze and freeze/thaw attack
• carbonation and chloride penetration resistance
• resistance to marine exposure
• leaching of hydrated products
• methods to assess durability, service life modeling

and evaluation
• quality of concrete on site

7. Testing Methods – Standardization and New Approach

TECHNICAL VISITS

Organizers plan visits of the appropriate technological research centres and suitable concrete plants 
and cement factories in the Czech Republic.

CALL FOR PAPERS

Interested authors will be invited to submit an abstract related to the themes listed in this brochure. 
Abstracts for proposed papers for presentation must meet conditions published on website  
www.iccc2019.org and can be sent only via this website.

LANGUAGE

The official language of the Congress is English. This includes all sessions and presentations.

EXHIBITION

The scientist exhibition will be held during the Congress and feature universities, companies  
and research centres presenting a variety of innovative new technologies and projects for the 
cement chemistry branch.

VENUE

The 15th International Congress on the Chemistry of Cement Prague 2019 will be held at the Prague 
Congress Centre. The Congress Centre is located 5 minutes by metro from Prague centre with famous 
view to the historical Old Town and Prague Castle which has one of the highest concentrations  
of UNESCO World Heritage Sites in Europe.

Prague Congress Centre
5. května 1640/65, 140 00 Prague 4 – Nusle, Czech Republic, www.kcp.cz
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About EGU

EGU, the European Geosciences Union, is Europe’s premier geosciences union, dedicated 
to the pursuit of excellence in the Earth, planetary, and space sciences for the benefit of 
humanity, worldwide. It was established in September 2002 as a merger of the European 
Geophysical Society (EGS) and the European Union of Geosciences (EUG), and has 
headquarters in Munich, Germany.

It is a non-profit international union of scientists with about 15,000 members from all 
over the world. Membership is open to individuals who are professionally engaged in or 
associated with geosciences and planetary and space sciences and related studies, including 
students and retired seniors.

The EGU publishes a number of diverse scientific journals, which use an innovative open 
access format, and organises a number of topical meetings, and education and outreach 
activities. It also honours scientists with a number of awards and medals. The annual EGU 
General Assembly is the largest and most prominent European geosciences event, attracting 
over 14,000 scientists from all over the world in recent years. The meeting’s sessions cover 
a wide range of topics, including volcanology, planetary exploration, the Earth’s internal 
structure and atmosphere, climate, as well as energy and resources.

www.egu.eu
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