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Abstract

Recent years a surge has been seen in magnetic nanoparticles applications in several areas,
particularly in biomedical field. The promising features of the iron oxide based magnetic
nanoparticles make them an ideal tool for MRI contrast agents, hyperthermia, and as drug
delivery systems (DDS). The present paper describes the design and synthesis of BaO-6Fe 0,
nanostructured meso-macroporous spherical aggregates by sol-gel method via spray drying
technique. The obtained spherical aggregates have micrometric size, which let them to be
carried by the bloodstream to a specific site where the drug is going to be release. The obtained
hierarchical porous structure combined with the interconnected mesoporosity allow the body
fluids to be transport through the aggregates; and the macroporosity allows the load of large
molecules, like peptides. Furthermore, the structural and morphological characterization of
the obtained BaO-6Fe,0, aggregates were carried out using X-ray diffraction and field emission
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1. Introduction

Recent years a surge has been seen in magnetic nanoparticles
applications in several areas such as microelectronics,
optoelectronics, physics, chemistry, biology, and materials
science, but particularly in biomedical field [1-10]. Several
sorts of magnetic nanoparticles have been widely investigated
for biomedical applications, among which iron oxide-based
magnetic nanoparticles are very promising candidates due to
their unique features like biocompatibility, large surface area
and superparamagnetic behavior that make them an ideal
tool for cell separation, magnetic resonance imaging (MRI)
[11-12], cancer treatment by hyperthermia [13-15] drug
delivery systems (DDS) [16, 17]. In all these applications it
is necessary to maintain the nanostructure of the individual
particles in order to preserve the superparamagnetic behavior.
This work is focusing on the design and synthesis of meso-
macroporous aggregates made from barium hexagonal
ferrites (BaO-6Fe,O,) to be applied as DDS. The motivation
scheme above mentioned is because of the need to create
a DDS that can deliver anticancer drugs at specific sites in a
spatiotemporal manner, namely, at particular times and rates.
A variety of methods have been reported in the literature on
the synthesis of magnetic nanoparticles, such as the chemical
co-precipitation, the hydrolysis, the thermal decomposition
and the sol-gel technique [18]. We carried out the synthesis
of BaO-6Fe,O, nanostructured meso-macroporous spherical
aggregates (hereinafter called BaO-6Fe,O, aggregates) by the
sol-gel method combined with spray drying technique. Sol-gel
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processing has many advantages, it is an easy and inexpensive
method and very pure products are obtained. Size and shape of
the particles can be easily controlled. Moreover, the spray drying
process has been successfully used to produce porous materials
with a spherical shape and a controlled agglomerate size. Great
effort is also devoted to characterization, understanding, and
improvement of the structural properties of the nanostructured
materials. In this work, the design of BaO-6Fe,O, aggregates has
been developed using self-assembly techniques with surfactant
Tween-20 as structure directing agent, and polystyrene (PS)
templates. This combination of additives is used in order
to obtain the hierarchical meso-macroporous structure. A
2f-factorial experimental design was applied to this research
in order to obtain the best synthesis and processing conditions
that ensure the formation of BaO-6Fe,O, aggregates that allow
the load of specific peptides based anticancer drugs.


http://dx.doi.org/10.14382/epitoanyag-jsbcm.2017.1
https://creativecommons.org/licenses/by-nc/2.0/

épitdanyag - Journal of Silicate Based and Composite Materials

2. Materials and experimental procedure

Chemical reagents used for the synthesis of barium
hexagonal ferrites were reagent-grade chemicals that were used
without further purification: iron (III) nitrate nonahydrate
(Fe(NO,)3-9H,0), barium carbonate (BaCO,), ammonium
hydroxide (NH,OH) and Tween-20 (C, H, O, ) as surfactant.
Chemicals used for the synthesis of PS spheres were styrene
(monomer, CH.CH=CH,) and ammonium persulfate
((NH,),S,0,). All reagents were provided by Aldrich. Deionized
water was used for all the experiments.

2.1 Polystyrene (PS) synthesis

Polystyrene spheres (0.2 microns mean size) were used as
pore forming agent (template) in order to obtain macroporous-
nanostructured aggregates. The PS spheres were synthetized
by our working group. Briefly, the monodisperse PS spheres
were synthesized via polymerization. Previously, the styrene
monomer was washed with a 1 M sodium hydroxide (NaOH)
solution. It was used with a 0.125-wt% ratio for monomer/
water. Reaction was carried out under temperature and
constant stirring, 60 °C and 300 rpm, respectively. The whole
process was taken in 24 hours.

2.2 Design of BaO-6Fe O, aggregates.

A 2factorial experimental design was used in order to
design the BaO-6Fe,O, aggregates. The design allowed to
evaluate the effect of parameters such as the inlet air pressure
(P, Kg/cm?) and inlet temperature (T, °C) into the spray dryer
equipment as well as the template concentration (%) in order
to evaluate the pore volume and size of the aggregates obtained
in the spray drying process. Table 1 shows the above factors to
evaluate the effect on the pore volume and size of the porous
nanostructured aggregates. In the 23-factorial design each
factor has two levels: low (-) and high (+). Then a set of eight
experiments was performed.

Factor

Experi- A Pressure B Inlet CTemplate  Average Pore  Specific
temperature  concentration diameter volume surface

(T, °C) (% PS) (um)  (cm¥/g) area

Low High Low High Low High
6 H 60 #H 60 @
15 2 180 200 30 50

ment (P, Kg/cm?)

1 15 180 30 169 00743 14.94
2 15 200 30 173  0.0639 13.26
3 2.0 180 30 171 01686 2042
4 2.0 200 30 158  0.0238 1611
5 15 180 50 150 0.0463 13.61
6 15 200 50 164  0.0085 10.86
7 2.0 180 50 172 01015 7210
8 2.0 200 50 173 0.0143 1892

Table 1 Variation levels of the studied parameters and conditions, and the obtained
values of the response variables: aggregate average diameter, mesopore volume
and specific surface area for the prepared BaO-6Fe,O, aggregates.

1. tdbldzat A vizsgdlt paraméterek, a vizsgdlati koriilmények valtozékonysdga, és a
kifejlesztett BaO-6Fe,O, termék jellemzi: dtlagos szemcse dtmérd, mezoporus
térfogat és fajlagos feliilet.

2.3 Synthesis of BaO+6Fe,O, aggregates

BaO-6Fe,O, aggregates were synthesized by sol-gel method
via spray drying (Mini-Spray Dryer ADL31 Yamato).
The former reagents for the synthesis of BaO-6Fe,0O,
[Fe(NO,),/9H,0 (21 mM) + BaCO, (1.5 mM)] were dissolved
in an aqueous solution with constant stirring for 30 min. At
the same time, but separately, Tween-20 (2g/l) was dispersed
in deionized water under the same conditions. Both solutions
were mixed and kept again under constant stirring for 30 min.
The pH value for the obtained suspension was fixed at pH 8,
in accordance with a previous study. The mixture was kept
under magnetic stirring for 6 h. Next, the solution was mixed
homogeneously with PS spheres suspension according to the
23-factorial design and kept under magnetic stirring for 1
hour. The resulting suspension was fed to the spray dryer using
the experimental design variables. The obtained aggregates
were calcined at 700 °C.

2.4 Characterization

X-ray diffraction (XRD, SIEMENS D-5000) with a Cu Ka
radiation (45 KV, 30 mA) was used to determine the crystal
structure. Scans were taken from 10° to 80° (20) with a
constant step width of 0.02°. Scanning electron microscopy
was carried out to analyze the microstructural characterization
and morphology of the BaO-6Fe,O,. The SEM images were
recorded in a field-emission scanning electron microscope
JEOL JSM-7600. N2 adsorption/desorption isotherms at 77
K were recorded on a Quantachrome instrument. Prior to
analysis, samples (0.14 - 0.38 g) were filled in a tube under N2
atmosphere and then outgassed for 4 h at 100 °C. In addition,
the mesopore size distribution was measured by the Barrett-
Joyner-Halenda (BJH) technique. The magnetic behavior of the
sample calcined at 700°C was carried out at room temperature
applying a constant magnetic field of 5000 Oe. The hysteresis
loop was recorded in a vibrating sample magnetometer (VSM
LDJ 9600). From the hysteresis loop the values for the magnetic
saturation (Ms), remnant magnetization (Mr) and coercivity
(Hc) were obtained.

3. Results and discussion

Table 1 shows the overall of 8 experiments carried out when
used a 23-factorial design and the obtained values for the pore
volume and main agglomerates size for all the experiments.
Therefore, having an effect about the pore volume and size of
the BaO-6Fe,O, aggregates. Average diameters of the obtained
aggregates after the spray drying process and calcined at 700
°C ranged from 1.50 to 1.73 um. Superparamagnetic iron oxide
nanostructured particles ranging from 2.9 nm up to 3.5 pm
have been synthesized by various authors. Most of applications
are size-dependent. We have chosen to synthetize BaO-6Fe,O,
aggregates of micron size in order to increase the payload
on the DDS, assuring the stability of the aggregates during
its transport in the bloodstream. Moreover, we have taken in
account that the larger aggregate obtained here is capable of
being injected even in the capillaries (measuring around 5 to
10 micrometers).

Vol. 69, No. 1 = 2017/1 = . 3
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ANOVA
Aggregate average diameter Mesopore Volume

Factor Degrees of Sum os Mean square Distribution Sum of Mean square Distribution

freedom (DF) squares (SS) (MS) F(F,)-value squares (SS) (MS) F(F,)-value
A 1 0.49 0.0150 5.74 -0.79 0.063 8.66
B 1 0.39 0.0095 3.63 -0.50 0.168 3.98
AB 1 -0.35 0.0076 2.93 0.35 0.023 1.74
[ 1 -0.05 0.0001 0.05 0.46 0.049 2.98 5.32
AC 1 0.15 0.0014 0.53 -0.65 0.008 5.81
BC 1 0.31 0.0060 2.29 -0.66 0.101 6.02
ABC 1 0.17 0.0018 0.69 0.59 0.014 4.79
ERROR 8 0.041 0.0026 0.073 0.0046
TOTAL 15 0.083 0.227

Table 2 Analysis of variance of aggregate average diameter and mesopore volume for the prepared BaOs6Fe,0, aggregates
2. tablazat A kifejlesztett BaO-6Fe,0, termék dtlagos szemcse dtmérdjének és mezopdrus térfogatanak vdltozékonysdgi vizsgdlata.

Statistical analysis of variance (ANOVA) was conducted
in order establish which factors aforementioned affected the
aggregate size and the mesopore volume of the BaO-6Fe O,
According to the ANOVA in Table 2 which analyzes the average
aggregate diameter, the only factor that has a significant effect
on the aggregate size is pressure. While a minimum effect may
be given for the temperature or by the combination of the
pressure-temperature and temperature-template. On the other
hand, the ANOVA analysis shows that the factor that have a
significant effect on the mesopore volume is the pressure alone,
in addition to the pressure-template and the temperature-
template interaction.

The X-ray diffraction (XRD) pattern of the BaO-6Fe,O,
aggregates is shown in Fig. Ia. In a previous study we carried
out a thermal analysis in order to determine the optimal
temperature to which the pursued hexagonal phase is
obtained. The study was performed from 500 up to 1200 °C.
Here, we present only XRD pattern of the sample calcined at
700 °C. Scans were made from 10° to 80° (20) with a constant
step width of 0.02°. The XRD pattern presents three phases,
which were identified by using the following Open Database
Crystallography, COD cards: the hexaferrite-BaOe6Fe203
hexagonal (H), COD card No. 1008841; the monoferrite-
BaFe,O, orthorhombic (O), COD card No. 4107896; and the
magnetite-Fe O, Hexagonal (F), COD card No. 9015964. The
relative intensity of the BaFe,O, peaks was found to decrease
with increasing the temperature. Fig. 1b and Fig. Ic shows
representative images of scanning electron microscopy (SEM).
The images were taken by secondary electrons (SE) at 5.0 KV. It
is seen that porous-nanostructured aggregates are made from
BaO-6Fe,O, witha spherical shape. The aggregates were ~1.7 um
average of diameter. A magnification at 15 000 X is presented
in the insert of Fig. 1b and Fig. I¢, where the macroporosity of
the nanostructured aggregates of BaO-6Fe,O, is clearly seen,
as a result of the pyrolysis from the PS spheres after being
calcined at 700 °C. Moreover, it is seen that a homogeneous-
spherical morphology with a 200 nm average macropore size
has been formed. Therefore, they fall in the classification of
macroporous materials according to the IUPAC. As mentioned
earlier, due to the 2°-factorial design, a set of eight experiments
was performed. All samples had a similar structure and

= 2017/1 = Vol. 69, No. 1

morphology, therefore, only the representative images for each
of the polystyrene concentrations, 30 and 50-wt%, respectively,
are shown. Sample in Fig. I1b was synthesized with an inlet
temperature at 200 °C and a pressure at 2 Kg/cm? corresponding
to the parameters on the spray drying, and a concentration
of polystyrene spheres of 50-wt%. Sample in Fig. Ic was
synthesized with an inlet temperature at 180 °C and a pressure
at 1.5 Kg/cm?® corresponding to the parameters on the spray
drying, and a concentration of polystyrene spheres of 30-wt%.
The main difference between images of Fig. 1b and Fig. Ic is
the pore distribution. A variety of different morphologies have
been reported on the literature. For instance, Kikuo Okuyama
and coworkers [19] have reported completely spherical dense
particles, small rough spherical dense particles, highly rough
spherical dense particles, hollow particles, doughnut particles,
porous particles, encapsulated particles, mixed particles and
hairy particles. Oka Chiemi and coworkers have reported the
synthesis of core-shell composite particles [10], and other
morphologies such as nanowires, nanorods, nanoworms,
nanotubes and so on have been reported in the literature. We
have obtained meso-macroporous BaO-6Fe O, nanostructured
aggregates with a spherical shape. An advantage of the
spherical-shape particles is their practical importance owing
to their rheological properties as compared with other
morphologies. For example, when on vessels, the flow of the
spherical-shape nanoparticles on bloodstream is improved.
The morphology of the BaO+6Fe,O, nanoparticles is elongated
fiber-like crosslinked forming a nest-like structure.

Fig. 2 shows the adsorption/desorption isotherms for the
samples calcined at 700 °C having template concentrations of
30 and 50 wt%, respectively. Sample in Fig. 2a was synthesized
with an inlet temperature at 200 °C and a pressure at 2 Kg/cm?
corresponding to the parameters on the spray drying, and a
concentration of polystyrene spheres of 50-wt%. Sample in Fig.
2b was synthesized with an inlet temperature at 180 °C and
a pressure at 1.5 Kg/cm? corresponding to the parameters on
the spray drying, and a concentration of polystyrene spheres
of 30-wt%. According to BET classification, the isotherms
correspond to a typical type II isotherm. The specific surface
areas from the BaO-6Fe,0, aggregates range from 7.21 to 20.42
m*/g.
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Fig. 1 Structural and morphological characterization of the BaO-6Fe,0, aggregates
calcined at 700 °C showing a) XRD patters having the phases: hexaferrite-
BaO-6Fe,0, hexagonal (H), monoferrite-BaFe,0, orthorhombic (O), and
the magnetite-Fe, 0, hexagonal (F); and SEM images of the BaO-6Fe,0, with
b)50% of PS spheres and c) 30% of PS spheres.

1. dbra A 700 °C hémérsékleten kalcindlt BaO-6Fe,0, szemcsék szerkezeti és
morfoldgiai jellemzbi a) rontgendiffraktogramok a kovetkezs fazisokkal:
hexagonalis hexaferrit-BaO-6Fe,O, (H), ortorombos monoferrit-BaFe,O,
(0), és hexagondlis magnetit-Fe, O, (F); és pdsztdzo elektronmikroszkopos
felvételek b) 50% PS gombdikkel és c) 30% PS gombikkel.

Due to the magnetic properties of the iron oxide-based
nanostructured systems, in biomedical applications such as
drug delivery systems, these materials can benefit from the
application of an external magnetic field in order to delivering
and targeting a drug to a specific site of action. In order to
maintain the magnetic properties that characterize these
materials, which are necessary for such applications, the
BaO-6Fe,O, aggregates obtained here were calcined at 700 °C
to analyze their magnetic behavior using VSM. Fig. 3 shows the
hysteresis loop from which the values of magnetic saturation
(M,), remnant magnetization (M) and coercivity (H ) were
calculated. The obtained values were M, = 14.24 emu/g, M =

5.93 emu/g and H_=194.65 Oe, respectively, which represent a
low semi-hard magnetic behavior in which the nanoparticulate
aggregates can be still safely used for DDS.
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Fig. 2 Adsorption/desorption isotherm plot for the BaO-6Fe,O, aggregates, relative

pressure (P/P)) as a function of N2 volume adsorbed (cm’/g) at STP.
2. dbra A kifejlesztett BaO-6Fe,O, szemcsék adszorpcids/deszorpcios izotermdi.
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Fig. 3 Hysteresis loop from the BaO-6Fe,O, aggregates calcined at 700 °C.
3. abra  Hiszterézis hurok illusztrdcidja 700 °C hémérsékleten kalcindlt BaO-6Fe,0,
szemcsékhez.

4. Conclusions

Design and synthesis of BaO-6Fe,O, nanostructured meso-
macroporous spherical aggregates was possible through a
2*-factorial design by using a sol-gel method via spray drying. A
number of three factors were evaluated including the pressure and
the inlet temperature corresponding to the spray drying process as
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well as the template concentration on the wet chemical synthesis.
Evaluation through an analysis of variance (ANOVA) showed that
not only the individual factors including the PS concentration
and the pressure corresponding to the spray drying process
affected the morphology and the size of the meso-macroporous
BaO-6Fe,O, aggregates, but the interaction between the pressure
and the inlet temperature as well. Meso-macroporous-BaO-6Fe, O,
nanostructured spherical-shape aggregates with a diameter
of 1.7 pym were obtained. The spherical-shape was confirmed
by scanning electron microscopy. Characterization of meso-
macroporous BaO-6Fe,O, nanostructured systems shows that the
formulation used here, as well as parameters involved in the sol-
gel method via spray drying can be used as a good approach in
order to synthetize effective magnetic nanoparticles conforming
micrometric spherical aggregates with meso-macroporous
structure for the load of large molecules like peptides to be used
as drug delivery systems.
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Hierarchikus porusszerkezet(i BaO-6Fe,0, mikrogémb
szemcsék fejlesztése gyogyhatoéanyag kozvetitéséhez
A magneses tulajdonsagl nano-részecskék alkalmazasi
lehetdségeinek kutatasa fokozddik napjainkban, kilondsen
a gyogyaszati terlleten. A vasoxid bazisi magnesezhetd
nano-részecskék idedlisak MRl  kontrasztanyagként
vagy gybgyhatdéanyag tovabbitasara. A cikk bemutatja
a hierarchikus porusszerkezetlii BaO-6Fe,0, mikrogémb
szemcsék fejlesztését szol-gél modszerrel. A kifejlesztett,
gomb alak( aggregatum mikro-méretli szemek halmaza,
amely a véraramban konnyen mozgathaté és ezaltal a
gyogyhatdéanyag meghatarozott helyre tovabbithaté bennuk.
A hierarchikus poérusszerkezet az 0sszekapcsolodd mezo-
porusok révén lehetdvé teszi nagyméretli molekuldk pl.
peptidek szallitasat és lehetbséget biztosit a testfolyadékok
altali kimosasukra. A kifejlesztett BaO-6Fe,0, nano-
részecskék jellemzoit és hatékonysagat rontgendiffrakcios és
pasztazo elektronmikroszképos vizsgalatok eredményeivel
illusztraljak a szerzok.

Kulcsszavak: fészekszerl morfolégia, hierarchikus poérus-
szerkezet, gydgyhatéanyag tovabbitas, barium-hexaferrit.
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Abstract

The nanoparticles of titanium dioxide are important in a wide range of applications such as
catalysis, environmental remediation and solar energy conversion. While cerium oxide is rare-
earth oxide material used in the fields of photoluminescence, photosensitive material to UV
radiation. Furthermore, research on the synthesis of nanoparticles of titanium dioxide has given
rise to different methods such as sol-gel, in solid states, hydrothermal processes, among others.
The process of solid state synthesis is most often used for the technical production of ceramic
materials, while the sol-gel has gained much popularity in recent decades. Between these
methods, microemulsion of reverse micelles technique, is one of the most versatile allowing
control of particle properties such as size distribution, morphology and surface area. In this
work, titania-ceria nanoparticles in anatase phase were synthesized by sol-gel method assisted
by microemulsion reverse micelle using titanium butoxide and cerium nitrate hexahydrate
as the precursors. The sample was thermally treated at 600 °C at a rate of 3 °C min-1. The
residence time of the sample at this temperature was 2 hrs. TEM and XRD analysis were used to
characterize the samples obtained. According to the results, the obtained nanoparticles present
spherical morphology and have a size distribution of 5 nm for CeO,, 9.5 for TiO, and 14, 17 and
20 nm for the doped TiO, with 5, 10 and 15% CeO,, respectively. The results indicate that the
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1. Introduction

Nanomaterials based on metal oxides exhibit remarkable
physical and chemical properties that enable the development
of novel nanodevices that can be used in different physical,
biological, biomedical and pharmaceutical applications
[1-7]. The surface of these nanostructures is crucial for
these applications. These nanostructures excel in catalytic
applications because of the presence of surface defects that act
as active sites for adsorption of reactive molecules [6]. These
defects present in the nanoparticles, especially cerium dioxide
and titanium, increase the active surface area that favors the
union of a large variety of ligands on its surface [8]. Although
so far the use of nanoparticles of titania and ceria in the
biomedical and therapeutic area has been carried out separately
and not mixed [3-7], it is possible to hardness the power
possessed by lanthanide ions with electronic configuration 4f,
as cerium, which when entering the network of the titania acts
as an electronic trap [9-10], which could increase the number
of molecules captured on its surface, which will be extremely
useful for increasing the binding of drugs in nanoparticles of
titania and improve its efficiency as a nanocarrier.

Furthermore, research on the synthesis of these
nanomaterials has given rise to different methods such as sol-
gel, solid, chemical vapor deposition, hydrothermal processes,
among others. The process of solid state synthesis is most often
used for the production of technical ceramic materials, while
the sol-gel has gained much popularity in recent decades [3].
These methods microemulsion technique reverse micelles is
one of the most versatile allowing control of particle properties
such as size distribution, morphology and surface area [5]. The
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reverse micelles are used as a micro-heterogeneous medium
for generating nanoparticles, where microcavities surfactant
provide a similar effect to a cage which influences the particle
nucleation, growth and agglomeration. The scale of these
nanoreactors size is in the range 2 to 10 nm. This is a dynamic
system on a micellar level. Micelles collide with each other and
quickly share their content, which is essential for carrying out
chemical reactions [11].

In this work a combined method for synthesis of TiO,
nanoparticles doped CeO,, for use as drug delivery systems
described. Using Tween-20 as surfactant, as cosurfactant
methanol, toluene as continuous phase and titanium butoxide
and cerium nitrate as precursors.

2. Materials and methods

All reagents used in this study were of analytical grade,
Ti(OC,H,), (98%, Aldrich), Ce(NO,)6H,0 (99.8%, Merck),
CH, (99.5%, Merck), CH,OH (99.8%, Merck), C,H, O,
(Merck) and deionized water (Merck).

2.1 Nanoparticles synthesis

TiO,, CeO, and TiO,-CeO, nanoparticles were synthetized
by sol-gel method assisted by a surfactant. The precursor
Ce(NO,),.6H,0 was dissolved in 2 mL of deionized water (0,
5, 10 and 15 mol%), then slowly added to an organic phase
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Tween-20/methanol/toluene in a v/v ratio of 6/1/10 mL and
was at a temperature of 60 °C for 10 min, then added drop
by drop the titanium butoxide (in the following proportions:
100, 95, 90 and 85 mol%) while preserving the conditions of
temperature and agitation for 40 min. The resulting suspension
remained standing at room temperature protected from light
for 12 hrs. The synthesis of nanoparticles becomes evident
that is possible to observe the separation of the microemulsion
into two layers. The upper layer is recovered and subjected to
drying at 100 °C in an oven for 24 hrs, the resulting powder
sample was heat treated at 600 °C at a rate of 3 °C / min'. The
residence time of the sample at this temperature was 2 hrs.

2.2 Characterization

The structural and chemical characterization of the
nanoparticles was made from powder samples obtained
in the synthesis. The samples were prepared in the form of
dilutions of varied concentration (according to the analysis
technique), and powders obtained from the heat treatment.
The characterization techniques that were used were: X-ray
diffraction, XRD and conventional and high resolution
transmission electron microscopy, TEM and HRTEM.

3. Results and discussion

3.1 Nanoparticles synthesis

The synthesis process from the hydrolysis reaction of titanium
butoxide and the insertion of cerium nitrate into the micelles
formed by Tween-20 and methanol under acidic conditions
(pH 5) was manifested by the separation of the microemulsion
in two layers upon completion of 40 minutes of reaction. The
upper layer consists of the organic phase containing the non-
agglomerated nanoparticles and the lower layer is treated with
the inorganic phase [12].
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Fig. 1 Diffraction patterns obtained from CeO, powders (a), TiO, (b) doped 5% (c),
10% (d) and 15% CeO, (e).
1. dbra  Rontgendiffraktogramok: (a) CeO,, (b) TiO,, (c) TiO, + 5% CeO,, (d) TiO, +
10% CeO,, (e) TiO, + 15% CeO,

In Fig. 1, the diffraction patterns of the single TiO, (a) and
doped with (b) 5%, (c) 10% and (d) 15% CeO, powders are
shown. In the four diffraction patterns only the reflections
corresponding to the anatase phase of titanium dioxide (JCPDS
# 01-071-1166) could be identified; while in the three doped
titania patterns, the Bragg peaks corresponding to the doping
species, CeO,, were not observed, suggesting the incorporation
of CeO, in the TiO, network. It can also be observed in these
three diffraction patterns that, as the CeO, percentage increases.

The average crystallite size (TC) for the four systems studied
was determined by the Debye-Scherrer formula, the results of
the measurements are shown in Fig. 2. When comparing these
results with the simple nanoparticles obtained by this same
method, it can be seen that when doping the TiO, nanoparticles
with CeO,, the average grain size increases, however as the
percentage of dopant increases the size of crystallite decreases,
this may be due to the segregation of the dopant cations at the
grain boundary may prevent the growth of nanocrystallite in
the nanoparticles [2, 13-14]. Another possible cause is that
the Ce* ion absorbed in the titania network decreases the free
surface energy of the particles, which inhibits the process of
aggregation of the nanoparticles [2, 15].

The microstructural effect of spreading in the peaks is the
presence of residual stresses in the material due to the inclusion of
the cerium atoms in the titania network, causing a deformation of
its crystalline planes. In this particular case the effect is presented
at the microscopic level, causing a widening of the diffraction
profile with respect to the original position of the standard pattern
diffraction peaks [9-10]. The evaluation of the microtensions was
carried out from the displacement of the crystalline plane (101)
of the titania, because they suffer a variation in the interplanar
distances caused by the internal residual forces, the results of the
estimations are shown in the Fig. 2.

Crystallite size and microstrain
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Fig. 2 Crystallite size measurements and microtensile diffraction patterns simple
and TiO,, doped 5%, 10% and 15% CeO,,
2. dbra  Krisztallit méret és mikrodeformdcio: CeO,, TiO, + 5% CeO,, TiO, + 10%
CeO,, TiO, + 15% CeO,

From the measurementsofthe crystallite size and microtension
in the diffraction patterns of the powders of simple titania
and ceria doped, represented in Fig. 2, it is possible to affirm
that for the case of simple TiO, the increase in the maximum
width a half peak (FWHM), is only provoked by the decrease
in crystallite size; whereas for the powders of doped titania, it is
mainly due to the microdeformations caused in their crystalline
planes when the ceria atoms are incorporated and the decrease
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of the crystallite size is possibly the result of an increase in
the percentage of dopant incorporated in their network. This
effect is more noticeable in the system doped with 15% of ceria
because when using higher percentages of CeO,, the greater the
tension provoked in the network that of the titania.

The crystallographic data of the phase identified in the
pattern of Fig. 1a (TiO,: JCPDS # 01-073-1764) were used as
crystalline model from the obtained diffraction patterns. In
Fig. 3, it is seen that as the dopant percentage increases, CeO,,
the Ti factor occupying factor in the unit cell decreases, this
suggests that the cerium atoms are incorporated in the titania
network by displacing these Atoms.

Factor atomic occupation
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Fig. 3 Factor atomic occupation of simple and TiO,, doped 5%, 10% and 15% CeO,,
3. dbra  Atom illeszkedési tényezd: CeO,, TiO, + 5% CeO,, TiO, + 10% CeO,, TiO, + 15% CeO,

Fig. 4 shows a high-resolution image, accompanied by its
corresponding Fast Fourier Transform (FFT), taken from
the TiO, sample. The selected nanoparticle has a size which
is about 8.5 nm, in which an interplanar distance of about
0.343 nm, corresponding to the plane (101) of the tetragonal
cubic structure of TiO,, could be measured. Likewise, in their
respective FFT, the periodic arrangement of the points makes
evident the crystalline character of the particle.

Fig. 4 High resolution micrograph of a nanoparticle showing an interplanar distance
0f 0.343 nm.
4. dbra Nano-részecske nagy felbontdsii mikroszkdpos felvétele: 0,343 nm siktdvolsdg
figyelhet6 meg

Fig. 5a corresponds to a high resolution image of the doped
sample, where spheroidal nanoparticles with a diameter of 20
nm are observed, which is in agreement with the crystallite size
estimated from the main intensity in the pattern i.e. the doping
at low percentages of CeO, increases the size of crystallite and
thus the particle diameter; it can be thought that the main reason
for this growth is because the radius of the cerium atom is more
large that the Ti* and to enter in low percentages causes that the
nanoparticles increase their size. While in Fig. 5b, a nanoparticle
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with an approximate size of 22 nm is observed, in which an
interplanar distance of approximately 2.48 A, corresponding to
the plane (101) of the tetragonal cubic structure of TiO,. This
reinforces the observations in the diffraction patterns, which
suggests the incorporation of CeO, in the TiO, network [16-18].

(101)
0,343 nm

Fig. 5 HRTEM micrographs. One observed nanoparticles of 18 nm (a), a
nanoparticle exhibiting an interplanar distance of 0.343 nm (b).
5. dbra Nagy felbontdsii mikroszképos felvételek (a) 18 nm méretii nano-részecske, (b)
nano-részecske 0,343 nm siktdvolsdggal.

Fig. 6aand 6b shows clear field micrographs at a magnification
0f 690,000x, taken in different areas of the doped titania sample
with 15% CeO,, where it is observed that the nanoparticles have
average diameters of 14 nm. As can be seen in the micrographs,
the particle size decreases with increasing dopant percentage,
suggesting that the cerium ion upon incorporation into the
titania network slows the growth of the nanoparticles.

Fig. 6 Brightfield TEM micrographs with a magnification of 690,000, in which a
group of spheroidal TiO, nanoparticles doped 15% CeO, is observed.
6. dbra Brightfield TEM felvételek 690.000x nagyitdssal; gombszerii nano-részecskék
figyelhet6k meg

Fig. 7 Light field micrographs with a magnification of 99,000, obtained by TEM.
7. dbra Light field TEM felvételek 99.000x nagyitdssal

Fig. 7a and 7b correspond to clear-field micrographs taken
from a CeO, sample, in which spheroidal nanoparticles with an
average size of 5 nm (indicated by arrows) are observed. These
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results indicate that using the proposed methodology can be
obtained CeO, nanoparticle, and suggesting that during the joint
process of synthesis and doping both types of nanoparticles,
however, because the CeO, nuclei are smaller, due to the low
concentration of reagent, gives a secondary nucleation, where
the nanoparticles of TiO, are formed [12, 19].

4. Conclusions

The conditions for the synthesis of nanoparticles of TiO,
doped with ceria were established by the inverse micelles
method, emphasizing the surfactant handling and the
formation of suspensions in which the material is synthesized.

Bythe microemulsion method of reverse micelles, nanoparticles
of anatase phase titania and titania doped with ceria of spheroidal
shape were obtained with an average diameter of 9.5, 14 and 20
nm, respectively. This suggests that in the interior of the micelles
there is a greater availability of water to carry out the hydrolysis
and dopant insertion reaction in the TiO, nanoparticles, which
favors the nucleation stage, so it is probable that Increase the
number of nuclei produced thereby forming smaller particles.
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Szol-gél eljaras jellegzetességei titandioxid és
cériumdioxid alapanyag szintézisével

Titandioxid nano-részecskék fontos szerepet toltenek be
a katalizisben ésa napenergia hasznositasban, sok egyéb
mas teriulettel egylitt. A cériumdioxid egy ritkafoldfém
vegylilet amelyet elsd6sorban fotolumineszcens anyagként,
fényérzékeny anyagok eldallitdsa soran hasznositanak. Nap-
jainkban a szol-gél eljaras egy népszerl modszer mezoporu-
sos anyagok eldallitasara. A cikk bemutatja anataz fazisu ti-
tandioxid-cériumdioxid nanorészecskék eldallitasat szol-gél
eljarassal, amelynek soran a kiindulasi prekurzorok titanbu-
toxid és cérium-nitrat-hexahidrat. A hdkezelés homérséklete
600 °C, sebessége 3 °C min?, a héntartas id6tartama 2 6ra
volt. TEM és XRD vizsgalatokon keresztul figyelhetjik meg az
elkészilt termék jellegzetességeit. Azeredmények igazoljak,
hogy a CeO, beéplil a TiO, szerkezetbe.

Kulcsszavak: nanorészecskék, titan, cérium, mikroemulzio,
szol-gél

Vol. 69, No. 1 = 2017/1 = . 11


https://doi.org/10.1021/jp021237f
https://doi.org/10.1016/j.apsusc.2009.08.079
https://doi.org/10.1016/j.ceramint.2012.04.057
https://doi.org/10.1016/S0021-9797(03)00036-5
https://doi.org/10.1021/ie00024a009
https://doi.org/10.1021/la0015213
https://doi.org/10.1016/j.matchemphys.2008.09.025
https://doi.org/10.1016/j.jhazmat.2008.11.022
https://doi.org/10.1016/j.colsurfa.2010.08.001
https://doi.org/10.1023/A:1021696107498
https://doi.org/10.1016/j.matchemphys.2007.05.047
https://doi.org/10.1016/j.jcis.2007.06.051
https://doi.org/10.1016/j.jpcs.2004.09.002
https://doi.org/10.1016/j.jssc.2006.01.008
https://doi.org/10.1016/j.ceramint.2010.11.018
https://doi.org/10.1016/j.vibspec.2013.12.006
http://dx.doi.org/10.14382/epitoanyag-jsbcm.2017.2

0 ecra

european cement research academy

Our mission is to advance innovation in the cement industry within the context of sustainable development and to
communicate the latest knowledge and research findings in cement and concrete technology.

With a membership of over 40 leading cement producers worldwide, ECRA supports and conducts research activities on
the production of cement and its application in concrete.

ECRA's seminar programme provides a range of pan-European seminars and workshops covering the issues of major
importance to the cement industry today.

The European Cement Research Academy (ECRA) was founded in 2003 as a platform on which the European cement
industry supports, organises and undertakes research activities within the context of the production of cement and its
application in concrete. By creating and disseminating knowledge from research findings, ECRA’s aim is to facilitate and
accelerate innovation to guide the cement industry.

ECRA’s activities are pre-competitive and comprise seminars, workshops and dedicated research projects. Its seminars and
workshops provide a platform for teaching the latest knowledge on cement and concrete technology and for communicating
and discussing the latest research findings. The seminar programmes cover process and concrete-oriented issues of
high concern to the cement industry. Some seminars are of specific interest to cement producers, while others provide
information more important to cement associations.

ECRA understands itself as part of a network which comprises various research facilities such as universities, federal
institutes and the research centres of cement companies or equipment suppliers. In this context it is able to develop a
knowledge centre which benefits from cooperation with the best institutes in the respective areas of research and acts as
a core competence centre providing a broad platform for top researchers in each field.

The Academy is steered by a Technical Advisory Board staffed with representatives from major European cement producers

under the chairmanship of Daniel Gauthier of HeidelbergCement. The Board is responsible for defining the focus and scope
of ECRA’s seminar programmes and research projects and monitors the Academy's finances.

ECRA
European Cement Research Academy GmbH
Tannenstrasse 2, 40476 Duesseldorf, Germany
info@ecra-online.org - www.ecra-online.org




épitdanyag - Journal of Silicate Based and Composite Materials

The effect of the alkaline solution
content on the mechanical properties
of MK-based PVA fiber-reinforced
geopolymers

PauLo H. R. BORGES = Department of Civil Engineering, Faculty of Applied Science,
The University of British Columbia

AAMER BHUTTA = Department of Civil Engineering, Faculty of Applied Science,

The University of British Columbia

Luical TEIXEIRA BAVUZO = Department of Civil Engineering,

Federal Centre for Technological Education of Minas Gerais (CEFET-MG)

NemkumAR BANTHIA = Department of Civil Engineering, Faculty of Applied Science,
The University of British Columbia

Erkezett: 2016. 12. 13. = Received: 13. 12. 2016. = http://dx.doi.org/10.14382/epitoanyagjsbcm.2017.3

Abstract

This paper studied the effect of the activation solution content on the mechanical properties of
PVA fiber-reinforced geopolymers based on the activation of Metakaolin. Different fiber content
(0%, 1% and 2% vol.) of PVA fibers was used to reinforce matrices with different composition
(Si0,/Al1,0, molar ratios, i.e. 3.0, 3.4 and 3.8). The amount of activation solution was adjusted to
maintain same workability for all fresh mixes and account for the fiber addition. The properties
assessed were compressive and flexural strength; capillary sorption tests were used to estimate
the durability of the composites. Results show that adjustments in the content of the activation
solution slightly reduce the mechanical strength of geopolymers. Nonetheless, as the amount
of activation solution increases in the mixes, so does the toughness of the PVA-reinforced
composites, which indicates a good correlation between the amount of soluble silica in the fresh
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1. Introduction

Alkali-activated materials (AAM) are used for many
applications, including binding materials for mortars and
concretes; they may present several advantages to Portland
cement (PC), such as early strength development [1], superior
chemical [2-4] and thermal durability [5-6] as well as low
carbon emissions [7-8]. AAM are as brittle as PC matrices;
therefore, they also require fiber reinforcement to improve
deformation, toughness and crack growth when subjected to
flexion and tension stresses.

A great variety of fibers have been used to develop fiber-
reinforced AAM. Poly vinyl alcohol (PVA) fibers are highly
stable in alkaline environment and have been used in
the development of high-performance Portland-cement
composites, especially Engineered Cementitious Composites
(ECCQC), i.e.those presenting strain-hardening behavior and high
ductility (strain capacity of about 5%) [9-11]. Recent studies
have proved that PVA fibers also present good bond to AAM
[12] and may be used to develop composites with improved
impact toughness [13] and excellent resistance to freeze-
thaw cycling [14]. Short PVA fibers as a single reinforcement
or in hybrid systems may be effective to provide deflection-
hardening under flexion or strain-hardening behavior of AAM
under direct tension [15-18].

Low calcium or calcium-free AAM are also known as
geopolymers. The reinforcement of metakaolin (MK)-based

geopolymers; fiber

the University of British Columbia in 1987 on
Impact Resistance of Concrete, and since then
he has been actively pursuing research in the
areas of cement-based and polymer-based fiber
reinforced composites, with particular emphasis
on testing and standardization, fracture behavior,
strain-rate effects, durability and development of sustainable materials

reinforced

geopolymers with short PVA fibers has been little exploited;
few studies were focused on dry mixes for extruded concrete
[13-14], where a MK alkali-activated matrix initially fixed in
composition (SiO, / ALO, = 4.5;Na,0 / ALO, = 0.8 and H,O /
Na,O = 6.4) was altered with the addition of pulverized fly ash.
Those studies, therefore, do not present the effect of the SiO, /
AL O, molar ratio on the mechanical properties and durability of
PVA-reinforced composites, despite the fact that this parameter
significantly affects the mechanical properties [20].

Many studies on geopolymer also neglect the fact that, from a
production perspective, an alkaline solution of fixed composition
will be employed and adjustments on its content may the
necessary onsite, either to account for the fiber reinforcement
or unexpected changes in workability due to ambient conditions
or aggregates moisture content. The objective of this paper
is to study the mechanical performance of PVA-geopolymer
made from the alkaline activation of MK. Densified silica
fume (SF) was used in order to alter the composition of the
matrices (namely SiO, / Al,O, molar ratio) without changing the
composition of the activation solution. The amount of alkaline
solution is increased to maintain same consistency for all fresh
mixes. The mechanical behavior of the composites is discussed
in terms of the composition of the matrices as well as the content
of the alkaline activator of fixed composition.
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2. Materials and methods
2.1 Materials

Commercial MK was supplied by Powerpozz; it has mean
particle size of 4.5 um and chemical composition shown
in Table 1. Small quantities of SF (Table 1) replaced MK as
binder. SF contained low percentage of A1203; therefore, small
replacements of MK with SF increased the overall designed
SiO, / ALO, molar ratio of the formulations without the need
for altering the composition of the activator (another source of
SiO,). The replacement of MK with SF to alter the SiO, / AL O,
has been employed elsewhere [21]. The alkaline activators
consisted of sodium hydroxide and sodium silicate solutions
(Na,O = 14.7%, SiO, = 29.4%; H,O = 55.9% wt.). A very fine
natural river sand was used (sieved to pass 600 um), which is
a common grading for fiber reinforced PVA composites [17-
18]. The short PVA fibers were supplied by Kuraray Japan; its
geometry and properties are shown in Table 2.

Oxides MK (%) SF (%)
Sio, 54.54 95.53
ALO, 44.16 2.48
Ca0 - 0.58
Fe,0, 0.51 0.16
Na,0 - 0.10
K,0 - 1.01
S0, - 0.12
TiO, 0.32 -
Specific gravity 2.5 2.3

Table 1. Chemical composition of MK and SF
1. tabldzat MK és SF kémiai osszetétele

Diameter Length Specific Tensile Elongation
(um) (mm) gravity Strength (%) Modulus
(g/cm®)  (MPa) (GPa)

REC15 40 8 1.3 1600 6 41

Young

Type

Table 2. Properties of PVA fiber
2. tdblazat PVA szdlak jellemz6i

@08

2.2 Preparation of geopolymer composites

Matrices with three different Si,0,/ Al,O, molar ratio were
produced, equal to 3.0, 3.4 and 3.8; their solution composition
(Na §iO,/NaOH wt. ratio) and molarity of NaOH solution were
kept always constant, equal to 1.5 and 8 M, respectively, which
gave rise to a fixed R = §i0,/Na,O molar ratio in the solution
equal to 1.08. The 8-mm PVA fibers were employed at 1% and
2% volume fraction; unreinforced geopolymers were also used
as reference matrices. The alkaline solution to binder (MK or
MKH+SF) ratio was 1.10 in mass for all geopolymers without
PVA fiber; that amount of solution provides a consistency of
253-255 mm to the fresh mixes (Table 3), according to the
flow table test given by BS 1015-3 [22]. The addition of PVA
fibers alters the workability of the fresh mixes; so the solution
to binder (s/b) was increased to 1.25 and 1.40 for geopolymers
with 1% and 2% PVA fibers, respectively, in order to maintain
the overall consistency between 253-261 mm. Table 3 shows
the formulations, their mix design and consistency, as well as
the activating parameters of the matrices (molar ratios). The
formulation codes contain (i) the term MK to designate that
the main precursor is metakaolin; (ii) the numbers 3.0, 3.4 or
3.8 to designate the SiO,/Al, O, molar ratio (obtained from the
chemical composition of MK, SF and solids in the activator)
and (iii) the terms PVA_1 and PVA_2 to describe the inclusion
of either 1% or 2% vol. PVA. It is possible to observe that the
s/b ratio increased for mixes with PVA, but the H,O / Na,O
molar ratio was kept constant (12.8) for all geopolymers. As
water does not take place in the alkali reaction, any change
in that activating parameter may adversely affect the porosity
and transport properties such as permeability. The changes in
the activation content, however, affected the Na,O/SiO, and
Na,0/AL,O, molar ratio (Table 3), with consequences in the
mechanical strength that will be discussed in section 3.1.

The alkaline solutions (Na,SiO, and NaOH) were mixed
together on the day of casting to prepare the liquid activator
and allowed to cool down before mixing. A Hobart mixer was
used for mixing; firstly, the alkaline solution was added, then
MK (or MK+SF) was added in small amounts while mixing.
This procedure allowed for complete homogenization of the
pastes, which were quite sticky. The dried sand (aggregate to
binder ratio = 2.0 for all formulations) was subsequently added,

Formulation PVA% s/bratio Flow s/bratio Composition of the alkaline solution Activating parameters
L Lo NaOH  NaSi0/  SiO/Na,0  Si0/ H0  NaO/
i) (M) NaOH (mass)  (molar) ALO, NaO  SiO,

MK 3.0 0 1.10 255 1.10 8 1.5 1.08 3.0 12.8 0.25 0.73
MK 3.4 0 1.10 257 1.10 8 1.5 1.08 3.4 12.8 0.25 0.79
MK 3.8 0 1.10 253 1.10 8 1.5 1.08 3.8 12.8 0.22 0.85
MK 3.0_PVA 1 1 1.25 258 1.25 8 1.5 1.08 3.0 12.8 0.27 0.81
MK 3.4 PVA 1 1 1.25 261 1.25 8 1.5 1.08 3.4 12.8 0.26 0.87
MK 3.8 PVA_1 1 1.25 257 1.25 8 1.5 1.08 3.8 12.8 0.25 0.94
MK 3.0_PVA_2 2 1.40 254 1.40 8 1.5 1.08 3.0 12.8 0.29 0.89
MK 3.4_PVA 2 2 1.40 260 1.40 8 1.5 1.08 3.4 12.8 0.28 0.96
MK 3.8_PVA 2 2 1.40 260 1.40 8 1.5 1.08 3.8 12.8 0.27 1.03

Table 3. Formulations studied
3. tabldzat  Vizsgdlt osszetételek
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followed by another 2-3 minutes of mixing for homogenization.
The PVA fibers were added at the end of the mixing process
and the mortars were mixed for another 5 minutes to ensure
proper dispersion of fibers.

The geopolymers were cast in 50 mm cubes for compressive
strength, 50 x 100 mm (diameter x height) cylinders for
capillary absorption tests and (50 x 50 x 240) mm beams for
flexural strength tests. The specimens were cured at 45°C for
24h and subsequently at room temperature for 27 days prior
to testing.

2.3 Mechanical Properties

Compressive strength testing was performed after 28 days
in conformity with ASTM C39 [23]; four specimens for
each formulation were tested and the average and standard
deviation reported. The flexural strength was carried out using
a third-point loading test according to ASTM C 1609 [24];
mid-span displacement was monitored by means of a Linear
Variable Differential Transducer (LVDT) and the load was
applied with a servo-hydraulic universal INSTRON machine at
standard displacement rate of 0.025-0.075 mm/min. The main
parameters calculated as per ASTM C1609 were the flexural
first-peak strength, f, (Eq. 1), flexural peak strength, f , (Eq. 2).

PL
h= bd* 1)
5=tk

P bd? @)

Where P, and P are first-peak load and peak load, respectively,
L is the span length (180 mm), b is the average width (~50
mm) of the specimen at the fracture and d is the average depth
(~50 mm) of the specimen at the fracture. Four samples of
each geopolymer formulation were tested and a representative
curve is presented. The average toughness of the composites
was also calculated, from the area under the Load x Mid-span
deflection curves until imminent fracture of the composites,
when the test was stopped.

The estimation of the durability of the FRGC was carried out
by capillary sorptivity tests, following the recommendation of
ASTM C1585 [25], but using cylindrical samples with other
dimension (50 x 100, diameter x height). The test consists of
monitoring the gain of weight over time as water passed into
the dried sample through capillary suction until 72 h of testing.
Five cylinders were used per geopolymer and the average of
the capillary sorptivity (g/cm?) was calculated and plotted
against the square root of time. The slope of the curves, known
as the coeflicient of capillary suction (g/cm®.h'?) was used as a
parameter to estimate the durability of the composites studied.

3. Results and discussion

3.1 Mechanical properties

Fig. 1 shows the compressive strength of the geopolymers.
A large standard deviation indicates that the results were quite
variable. Fig. 1a shows that the PVA fiber inclusion decreased
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Figure 1. Compressive strength of geopolymers as a function of (a) volume of PVA
fibers; (b) activator content; (c) Na,0/SiO, molar ratio.
1. dbra  Geopolimerek nyomészildrdsdga (a) a PVA szdladagolds fiiggvényében,
(b) az aktivdtor tartalom fiiggvényében, (c) a Na,0/SiO, moldris ardny
fiiggvényében
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Figure 2. Load (kN) versus mid-spam deflection (mm) curves for MK-based

geopolymers
2. dbra  Teher (kN) lehajlds (mm) dbrdk MK bdzisii geopolimerekre
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the average compressive strength in MK 3.0_PVA_1 and MK
3.0_PVA_2, compared to their counterpart MK 3.0 (from
50 MPa without fiber to 36 MPa with 2% PVA). The drop
in the compressive strength, however, is neither observed in
PVA-geopolymers with SiO, / ALO, with 3.4 nor statistically
significant in those with Sio, / A1203 = 3.8, despite the
remarkable reduction in the average strength from 61 MPa in
MK 3.8 to 50 in MK PVA_2. Fig. 1b shows that the reduction
in strength may be not associated with the fiber addition, but
rather with the increase in the amount of solution (s/b from
1.10 to 1.40). In fact, a rise in the solution content to account for
the fiber addition corresponds to an increase in the Na,O/SiO,
molar ratio in the geopolymers, with consequent reduction
in the strength. Indeed, Fig. 1c shows that the strength drops
when the Na, O / SiO, increases from 0.21 to 0.29, which is
the case for the formulations with 1% and 2% PVA (all with
Na,O / SiO, > 0.25). It is possible to see that the rise in the
s/b from 1.0 to both 1.25 and 1.45 ensured suitable workability
for PVA-reinforced geopolymers; however, the higher amount
of Na O available in the systems also reduced the strength.
Previous research [26] has indicated that the optimum Na,O /
SiO, molar ratio is approximately 0.25 for higher compressive
strength, which is in line with Fig. Ic.

The higher strength for MK 3.8 compared to MK 3.0 and MK
3.4 is in accordance with the studies of De Silva et al [30], who
found that the compressive strength of MK-based geopolymers
increases with higher SiO,/Al O, molar ratios varying from 2.5
to 5.0, especially observed at later stages.

Fig. 2 shows the Load (kN) x mid-span (mm) deflection
curves for the geopolymer studied after third-point loading
tests. The reference formulations (MK 3.0, MK 3.4 and MK
3.8) curves are enlarged in the inset of the graph for clarity.
A deflection-hardening behavior was observed for composites
reinforced with 2% PVA, i.e. MK 3.0_PVA_2, MK 3.4_PVA_2
and MK 3.8_PVA_2. These composites presented a ratio
between the peak strength and first peak strength (f, / f,) equal
to 1.7, 1.8 and 2.2, respectively, as shown in Table 4.

MK MK MK MK MK MK MK MK MK

30 30 30 34 34 34 38 38 38

PVA 1 PVA 2 PVA_1 PVA 2 PVA 1 PVA 2
(fp/f1) 1.0 15 1.7 1.0 1.0 1.8 1.0 1.0 2.2
Ductility 1.0 35 12.0 1.0 1.0 48 1.2 1 23.5
index
(91 13f,)

Toughness O 3 8 0 3 10 0 2 20
()

Table 4. Average fP / fl ratio, ductility index and toughness of the AAM
4. tablazat  Atlagos f, / f, ardny, duktilitdsi index és szivossdg

Table 4 also presents results of the ductility ratio (6fP ! 8f)
and toughness of the composites. Is it possible to see that the
toughness was substantially increased at 2% PVA addition for
all geopolymers. Table 4 shows that an increase from 1% to 2%
PVA yielded a toughness 2.7 and 10 times higher for matrices
with SiO, / AL O, equal to 3.4 and 3.8, respectively. Indeed, a
higher SiO, / ALLO, molar ratio increased the deformation and
toughness of the PVA-geopolymers: MK 3.8_PVA_2 presented
toughness 2.5x and 2x higher and ductility index 2.0x and 4.9x
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higher than MK 3.0_PVA_2 and MK 3.4_PVA_2, respectively.
So, it is possible to observe that a higher SiO, / AL O, has a
positive effect in the ductility and toughness of AAM for a
fixed PVA percentage equal to 2%. This is also evident on the
fractured samples after bending tests (Fig. 3). It is possible to
observe that the composites with 2% PVA presented several
cracks but MK 3.8_PVA_2 was the only one with multi-
cracking behavior typical from high-ductile composites.

Figure 3. Cracked samples after bending tests
3. dbra  Megrepedt prébatestek hajlitovizsgdlat utdn

Fig. 4 confirms that the improvement in toughness is related
not only to the SiO, / Al,O, molar ratio but also to the amount
of solution in the fresh mixes. Irrespective of the matrix
composition, a significant increase in toughness is observed as
the solution to binder content increased (Fig. 4a), which also
corresponds to a rise in the soluble silica content (Fig. 4b).
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Figure 4. Toughness of the PVA-geopolymer as a function of (a) solution to binder ratio

and (b) soluble silica / binder
4. dbra PVA geopolimerek szivossiga (a) az oldat/kotbanyag ardny fiiggvényében, (b)
az oldhaté szilika/kitéanyag ardny fiiggvényében

3.2. Capillary sorption

Fig. 5 shows the capillary sorption of the geopolymers
studied, as well as the coeflicient of capillary suction C (g/cm?.
h'?). It is possible to see that the addition of PVA fibers with
employment of a higher solution to binder content increased
the capillary sorption compared to the plain matrices (Fig.
5 and Fig. 6); this is in line with the compressive strength
results, which show a reduction in strength with fiber addition.
Nonetheless, the rise in C with the employment of 2% PVA
fibers (compared to the unreinforced matrix) is similar for
matrices with different SiO, / AL O, molar ratio: 47% in MK
3.0_PVA_2 (0.53 against 0.36 g/cm*h'?); 51% in MK 3.4_
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Figure 5. Capillary sorption of AAM studied
5.dbra A vizsgdlt AAM mintdk kapilldris szorpcidja

PVA_2 (0.52 against 0.35 g/cm*h'?); 53% in MK 3.8_PVA_2
than MK 3.8 (0.29 against 0.19 g/cm*>h'?). Fig. 5and Fig. 6 also
indicate that the matrix with SiO, / ALLO, = 3.8 has reduced
capillary sorption when compared to the others matrices with
lower ratios, i.e. 3.0 and 3.4. The highest C is 0.29 g/cm®.h"? for
MK 3.8_PVA_2, which is even lower than C in unreinforced
matrices with SiO, / ALO, = 3.0 and 3.4 (MK 3.0 with C =
0.36 and MK 3.4 with C = 0.35 g/cm®.h'?). The results indicate
that MK 3.8_PVA_2 is a matrix which not only exhibits better
mechanical properties (highest peak strength, f,/f,, ductility
index and toughness, ~50 MPa compressive strength), but also
displays better durability-related properties (lower capillary
sorption) among the investigated matrices.
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Figure 6. Coefficient of capillary sorption as a function of the solution to binder ratio
6. dbra Kapilldris szorpciés egyiitthaté az oldat/kétéanyag ardny fiiggvényében

4. Conclusions

This paper studied the mechanical and durability-
related properties of unreinforced metakaolin (MK)-based
geopolymers with different SiO, / Al,O, molar ratios (3.0,
3.4 and 3.8) and also reinforced with short PVA fibers with
volume fraction of 1% and 2%. The effect of solution content
on the mechanical properties was also discussed. The following
conclusions can be drawn:

1. PVA fibers may be used to reinforce MK-based
geopolymers; the amount of activating solution,
however, needs adjustments as the PVA content
increases (herein up to 2%) in order to maintain the

workability of the fresh mixes (253-261 mm using the
flow table test).

2. The employment of higher solution to binder ratio to
account for fiber addition has a slightly negative impact
on the average compressive strength and capillary
sorption. A rise in the solution content with fixed
composition may represent an increase the Na,O/SiO,
molar ratio to a level that exceeds the optimum value
(0.25) to achieve better mechanical properties.

3. 'The addition of PVA fibers at 2% vol. allows for the
development to geopolymers with deflection-hardening
behavior in flexion. Improved toughness and ductility
are related not only to the SiO, / ALLO, molar ratio but
also to the amount of soluble silica in the fresh mixes
(i.e. amount of sodium silicate); a significant increase in
toughness is observed as the solution to binder content
or soluble silica to binder ratio (by mass) increased. The
toughness is also higher when a matrix of higher SiO,

/ Al,O, molar raio is designed. Overall it is possible to
conclude that the reduced mean strength and higher
capillary sorption of geopolymer made with fibers and
higher solution content are compensated with better
deformation and toughness.
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Lagos oldat tartalom hatasa PVA szalerdsitésii MK
bazisi geopolimerek mechanikai jellemzéire

A cikk bemutatja PVA szalerésitésli, aktivalt metakaolin
bazisi geopolimerek mechanikai tulajdonsagait az aktivalo
oldat tartalom valtoztatasanak hatasara. Az alkalmazott PVA
szaltartalom 0 V%, 1 V% és 2V % volt. A vizsgalt geopolimerek
Si0,/Al,0, molaris hanyada 3,0-3,4-3,8 volt. Az aktivalo oldat
mennyiségét Ugy valasztottdk meg, hogy a friss keverékek
bedolgozhatésaga azonos legyen mindegyik szaltartalom ese-
tén. Vizsgalt jellemzdk: nyomdszilardsag, hajlitd-huzoszilard-
sag, kapillaris vizfelvétel (tartdéssagi jellemzok becslésére).
A vizsgalatok kimutattak, hogy az aktival6 oldat mennyiségé-
nek hatasa van a mechanikai jellemzokre. Az aktivalo oldat
mennyiségével aranyosan valtozott a geopolimerek szivossa-
ga, és az oldhato szilika tartalom jé korrelaciéot mutatott a
hajlitévizsgalatokbdl megkaphaté mechanikai jellemzokkel.
Kulcsszavak: Mechanikai jellemzok; tartossag; metakaolin;
geopolimer; szalerésitésli geopolimer kompozit; PVA szal;
natronviziiveg oldat
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Abstract

Raman shift, FTIR spectra and SEM were used to detect the percolation threshold of nano titania
filler ceramic nTiO, dispersed in a silicon rubber matrix SR8100 by hot vibrate dispersion. It has
been found that an additional frequencies, and stock lines appears in Raman shift when nTiO,
reach (5)wt% which mean a change in polarity of the SR8100/nTiO, PMNC polarity.

Keywords: PMNC, nano ceramic oxide fillers, nTiO,, Raman shift
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1. Introduction

It is increasingly being recognized that new applications
for materials require functions and properties that are not
achievable with single materials. In this sense, composites
formed by a polymer matrix and a conductive nano second
phase are very interesting materials [1], these conducting
polymer matrix nano composites PMNCs are capable of
dissipating electrostatic charges and shielding devices from
electromagnetic radiation [2]. Dielectric property of PMNCs
with different conductivity fillers, such as carbon nano tube
(CNT), cupper (Cu) and nickel (Ni) powders was investigated
by several researchers [2-5]. Dependence of the dielectric
property of the PMNC composites on frequency and volume
fraction of fillers was also studied [6,7]. With gradually
increasing the conducting filler content, composites undergo
a percolation transition where the electrical conductivity of
the composite jumps up several orders of magnitudes and its
nature changes from an insulator to a conductor. This behavior
is attributed to the formation of conducting network through
the insulating matrix material when the filler content is at or
above the percolation threshold [8,9]. The critical content of
any filler that characterizes a drastic increase in conductivity
is commonly termed as the electrical percolation threshold
(EPT) [10]. On the other hand the use of nano ceramic
oxides as a filler in several polymer matrixes can be viewed
as one of the most promising area driven towards electronic
applications [11]. Among all the ceramic oxide nano fillers
nTiO, is documented to have the highest effect on the PMNCs,
especially on the electrical and thermal properties. The
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improvement in these properties observed for nTiO, filled
polymers could be due to one and/or more of the following
factors (i) the large surface area of nano particles which creates
a large interaction zone or region of altered polymer behavior,
(ii) change in the polymer morphology due to the surfaces of
nano particles, (iii) a reduction in the internal field caused by
the decrease in the size of the particles, (iv) change in the space
charge distribution, (v) scattering mechanism [12-17]. Aim
of this research was to determine the percolation threshold of
a new PMNC composed of SR8100 and nTiO, ceramic filler
fabricated by hot vibrate dispersion (HVD).

2. Experiments
2.1 Materials

SR8100 polymer containing resin and hardener from
(SICOMEN, USA), and (99.9%), and (10 nm) TiO, from
(HORIBA, Germany).

2.2 Method

Polymer matrix discs were prepared using mould with 1cm
diameter and lcm height, the ratio of resin and hardener was
1:3. They were stirred by a magnetic stirrer for 5 min, then it was
purred into the mould leaving for 24 hrs. After solidification
the polymer discs were put in 1x1 cm cylindrical mould with
a moving base with TiO, nano powder. The mould was then
heated up to 80 °C and vibrate ultrasonically for 1 hr to ensure
a uniform disperse for TiO, nano particles in SR8100 polymer
matrix. Then it was left to cool down at room temperature.
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Specimens were tested by Raman shift,
FTIR, and SEM to detect their properties.

3. Results and discussion

In the present work we succeeded
to change polarity of silicon rubber
(SR8100) by the addition of nano titania
filler with 10 nm particle size using hot
vibrate dispersion technique to prepare a
polymer matrix nano composite material
(PMNC) with high electrical conductivity.
Both heating and vibrating used in PMNC
preparation stimulate molecules and give
it the energy it need to vibrate and spin
creating a large change in the polarity
of the polymer matrix as we shall see
from Raman shift of the SR8100/nTiO,
PMNC specimen. Fig. I illustrates FTIR
of SR8100/TiO, PMNC. PMNC specimen
peaks at (1472.32,1635.64) refers to phases
where SR8100 epoxy is the dominant,
while peaks at (3587.60, 3525.88, 3464.15)
are places where nTiO, concentrate [20].

Fig. 2 illustrates the Raman shift of
SR8100 1-5 wt% nTiO,. It is easy to notice
the additional frequencies in Raman
shift related to the internal energy of the
SR8100/nTiO, PMNC especially when
nTiO, weight percent is 5% as can be seen
from Fig. I, where stock lines has also
appeared which is a very interesting result
that we shall relay for our future work.
From Fig. 1 we may see the large similarity
between Raman shift for the 1-4 wt% nTiO,
PMNC specimen, while the 5 wt% nTiO,
has much different peaks which may refer
to a percolation threshold phenomena.
According to this fact we may distinguish
two types of Raman shift peaks; (i) the
repeated peaks that appear in SR8100/
nTiO, PMNC specimen with 1-4 wt%
nTiO,, which are as follow, peak at (100)
which is related to symmetric stretching of
C=0, (275,267 and 278) peaks indicate the
stretching mode of C-H bond, (333,336)
refer to a combination of C-O stretching
and O-H deformation, peaks at 437,438
refer to nTiO,, and/or stretching mode of
saturated C-O, it may also refer to a slight
entrance between SR8100 polymer matrix
and nTiO, filler. Peaks (488,489,490)
all refer to the presence of nTiO, phase,
while (552,581,582,585) peaks indicate
the deformation of C-H and C-O-H,
ring deformation of polymer matrix and
nTiO, presence [18,19]. Raman shift of
5 wt% nTiO, shows completely different
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peaks than the other SR8100/nTiO, PMNC specimens. In this
specimen nTiO, is more obvious in the peaks (256,267,288),
peak (349) refer to combination of C-O stretching and C=H
deformation, peak (393) refers to nTiO, [20,21], and/or
combination of C-O stretching and O-H deformation. Peak
(435) indicates stock line that is not defined as polymer or
nTiO,; it may indicate percolation threshold and tunneling
effect [18] that may take place within SR8100/nTiO, PMNC.
Finally (585) peak refers to nTiO, and/or deformation of C-C
and C-O [19,22,23]. The Raman shift results of this work are in
agreement with FTIR results shown in Fig. I.

Fig. 3 illustrates SEM of SR8100/nTiO, (PMNCs). We can
see the good dispersion and high interaction between polymer
matrix and nano reinforcing particles; this may lead us to
conclude that there is, we may notice that at ultra low nTiO,
concentration 1-3 wt% nTiO, there is no obvious pattern for
dispersion of nTiO, in SR8100 matrix, hence no percolation is
expected. But this regular pattern starts to appear at 4% nTiO,
and continue with the same regular dispersion especially at 5%
nTiO, which gives a very regular dispersion of nTiO, phase
through the SR8100 matrix.

1%nTiO, 2% nTiO,

3% nTiO, 4%nTiO,

5% nTiOz

Fig. 3 SEM of SR8100/nTiO, PMNCs 1-5 wt% nTiO,
3.dbra  SR8100/nTiO, PMNC (1-5 wt% nTiO,) pdsztdzo elektronmikroszkopos
felvételei

Values of electrical resistivity, and thermal conductivity
of the SR8100/nTiO, are listed in Table 1. From the table we
may notice that addition of nTiO, effects on both electrical
resistivity, and thermal conductivity when concentration of
nano titania filler exceed 3%.
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4. Conclusions

Raman shift, FTIR spectra and SEM were used to detect
the percolation threshold of nano titania filler ceramic nTiO,
dispersed in a silicon rubber matrix SR8100 by hot vibrate
dispersion. It has been found that an additional frequencies,
and stock lines appears in Raman shift when nTiO, reach (5)
wt% which mean a change in polarity of the SR8100/nTiO,
PMNC polarity.

Specimen Electrical Thermal Conductivity
Composition Resistivity (Q2.cm) (W/m.k)
SR8100 1.0x10% 0.120
SR8100+1%nTi0, 0.821x10% 0.416
SR8100+2%nTi0, 3.07x10% 1.002
SR8100+3%nTi0, 5.48x10% 2.714
SR8100+4%nTi0, 2.36x10% 5.227
SR8100+5%nTi0, 4.65x10° 7.186

Table 1..Electrical Resistivity and Thermal Conductivity of SR8100/nTiO,
1. tdbldzat SR8100/nTiO, elektromos ellendlldsa és hovezetési tényezdje
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Szilikon gumi-nano titandioxid PMNC Raman
eltolédasa

A szerzbk nanoszemcsés TiO, toltdanyagot alkalmaztak
SR8100 szilikon gumi agyazéanyagban. A kialakulo struk-
tarat és az anyagjellemzéket pasztazd elektronmikroszkép-
pal, Raman spektroszképiaval és Fourier-transzformacios
infravords spektroszkopiaval vizsgaltak, és meghataroztak
az FTIR spektrumokat és a Raman eltolodast a perkolacios
hatar azonositédsa érdekében. Az eredmények ramutattak,
hogy 5 m% TiO, téltéanyag tartalom felett megvaltozik a
kompozit polaritasa és Raman eltolodasa.

Kulcsszavak: PMNC, nano keramia oxid toltdanyag, nTiO,,
Raman eltolédas
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Abstract

Sodium Saccharin (NaSc) was studied as a chemical compound used for diabetic patients as a
replacement for natural sugar. The study was focused on the effect of different temperatures on
NaSc in human blood medium using cyclic voltammetric technique at modified glassy carbon
electrode (GCE) with carbon nanotubes (CNT) as working electrode (CNT/GCE). The physical
chemistry functions were studied for the activated values in terms of enthalpy (AH*), free energy
(AG*) and entropy (AS¥*) for redox current peaks of NaSc in blood medium at both electrodes,
GCE and CNT/GCE using Eyring equations. Also, the study included the determination of the
activation energy (Ea*) determined by Arrhenius equations for the redox current peaks of NaSc to
compare values obtained by GCE and CNT/GCE. It was found that the values of thermodynamic
functions were different due to the oxidation - reduction reaction of NaSc in blood medium which
reacts with many complex compound with the component of the blood especially hemoglobin
as ferric and ferrous ions. The oxidative stress of NaSc in blood medium appeared clearly in
voltammogram.

Keywords: sodium saccharin, nano-sensor, cyclic voltammetry, temperature, thermodynamic
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1. Introduction

A recent study identified the extent of the impact of
alternative chemical compounds for sugar such as sodium
saccharin on blood composition in human blood samples,
using electrochemical method [1]. Other studies used modified
electrodes for the determination of chemical compounds in
blood medium [2-8].

A new preparation of a biocompatible and conductive
interface for immobilization and electrochemical detection of
cells and application of carbon nanofiber in cyto-sensing was
studied by cyclic voltammetry. The sensitivity of the method
was good with a detection limit of 1 x 10° cells mL! with cells
ranging from 5 x 10° to 5.0 x 107 cells mL" [9].

The redox behavior of Cd(II) and the interaction of Cd(II)
with cyclic amino acid, proline, have been studied in 0.1 M
KCI, 0.1 M NaClO, and acetate buffer of different pH. The CV's
were recorded at glassy carbon electrode within the potential
window 200 and —-1500 mV. The reference and counter
electrode used were Ag/AgCl and Pt wire, respectively. The
cyclic voltammograms showed one pair of cathodic and anodic
peaks for the Cd(II)/Cd(0) system indicating the involvement
of two electron transfer processes. The peak potential shift
and charge transfer rate constant (kf) values indicated the
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interaction between metal and ligand. The higher value of peak
current ratio and peak potential separation (AE) indicated
that the systems are quasi-reversible. The effect of supporting
electrolyte and concentration of electro active species on the
interaction were also studied [10].

Methionine were synthesized in aqueous electrolyte
with heavy metal complexes such as Mn(II), Co(II), Ni(II),
Cu(Il), Zn(II), Cd(II) and Hg(II) using cyclic voltammetry.
The results of the electrochemical analysis confirmed by the
current potential data of peak separation (AE) and the peak
current ratio (Ipa/Ipc) of the (Mn, Cu and Cd) complexes that
the charge transfer processes are irreversible, the systems are
diffusion controlled and also adsorptive controlled, and the
charge transfer rate constant of metals in their complexes are
less than those in their metal salts at identical experimental
conditions due to the coordination of metal with methionine
[11,12]. The voltammetric study of manganese complex with
saccharine was studied to determine the redox current peaks
of the complex as irreversible process at different pH and
concentrations [13]. Linear Sweep Voltammetry and Galvano-
static Reduction techniques were used to study the oxidation of
copper oxide Cu,O, using vacuum and low-pressure-based to
characterization the oxidation reaction [14].
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In the present paper, NaSc in blood medium was studied
at different high temperatures using cyclic voltammetry to
determine the thermodynamic parameters of electrochemical
analysis equations.

2. Experimental

2.1. Materials

Sodium saccharin (purity 98% from Chinese company),
carbon nanotubes (purity 99%) supplied from Fluka company
(Germany). Healthy human blood samples were received from
Iraqi Blood Bank in Baghdad City of Medicine, Deionized
water was used for preparation of aqueous solutions. All
solutions used in the cyclic voltammetryic cell were treated
with nitrogen gas for 10-15 minutes to remove the oxygen
from the solutions.

2.2. Apparatus

An instrument of EZstat series (Potentiostat/Galvanostat)
NuVant Systems Inc. (USA) was used in the experiments.
The Electrochemical Bio-analytical cell was connected to a
potentio-stat device and was monitored by a special software
to perform cyclic voltammetry (CV). Silver-silver chloride
reference electrode (Ag/AgCl in 3M NaCl) and Platinum
wire (1 mm diameter) were used as a reference and counter
electrodes, respectively. The glassy carbon working electrode
(GCE) modified with CNT was used in this study after cleaning
with alumina solution and treated with ultrasonic path water
for ten minutes.

2.3 Preparing the modification of GCEwith CNT (CN'T/GCE)

Mechanical attachment technical method was employed to
prepare the CNT/GCE working electrode as a nano-sensor
[15,16]. The method of the modification of GCE included
abrasive application of multiwall carbon nanotubes (MWCNT)
on the clean surface of GCE, forming an array of MWCNT as
modified working electrode MWCNT/GCE and replaced in 10
ml of electrolyte in the cyclic voltammetric cell, then connected
all electrodes (working electrode, reference electrode and
counter electrode) with the potentio-stat.

2.4 Measurements of different temperatures

A 10 ml size cell was used to measure the cyclic
voltammograms. Solutions were replaced for studying at
different temperatures. Three electrodes (working, reference
and counter electrodes) as well as a thermometer were
submerged into the cell to follow the solution temperature, and
the three electrodes were connected to the potentio-stat. The
cell was placed into a water bath to set the required temperature
and a hot plate was used to increase the temperature in the
cyclic voltammetic tests.

2.5 Scanning electron microscopy (SEM) study

The SEM photographs were recorded at a magnification of
1000-6000x depending on the composition of the sample. SEM
analysis was carried out to investigate microcrystals. Samples
were dehydrated for 45 min before being coated with gold

particles using a SEM coating unit. SEM was used to examine
the morphology of CNT by mechanical attached technique
on a graphite electrode surface before and after electrolysis
with NaSc by cyclic voltammetry using blood medium as an
electrolyte. Fig. 1.a indicates the SEM image of CNT attached
onto basal plane graphite electrode for electrolysis in blood
medium that exhibited an array of microcrystals with 0.1-2
um diameter. Fig. 1.b indicates the SEM image of the modified
electrode after electrolysis with NaSc using cyclic voltammetry
with slightly enlarged size range of 0.1-3 pum diameter
indicating presence of solid to solid conversion and that the
film appears stable even after 10 potential cycling.

Angstrom advanced b

Fig. 1. Scanning Electron Microscopy (SEM): (a) of CNT attached by mechanical
method onto basal plane graphite electrode after electrolysis in blood
medium. (b) SEM of CNT after electrolysis of NaSc in blood medium by cyclic
voltammetry.

1. dbra  Pdsztdzo elektronmikroszképos (SEM) felvételek: (a) a mechanikai eljdrdssal
rogzitett szén nanocsovek képe a grafit elektrodain vér kozegben végzett
elektrolizist kovetden. (b) a szén nanocsovek képe ndtrium szacharindt
elektrolizisét kvetden vér kizegben, ciklikus voltammetridval.

3. Results and discussion
3.1. Effect of varying temperature

NaSc in blood medium was studied at different temperatures
using each of GCE and modified GCE with CNT using cyclic
voltammetric technique to determine the physical chemistry
properties in terms of activation energy and thermodynamic
parameters using Arrhenius equations [17-19] and Eyring
equations [20-22], respectively.

3.1.1 Activation energy (E")

NaSc in blood medium was studied at different temperatures
using GCE and CNT/GCE to determine the activation energy
(E"). It was found that the cathodic current peak was enhanced
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gradually at the range of temperature from 29 to 40°C. Figs
2 and 3 show the plot of Ln(I ) of NaSc versus reciprocal of
temperature on GCE and CNT/GCE respectively, which is
found to be fairly linear in agreement with thermodynamic
expectation of Arrhenius equation; see Eqs (1) and (2) [17-19].
Also, the results of anodic current peaks are represented in Figs
4 and 5, illustrating the relationship between Ln(I ) of NaSc
and reciprocal of temperature at GCE and modified working
electrode CNT/GCE. The activation energy (E') values were
calculated from the following Arrhenius equations:

o=0° e—Ea/RT (1)
D = D° gteRT 2)
Where
o/D - conductivity/diffusibility.
0°/D - standard conductivity/initial diffusibility.
E, - activation energy
R - universal gas constant
T - temperature
4
3 \an 4 22X U
g
Che y = -4,144x + 16,309
1 R?=0,8382
0
3/15 3,2 3,25 3.3 3,35

1000/T(k-1)

Fig. 2. Plot of Ln(I, ) reduction current peak of NaSc in blood medium against
inverse temperature at GCE versus Ag/AgCl as reference electrode.
2.dbra  Redukcids dram csiics Ln(I, ) a hémérséklet inverzének fiiggvényében:
ndtrium szacharindt vér kozegben GCE elektroddaval mérve (Ag/AgCl
referencia elektroda mellett).

3,4
is y = -3,0046x + 12,966
2 R? = 0,9026
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Fig. 3. Plot of Ln(I ) reduction current peak of NaSc in blood medium against
inverse temperature at CNT/GCE versus Ag/AgCl as reference electrode.
3. dbra  Redukcids dram csics Ln(I ) a homérséklet inverzének fiiggvényében:
ndtrium szacharindt vér kozegben CNT/GCE kompozit elektroddval mérve
(Ag/AgCl referencia elektroda mellett).
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Fig. 4. Plot of Ln(I, ) oxidation current peak of NaSc in blood medium against
inverse temperature at GCE versus Ag/AgCl as reference electrode.
Oxiddcids dram csics Ln(I, ) a hémérséklet inverzének fiiggvényében:
ndtrium szacharindt vér kozegben GCE elektréddval mérve (Ag/AgCl
referencia elektréda mellett).

4. dbra
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Fig. 5. Plot of Ln(1,) oxidation current peak of NaSc in blood medium against
inverse temperature at CNT/GCE versus Ag/AgCl as reference electrode.
5.dbra  Oxiddcids dram csiics Ln(I, ) a hémérséklet inverzének fiiggvényében:
ndtrium szacharindt vér kozegben CNT/GCE kompozit elektréddval mérve
(Ag/AgCl referencia elektroda mellett).

Fig. 6 illustrates the cyclic voltammogram of NaSc in blood
medium using modified electrode CNT/GCE at 30 and 40 °C.
It shows that increasing the temperature results enhancement
of both the oxidation-reduction current peaks of NaSc.
Moreover, the nano-sensor results improvement of the current
as an electro-catalyst in blood medium.
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Fig. 6. Cyclic voltammogram of NaSc in blood medium at 303K and 313K at CNT/
GCE.

6. dbra Ndtrium szacharindt ciklikus voltammogramja vér kozegben, 303K és 313K
hémérsékleten, CNT/GCE kompozit elektréddval mérve.

The values of activation energy of cathodic (E'a ) and anodic
(E’apa) current peaks of NaSc in blood medium at CNT/GCE
are 24.98 kJ/mol.K and 33.48 kJ/mol.K respectively that can
be compared with the values at GCE which is E'a = 34.45
kJ/mol.K and E‘apa = 25.96 kJ/mol.K as shown in Table 1.
By comparing the activation energy values of NaSc in blood
medium at GCE and CNT/GCE, it can be concluded that
the value of E'a  was declined from 34.45 at GCE to 24.98
because of using the nano-sensor of working electrode. But,
in oxidation process of NaSc in blood medium the activation
energy at GCE is less than that of at modified electrode CNT/
GCE. It can be attributed to the viscosity of blood components
which act as inhibition of the anodic conductivity [22].

3.1.2 Thermodynamic functions

Activation free energy (G’), enthalpy (H') and entropy
(S") of NaSc in blood medium at CNT/GCE and GCE were
determined from Erying equation, see Eq. (3) [20-22] and
thermodynamic equations [23]:
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AG*=-RTLn(kh/Tk,) 3)
AH* = AG* + T AS* 4)
And AH* = AG* + T AS* (5)

The different units are accounted for in using either the
gas constant R (8.314 J.mol'k"), the Boltzmann constant k
(1.381x10* m’kg.sec’k!), and Planck constant h (6.66x10**
J.sec) as the multiplier of temperature T (K).

Table 1 illustrates the thermodynamic functions of NaSc in
blood medium, the results in the table can be concluded that
the spontaneous reaction was depended on more than one
factors according to the law of Gibbs free energy, not only
depend on change in enthalpy (AH*) to interact and build on
the Gibbs law, the reaction is becoming spontaneous when
the free energy change )AG*) is negative and enthalpy change
(AH*) is also negative, but entropy (AS*) is positive [23]. The
electrochemistry reactions such as the oxidation - reduction
process for NaSc compound in blood medium was studied at
different temperatures to find out if the status of the reaction
for the oxidation-reduction is spontaneous or nonspontaneous.
Also, the working electrode affected the processes as electro-
catalyst for enhancement the current in the system when using
nanoparticles like CNT. In this study, the modified working
electrode CNT/GCE was used to determine the functions as
shown in Table 1 to study the reduction and oxidation current
peaks of NaSc in blood medium which were indicated in Figs
2-5.

Reaction status  Ea* AS* AH* AG*  Electrode Type of
Reaction

nonspontaneous ;453 70782 2529 +68253  GCE  reduction

reaction

nonspontaneous ,; qg) 40218 +2.536 +67.204 CNT/GCE  reduction

reaction

nonspontaneous 35001 9986 2529 +67975  GCE  oxidation

reaction

nonspontaneous 3493 0124 +3092 +69.176 CNT/GCE  oxidation

reaction

Table 1 Activation energy and thermodynamic functions of NaSc in blood media at
GCE and CNT/GCE.
1. tdbldzat ~ Aktivdldsi energia és termodinamikai paraméterek; ndtrium szacharindt vér
kozegben GCE és kompozit CNT/GCE elektréddval mérve.

4. Conclusions

The effect of different working temperature on redox process
of NaSc in blood medium was studied at different electrodes
(GCE and CNT/GCE) in cyclic voltammetric method to
determine the thermodynamic functions and activation
energy using Arrhenius equations and Eyring equation.
Sodium saccharine has oxidation-reduction current peaks
in blood medium, so it can be considered that NaSc is an
oxidative reagent in blood medium with the oxidation current
peak at 750 mV. Activation energy values were determined
from Arrhenius equations at both GCE and CNT/GCE
electrodes for both cathodic and anodic peaks; nanoparticles
made activation energy values to be reduced in blood medium.
Activation of free energy (G”), enthalpy (H") and entropy (S*) of
NaSc in blood medium can be calculated from Eyring equation
and other thermodynamic equations. The same values were

found for each electrodes (GCE and CNT/GCE), so the values
of thermodynamic functions are not effected by the electrode,
but the spontaneous oxidation-reduction reaction depended
on these functions.
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A homérséklet elektrokémiai hatasa natrium
szacharinatra vér kozegben ciklikus voltammetriai
vizsgalatok soran CNT/GCE elektrodaval mérve

A cikk bemutatja a hoémérséklet hatasat natrium
szacharinatra emberi vér kdzegben ciklikus voltammetriai
vizsgalatok soran. A méréseket szén nanocsdvekkel (CNT)
modositott Uvegszerl szén elektrédaval (GCE) végezték.
A fizikai kémiai paramétereket (entalpia, szabad energia
és entropia) az Eyring egyenletekbdl hataroztdak meg
mindkét elektroda tipus (GCE és CNT/GCE) esetén a redox
aramcsucsok mérési eredményei alapjan. Az aktivalasi
energia mértékét az Arrhenius egyenletekbdl hataroztak
meg a redox aramcsicsok mérési eredményei alapjan. A
vizsgalatok ramutattak, hogy a termodinamikai paraméterek
eltérbek a natrium szacharinat oxidaciés-redukcios

reakcioi kovetkeztében, elsésorban a vér vasion tartalmd
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hemoglobinjaval.
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voltammetria, homérséklet, termodinamikai paraméterek.
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Expect a broad-based, international programme, designed to bring all
cement professionals up-to-date on the latest technical advances in cement
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the location, complimentary city tours will be organised for partners, who
are also encouraged to attend the Gala Dinner to round off the proceedings.
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Abstract

The shock-wave synthesis and compaction using powder mixtures are the one of perspective
directions of new materials creation. The results of numerical experiments on modeling of shock
wave loading of mixtures with allowance for phase transition components in their composition are
presented. The significant change in volume in the region of phase transition components included
in the mixtures allows us to expand the range of variation of thermodynamic parameters of the
mixtures under shock wave loading. The calculation model is based on the assumption that all
components of mixture under shock-wave loading are in thermodynamic equilibrium (model TEC).
The model TEC allows us to describe the region of the polymorphic phase transition, considering
the material in the region of phase transition as a mixture of low-pressure phase and high-pressure
phase. The good agreement of these model calculations with the data of different authors defined
on the basis of experiments is obtained. Thermodynamic parameters of the nitrides mixture, solid
and porous mixtures with quartz as component were reliably described. This model is useful for
determining the compositions and volume fractions of the components of the mixture to obtain
the specified parameters of solid and porous materials under shock-wave loading.
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1. Introduction

The possibility of changes in the structure and phase
composition of mixtures under the action of

shock waves is of interest for the creation of materials
with the desired properties. Materials experiencing a phase
transition under shock wave loading are of particular interest
when solving this task. On one hand, such materials, e.g.,
quartz, graphite, bismuth and others have a high compression
ratio that allows you to expand the field of the feasible
thermodynamic parameters [1, 2]. This gives the opportunity
to purposefully achieve the conditions necessary for the
production of ceramics with the given properties. On the
other hand, many materials with unique properties are also
experiencing a phase transition, which further stimulates
interest in such research. There are different methods for
modeling the thermodynamic parameters of shock-wave
loading of mixtures [3], which, however, does not describe
the data obtained on the basis of the experiment in the whole
range of parameters, in contrast to the model TEC [4].

The interest in the research of compressibility of quartz
mixtures is related to the properties of quartz and the
possibility of creating materials with the required properties
(heat-resistant and high- strength ceramics). The wide
distribution of quartz in nature has led to much attention
to it. The mass fraction of quartz is more than 60% taking
into account mix and silicates in the earths crust; the free
quartz content is 12 %. As a consequence, there is the large

base of experimental data on shock-wave loading on quartz
and mixture with it that allows you to check the accuracy of the
simulation.

Nitrides are often refractory and resistant to stress at high
temperatures substances. Nitride coatings are used in energy,
space technology, imparts hardness and corrosion resistance
of products. The advantage of aluminum nitride AIN over
other materials is the unique combination of its physical and
electrical characteristics: such as the high thermal conductivity,
good insulating properties, the moderate coefficient of
thermal expansion at relatively low cost. Recent interest
in silicon nitride SisNs is associated with the discovery of
its high-pressure modification with a cubic structure (y-
phase) which has a considerable hardness comparable to
that of stishovite—the high-pressure phase of SiO2. Some
researchers believe that stishovite takes the third place in
this parameter, after diamond and cubic boron nitride. This
feature of the y-phase allows considering it as a promising
technological material, though very high pressures more
than 15 GPa and temperatures more than 1000 K required
for the formation of y-Si3N4 are a major obstacle not only to
industrial use, but also to a detailed study of its properties.
Therefore, the selection of optimal conditions under which
it would be possible to synthesize relatively large amounts
of this substance with a high output at acceptable values
of external parameters (pressure and temperature) is a topical
task. High temperature is important along with pressure in
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the formation of y-SisN4. The promising method of high-
temperature shock compression is used to research phase
transition in silicon nitride and achievements of y phase
[5]. This method allows increasing the substance’s temperature
during compression, thereby promoting the transformation,
and significantly reducing the residual temperature after the
pressure drop, thereby ensuring quenching of the new phase.
The effect is achieved by addition of components with high
compressibility and specific heat, such as alkali halide salts, to
the samples.

The model TEC that used in this work can reliably describe
the thermodynamic parameters of the mixture under shock
wave loading, including the region of phase transition of
components. It should be noted, that the model TEC uses
the parameters of the equation of state of the components
and hence allows considering the interaction of mixture
components, unlike the mixed method, which is mainly used
for high-density mixtures [5].

2. Calculation model

The model TEC is used to describe the thermodynamic
parameters of porous solids and mixtures of powders under
shock wave loading [1, 4]. The equation of state of the Mie-
Griineisen type is applied when modeling the thermodynamic
parameters of condensed phases. The initial internal energy
and pressure of the substances are zero under normal
conditions, taking into account the fact, that field of use of this
model for pressures is over 5 GPa. Hence, the equation of state
for condensed component has the form with the current and
initial densities p and po, pressure P, specific heat ¢y, and the
current and initial temperatures T and To:

P, 1) =A(p! p,) ~ 1 T, (T-T)p
The function I'(T) has the following form:

r(@) ={r@,)-ra@,)I" +ca-1)f +1,)

c=fray-rol' -Iray-LI' @ -1 )

The parameters C, I'(Tw) are chosen from the condition
of compliance of the calculated shock adiabats with known
experimental results for every component, so that:

I'(T) > I'(To) when T > T,
I'(T)>I(Tw)when T > T..

Here value of I'(To) is taken on the basis of known data at
normal conditions. The coefficient C, which allows describing
the experimental points upon moderate compression, is
determined by the intermediate value I'(T+) at temperature
T=T+ The asymptotic value I'(Tw) corresponds to the
maximum temperatures. For the gas, we use the equation of state
of ideal gas. We write the conditions of dynamic compatibility
on the shock wave front, which are laws of conservation of
the mass flux for each component of the mixture and laws
of conservation of momentum and energy fluxes for the
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mixture as a whole [1, 4]. The resultant equations combined
with the equation of state for each component are sufficient
to find dependences of the type of P(U) or D(U), which can be
treated as the shock adiabats of the multicomponent mixture.
U and D are the mass and wave velocity, respectively. A, k, and
I are the coeflicients in the equations of state of the condensed
component. For the mixture of n condensed components with
the initial volume fraction yno we can obtain the expression:

z ; k. +1 2k .o,
P= Z:[‘l1 /utO h,-_ l+ U[n’ + 10-1 —h[—l
o O k, -1 k-1

wo h n
|::Z—1: % hi + [;J(l - 12:1: Hio j - 1:| (4)

Here n,=2/T,+1, i =l..n, h =2/(y-1)+1. 6 = pilpio, G = pelpeo
is the compression ratio of components, pg, pgo current and
initial gas densities, y = 1.41 is the ratio of specific heat. In
view of equal temperatures of all components, including gas,
we finally have an n + 1 equation for n + 2 variables P, 0i
(i=1...n), Og, which allows us to construct a shock adiabat of
mixture. A pure substance is considered as a mixture with one
condensed component. The volume fraction of gas is assumed
zero for calculation of parameters of solid material.

The model TEC may describe the behavior of the materials
including the phase transition region. The material is
considered as the mixture of low-pressure phase and high-
pressure phase in this area. We write the conditions of
dynamic compatibility on the shock wave front taking into
account the phase transition. It is assumed that the volume
fraction a of low-pressure phase passed into high- pressure
phase in the region of polymorphic phase transition. The
dependence of low-pressure phase, turning into the high-
pressure phase, we can specify the following expression a =
kAE in the first approximation in the phase transition region.
Here k = (Ef-Eb)™", Eb is internal energy at the beginning
of the phase transition, E is current internal energy, AE = Ef —
Eb, Ef is internal energy at the finish of the phase transition,
when there are full transition of low-pressure phase to high-
pressure phase. The comparison of the calculations with the
experimental data has shown that the value of k, defined for
one of the porosity, allows one to describe the results for other
values of the porosity. As the result, the three regions are set
depending on the value of a that determines the volume
of low-pressure phase and high-pressure phase of the shock
adiabats for the materials with the phase transition [6]:

E<E, a=0
E,<E<E, a=kAE
E>E, a=1

3. Numerical results

The accuracy of the modeling materials used to create
materials with desired properties, with the components
experiencing a phase transition under shock wave loading,
is confirmed, in particular, calculations of the shock adiabats
for mixtures of quartz. Calculations of thermodynamic
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parameters of the mixtures of quartz with aluminum mass
fractions wt. % Al (30) SiO, (70), Al (40) SiO, (60), Al (50)
SiO, (50) are shown in Fig. 1. The calculation for pure quartz
is given on the same figure for illustration. The possibility
of accounting for the phase transition during shock-wave
loading for the first time allows us to describe all the data
obtained on the basis of experiments for all the considered
mixtures.
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Fig. 1. Shock adiabats in coordinates pressure — compression. The calculation and

experimental results for the mixtures of quartz with aluminum of various
compositions, and pure quartz. Experimental data from [7].

1. dbra  Lokéshulldm adiabata vonalak nyomds-kompresszié koordindta rendszerben.
Szdmitott és kisérleti eredmények eltérd Gsszetételii kvarc-aluminium
keverékekre és tiszta kvarcra vonatkozéan. A kisérleti eredmények forrdsa [7].

The model TEC allows describing the shock adiabats in the
region of the phase transition of quartz mixtures with the
significantly different components, in particular by density.
Calculations of the mixtures of quartz with tungsten and
quartz with teflon, as well as data obtained on the basis of

the experiments [7] are shown in Fig. 2. The calculations
were performed for the mixtures of following compositions:
mixture of quartz with tungsten (density 10.19 g/cm?),
weight fraction wt.% W(88) SiO2 (12) and mixture of quartz
with teflon wt.% SiO2 (55) Teflon (45), (density 2.38 g/cm®).
The calculations allow describing the data obtained on the basis
of experiments with good accuracy.
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Fig. 2. Shock adiabats of mixture of quartz with tungsten (1), mixture of quartz

with teflon (2). Experimental data (3), (4) from [7].
2. dbra  Lokéshulldm adiabata vonalak kvarc-volfrém keverékre (1), kvarc-teflon
keverékre (2). A kisérleti eredmények (3), (4) forrdsa [7].

The model parameters allowing reliable description of
the thermodynamic parameters of pure nitrides under shock
wave loading are used to simulate the parameters of the
mixture of nitrides as components [6].

The experimental data [8] for aluminum nitride AIN (initial
density 3.23 g/cm’) and the data [9] for silicon nitride SisN4
(initial density 3.44 g/cm’) are used in the calculations of the
shock wave loading of these materials with the phase transition.
The shock adiabats are shown in Fig. 3.a with the shift for
clarity. The initial pressures of the phase transition for AIN
and for Si3Ny are prescribed at 20 and 30 GPa respectively. The
transition of B-phase into highly-dense c-phase is reproduced
in the calculations for SisN4. The first three experimental
points respective to the a-phase (corresponding to plastic
deformation) did not take into account as it was done in
[9]. The calculations show that the model TEC allows one
to describe the unusual behavior of the shock adiabats [8]
in the phase transition region (reduction of wave velocity with
increasing of mass velocity).
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Fig. 3. Shock adiabats of silicon nitride (1) and nitride of aluminum (2) in the
coordinates of wave and mass velocity (a). Shock adiabats of the mixture
AIN and Si3N4 (1), experimental data of silicon nitride (2) [9] and
aluminum nitride (3) [8] in the coordinates pressure and density (b).

3. dbra Lokéshullam adiabata vonalak szilicium-nitridre (1), aluminium-nitridre (2)
Iokéshulldm sebesség és impulzus koordindta rendszerben (a). Lokéshulldm
adiabata vonalak AIN - Si3N4 keverékre (1), kisérleti eredmények szilicium-
nitridre (2) [9] és aluminium-nitridre (3) [8] vonatkozdan, nyomds-stiriiség
koordindta rendszerben (b).

The results for the mixture of AIN and SisN4 with equal
volume fractions and initial density 3.335 g/cm3 are shown

in Fig. 3.b. Here the experimental data for pure AIN and
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Si3N4 [8, 9] are shown for the comparison. The beginning
of the phase transition for AIN and Si3sNy in the mixture are
determined at the same pressure as that for pure substances.

The calculations for the mixtures of oxides are also
performed on account of a large interest in silicon nitride and
its compounds. Thermodynamic parameters are simulated
for mixtures of SisNswith oxide, which were obtained on the
basis of the experiments data [10]. The calculation for the
mixture of SisNy and periclase MgO is shown in Fig. 4. MgO is
used in industry for the production of refractories, including
very fine abrasives for cleaning surfaces, in particular in
electronics. The simulated mixture is characterized by the
weight fraction wt % SisN4 (95) MgO (5) and the density
3.164 g/cm’
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Fig. 4. Calculation for the mixture of Si N, and MgO with the phase transition
(1). Experimental data (2) [10].

4. abra  Szdmitott eredmények Si,N, - MgO keverékre, fazisitalakuldssal (1). Kisérleti
eredmények (2) forrdsa [10].

The results show the accuracy of the description of
thermodynamic parameters of the mixtures of this type
under shock wave loading. The prospects of using materials
with phase transition are shown taking into account their
unique properties and possibility to change the values of
pressure and temperature of mixtures in a wider range of
values. This approach extends the range of achievable values
of thermodynamic parameters.

4. Conclusions

The data of the model TEC calculations correspond well
to the experimental data by various authors. The model
parameters allow us to reliably describe the behavior of pure
materials under shock wave loading were used to simulate
thermodynamic parameters of mixtures with components
experiencing a phase transition under shock wave loading.
It was shown that the TEC model allows us to simulate
thermodynamic parameters of mixtures under shock
wave loading including mixtures that contain components
experiencing phase transitions. The simulation results allow
determining the ratio of mixture components with the aim of
obtaining specified parameters of solid and porous materials
after their exposure to shock waves for the synthesis of ceramics
with desired properties.
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Uj anyagok kifejlesztésének egyik iranyzata a por
keverékek nagy nyomas alatti szintézise

A cikk numerikus vizsgalatok eredményeit ismerteti a
I6késhullamok altal gerjesztett fazisatalakulasok terlle-
tén. A nagymértékl térfogatvaltozas a fazisatalakulasok
soran lehetdséget teremt a termodinamikai paraméterek
kibovitésére a Iokéshullamok altal gerjesztett jelenségeknél.
Az ismertetett szamitasi modell alapfeltevése, hogy a keve-
rékek Osszetevdi a I0késhullamok alatt termodinamikai
egyensulyban vannak. A modell lehetéséget nyujt a polimorf
fazisatalakulasok leirasara, feltételezve, hogy az anyag a
fazisatalakulas soran egy kis nyomasi fazis és egy nagy
nyomasu fazis keveréke. A modell alapjan szamitott ered-
mények jo egyezést mutatnak a publikalt kisérleti eredmé-
nyekkel. A cikk bemutat nitrid-kvarc keverékekre, tomor és
porézus anyagokra vonatkoz6 eredményeket.

Kulcsszavak: magasnyomasl mérnoki modszerek, integ-
ralt aramkor, keverék, fazisatalakulas, porézus anyagok,
|I6késhullam, termodinamikai egyensuly
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