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Abstract

The model of composite synthesis on the base of titanium with inclusions of carbides, borides
and silicides is analyzed numerically. It was assumed that synthesis is carried out from the
mixtures Ti-C, Ti-B and Ti-Si containing the excess of titanium in comparison with stoichiometric
relation of components necessary for the formation of TiC, TiB and Ti5Si3. The model is based
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on the classical ideas of the combustion models with summary reaction. However, it takes
into account nonstoichiometric composition of green mixture, dependence of properties on
the composition changing during the synthesis and the reaction initiation stage in the igniter.
Temperature distribution, conversion level, maximal combustion temperature, reaction zone
thickness, and the rate of reaction propagation are determined numerically. The results of the
product temperature calculation qualitatively agree with experimental data.

Keywords: composite synthesis, nonstoichiometric mixture, gasless combustion, reaction
retardation by reaction product, combustion transition through interface

1. Introduction

Combustion synthesis is an intensively developed scientific
field [1,2]. Combustion application to modern technologies
connects with the possibility to use the energy of chemical
reactions and to obtain the final product with slow energy
losses. This method attracts attention by numerous researchers.
For example, the combustion synthesis of composite with TiC-
inclusions of various phase composition was carried out in [3].
Composite from Ni, Ti and B,C powder blends was synthesized
in [4]. Method SHS was used in [5] to obtain composites from
Ni,Al with inclusions TiC, WC, TaC, etc. Authors [6] studied
the physical and chemical phenomena in the reaction of
TiO,, C, Al and the TiC/Alumina composite synthesis. Self
sustaining high temperature synthesis (SHS) together with
following disintegration is on of possible variant to obtain
the powder systems with required structure for application
for surface modification and object creation in additive
technologies [7]. However irreversible conditions of the
synthesis lead to the problems of theoretical and experimental
character. For example, when the synthesis is carried out in the
regime of layered combustion from the mixtures containing
inert component (the component does not participate in the
reaction), there is limiting concentration of inert above that
reaction front stops. In the double systems Ti-C, Ti-Si, Ti-B,
excess titanium powder should play a role of inert addition and
should form titanium binder in the product. Dependencies of
the maximal product temperature and combustion rate on the
elemental composition of the green mixture were investigated
in numerous papers; however detailed phase composition
of the reaction product does not correspond to theoretical
predictions. Temperature and combustion rate decrease
monotonically when titanium content increase. Second
feature inherent to all three systems consist in the liquid
phase formation in the reaction front that play ambiguous
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role in the combustion mechanism. Reversible state diagram
of Ti-C differs on two other systems because there is a wide
area of homogeneity for titanium carbide shifted to titanium.
This leads to the formation of nonstoichiometric titanium
during the synthesis from powder mixtures with titanium
excess instead the predicted composition Ti-TiC: instead 60
volume % of titanium binder real composition gives 26 V%
[8] of titanium. Several intermediate compounds present at
the reversible state diagram for the systems Ti-Si, Ti-B (three
borides and five silicides); however not all phases are observed
experimentally after the synthesis.

To study the dynamics of reaction front formation, in this
paper, the process of composites synthesis in the systems Ti-C,
Ti-Si, Ti-B with Ti excess is investigated numerically in term
of classical concept with summary reaction scheme taking into
account reaction retardation with product accumulation in the
special kinetical function.

2. Problem formulation

To calculate theoretically the combustion rate and product
temperature in studied systems we use the model suggested in
[9] adding it by the stage the reaction initiation in the igniter
and properties dependence on the composition. Generalized
model for three systems contains the thermal conductivity
equations for igniter (stochiometric mixture 5Ti+3Si) and for
the mixture where composites form. Specimen is two-layer
cylinder with radius R. First layer has the thickness /, second
layer thickness is L (Fig. 1).

The second mixture contains the Ti-excess with mass
concentration 1. In a first approximation, we assume that
summary reactions correspond to simple reaction schemes

Ti+C titanium carbide,

or Ti+2B - titanium boride,

or 5Ti+3Si > titanium silicide
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or summary scheme “Reagent-Product”. Reaction initiation in
the igniter is carried out by spark. Hence, for reaction depth
description only two kinetical equations are necessary - for
first and for second layers.

Fig.1. Illustration to the problem formulation: 1- igniter; 2. pressed-powder compact
(reagent)
1. dbra Illusztrdcié a probléma értelmezéséhez: 1- a gylijtdfej; 2. a préselt (reagens) test

As a result, we come to the mathematical model:

a; 9 d7; 20 2¢0,
apy aT] = a*x[xl ETX]}*'Ql(Pl (ﬂl’Tl)*?(Tl -Ty)- R 0 (T14 *T04)’

x<I;

d E

% =01, i) = z1 (1= Jexp| ——4- fexp(—mymy ):
1 RgTh
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M _ 02Nz, 1) = 29 (1M Jexp| ——2 fexp(—mym,)

dt RgTZ .
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a7T; 7T

i 72,

x=1:4"" % 2
L=1;
X=L.'—)\.zai=0
ox ;

t=0: T=Tp=Tp,n=mp=0,

where index «1» relates to igniter, index «2» relates to the
mixture under study, T - is the temperature, n,, k=1,2, - is
the product concentration or conversion level; t - is the
time; x — is the spatial coordinate; A ,c,, p, — are the effective
thermal conductivity, - unwanted coeflicients, heat capacities
and densities depending on the current composition; Q_ -
are chemical heats of summary reactions; a - is effective heat
exchange coefficient in Newton law; o, - is Stephen-Boltzmann
constant; g - is blackness level; 6“) — is delta function; E, -
are activation energies; z,, — pre-exponential factors; m, are the
retardation coefficient in formal kinetical laws.

Titanium melting is taken into account through the heat
capacity change. Then we can write

o) = (cp);.
w”ﬁ@n
where indexes s and L correspond to the parameters of
solid and liquid phases; Q- is melting heat; T - is melting
temperature. Because the powder mixture structure changes
during the synthesis and it is not known a priori, we restrict the
effective properties calculation by mixture rule, for example,
for first layer

apy = lerprmg +esipsi(1=7)l1=1 )+ eqissisprissia.

T<T
ph,
> Tph,Jerhpsa(T_Tph)

>

The problem was solved numerically. Temperature and
concentration fields were found for different time moments that

had allow to find the product temperature and combustion rate
for different parameters of the model. The data presented in
[10] where used for the calculation (Table 1). Formal-kinetical
parameters that used for calculations are presented in Table 2
[10-13]. It was assumed: =1 cm, L=5 cm, R=2.5 cm, a=10> W/
(m?K), s=5.67x10* W/(K*m?). Other parameters are varied.

Substance r/r kg/m®* AW/(m?K) c/c,J/(kgxK) T __ . g,K
Ti 4540/4120 22 498/687 1941
C(graphite) 2250 1.6 712 4620
Si 2330/2520 150 690/979 1687
B 2340 27.4 1280 2075
TiC 4900 21.9 696 3533
Ti Si, 4320 26.8 140 2403
TiB, 4500 24 656 3503
Table 1. Thermal-physical properties

1. tabldzat Héfizikai tulajdonsdgok

Reaction AHrem, kJ/mol E kJ/mol k,1/s Molar mass,
(MJ/kg) g/mol
Ti+C > TiC 209 (3.5) 117 108 60 (TiC)
Ti+2B - TiB, 295.4(4.25) 123.3 108 69.5
5Ti+3Si > Ti,Si, 579.3(1.8) 204.2 10%2 324(Ti,Si,)

Table 2. Kinetical parameters for the reactions
2. tdblézat Reakcié-kinetikai paraméterek

3. Result analysis

Reaction front coordinate X, reaction front rate (combustion
rate) V. and thickness of the reaction zone X, were determined
similarly to [14]. The retardation parameters were found based
on experimental data. It was ascertained for all three systems
m,=10. The comparison of numerical results with experimental
data (the experimental method was described, for example,
in [8,14]) is presented in Fig. 2. For the systems Ti-Si, Ti-B
the agreement is very well. For the system Ti-C, there is the
deviation of theory from experiment that connects probably
with reductive character of the model, where the existence of
wide area of homogeneity is not taken into account. Second
cause for the deviation connects obviously with the measure
of the combustion temperature for the synthesis conditions in
air. Titanium oxidation can effect on summary heat release that
is confirmed with the data [9], where the presence of titanium
dioxide to 8% was detected. With titanium excess n_increase
the combustion temperature decreases.

Calculation for the reaction mixture Ti-B show that the part
of titanium excess n_affects only maximal temperature and this
practically does not change the combustion rate (curve 2 in
Fig. 2.b).

Vol. 70, No. 3 = 2018/3 = . 75
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Fig. 2. 'The dependencies of maximal temperature (a) and reaction front propagation
(b) on the titanium excess in green mixture. m =10, q,=1.3 MW/m’ m =10;
points — experimental data

2. dbra A nyers (z6ld) keverékben a maximdlis hémérséklet (a) és az reakcié (égési)
frontvonal terjedése (b) a titdnban m, = 10, q, = 1,3 MW/m?; kisérleti adatok
m,=10

For various systems different combustion regimes were
found. Typical qualitative picture for stationary combustion
regime is presented in Figs. 3.a and 3.b. for the system Ti+Si.
For chosen composition, the reaction proceeds in the solid
phase, melting temperature is not achieved. For n =40%, the
periodic regimes could be observed: after some reaction front
delay, reaction can be renewed. This did not be observed for
other systems. To demonstrate the difference in the combustion
regimes, maximal temperature and average conversion versus
time level are suitable. Average conversion level is calculated
by the formula

nel0)= gy e
/

Tt K

2000 _,,,_K b " ; IT....
t=0.2 t=0.4\ t=0. \ t=2\
1000

Nx 1)
1.0

0 1 2 3
b

4 oM

Fig. 3. Temperature (a) and conversion level (b) for the stationary combustion
regime. ;1(:20 %; qa=1.3 MW/m? , system Ti+Si; time moments: t=1.0.1; 2.
0.2;3.0.4;4.0.6; 5. 0.8; 6.2.95 s

3. dbra A hémérsékler (a) és a konverziés szint (b) staciondris égési rendszer esetén a
Ti-Si anyagrendszerben. 1n,=20%; q,= 1,3 MW/m? idé pillanatok: t = 1. 0,1;
0,2; 3. 0,4; 4.0.6; 5,8; 6,2,95 s
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Fig. 4. Maximal temperature and average conversion level versus time for various
systems
4. dbra A maximdlis hémérséklet és az dtlagos konverziés szint az eltérd titdn alapii
anyagrendszerekben

The results are presented in the Fig. 4. For the system Ti-
Si (Fig. 4.a), practically stationary regimes with various rates
are observed for n, = 10 and 30%. Maximal temperature is
not constant, the rate of the reaction front propagation can
be determined as the slope of the curve nx (¢). If n_ = 40%, the
phenomena of the repeated reaction initiation takes place, but
after ny ()= 0,49 reaction stops. Reaction front coordinate is
presented in Fig. 5 for various regimes. Quasistaionary regime
with total conversion was found only for n_ = 10%. 5; for n_=
80%, the repeated reaction initiation does not occur.

For the system Ti-B (Fig. 4.b), the quasistaionary regimes are
characterized by different maximal temperatures. The reaction
front rate determined as in [14] does not change; the reaction
front rate determined as the slope of the curve ny () decrease
very weakly. If n_ = 10%, maximal temperature grows slowly to
stationary value when qusisiationary regime establishes; if n_
= 40%, combustion temperature reaches to maxima and then
diminishes to stationary value.

X.cM

4

6 tc

Fig.5. Reaction front coordinate versus time for the system Ti-Si;
m =10, m=10, q,=1.3 MW/m?
Curves: 1. 10%; 2. 40%; 3. 50%; 4. 60%; 5. 80%
5. dbra A reakcié frontvonal terjedése az idé fiiggvényében a Ti-Si rendszerben;
m =10, m2=10, q0=1,3MW/mZ;
Konverzids szintek:: 1. 10%; 2. 40%; 3. 50%; 4. 60%; 5. 80%

For the system Ti-C (Fig. 4.c), the rize of titanium excess leads
to the reaction zone expansion, quick maximal temperature
decrease, however the reaction starts earlier. Reaction front
rate decreases, if it is determined by the method [14], however
it does not change, if it calculated as the slope of the curveny (¢).
To understand the difference in the physical mechanism of the
synthesis and the reaction front propagation the additional
experimental and theoretical study are necessary.
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4. Conclusions

So, the solid-phase combustion model with summary
reaction scheme was realized numerically for three systems:
titanium-carbon, titanium-boron, titanium-silicon. Taking
into account nonstoichiometric composition of initial
powder mixture, reaction retardation by reaction product,
and dependence of properties on composition, the qualitative
compliance between theory and experiment was obtained.
The various combustion regimes for different systems were
detected. Following study should include the detailed reaction
scheme corresponding to irreversible conditions and porosity
evolution during composite synthesis.
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Titan alapi kompozit szintézise égési rendszerben
Jelen munkaban a szerzo6k numerikusan modelezik a karbid,
borid és szilicid zarvanyokat tartalmazo titan alapd kompozit
szintézisét. modellje numerikusan valosul meg. Feltételezik,
hogy a fém titan tobbletet tartalmazé Ti-C, Ti-B és Ti-Si por-
keverékek termikus szintetizalasa soran sztdchiometrikusan
képzbdnek a TiC, TiB és Ti Si, komponensek - Iétrehozva
ezaltal egy Uj kompozit anyagszerkezetet. Az éaltaluk alkal-
mazott moédszer az ,égetd modellek” klasszikus otletén
alapszik, ahol a kémiai atalakulasok és reakciok mint a ,koz-
vetlen égés” eredménye mennek végbe. Mindazonaltal az
alkalmazott médszer figyelembe veszi a nyers (z0ld) keverék
nem-sztdchiometrikus 0sszetételét, a tulajdonsagok fliggé-
sét a szintézis soran valtozd 0sszetételre és a gydjtéreakcid
kezdeti szakaszara. A hdmérséklet-eloszlast, a konverzios
szintet, a maximalis égési homérsékletet, a reakciézénak
vastagsagat és a reakcio terjedésének sebességét numeri-
kusan hatarozzak meg. A termék-hdmérséklet szamitas ka-
pott eredményei mindségi szempontbdl joI megegyeznek a
mért kisérleti adatokkal.

Kulcsszavak: kompozit szintézis, nem-sztdéchiometrikus
keverék, gazmentes égés, reakciokésleltetés reakciotermék-
kel, égés atmenet hatarfellleten
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Abstract

Modified glassy carbon electrode with carbon nanotubes (CNT/GCE) was used to study extracted
saffron in blood medium to find the effect of oxidation-reduction current peaks of saffron
compound. It was found two cathodic current peaks at -0.75 and -1.75 V were appeared in
the cyclic voltammogram of saffron in blood medium, so saffron considered as anti-oxidative
compound in blood medium. Different concentrations, scan rates and effect of ascorbic acid on
the cathodic current peak were studied. Diffusion coefficient of two reduction current peaks of
saffron in blood medium was determined from Randel equations with values of saffron in blood
medium at -0.75 and -1.75 V are 2.2x10° and 1.1x10° cm?/sec respectively cm? sec™.
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1. Introduction

Saftron considered being an anti-oxidative reagent, especially
in blood medium, which can be studied by electrochemical
method using the cyclic voltammetric analysis. This method
has been used recently through different research [1-6].

It was found that saffron effect on the blood pressure when
use as nutrition. Saffron reduced the cross-section area, media
thickness, and elastic lamellae number of the aorta. Nutritional
saffron prevented BP increases and remodeling of the aorta in
hypertensive rats [7]. Saffron has biological activities including
antihumoral, cytotoxic, hypolipidemic, anti-inflammatory, etc.
In comparison, cholesterol-fed, water-drinking rats had serum
triglyceride (TG) levels equal to the rats fed a normal diet.
The results of this study indicate that consumption of saffron
can reduce serum cholesterol and TG levels in cholesterol-
fed rats, suggesting that saffron may be useful in treatment of
hyperlipidemia[8]. Thechronicadministration of saffronaqueous
extract could reduce the mean systolic blood pressure (MSBP) in
desoxycorticosterone acetate (DOCA) salt treated rats in a dose
dependent manner. This compound did not decrease the MSBP
in normotensive rats. The data also showed that antihypertensive
effects of saffron did not persist [9]. The results demonstrate that
while detecting the electroactive neurochemical norepinephrine
in blood is more challenging than obtaining the same fast scan
cyclic voltammetry (FSCV) measurements in a buffer solution
due to biofouling of the electrode, it is feasible to utilize a
minimally invasive FSCV electrode to obtain neurochemical
measurements in blood [10]. Phenolic antioxidants are ranked
by reducing strength and characterized for reversibility using
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cyclic voltammetry at a glassy carbon electrode. Phenolics with
an ortho-diphenol group show a first oxidation peak close to 400
mV (vs. Ag/AgCl) in a model wine solution (12% ethanol, 0.033
M tartaric acid, adjusted to pH 3.6), with a linear concentration
dependence below 0.01 mM. Dilution of white wines 10x, and
red wines 400x, gave first oxidation peak currents in the 1.5
to 2.2 pA range and 1.9 to 3.4 pC of charge passed by 500 mV,
producing values for the concentrations of phenolic antioxidants
with low oxidation potentials in the wines. Further peaks in
the cyclic voltammograms of the diluted wines correspond to
classes of phenolics with higher oxidation potentials, providing
a qualitative assessment of wine phenolics based on reducing
strength [11].

In this work, saffron was studied in blood medium using
modified glassy carbon electrode with carbon nanotubes
(CNT/GCE) by cyclic voltammetric method.

2. Experimental

2.1. Reagents and chemicals

Saffron was supplied from EDMAN Company (Iran) as solid
material which dissolved in deionized water after filtering by
filter paper to use in the experiments. Blood samples were
used from healthy human in Baghdad hospital center, and
other chemicals and solvents were of annular grade and used
as received from the manufacturer. Double distilled water was
used for the preparation of aqueous solutions. All solutions
were deaerated with oxygen free nitrogen gas for 15 min prior
to making the measurement. All experiments were done at
room temperature 25°C.
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2.2. Preparing the modification of GCE with CNT (CNT/GCE)

Mechanical attachment technical method was employed to
prepare the CNT/GCE working electrode as a nano-sensor
[12,13]. 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 potentiostat.

2.3. Apparatus and procedures

Instruments: EZstat series (potentiostat/galvanostat) NuVant
Systems Inc. pioneering electrochemical technologies USA
Electrochemical workstations of Bioanalytical system with
potentiostat driven by electroanalytical measuring software
was connected to personal computer to perform Cyclic
Voltammetry (CV), an Ag/AgCl (3M NaCl) and Platinum wire
(1 mm diameter) was used as a reference and counter electrode
respectively. The glassy carbon working electrode (GCE)
was used in this study and cleaning the surface by polishing
Alumina (BASi compony USA).

3. Results and discussion

3.1. Study different concentration of saffron in blood
medium (calibration graph)

Current

-2V -15V -1V -500mV o S500mV v 15V
Potential

Fig. 1. Cyclic voltammogram of saffron in blood medium at different concentration
on CNT/GCE as working electrode versus Ag/AgCl as reference electrode at
100 mV sec™.

1. dbra  Sdfrdny ciklikus voltammogramja vér kozegben kiilonbozé koncentrdcidkban;
méré elektréda: CNT/GCE, referencia elektréda: Ag/AgCl, adatrigzitési
sebesség: 100 mVsec!
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Fig. 2. Plot of cathodic current peak at -1.75 V of saffron in blood medium against to
different concentration.
2. dbra  Sdfrdny kiilonbozé koncentrdciéi vér kozegben; katodos dramerdsség
csticsértékek -1.75 V fesziiltségnél

Fig. 1 shows the cyclic voltammogram of extracted saffron
solution in blood medium at different concentration (0.1
- 0.5 mM). The two reduction current peaks of saffron in
blood medium was appeared at potential -0.75 and -1.75
V and enhance to higher current against to increasing the
concentration [14]. It was found the low detection limit of
calibration graph as shown in Fig. 2 with high sensitivity
of the graph R>=0.915, by equation of Y=11.333X+43.778.
These results were given a good indicator that the modified
electrode CN'T/GCE acts as electro-catalyst to detection of low
concentration of saffron ions in blood medium [15].

3.2. Scan rate study

Different scan rate (0.01-0.1 V sec!) was studied for the
saffron in blood medium as shown in Fig. 3. Also, it can be
calculated the diffusion coefficient values of the cathodic
current peaks by Randel equation [16]. Fig. 3 illustrated the
effect of different scan rate on the two reduction current peaks
which enhance the current with increasing the scan rate and
a good relationship between the reduction current peak at
-0.75 V versus to the scan rate as shown in Fig. 4. A linear
relationship was found from the equation of reduction peak is
Y=153.28X+6.9013 with high sensitivity R?*=0.9693, it means
that the redox process of saffron compound in blood medium
was reactant in homogeneous process [17].

SR =0.01V sec

Current

T T T T d T \
-2V 15V -1V =500mV ov S00mV v 15V
Potential

Fig. 3. Cyclic voltammogram of saffron in blood medium at different scan rate (0.01-
0.1 mV sec) on CNT/GCE versus Ag/AgCl as reference electrode.
3. dbra Sdfrdny ciklikus voltammogramja vér kozegben kiilonbozé adatrogzitési
sebesség mellett (0.01-0.1 mV sec”); méré elektréda: CNT/GCE, referencia
elektréda: Ag/AgCl
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Fig. 4. Plot of cathodic current peak at -1.05 V of saffron in blood medium against to
different scan rate (0.01-0.1 V sec)

az atrogzitési sebesség fiiggvényében (0.01-0.1 V sec”’)
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3.3 Diffusion coeflicient determination

The usual of mathematical method can be used in finding
the diffusion coefficient of the redox process for the saffron
compound in the KCI solution from the Randles-Seveik
equation described reversible redox couple and the peak
current [18,19].

I =(2.69 x 109 n¥? AC D2 v!" (1)
Where:

I is the current peak.

n is the number of moles of electrons transferred in the
reaction.

A is the area of the electrode.

D, is the diffusion coefficient.

V is the scan rate of the applied potential.

It was found the diffusion coefficient of two reduction
current peaks at 0.75 and 1.75 V of saffron in blood medium
are 2.2x10°¢ and 1.1x10” cm?*/sec respectively, the different in
values attributed to the size of the ions which moving to the
electrode through the blood medium [20].

3.4. Reliability and satiability study

Saffron compound in blood medium was study by modified
of glassy carbon electrode with carbon nanotubes (CNT/
GCE) in cyclic voltammetry. Ten times of scanning the cyclic
voltammetry was studied as shown in Fig. 5 and determination
the relative standard deviation (RSD) for both reduction
current peaks at -0.75 and -1.75 V of saffron with values are +
1.3% and + 1.5% respectively which has a good reliability and
stability of saffron in blood medium with these results [21].

30uA-| |
- //
- P
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25V v 5V v ~500mV ov 500mV v 15v
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Fig. 5. Cyclic voltammogram of saffron in blood medium on CNT/GCE at ten times
against to Ag/AgCl as reference electrode and at scan rate 100 mVsec'
5. dbra Sdfrdny ciklikus voltammogramja vér kozegben CNT/GCE mér§ elektroddn
tizszeres szorzéval Ag/AgCl referencia elektréddhoz viszonyitva, 100 mV sec
ladatrogzitési sebesség mellett

3.5. Effect ascorbic acid on the saffron in blood

Ascorbic acid (AA) is good anti-oxidative reagent especially
in blood medium, but no effect of AA was appeared on the
reduction peaks of saffron as shown in Fig. 6 [22].

100uA

Current

v a5v Av -500mV ov S00mV W 15v
Potential

Fig. 6. Cyclic voltammogram of saffron compound with ascorbic acid in blood
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medium at different concentration on CNT/GCE versus Ag/AgCl as reference
electrode and scan rate 100 mV sec.

6. dbra Sdfrdny ciklikus voltammogramja vér kozegben kiilonbozé koncentrdciékban
aszkorbinsav jelenléte mellett; mérd elektroda: CNT/GCE, referencia
elektréda: Ag/AgCl, adatrigzitési sebesség: 100 mVsec™!

4. Conclusions

Saffron compound was extracted in aqueous solution was
studied by cyclic voltammetric technique using modified
glassy carbon electrode with carbon nanotubes to find the
electrochemical behavior in blood medium and with ascorbic
acid. It was found that saffron compound considered as anti-
oxidative reagent in blood medium which appeared two
cathodic current peaks in the cyclic voltammogram. Diffusion
coefficient values of two reduction current peaks at -0.75 and
-1.75 V were determined by Randel equation from different
scan rate which has 2.2x10 and 1.1x107° cm?*/sec respectively.
The study was indicated that saffron compound is good
antioxidant reagent in blood medium and there is no affected
of ascorbic acid on the reduction current peaks of the saffron
compound.
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Abstract

The world is facing pollution challenges globally and there is need to implement clean and cost-
effective technologies to remediate the environment. The plan of present research work is to
copolymerize synthetic materials (3-Cyclodextrin) as cost effective and eco-friendly adsorbents
for environmental remediation. The synthetic material is copolymerized and further modified
with beetroot peels. The samples were investigated under FTIR and SEM. The frequencies were
recorded at 2931 cm™ and 1016 cm™ confirm the presence of B-Cyclodextrin in the synthesized
copolymer. The wider cavities depicted under SEM are expected to enhance the uptake capacity
of modified copolymers for organic moieties. The inclusion complex of 3-Cyclodextrin depicts
rectangular features with milky white surface confirmed by XRD. The synthesized copolymer
was applied as adsorbent in a batch mode to determine efficiency for the amputation of a wide
range of environmental pollutants. The results of UV-Vis have proved that Crystal violet and
Congo red show (87%) and (69%) removal, respectively at optimum dose. The study concludes
the successful synthesis of B-Cyclodextrin modified with beetroot peels as efficient adsorbent for
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1. Introduction

Rapid economic development due to increased industrial
activities is a great challenge for the global world. The reason is
lack of economical and eco-friendly remediation technologies
for environment. Among variety of physio-chemical
processes, adsorption technique [5] marks its distinction due
to the communal mechanism for the removal of organic and
inorganic pollutants from the environment. Mostly organic
pollutants are of great concern due to their toxicity, persistence
and bioaccumulation in living organisms [20]. It is alleged that
eco-balance is disturbed due to the disposal and discharge
of toxic and noxious pollutants by industries such as textile,
leather, food and paint [12]. It is proposed that extensive
applications of azo dyes in food, tanning, paper and textile at
elevated level dissuade the attention of researchers towards
the control of dyes by designing structures or materials from
both eco-friendly and economical sources [13]. It is known
that synthesis of adsorbents from natural [4] and synthetic
sources can be employed as inexpensive approach but it
defines certain limitations when they are used as adsorbent for
environmental processes [11]. Present study was conducted to
reduce the azodyes burden from environment by synthesizing
B-Cyclodextrin based copolymers [8]. This new product
exhibit exclusive properties such as high adsorption capacities
due to the formation of inclusion complexes through host
guest interactions. These interactions are responsible for the
removal of toxic inorganic and organic moieties even at trace
level [23].
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2. Materials and methods

The materials B-Cyclodextrin, pyridine and ethanol were
the reagents used for synthesis and purchased commercially
from Sigma Aldrich. Apparatus included a UV-Vis
spectrophotometer (SCHIMADU-1403).

2.1. Synthesis of f-Cyclodextrin based copolymer

The present protocol is based on synthesis of copolymers
from waste sources to use as efficient adsorbents for the removal
of environmental pollutants (azo dyes). In the preliminary
tread, B-Cyclodextrin (60 mg) [22] was dissolved in 75 ml of
pyridine and heated at 70°C. Beetroot peels (28 mg) and acetic
acid (25 ml) were added and stirred in above mixture. Brown
yellow solid crystals formed after 30 minutes. The mixture
was washed successively with distilled water and ethanol.
The beetroot modified B-Cyclodextrin based synthesized co-
polymer is coded as CCD. Modification of copolymer with
beetroot peels is reported for the first time in the present
research. Direct co-condensation approach is adopted for the
synthesis of copolymers, as this process is easier, convenient
and efficient [7]. The objective of modification is to enhance
the removal efficiency of synthesized co-polymer [9]. The
copolymer before and after modification with beetroot peels is
subjected to different characterization techniques.

3. Characterization

The synthesized material is subjected to following
characterization techniques such as FTIR (Fourier Transform
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Infrared (FTIR-8400 Schimadzu, Japan) spectrophotometer,
XRD (STOE) and SEM (JEOL tsm-6490, Japan).

3.1 FTIR

The recorded FTIR spectrum of B-Cyclodextrin Copolymer
is shown in Fig. 1. The peaks at 2932-3364 cm™' identify the
presence of N-H and O-H stretching in raw beetroot (also
observed by [3] while peaks characteristics of f-Cyclodextrin
are observed at 1033 cm™ and 1357cm™). The peaks are
assigned to anti-symmetric stretching of C-O-C and vibrational
stretching of -C=C-, duly supported by [10]. The modification
of p-Cyclodextrin with beetroot peels resulting in modified
copolymer is confirmed by the peak observed at 1697 cm™. In
addition, the peak at 2960.83 cm™ [28] indicates the presence
of Hydrogen free -NH-COO-,-NH,- and ~-COOH groups in
the modified co-polymer.
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Fig. 1. FTIR spectrum of 3-Cyclodextrin Copolymer
1. dbra  B-ciklodextrin kopolimer FTIR spektruma

3.2 SEM

The surface morphology of beetroot peels, 3-Cyclodextrin,
and the modified copolymer synthesized is investigated under
scanning electron microscopy. The images are shown in Figs.
2.ato2.c.

B-Cyclodextrin shows a regular surface with no intruding
pores. However, the larger particles are scattered and overlaid
with smaller particles. The beetroot peels depict a lump of

U By i
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Fig. 2. SEM images of (a) 3-Cyclodextrin (b) Beetroot peels (c) modified copolymer

X50  500um

aggregates with lamellar and non-homogenous surface (see
Fig. 2.b). In addition, few crevices are also visible in the larger
aggregate of beetroot.

The synthesis of copolymer can be easily followed in SEM
images. The modification of P-Cyclodextrin and beetroot
peels is witnessed as formation of continuous layer of
B-Cyclodextrin as base film with beetroot modification on the
surface. This modification is also accompanied with formation
of new clearly distinct channels with defined pore volume (see
Fig. 2.c). This indicates the change in surface morphology of
the individual entities of B-Cyclodextrin and beetroot peels
into a modified copolymer. The modification also favours the
binding ability of B-Cyclodextrin with the guest molecules
[16]. The development of channels in the modified copolymer
is expected to act as adsorbent sites for the incoming pollutants
to enhance the host-guest interactions of the inclusion complex

[2].

3.3XRD

The structure of the modified copolymer synthesised from
B-Cyclodextrin and beetroot peels is predicted from XRD
analysis. The XRD diffractogram (shown in Fig. 3) reveals the
amorphous nature of the copolymer. The diffraction pattern
with low intensity of 15.660 at 26 [11] also indicate grain
structure of synthesized material. The halo-diffused pattern
for entirely amorphous copolymer of cyclodextrin was also
identified by [17].
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Fig. 3. XRD of synthesized 3-Cyclodextrin modified beetroot peels copolymer
3. dbra A cékla héjjal médositott B-ciklodextrin kopolimer rontgendiffraktogramija
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2. dbra  Pdsztdzo elektronmikroszkdpos felvételek (a) B-ciklodextrin (b) cékla héj (c) mddositott kopolimer
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3.4 Batch adsorption experiment

A closed batch approach is adopted to investigate the
adsorption capacity of synthesized copolymer as an adsorbent
for the removal of dyes. The absorbance of Crystal violet and
Congo red was recorded on UV-Visible spectrophotometer at
A max of 590 nm and 497 nm, respectively. Batch experiment
was applied at variable adsorbent dosages (1 mg, 10 mg, 20 mg)
and induced dye concentrations (0.01 mg/L, 0.03 mg/Land
0.05 mg/L).

The synthesized modified copolymer is applied as adsorbent
for the removal of the selected dyes in a batch mode as a
function of time. The results are graphically presented in
Figs. 4.a and 4.b. It is observed that the synthesized modified
copolymer shows successive removal of Crystal violet and
Congo red and continues till dynamic equilibrium [30] is
attained in 25-30 minutes of contact. The incremental increase
indicates that the process is non-linear and involves more than
one step. Each step is operative independent of each other.
However, the relatively rapid initial uptake is due availability of
more vacant pores. The optimum removal of Congo red (67%)
is relatively more than Crystal violet (59%). This suggests
that the surface of the adsorbent has more susceptibility for
the earlier likely due to acidic nature of Congo red showing
stronger bonding to extensive -OH groups available on the
surface of B-Cyclodextrin. Maxima of adsorption is followed
by desorption partly due to saturation of sites and repulsive
forces between the solute molecules [21] and groups of the
synthesized adsorbent. The adsorption mechanism of modified
copolymer is proposed to involve film diffusion and intra-
particle diffusion simultaneously [24].
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Fig. 4. Removal (in %age) of (a) Crystal violet (b) Congo red on synthesized
copolymer as a function of time
4. dbra Indikdtorok dtcsapdsa a szintetizdlt kopolimerben a hatdsidé fiiggvényében
(a) kristdlyibolya, (b) Kong6viras
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3.5 Effect of dose

The amount of adsorbent is varied to determine the effect of
dose on the removal capacity. In the present investigation, dose
of 1mg/Kg, 10mg/Kg and 20mg/Kg is applied for the removal
of dyes. The results are graphically presented in Figs. 5.a and
5.b. Tt is generally understood that as the dose increases,
the adsorption sites are expected to increase and thus the
adsorption potential [29]. Elevated increase in adsorption
potential commensurate with the increase in adsorbent
dose. This is equally good for the removal of both Congo
red and Crystal violet. It justifies increasing surface area and
availability of more exchange sites on the surface of adsorbents
as supported by [18].
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Fig. 5. Removal (in %age) of (a) Crystal violet (b) Congo red on synthesized
copolymer as a function of dose
5. dbra Indikdtorok dtcsapdsa a szintetizdlt kopolimerben az adagolds fiiggvényében
(a) kristdlyibolya, (b) Kongévoros

3.6 Effect of Concentration

The dye concentration is an important parameter to define
the threshold for the uptake on the surface of adsorbent. The
synthesized modified copolymer is tested against induced
dye concentration of 0.01mg/L, 0.03mg/L, and 0.05mg/L.
The results are graphically presented in Figs. 6.a and 6.b. A
regular increase in removal percentage of Crystal violet [19]
is observed upon exposure of higher concentration of dye.
More is the induced concentration of dye; more is the uptake
of the dye on fixed dose of modified copolymer. The increase
in initial concentration is likely to enhance interaction between
adsorbent and dye. Similar results are observed by other
researchers for dye uptake on adsorbents like activated carbon
[27], carbon nanotube [25], oak sawdust [1], rice husk [26]
cashew nut shell [14].

The augmented adsorption with increase in induced
concentration may be attributed to complete mass transfer
between the aqueous and solid phase of the dye molecules
[16]. This reflects that the process of adsorption between
the exposed concentration and adsorbent dose is continued
and the spaces are still available for the uptake of more dye.
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However, relatively less adsorption potential also suggests
that removal is a slower and relatively less efficient process for
Crystal violet [6].

On the contrary, Congo red shows more (86%) and faster (10
minutes) adsorption on modified copolymer. Furthermore, a
maximum of removal (86%) is found at induced concentration
of 0.03mg/L defining the optimum.

A decline in adsorption on further increase in concentration
(see Fig. 6.b) suggests that the sites are being vacated after
attaining saturation of congo red. This may be explained that
mono ionic layer is formed at low concentration over the
adsorbent surface [15]. The proposed mechanism may conclude
that adsorption of Congo red and Crystal violet is governed by
physicochemical and physical adsorption, respectively [19].
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Fig. 6. Removal of dyes (a) Crystal violet (b) Congo red as a function of induced
concentration

6. dbra Indikdtorok dtcsapdsa a szintetizdlt kopolimerben a koncentrdcid
fiiggvényében (a) kristdlyibolya, (b) Kongdvords

4. Conclusions

The following conclusions can be drawn from the present
research work:

The method adopted provides an efficient, easy and
an innovative greener approach towards modification of
B-Cyclodextrin with natural source of beetroot peels.

The synthesized copolymer is proven to be a good and
efficient adsorbent for the removal of toxic azo dyes (Congo
red, Crystal violet) from aqueous environment under varying
parameters.

The study provides a good and cheaper alternate to
commercial and expensive adsorbents.

It recommends the commercial viability of synthesized
modified copolymer for in-situ remediation of industrial
pollutants.
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Abstract

What are the structural changes in the PVC layer located directly under the flame zone which is
exposed to high temperatures without burning? We will try to explain in this article what actually
happens in this layer, which we called heat affected zone. The layers were tested both with
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and without antimony trioxide (ATO or Sb,0,) flame retardant additive. Results obtained from
Scanning electron microscopy (SEM) for the heat affected zone of the samples after Limited
oxygen index (L.O.l.) test and compared with the samples before this test showed that there was
a significant decrease in the chlorine content in the PVC structure accompanied by a significant
increase in the carbon content. We suppose that this early dehydrochlorination improves the

efficiency of Sb,0.,.
Keywords: Plasticised PVC, HAZ, L.O.l., SEM, EDS

1. Introduction

The process of flame retardancy doesn’t relate to the
material’s melting temperature itself, but depending only on
the metaphase transformations that grow inside the material,
as well as depends on compounds consisting after exposure
retardant material to high temperatures. For instance, ceramic
materials make a full thermal insulation due to the poor
thermal conductivity but not necessarily resist flame, even
if the high degrees of melting. The fire-inhibiting materials
are on the contrary, they are in degrees of heat is one of the
low-lying conductive materials, but at high flame is a good
heat insulators in addition to immunity to flame spread [1].
Antimony trioxide is not considered a flame retardant when
it is added to low-flame-resistant materials, but it is used to
increase the flame retardant effect of halogen flame retardants
if added to different proportions and as needed to improve
its flame resistance performance [2-7]. When the polymer
contains halogen flame retardants with antimony trioxide is
exposed to flame, the antimony trioxide starts by interacting
with the chlorine from the polymer, and chemical compounds
such as SbCl, SbOCI will be formed which neutralize the free
radicals, kill the flame and prevent its spread. This reaction
mechanism is described in the equations as follows [8-12]:

RCH,— CH,Cl > R—CH = CH, + HCl 1)
2HCL + Sb,05 — 2SbOCL + H,0 @)
55b0Cl(s) - Sb,0:Cl,(s) + SbCl;(g) 3)
45b,05Cl,(s) = 55b;0,Cl(s) + SbCl;(g) (4)
35b;0,Cl(s) = 4Sb,05(s) + SbCl;(g) (5)

s = solid; g = gaseous

Eq. (1) was extended for the better representation of the
reaction. However, when the antimony trioxide is added to
PVC it becomes very effective to flame retarding, because it
acts as a synergist for the halogen contained inherently in the
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PVC (56.7%). This situation is similar to that obtained from
the stimulation of halogen flame retardants and the same
compounds will be formed when ATO reacts with chlorine
released from the PVC after it is burned [13-16].

2. Materials and methods

a. Materials: PVC S-5070 (Ongrovil) from BorsodChem
Zrt., Hungary; Dioctyl Phthalate (DOP) as plasticizer;
Newstab 50 as stabilizer; Wax-E as lubricant; and
antimony trioxide (ATO) with chemical formula Sb,0..

b. Sample preparation: four batches were prepared with
a laboratory extruder (Géttfert Extrusiometer G20) at
170 °C. The barrel diameter is 20 mm, the length 20D,
i.e. 400 mm. A screw of comparison rate was used with
long comparison zone (PVC screw). The die was 10x4
mm flat die suitable for extruding rods for L. O. I. test
without further forming.

c. Thermal tests: Limiting oxygen index test (L. O. L)
was done by the instrument Stanton Redcroft FTA
flammability unit with oxygen and nitrogen cylinders
gas and accurate pressure control system found in
BorsodChem Zrt. The results obtained from this
test shown in Fig. 1. As expected, we can observed
from this figure that the limiting oxygen index of
PVC increased with ATO additions, This increase is
direct, as the percentage of ATO increased the value
of L. O. I. will increase. Also, the percentage of oxygen
which the PVC samples needs to burn will increase. This
behavior due to the ATO absorbed heat and there will
be phase transformations in its internal structure. This
represent endothermic process which decreased surface
temperature which will prevent fire propagation [4,13].
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Fig. 1. Limiting oxygen index of plasticised PVC vs. ATO additives
1. dbra ATO tartalmu lagyitott PVC oxigén indexe

d. Scanning electron microscopy FESEM: FESEM was
used for the structural analysis of plasticised PVC. This
test was done by using Carl Zeiss EVO MA10 SEM.

e. Thermal gradient: thermal imaging camera (FLIR
Systems) was used in order to determine the thermal
gradient in L. O. I. test samples as shown in Fig. 2. The
Emissivity was 0.5, reflected apparent temperature 20°C,
and Object distance 1.0 m

PVC combustion

zone (White) \ ,

Heat effected
zone (Red)

LOI Sample mp-

Fig. 2. FLIR thermal gradient image for heat affected zone (HAZ) in plasticised PVC
L. O. I test

2. dbra A héhatdsnak kitett zona (HAZ) FLIR termikus gradiens képe a lagyitott
PVC L. O. I vizsgdlata kozben

3. Results and discussion

The images obtained from SEM show that the chlorine
percentage decreased associated with an increase in carbon
percentage after L. O. L. test, when comparing with PVC SEM
images before the test, as shown in Fig. 3 and Fig. 4. This state as
a result of PVC dehydrochlorination, where it begins to release
chlorine in form of HCI from its internal structure at high
temperatures, i.e. begins to decompsion in these tempreature.
The loss of chlorine from the internal structure of PVC
involves not only burnt and directly exposed layers of fire, but
also extends to the under layers far from the combustion zone,
which we called heat affected zone (HAZ) as shown in figures.

In addition, we noticed that the under layers of the test samples
ignite faster when cutting the burned area and continue the
L. O. I test, which means the low flammable resistance for heat
affected layer because less chlorine. However, this situation
soon changes and PVC resistance to ignition improves after
the addition of the antimony trioxide as shown in Figs. 5-7,
where the released chlorine will be reduced from the heat
affected zone. It is true that the antimony trioxide alone
is not a flame retardant but it improves and increases flame
retardation if it is added to halogen-containing flame retardant
material containing chlorine. Antimony trioxide and chlorine
combine compounds that have the ability to inhibit flame and
improve flame resistance. While the structure of PVC contains
a chlorine, it begins to release as a result of combustion
and thermal decomposition. This chlorine reacts with the
antimony trioxide forming SbCl, compound [17], which help
to reduce PVC combustion and increase heat resistance of the
heat affected zone. After the addition of antimony trioxide,
the heat affected layer ignites relatively slowly when the burnt
area is cut and the L. O. I. test continues, which means high
flame resistance of this layer. The efficient flame retardant is the
SbCl, is already prepared in the heat affected zone, therefore
the extinguishing of the falme starts sooner.

Fig. 3. SEM - energy dispersive X-ray microanalysis for unburned plasticised PVC

3. dbra SEM - energia diszperziv rontgen mikroanalizis az el nem égett PVC-ben
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Fig. 4. SEM - energy dispersive X-ray microanalysis for HAZ in burned plasticised Fig. 6. SEM - energy dispersive X-ray microanalysis for HAZ in burned plasticised
PVCL. O. I sample PVC + 3% Sb,0, LOI sample
4. dbra SEM - energia diszperziv rontgen mikroanalizis HAZ esetében az elégett 6. dbra SEM - energia diszperziv rontgen mikroanalizis a HAZ az elégetett lagyitott
lagyitott PVC L. O. L. mintdban PVC-ben. Sb,0, tartalom 3%
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Fig. 5. SEM - energy dispersive X-ray microanalysis for HAZ in burned plasticised Fig. 7. SEM - energy dispersive X-ray microanalysis for HAZ in burned plasticised
PVC + 1% Sb,0, LOI sample PVC + 5% Sb,0, LOI sample
5. dbra SEM - energia diszperziv rontgen mikroanalizis a HAZ az elégetett lagyitott 7.dbra  SEM - energia diszperziv rontgen mikroanalizis a HAZ az elégetett lgyitott
PVC-ben. Sb,0, tartalom 1% PVC-ben. Sb,0, tartalom 5%
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4. Conclusions

The PVC combustion is not confined to the flame exposed
layer but extends beyond the burning layer. Experiments have
shown a decrease in chlorine content in the non burning heat
affected zone. Without Sb,O, ease of ignition of heat affected
zone was observed due to structural changes. The heat affected
zone has a low inclination of ignition and is immediately flame
retardant if the compound contains Sb,O, because the SbCl, is
already present in this layer.
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Intergrinding of materials with different grindability in Universal Hardgrove mill

The most energy and price consuming process in a mineral processing technology is grinding.
In this study materials with different grindability were prepared and used for separate and
intergrinding experiments. Quartz and limestone were used for the two components intergrinding,
where the quartz is hard to grind and non-adhesive, but the limestone is easy to grind and
adhesive. The grinding experiments were carried out in a Universal Hardgrove Mill. The ground
material was examined in laser particle size distribution analyser and optical microscope to
determine the particle size distribution and investigate the particle shape as well. During the
grinding experiments grinding work was measured based on torque measurement. In case of
intergrinding the material composition in different size fractions were determined by loss on
ignition measurement. The Bond work index of the materials were calculated from the torque
measurement results. Based on the measurement results the different grinding behaviour of
the quartz and limestone can be seen. The limestone was fractured easily at the beginning of
grinding, while at longer grinding times sticking and agglomeration of the particles occurred, while
the efficiency of the grinding was significantly decreased. Contrary, quartz was fractured slightly
in the grinding chamber, only attrition of the particles surface occurs and not body breakage.
This can be traced back to the spherical shape of the quartz particles. Based on the results of
the intergrinding it can be conclude that the increasing limestone content in the feed resulted in
ground material with lower particle size and higher specific surface at a constant specific grinding
work. The material composition of the ground materials in different size fractions showed that
the limestone was enriched in the fine (<20 um) fraction at the intergrinding. The quartz particles
participate in the grinding like a grinding media. From the intergrinding of different size fractions
of one material it can be conclude that the grinding of quartz resulted in high amount of fine,
less than 1 um product. So, in this case as well mainly the attrition of the quartz particles was
carried out.

Keywords: Two components intergrinding, Universal Hardgrove mill
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1. Bevezetés

Az egyik legnagyobb energiaigényti nyersanyag-el6készitési
folyamat az apritas, 6rlés [1,2] és ennek koszonhetSen jelentds
koltséghanyadot képvisel egy asvanyel8készitési technologia
tizemeltetésében. Annak érdekében, hogy az energiafelhasz-
nalast minimalizalni tudjuk az tizemi és gépi pataméterek
optimaldsa az 6rlendé anyagok tulajdonsdgainak ismeretében
kiemelt fontossagu feladat. Az eltéré 6rolhetdségii anyagok
egylttdrlésére szamos alkalmazast talalunk az iparban, kiemelt
példaja a cementiparban a klinker egyéb hidraulikus kétéanya-
gokkal és toltGanyagokkal keverékként vald drlése. A folyama-
tok megértéséhez ki kell emelni, hogy az egyiitt6rlés soran a
kiilonb6z6 6rolhetdségli szemcesék hatassal vannak egymasra, a
nagyobb méretii és nehezebben érolhet6 anyag szemcséi kvazi
6rl6testként mitkodhetnek vagy a finomabb anyag bevonatot
képezhet a nagyméret(i és nehezebben 6rélhetd szemcsék fe-
liletén. Cséke és tdrsai [3] kiilonb6z6 6rolhetdségli anyagok
Bond és Hardrove malomban val6 egyiitt6rlésével foglalkoz-
tak, a kiilonb6z6é moédon meghatarozott Bond-indexek eltéré-
sét vizsgaltak. Méréseiket Osszekapcsoltak az alkotorészek to-
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megaranyanak meghatdrozasaval az 6rleményben, az rléseket
nem az 6rolhetdségi koefliciens allanddsult allapotaig hajtottdk
végre, hanem az alkotdrészek Osszetételbeli kémiai egyensu-
lyaig folytattak le. Ipek [4] szerint a lagyabb komponenst tar-
talmazé keverékek Bond munkaindexei nagyobbak, mint az
egyedi alkotok munkaindexeinek sulyozott atlaga a keverékek-
ben. Oner [5] a Bond mérést klinker és kohodsalak keverékén
végezte el. Megmutatta, hogy a keverékek Bond 6rolhetésége
alacsonyabb, mint az OsszetevOk érlésének sulyozott atlaga az
Osszes salak hozzdadasa esetén. Egyiittérlésnél az alacsonyabb
OrolhetGségl salak a durvabb frakcidoban halmozodik fel, mig
a klinker a nagyobb 6rolhetéség miatt a finomabb frakciéban
duasul. Abouzeid és Fuerstenau [6] a nagy nyomasu 6rl6henge-
reket (HPGR) vizsgaltak. Ravilagitottak, hogy a nagy kemény-
ségli dsvanyi részecskék energiatranszferként mitkodnek a hen-
gerek réseiben és fokozzak a puhdbb asvanyi részecskék 6rlését
a kevert feladasban. Tavares [7] szerint a durvdbb szemcsék
altal a HPGR-ben tapasztalt nagyobb gyengiilés csokkenti az
energia-megtakaritast és a termék tovabbi érlésének finomabb
méretét. Ellerbrock és munkatdrsainak [8] eredményei alapjan
a cementkomponensek részecskeméret-eloszlasa fiigg az 6rl6-
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rendszer tipusatdl és mitkodési mddjatdl, valamint a cement-
komponensek 6rolhetdségétol. Faitli és munkatdrsai [9] tizemi
vizsgalatokat hajtottak végre az 6rlési energiaigény optimaliza-
lasa érdekében egy vertikalis gorgés malomban, melyhez léces
szélosztalyozo kapcsolodik. Kifejlesztésre keriilt egy finomitasi
és harom szétvalasztasi szakasz a mindségi termék eldallitasa
céljabol. Tébb mintavételi pont és modellezés segitségével al-
lapitottdk meg az optimalizélashoz sziikséges anyagaramokat
és a légszeparator fordulatszamat. Az tizemi adatokbdl Bond
munkaindex keriilt szdmitdsra. A fentiekkel Osszefiiggésben a
kutatémunka célja a kétkomponenst rendszerek egytittérlé-
sének vizsgalata univerzalis Hardgrove malomban és az 6rlés
soran lejatszodo6 szemcse kolcsonhatdsoknak a vizsgalata.

2. Anyagok és eljarasok

A méréseket és vizsgilatokat a Nyersanyagel6készitési és
Kornyezeti Eljarastechnikai Intézet laboratériumaiban és esz-
kozein végeztiik el. A kétkomponensli 6rlési kisérletekhez
kvarcot és mészkovet hasznaltunk. Els6 1épésként eldallitottuk
a méréshez megfelel§ kiindulasi alapanyagokat. Laboratériumi
szitdkat hasznalva 106-250 um és 32-106 pm kozotti frakeio-
kat hoztunk létre nedves szitélassal, majd szaritdszekrényben
105 °C-on kiszaritottuk a frakcidkat. Az 6rlési kisérletekhez
univerzélis Hardgrove malmot alkalmaztunk. Univerzalitasa
abban talalhatd, hogy nem csak az 6rlési korillmények, hanem
a hémérséklete is valtoztathat6é 20-300 °C kozott, illetve képes
az Orléshez sziikséges munka direkt mérésére nyomatékmérés
segitségével. A berendezés fejlesztés egyik célja az volt, hogy
az lizemi viszonyokat jobban megkozelitd, magasabb hémér-
sékleteken is el lehessen végezni az 6rolhetdségi vizsgalatokat.
Ezért a malmot (az Orl6tégelyt) a fiitését szolgald tégelyke-
mencével vették koril [2, 11]. Az 6rlések soran a szabvanyos
Hardgrove 6rlés kortilményeit alkalmaztuk (8 db 6rlégolyo, F=
290 N, fordulatszam 20 1/perc). Minden &rlési kisérlet soran
az univerzdlis Hardgrove malomra V, =58 cm’-nek megfelel6
tomegl anyag keriilt feladasra [10].

[Kvarc és mészkd median szemcseméret osszehasonlitésa]

Jelmagyarazat
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1. dbra Meészk§ és kvarc medidnjénak vdltozdsa a fajlagos 6rlési munka fiiggvényében
kiilondrlés esetén
Fig. 1 Median particle size of limestone and quartz as a function of the specific
grinding work in case of separate grinding

A fajlagos 6rlési munka (W,) értékek a nyomatékmérésen
alapul6 mérési eredményekbdl (W, . ) keriiltek meghatdro-
zasra minden Orlési kisérlet soran. A kiindulasi anyagok és az
Orlemények empirikus szemcseméret eloszlasat és a szamitott
fajlagos feliiletet Horiba LA-950 tipust 1ézeres szemcseméret
elemz6 segitségével hataroztuk meg. A kiilondrlési vizsgalatok
soran a kvarcot és mészkévet 3, 5, 10, 15, 30, 60 percig 6roltik.
A kétkomponenst egyiittérlési vizsgélatok soran kiilonbozd
aranyu (25-75, 50-50, 75-25) feladasokat allitottunk el6, majd
kiil6nboz6 ideig (t=5, 30, 60 min) 6roltitk 6ket az univerzalis
Hardgrove malomban. Ezen feliil végeztiink még kisérleteket
arra iranyuldan is, hogy hogyan viselkedik a mészké és a kvarc
egyiitt- és kiilondrlés sordn, ha sajat anyagabdl kisebb szem-
cseméretti frakci6val 6roljiik egytitt. Esetiinkben mind a kvare,
mind a mészké 106-250 pm-es frakcidjadhoz 32-106 pm-es
anyagot kevertiink és egyiittérlésnél szintén 5, 30 és 60 percig,
kiilondrlésnél 5, 15, 30, 45 és 60 percig végeztiink rajtuk érlést
25-75, 50-50, 75-25 aranyban keverve a frakcidkat. Az egyiitt-
Orlési kisérletek utan az egyes érleményeken izzitasi veszteség
mérést is végeztiink. Ehhez az anyagot el8szor frakcionaltuk:
250>x>106pm, x>63um, x>20pum és 0<x<20um. Az izzitasi
veszteség vizsgalatanal analitikai mérleggel mértiik a porcelan
csonakok tomegét, bemértiink 1 g anyagot, majd szobah6mér-
sékletli kemencébe helyeztiik a mintdkat. A kemence 1,5 éra
alatt érte el a 950 °C hémérsékletet, majd tovabbi 1 o6rat volt
még benn az anyag. Kihtilés utdn mértiik a tomegeket és meg-
hataroztuk az izzitasi veszteségeket.

3. Mérési eredmények

3.1 Kiilonorlési eredmények

A vizsgalatok soran elvégeztiik a mészké és kvarc szemesék
kiilon 6rlését, majd eltéré osszetételek mellet vizsgaltuk az 6r-
lemények diszperzitas jellemzdinek valtozasat és az anyagok
Orlés kozben egymasra gyakorolt hatasat. Az 1. dbrdn a kvarc és
mészké két kiilonboz6 frakcidjanak kiilondrlési eredménye ta-
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2. dbra  Kvarc szemcseméretének eloszldsfiiggvénye kiilondrlés esetén
Fig. 2 Cummulative undersize of quartz in case of separate grinding
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3. dbra Kvarc szemcsék mikroszkdpi felvételei ( a, kiinduldsi; b, 60perc )
Fig. 3 Microscopic picture of quartz particles, a-feed, b -60 min grinding

lalhato, ahol a medidn valtozasa lathato a fajlagos 6rlési munka
fuggvényében. A kvarc kiindulasi median szemcsemérete 106-
250 um-es frakciénal 147,6 pm-r6l 133,9 um-re csokkent 25
kWh/t fajlagos 6rlési munka befektetése utdn. Mészkd esetén
az anyag jelentds szemcseméret csokkenésen esett at, a kiindu-
lasi median szemcseméret 169,4 um-rél 12,23 pm-re csékkent
24 kWh/t fajlagos 6rlési munka hatasara. A kisebb, 32-106 um-
es kvarc frakci6 csak kismérték(i szemcseméret valtozas ko-
vetkezett be, 91 pm-rél 66 um-re mérséklédik a szemcsemért
21 kWh/t fajlagos 6rlési munka kovetkeztében, a mészkonél a
nagyobb frakciéhoz hasonléan jelentés a véltozas, 80 pm-rél
9,3 um-re csokkent a median szemcseméret 25 kWh/t fajlagos
6rlési munka utdn. A kvarc esetén a medidn szemcseméret val-
tozasa és a fajlagos Orlési munka kozott linedris Osszefiiggést
figyelhetiink meg. Ezzel ellentétben a mészkd 106-250 um-es
frakci6 esetében 11 kWh/t munka és 13 pum eléréséig linearisan
csokken a szemcseméret, mig ezutdn 24 kW/t fajlagos 6rlési
munka esetén sem cs6kken jelentGsen tovabb a szemcseméret.
A finomabb mészké frakci6 esetében a szemcseméret csokke-
nése linearis a fajlagos 6rlési munkaval. A kvarc-szemcsék a
befektetett 6rlési munka és a kozolt — a Hardgrove malomban
kialakul6 - igénybevételek hatasdra nem, vagy csak alig tortek,
a median szemcseméret kismértéki csokkenése figyelhetd meg
a befektetett fajlagos 6rlési munka fiiggvényében. Megvizsgal-
va a kvarc 106-250 um-es frakcidjanak szemcseméret-eloszlas
valtozasat az Orlési id6 figgvényében (2. dbra), azt lathatjuk,
hogy habar a medidn szemcseméret alig véltozott, a finomabb
(<50 um) szemcseméret tartomanyban az anyag jelentGsen
finomodott, a <50 pm-es rész tomeghanyada jelentésen meg-
nétt 7 %-rol 28 %-ra. Az 1 um alatti szemcsék mennyisége a
kvarcérleményben szintén jelent6sen noévekedett ~ 1 %-rdl
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4. dbra  Meészkd szemcsék mikroszkdpi felvételei ( a, kiinduldsi; b, 60perc )
Fig. 4 Microscopic picture of limestone particles, a-feed, b -60 min grinding

10-13%-ra (2. dbra). Mindekozben a fajlagos feliilet is erdtel-
jesen novekedett, kvarc esetén 326 cm?/g-r6l 8054 cm?*/g-ra a
106-250 pum-es frakciondl és 1085 cm?/g-rol 8971 cm?/g-ra a
32-106 pm-es frakcié esetében. Mészké vizsgalatanal a 106-
250 pum-es frakcional 907 cm?/g-rol 2673 cm?/g-ra, a 32-106
pm-es frakcional pedig 1242 cm?/g-rol 11297 cm?*/g-ra nove-
kedett. Ennek magyarazatara azt mondhatjuk, hogy a fellép6
dorzsol6 igénybevétel csak koptatta a szemcsék feliiletét, mi-
kozben a kvarcszemcsék nagy része megérzi az eredeti méretét,
tehat teljes szemcsetorés nem kovetkezett be az 6rlés soran. A
3. dbrdn a kvarc kiindulasi és 60 perces 6rlés utani allapotanak
Zeiss mikroszkopos felvétele lathatd. A szemcsék lekerekitet-
tek, kevés torési feliilet, éles rész észlelhet6 rajtuk. A felileti
koptatas hatdsara kialakult kerekded szemcsealak a jellemz6.
A 60 perces 6rlés utdn a szemcséken lényeges valtozasként csak
az tapasztalhatd, hogy még lekerekedettebb format nyertek a
kezdetihez képest. A mészkd6rlemény mikroszkopi felvételén
latszik, hogy az Orlemény szemcséi inkabb szogletesebbnek
mutatkoznak, mint a kvarcérlemény szemcséi. A 4. dbrdn a
mészké kiindulasi és 60 perces 6rleményének mikroszkdpos
felvételei lathatoak. A szemcsék alapvet&en szabalytalan alakad-
ak, sok torési feliilettel. A 60 perces Orlés kovetéen a nagyobb
méretli szemcsék felillete simabb lett, az alakjuk lekerekitetté,
gombszertibbé valt. A kvarc szemcsék nehezebb 6rélhet8sé-
gét vizsgalva Mucsi [2] munkdssaga alapjan, arra kovetkezte-
tiink, hogy a szferikus alakkal rendelkez6 kvarc, hasonléan az
altala vizsgalt klinkerhez kisebb 6rlési ellenallast fejt ki, mint
a kubikusabb szemcsealakkal rendelkezé mészkd, ezért nem
szenved megfelel6 mértékben torést a szemcse. Valoszintleg a
kvarc szemcsék behtizasa az 6rl6test dltal csak részben torténik
meg. Az anyagok 6rlés soran eltéré viselkedésének bemutata-
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5. dbra Meészkd 6riése - jelentds feltapadds
Fig. 5 Limestone grinding - significant adhesion

sara a betapadast is vizsgaltuk (5. dbra), mely alapjan megal-
lapithaté hogy a kvarc esetén nem tapasztalhaté feltapadas az
Orlétestekre és a malom falazatara, mig, a mészkdnél viszont
ez tobb grammnyi mennyiségli anyagréteg is felrakodott, els6-
sorban az 6rl6testek feliiletére. Az érl6testek feliiletén keletke-
28 bevonat rontja az 6rlési hatékonysagot, mely magyarazza a
medidn szemcseméret és a fajlagos 6rlési munka kozotti nem
linearitast a 106-250 um-es frakcio 6rlése soran. A tiszta mész-
ko &rlésénél keletkezd finom toretrész az 6rlési id6 hosszabbo-
désaval az OrlStesten bevonatot képez (5. és 6. dbra).

3.2 Kvarc és mészko egyiittorlési eredményei

Egylitt6rlés soran a 25, 50, és 75 térfogatszazalékos keveré-
kek szemcseméret valtozasait vizsgaltuk. A mészkétartalom
novekedésével a feladdsi anyagban egyre finomabb 6rleményt
kapunk adott fajlagos 6rlési munka befektetése mellett. A 7. db-
rdn lathatd, hogy a magasabb mészkétartalmu keverékek (50 és
75%) medidn szemcsemérete alacsonyabb adott fajlagos 6rlési

o

munka mellett, mint a 100%-0s mészkd Orlése esetén. Az utol-

‘A median és a fajlagos munkasziigséglet egy(ttériés sorénl
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7. dbra A medidn viltozdsa a fajlagos 6rlési munkasziikséglet fiiggvényében mészko-
kvarc egyiittérlése sordn
Fig. 7 The median particle size as a function of the specific grinding work in case if
limestone-quartz intergrinding

6. dbra Kvarc brlése - nincs feltapadds
Fig. 6 Quartz grinding - no adhesion

s6 mérési pontban (60 perces 6rlés) a medidn szemcsemérete
az 50 és 75%-os mészkétartalmu keveréknek kisebb 5,75 um és
3,12 um, mint a tiszta mészk6é, 12,23 um. A 25% mészkovet
tartalmazo Orlési gorbe a tiszta kvarcéval kozel megegyezd, de
a kis mészkdtartalomnak koszonhetGen simabb lefutasu, kis-
mértékl szemcseméret csokkenéssel (114,9 um) (7. dbra).

A 8. dbrdan a 60 perces Orlést kovetGen vizsgaltuk az anya-
gok szemcseméretstiriiség fiiggvényét 106-250 pm-es frak-
ci6 esetén. Az értékek bimodalis gorbéket irnak le. A 100%-
os mészk$ tartalomndl a médusz a durvabb szemcseméret
nagysag felé tolodik el. A 75%-os mészkétartalom esetén a
gyakorisag értéke felcserélédik az 50 és a 100%-os gorbékhez
képest, itt a mddusz értéke a finomabb szemcseméret frak-
ciéban van. A csucsértékeknél a szemcseméret alakulasa: 50%
mészkdtartalom esetén 152,45 um; 75% mészkétartalom ese-
tén 2,27 pm; 100% mészkdtartalom esetén 152,45 um. A 9.
dbrdn a 106-250 um-es frakciéju kvarc-mészkd egyiitt6rlés
median szemcseméretei kertiltek feltiintetésre a kvarc tartalom
tiiggvényében 10 és 20 kWh/t fajlagos munkasziikséglet mel-
lett. A feladott anyag kvarc tartalménak novelésével a median

|Mészk6 szemcseméretsiriiség fiiggvénye ‘

Jelmagyarazat
= 50% mészkd
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8. dbra 106-250 um-es frakcio szemcseméret-stiriiségfiiggvénye 60 perces mészko-
kvarc egyiittérlésnél

Fig. 8 Particle size density function of 106-250 um fraction at 60 min limestone-
quartz intergrinding

Vol. 70, No. 3 = 2018/3 = . 93



épitoanyag - Journal of Silicate Based and Composite Materials

1

94

Kvarc-mészké egyttériés 106-250 um

0
3
|

— Jelmagyarazat
———+—— 10 kWh/t fajl. munka
——@—— 20 kWh/t fajl. munka

80 —

Median szemcseméret, X, [um]

AOq

50 75 100
Kvarc tartalom [%]

9. dbra Medidn szemcseméret vdltozdsa a kvarc tartalom fiiggvényében
Fig. 9 Median particle size as a function of the quartz content
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0. dbra Az 6rlemény anyagi osszetétele kvarc-mészkd egyiittdrlés esetén

Fig. 10 Material composition of the ground material in case of quartz-limestone
intergriding
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szemcseméret a durvabb szemcsenagysagok felé tolodik el. Az
egyiittorlés 25%-os kvarc tartalom mellett a legidealisabb, ek-
kor a legkisebbek az 50%-o0s szemcsemérethez tartozé értékek.
10 és 20 kWh/t fajlagos 6rlési munka befektetésnél is az 50%-o0s
kvarc adagolds alacsonyabb median szemcseméretet eredmé-
nyezett az 6érleményben, mint a tiszta mészkd esetén. Ezt azzal
magyarazhatjuk, hogy a kvarc jelenléte az érleményben csok-
kentette a finom szemcsék Osszetapadasianak mértékét, illetve
a kvarc szemcsék kvazi Orlétestként részt vettek az 6rlési fo-
lyamatban. A kvarc-mészké egyiittdrlési kisérleteket kovetden
a kiilonbozo 6rlési idéknél kapott érleményeket szemcseméret
frakcidkra bontottuk, majd anyagi dsszetételt hataroztunk meg
az egyes frakcidkon, hogy lassuk a mészké és kvarc frakcion-
kénti eloszlasat. Az Gsszetétel eredményeket a 10. dbra mutat-
ja. A vizsgalatbol megéllapithatd, hogy a mészké a <20 pm-es
tartomanyban feldasul, mig a kvarc inkabb a durva szemcse-
méret tartomanyban dusul fel (10. dbra). A 25%-0s mészkd-
tartalom esetén a legdurvabb >106 pm-es frakcioban a mész-
ké tomeghdnyada jelentdsen lecsokken, 14%-ra mar 5 perces
Orlést kovetGen, majd tovabb csokken az 6rlési idével, ebben
a frakcidban parhuzamosan ezzel a kvarc témeghanyada 86%-
ra né, majd folyamatosan né az 6rlési id6vel. A 63-106 pm-es
frakciéban ugyanez a tendencia figyelheté meg, habar ebben
a frakciéban a mészkétartalom kozelebb all a kiindulasi 25%-
hoz, értéke 20% koriil valtozik az 6rlési idével. A 20-63 um-es
frakcidban a kiindulasi allapothoz képest 5 perces 6rlési idénél
tobb a mészké 35%, majd folyamatosan csokken az 6rlési id6-
vel 18%-ra. A <20 pm-es részben a mészkéStartalom jelentdsen
eltér az eredeti 25%-os értékrol. 5 perces 6rlésnél 49% a mész-
kétartalom, majd az 6rlési id6vel tovabb n6 egészen 78%-ig. Az
50%-0s mészkétartalom esetén a > 106 pm-es tartomanyban a
mészkd tomeghanyada hasonléan alakul a 25%-os 6rléséhez,
értéke 25%-ra csokken 60 perc 6rlést kovetSen. A kvarc tomeg-
hanyada itt is n6 75%-ra. A 63-106 um-es frakcioban a mész-
ké- és kvarctartalom lényegében nem valtozik, a 20-63 um-es
tartomanyban pedig a kiinduldsi értékhez all kozel, ~50% a
mészkétartalom. A < 20 pm-es frakcidban a mészké a 30 per-
ces 6rlés utdn feldusul. Ertéke nagymértékben eltér a kiindu-
lasitol, kozel 80% lesz. A 75%-os mészkStartalomnal a > 106
pm-es tartomanyban a mészkd tomeghdnyada 62%-r6l 51%-ra
csOkken az 6rléseket kovetden, mig a kvarc értékei 49%-ra né-
nek. A 63-106 um-es frakciéban a mérés eredményeiben nagy
ingadozas nem jelentkezik, a mészkdtartalom 60% koriil ala-
kul. A 20-63 um-es szemcseméret tartomdany esetében a 75%-
os mészkétartalom jelentGsen lecsokken, 60 perc elteltével
csak 59% lesz, a kvarc értéke 41%-ra né a kiindulasi 25%-rol. A
legkisebb szemcseméret frakcidban itt is a mészké feldusulasa
figyelheté meg. Legnagyobb értékét a 30 perces 6rlés utan veszi
fel, itt a disulds mértéke 90%, majd kis mértékben csokken.

3.3 Kiilonb6z6 szemcsemeéretii egyiittorlések eredményei

A tovabbi vizsgalatok soran mindkét anyagnal a sajat, de el-
térd szemcseméretti (106-250 pm és 32-106 um) mintak keve-
réke keriilt feladasra. A kvarc eltérd szemcseméret frakcidjanak
Orlésébdl szarmazé median értékeket a fajlagos 6rlési munka
fiiggvényében a I11. dbrdn lathatjuk. Az Orlemény median
szemcsemérete linedris csokkenést mutat a befektetett mun-

ka fiiggvényében. Az eltérd frakcidk egyiittrlésénél a median
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11. dbra Az 6rlemény medidnjdnak alakuldsa kiilonbozd szemcseméretii kvarc
frakcidk egyiittérlésnél
Fig. 11 Median particle size at the intergrinding of quatz with different size fractions

szemcsemeéret kozel azonos mértékben csokken a fajlagos 6rlé-
si munka befektetésének fiiggvényében. Megallapithat6, hogy
minél inkabb a 32-106 um-es frakciéju anyag mennyisége no-
vekszik a keverékben, annal jobban kézelitik a gorbék ennek
a frakcidnak a tiszta Orlési eredményeit. A mészké kiillonboz6
frakcidinak egytittérlése eredményét a 12. dbrdn mutatjuk be.
A median vizsgalata soran lathatd, hogy minden anyagi ssze-
tételnél jelentsen cs6kken a medidn szemcsemeéret a fajlagos
Orlési munka fliggvényében (12. dbra). Mindharom keverék
esetében a 25 kWh/t fajlagos 6rlési munka befektetés hatasara
20 um kozeli érlemény median értéket kapunk. A 13. dbrdn
az eltérd szemcsefrakciok egytuttérlésének median szemcsemé-
ret értékei lathatok 10 és 20 kWh/t befektetett fajlagos munka
mellett a kisebb, 32-106 pum-es frakcio fliggvényében vizsgélva.
Kvarc egyiittérlése sordn, minél tobb a feladds finomrész tartal-
ma, annal kisebb lesz a median szemcseméret is. Mészkonél azt
tapasztaltuk, hogy 0 és 100% finomrész tartalomnal is ugyan az
a medidn szemcseméret a vizsgalt fajlagos munkaknal.

4. Osszefoglalas

A kutatémunka soran kilonbozé 6rélhet8ségli anyagok
egylttorlési vizsgalatat végeztiik el univerzalis Hardgrove ma-
lomban. A kétkomponensti egytittérléshez kvarcot és mészko-
vet alkalmaztunk, a kvarc nehezen 6rolhetd, de tapadasra nem
hajlamos, mig a mészké konnyen &6rolhetd és aggregaciora,
tapadasra hajlamos anyag. A kiilonérlési mérési eredménye-
ink bemutattak a mészké és a kvarc eltéré viselkedését az 6rlés
soran. A mészkd az Orlési folyamat kezdetén konnyen apro-
z6ddott, majd az 6rlés elérehaladtaval jelentés betapadas volt
megfigyelhetd az 6rl6térben, mikozben az 6rlés hatékonységa
jelentdsen csokkent. Ezzel szemben a kvarc csak kis mérték-
ben aprézddott az OrlStérben, jellemzben csak feliileti kopta-
tas tortént a teljes szemcsetorés helyett, mely visszavezethet
a kvarc szemcsék gombszerli szemalakjara. Az egyiittorlési
mérési eredményeink alapjan megallapithatd, hogy a mészké-
tartalom novelésével a feladasban egyre finomabb érleményt

Mészké medianjanak alakulasa egyunérlésnél\
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12. dbra Medidn viltozdsa kiilonbozd méretii mészkd frakciok egyiittdriésekor
Fig. 12 Median particle size at the intergrinding of limestone with different size
fractions

‘Mészkﬁ-mészké és kvarc-kvarc egyuttériés 32-106 um-es frakcio szerint vizsgalva ‘
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13. dbra Medidn szemcseméret viltozdsa a 32-106 um-es frakci részardnya szerint
kvarc és mészké kiilonboz6 méretii frakcidinak egyiittérlésekor
Fig. 13 Median particle size as a function of the mass percent of 32-106 um fraction
at the intergrinding of quatz and limestone with different size fractions

kaptunk adott fajlagos 6rlési energia befektetés esetén. Az Grle-
meények anyagi dsszetételének frakcionkénti meghatérozasabol
megallapithat6, hogy a finomabb mészké feldtsul a kvarccal
torténd egylittérlés sordn a finom, <20 pm-es tartomanyban.
Méréseink alapjan megallapithat6, hogy a keményebb anyag
az egyiittérlés sordn elGsegiti az Orlést, egyrészrdl az adhézids
erdk lekotésével, mas részrél az 6rlési folyamatban kvazi 6rl6-
testként vald részvételként.
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Abstract

The effect of polycarboxylate superplasticizer on thermal stability and the kinetic thermal
decomposition of OPC without and with 1.0 and 1.5% wt% plasticizer has been studied at
temperature range of 30-1000 °C. The study was done by means of thermogravimetry (TG)
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are treatment of industrial solid wastes, renal
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Nanomaterials application and solid state
kinetics.

technique under non-isothermal condition at a heating rate of 10 K/min. The results showed
that the decomposition occurs for the superplasticized and neat OPC paste in three steps. The
neat OPC was found to decompose at higher temperatures than those for the superplasticized
paste. The kinetic parameters for each one of the decomposition steps were calculated through
four calculation methods and the kinetic mechanisms were determined from the thermal data
analysis using 35 solid state reaction models. The results showed that the mechanisms of
decomposition steps depend on the percentage of the superplasticizer added to the paste. The
thermodynamic parameters AS*, AH* and AG* were also computed and discussed.

Keywords: Hydration kinetics, Ordinary Portland cement OPC, Thermogravimetric analysis TGA

1. Introduction

Calcium silicate hydrates (CSH) and calcium hydroxide
(CH) which are the main hydration phases accounted for the
propertiesofPortland cement paste. The dehydration of Portland
cement paste causes a deterioration effect on the concrete
strength. Thermal analysis tools can be used to identify each
of the product compositions and their amounts due to thermal
effects on cement composites. Several investigators studied
thermal analysis to recognize the products due to hydration of
different cement composites [1,2,3]. Zelic et al. [4] investigated
thermal decomposition kinetics of the calcium hydroxide-
Portlandite formed into hydrated ordinary Portland cement
(OPC) paste with use of non-isothermal thermogravimetric
data. Sha et al. [5] reported that the three major endothermic
peaks in the DSC curves are due to loss of water from calcium
silicate hydrate, dehydroxyaltion of calcium hydroxide, and
decarbonation of calcium carbonate contribute respectively.
Pane et al. [6] investigated hydration of OPC pastes containing
three types of mineral additive; fly ash, ground-granulated slag,
and silica fume using DTA/TGA and isothermal calorimetry
It was shown that the chemically bound water obtained using
DTA/TGA was proportional to heat of hydration and could
be used as a measure of hydration. Agarwal et al. [7] studied
the hydration behavior of different cements at different time
intervals in the presence of superplasticizers using DTA
technique. It was observed that OPC has shown retardation
either blended with naphthalene-based superplasticizers
or with blended polymer-based superplasticizer. However,
Portland Slag Cement has been found to be compatible
with all the superplasticizers. Ye et al. [8] reported on the
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properties of Self-compacting when it is exposed to elevated
temperatures. Fire test has shown differences between high
performance concrete and traditional concrete at elevated
temperature. These differences are largely depending on the
microstructural properties of concrete matrix. Kong et al.
[9] studied the effect of elevated temperature on geopolymer
paste, mortar and concrete made using fly ash as a precursor.
It was found that strength loss in geopolymer concrete at
elevated temperatures is attributed to the thermal mismatch
between the geopolymer matrix and the aggregates. Heikal et
al. [10] studied the effect of substitution of nano-silica on the
behavior of composite cement pastes including OPC and blast-
furnace slag exposed to elevated temperature up to 1000°C.
DTA and TGA were carried out on cement pastes partially
replaced with Neem seed husk ash [11]. The results showed
that the calcium hydroxide contents increases with increase
in Neem seed husk ash replacements. Klimesch and Ray [12]
presented a method for consistent DTA/TGA evaluation using
computer software for data analyses. DTA/TGA was used to
study the effect of ground quartz addition to cement. Alarcon-
Ruiz et al. [13] used thermal analysis techniques to study the
effect of temperature in the mineralogical composition of
cement hydration products. Such techniques can be used to
determine fire conditions and the consequent deterioration
expected in the cement paste. Bhatty and Reid [14] produces
high-strength Type 1 cement. The product from raw taconite
and copper-nickel tailings of Minnesota is the subjected to
hydration studies by using thermal methods such as TGA and
DTA. Hydration is measured in terms of hydration product
formation and the amount of bound water and free calcium
hydroxide incorporated in them.


https://creativecommons.org/licenses/by-nc/2.0/
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Oxide Si0, ALO, Fe,0,

Ca0 MgO SO, Na-Oxide K- Oxide Lime Saturation Factor

Undissolved solids Loss on Ignition

% 19.82 499 392 6266 0.82 253 0.47

Table 1. Chemical analysis of ordinary Portland cement
1. tablazat Tiszta portlandcement kémiai Gsszetétele

Reactions that occur with an increase of temperature in
cement paste and concrete can be summarized as: evaporable
water and a part of the bound water escapes at 30-102°C
[4]. The decomposition of gypsum [15] and ettringite [16]
takes place at 110-170°C, The decomposition of the C-S-H
and carboaluminate hydrates undergoes at 180-300°C [17].
Dehydroxylation of the portlandite [18] occurs at 450-550°C.
Decarbonation of calcium carbonate happens at 700-900°C
[13].

However, the dehydration kinetics of Portland cement paste
is too complex and can not be described by a single Arrhenius
equation. In the present work, we studied the thermal
dehydration and decomposition kinetics of OPC hardened
pastes containing polycarboxylate admixtures using TGA at a
heating rate of 10 K/min for two samples containing admixtures
besides, control sample. Four calculation procedures based on
TG curves as well as 35 mechanism functions were applied on
the thermal data.

2. Materials and experimental technique

2.1 Cement

A freshly produced sample of a commercial ordinary Portland
cement supplied from Suez Cement Company with the chemical
composition listed in Table 1, was used in this study.

The specific surface area as determined by the Blaine air-
permeability method was found to be 3400 cm2/gm. The
potential phase composition as estimated using Bogue’s
calculation [19] was found to be C3S, 58.04; B-C2S, 13.11;
C3A, 6.59 and C4AF 11.91, respectively.

2.2 Preparation of OPC pastes

The percentages of admixtures (1.0 & 1.5 wt %) were
dissolved in water of mixing. Various cement pastes were
prepared by mixing OPC with water using standard water of
consistency for each paste. The control cement pastes and the
superplasticized samples with 1.0 and 1.5 wt % were hydrated
for 28 days.

The standard water of consistency and percentage of water
reduction were listed in Table 2.

Paste W/C ratio Water reduction %
Neat OPC 0.245 0%
OPC+1%1% 0.1712 30%
OPC+1.5 % 0.16 34.69 %

Table 2. 'The standard water of consistency and percentage of water reduction for the
control and superplasticized cement pastes
2. tdbldzat Szabvdnyos viztartalom és vizcsokkenés mértéke a kontroll és folyésité
adalékszerrel kezelt mintdk esetén

0.09

0.95 0.97 3.92

2.3 Thermal analysis

The thermal decomposition of the different hardened cement
pastes was studied by thermal gravimetric analysis (TGA)
technique using Simultaneous TGA/DSC MODEL SDTQ 600
Thermal Analyzer (USA). Some grains were extracted from the
inner core of the hardened cement pastes. These grains were
crushed and ground until a grain size of 80 um was obtained.
The temperature of the furnace was programmed to rise as a
constant heating rate of 10 °C/min up to 1000 °C

3. Background on non-isothermal decomposition
kinetics

Kinetic process calculations result in three parameters; i.
e., Ea is the activation energy, A is the pre-exponential factor,
f(a) represents the mathematical form of the mechanism to
be assumed for the process, and a is the conversion degree.
The rate determining mechanism model may take various
forms based nucleation and nucleus growth, phase boundary
reaction, diffusion and chemical reaction [20].

Thereaction rate equation for non-isothermal decomposition
kinetics [20] can be written as follows:

da

= = k(D)f (a) (1)

dc

Where k is the rate constant and the conversion factor a is
defined as:

a = —mi_mt (2)
mi—Meo

Where m, is the initial mass of the sample, m, is the mass of
the sample at time ¢, and m_ is the residual mass of the sample
at the end of the reaction.

Integration of Eq. (1) gives the integral rate law:

gla) =kt 3)

The rate constant k is generally given by the Arrhenius
equation:

k= Aexp(=2) (4)

Where E_ is the activation energy, R is the gas constant, and
T is the absolute temperature. The combination of Egs. (1) and
(4) gives the following relationship:

= A (@ ®

For a dynamic TG process, introducing the heating rate, p =
dT/dt, into Eq. (5), gives Eq. (6):

%= Q) eI (@ (©)
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No. Symbol

Name of the function

1. Chemical process or mechanism non-invoking equations

Rate-determining mechanism

1 F., One-third order 1-(1-a)%° (3/2)(1-a) e Chemical reaction
2 Fou Three-quarters order 1-1-a)¥* 4(1-a)* Chemical reaction
3 Fon One and a half order 1-a)v?-1 2(1-a)?¥? Chemical reaction
4 F, Second order 1-a)*-1 (1-a)? Chemical reaction
5 F. Third order 1-a)2-1 (1/2)(1-a)3 Chemical reaction
2. Acceleratory rate equations
6 P.. Mampel power law a¥? (2/3) a2 Nucleation
7 P o Mampel power law a” 2a” Nucleation
8 P s Mampel power law al? 30?3 Nucleation
9 Pa Mampel power law a”* 4a* Nucleation
10 E, Exponential law Lna A Nucleation
3. Sigmoidal rate equations or random nucleation and subsequent growth
11 A, F,  Avrami-Erofeev equation -In(1-a) 1-a) Assumed random nucleation
and its subsequent growth, n =1
12 A,,  Avrami-Erofeev equation [-In(1-a)?? (3/2)(1-a)[n(d-a)¥? Assumed random nucleation
and its subsequent growth, n = 1.5
13 A, Avrami-Erofeev equation [In(1 - a)¥? 21 -a)Hn (1 -a)¥? Assumed random nucleation
and its subsequent growth, n = 2
14 A, Avrami-Erofeev equation [-In(1-a)¥? 3(1-a)FHn(d-a)?? Assumed random nucleation
and its subsequent growth, n = 2.5
15 A, Avrami-Erofeev equation [-In(1-a)¥* 4(1-a)[Hn(1-a)¥* Assumed random nucleation
and its subsequent growth, n =3
16 A, Prout-Tomkins equation In[(a/(1-a)l a(l-a) Assumed random nucleation
and its subsequent growth, n = 4
Branching nuclei
4. Deceleratory rate equations
4.1. Phase boundary reaction
17 Ri,FO,P1 Power law d-a) Contracting disk
18 R,F,, Powerlaw 1-(1-a)v? 2(1-a)v? Contracting cylinder
(cylindrical symmetry)
19 R, F,, Powerlaw 1-(1-a)® 3(1-a)¥® Contracting sphere
(spherical symmetry)
4.2. Based on the diffusion mechanism
20 D, Parabola low a? Y2a One-dimensional diffusion
21 D Valensi equation at(1-a)ln((1-a) [-In(1-a)]? Two-dimension diffusion
22 D, Jander equation [1-(1-a)¥3)2 (3/2) (1 - a)?*[1- (1- a)¥3] * Three-dimensional diffusion,
spherical symmetry
23 D, Ginstling-Brounstein equation 1-2a/3-(1-a)?? B/2)[(L-a)yve-1]1 Three-dimensional diffusion,
cylindrical symmetry
24 D, Zhuravlev, Lesokin, Tempelman [(1-a)¥3-1)? (3/2) (1 - a)*°[(1 - ay¥3-1]* Three-dimensional diffusion
equation
25 D, anti-Jander equation [(A+a)¥3-1P? (3/2) (1 + 0)>3[(L + a)v3-1]* Three-dimensional diffusion
26 D, anti-Ginstling-Brounstein equation 1+2a/3-(1+a)¥® B/ (L+ayve-1]1 Three-dimensional diffusion
27 D, anti-Zhuravlev, Lesokin, [(A+a)ve-1)? (3/2)( A+ a)**[(L + ay¥3-1]* Three-dimensional diffusion
Tempelman equation
5. Another kinetics equations with unjustified mechanism
28 G, 1-(1-0)? % (1 -q)
29 G 1-(1-a)? 1/3 (1 - a)?
30 G, 1-(1-a) (1 - a)
31 G, [FIn(d-a)p? (1/2)(X-a)[-In(1 - a)]*
32 G, [In(1 - a)® (1/3)(1-a)[-In(1 - a)]?
33 G, [-In(1 - a))* /M @A-a)fIn(1-a)
34 G, [1-(1-av? HL-a)[1-(1 - a2
35 G [1-(1 - a)3v2? 6(1 - 0)?3[1-(1 - a)v3)v?

[

Table 3. Algebraic expressions of functions g(a) and f(a) and its corresponding mechanism [20]
3. tabldzat Az g(a) és fa) fiiggvények algebrai alakjai és a meghatdrozé mechanizmusok [20]
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Kinetic models

Decomposition step Eq 7 Eq 8 Eq 9 Eq 10
OPC 15t step Mechanism F3/2 F3/2 F3/2 F2
Max R? 0.9969 0.9969 0.9969 0.9941
Ea 99.764 99.764 99.910 115.2940
A 3.171E+13 2.764E+14 3.51913E+13 1.42983E+16
2" step Mechanism G6 P1/4 G6 G6
Max R? 0.9968 0.9993 0.9968 0.9973
Ea 1313.022 50.837 1317.998 1339.6461
A 2.838E+90 2.599E+03 3.05568E+93 7.87165E+94
3" step Mechanism Au D7 G6 G6
Max R? 0.9948 0.9955 0.9912 0.9933
Ea 614.035 275.823 802.540 805.8707
A 1.107E+32 4.103E+13 2.02021E+45 2.40603E+45
OPC+1.0 %
15t step Mechanism F3/2 D5 D5 D5
Max R? 0.9988 0.9993 0.9993 0.9994
Ea 46.839 95.010 95.158 93.8318
A 5.750E+05 8.550E+12 1.08953E+12 6.51732E+11
2" step Mechanism G8 D7 D1 D1
Max R? 0.9906 0.9956 0.9799 0.9688
Ea -7.889 85.079 91.518 93.8317
A -4.440E-03 4.412E+04 189154.1585 281841.940
3" step Mechanism Au P1/4 D5 G6
Max R? 0.9941 0.9977 0.9937 0.9920
Ea 825.910 47.965 719.201 1337.9727
A 8.463E+42 1.531E+02 6.73532E+36 9.34991E+72
OPC+1.5%
15t step Mechanism G8 F2 F2 F2
Max R? 0.9969 0.9965 0.9965 0.9970
Ea -3.388 60.676 60.863 61.7420
A -8.774E- 9.514E+08 122772431.9 163422155.
2nd step Mechanism G8 D7 G6 G6
Max R? 0.9845 0.9945 0.9620 0.9598
Ea -8.314 86.000 268.665 270.7971
A -4.269E- 3.074E+04 2.96196E+20 3.21247E+20
3" step Mechanism G6 P1/4 D5 D5
Max R? 0.9976 0.9988 0.9982 0.9984
Ea 1653.171 62.673 898.848 886.3492
A 9.769E+85 1.044E+03 6.97492E+45 1.42405E+45

Table 4. Kinetic parameters, activation energy (Ea) and the pre-exponential (A) calculated from Coats et al., Eq. (7), Wanjun et al., Eq. (8), Madhysudanan et al., Eq. (9) and Tang et
al., Eq. (10), according to maximum correlation coefficients out of 35 models of mechanism of decomposition of different cement pastes

4. tabldzat  Kinetikai paraméterek, aktivdldsi energia (Ea) és hatvdnykitevd (A), Coats et al., Eq. (7), Wanjun et al., Eq. (8), Madhysudanan et al., Eq. (9) and Tang et al., Eq. (10) alapjdn
szdmitva, 35 kiilonbozé cementpép lebomldsi modell legnagyobb korreldcios egyiitthatéja alapjdin

Decomposition step

Dehydration

OPC

F3/2 - Chemical reaction

OPC+1.0%
D5 - Three-dimensional diffusion

OPC+1.5%

F2 - Second order reaction

Dehydroxylation

G6 - Unjustified mechanism

D1 - One dimensional diffusion

G6 - Unjustified mechanism

Decarbonation

G6 - Unjustified mechanism

P ¥4 - Nucleation

P Va4 - Nucleation

Table 5. Summary of the rate determining mechanism of the thermal decomposition steps of the neat cement pastes and the superplasticized cement pastes with 1.0 and 1.5%
5. tdblézat  Tiszta portlandcementpép, valamint 1,0 és 1,5% folysité adalékszert tartalmazé cementpépek h6bomldsdnak meghatdrozé mechanizmusai
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4. Results and discussion

Thermograms (TGA and DTG) curves of OPC containing
polycarboxylate admixtures (dose = 1.0 or 1.5%) and the
control sample are shown in Figs. 1 and 2. The curves show
three weight loss zones. The first drop in weight ranging from
100 to 200 °C, is accounted for the dehydration of Ca-silicate
hydrates. The second weight loss is displayed at 450 to 500 °C
which is attributed to dehydroxyaltion of portlandite. The third
loss of weight shown at 700 to 750 °C, is due to decarbonation of
calcium carbonate. The thermal analyses data are summarized
in Table 3. It shows that the modified OPC Samples decompose
at higher temperatures than that found for untreated OPC.
This refers to that the addition of polycarboxylate admixture
increases the thermal stability of OPC.

DTG

-0,001
-0,002

-0,003

DTG% °C*t

-0,004 opC

- - —0PC-1
OPC-1.5

-0,005

-0,006
0 100 200 300 400 500 600 700 800 900 1000

Temperature °C

Fig. 1. DTG curves of the thermal decomposition of OPC containing polycarboxylate,
heating rate = 10 Kmin'
1. dbra  Polikarboxildt tartalmii portlandcementpépek hébomldsa DTG gorbékkel
szemléltetve (felffitési sebesség = 10 Kmin')

TGA

17

16

15

Weight loss %

14

13

12
0 100 200 300 400 500 600 700 800 900 1000
Temperature °C

Fig. 2. TGA curves of the thermal decomposition of OPC containing polycarboxylate,
heating rate = 10 Kmin'!
2. dbra  Polikarboxildt tartalmii portlandcementpépek hébomldsa TGA gorbékkel
szemléltetve (felfiitési sebesség = 10 Kmin™)

The kinetic parameters for the three stages of the thermal
decomposition of the investigated samples were calculated
using fraction conversion 0.1< a <0.8 obtained from a single
thermos-analytical curve (heating rate 10 K/min). In this
study, four calculation methods: Coats and Redfern [21], Eq.
(7), Madhysudanan-Krishnan-Ninan [22], Eq. (8), Wanjun et
al. [22], Eq. (9) and Tang et al. [23], Eq. (10) as as well as 35
mechanism models g(a) were used to get the kinetic data:

n(5) = i[5 (1 -F) - = () - )
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In (M) =In AR —La
T? B(1.00198882E+1.87391198RT,)|  RT (8)
g(a@) AEq 1.00145033E,
| 2] = [‘“TR +3.635041 — 1.89466 InE, | — 221402
)
In 7252 = [ + 3772050 — 1.921503InE, | — 2252

(10)

Plotting the left-hand sides of Egs. (7-10), which involves g(«)
versus 1/T, gives E and A from the slope and intercept, respectively.
The model that gives the higher correlation coefficient of the
linear regression R? for Egs. (7) - (10) fit is chosen as the selected
kinetic model. A mathematical program based on Excel 2016 was
designed by the authors to calculate values of activation energy Ea
and the pre-exponential as shown in Table 4.

The best mechanisms for each decomposition step, the
kinetic results of the applied equations show kinetic models
and parameters close to each other in the most cases as shown
in Table 4. From which the best kinetic models according to
the highest correlation coefficients and the kinetic parameters
are given in Table 5. It can be seen that the mechanism of step
depends on the percentage of the superplasticizer.

The pre-exponential factor A is calculated from the intercept
of the plots of Egs. (7-10), and from the theory of the activated
complex (transition state) of Eyring [24,25], the following
general equation may be written:

ekgT, AS*
A= " exp( R)

Where: e = 2.7183 is the Neper number; k, - Boltzmann
constant; & - Plank constant, and T is the peak temperature
of DTG curve.

According to the values of activation energy E and pre-
exponential factor A for the different stages of decomposition,
The calculated values of AS*, AH* and AG* are calculated using
Egs. (18 - 20) at T = T, (T, is the DTG peak temperature at the
corresponding stage), because this temperature characterizes
the highest rate of the decomposition process. Therefore, the
change of the activated entropy can be calculated according to
the formula:

17)

Ah
AS* = Rln (18)
ekgT,
Since
AH* = E — RTp (19)

The changes in the activated enthalpy AH* and the Gibbs
free energy AG™* for the activated complex formation from
the reactant are calculated using the well-known thermos-
dynamical equation:

AG* = AH* — T,AS* (20)

The thermodynamic results obtained are given in Table
6. From which it can be seen that the AS* value for the first
decomposition stage of the hardened cement past is positive.
It means that the activated complexes are less order in the
arrangement, higher entropy. However, first decomposition
stages of plasticized samples with 1.0 and 1.5% show negative
values of AS* it means that the corresponding activated



épitoanyag - Journal of Silicate Based and Composite Materials

complex more arrangement lower entropy. While for the 2™
and 3™ decomposition stage, the corresponding activated
complexes have negative values of AS* referring to higher
degree of arrangement, i.e lower entropy than the initial state.

Decomposition step OPC OPC+1.0% OPC+1.5% Units
Dehydration AS* 4.24 -28.92 97.85 J/mol.K
AH# 96.80 90.72 58.63 kJ/mol
AG* 95.22 101.51 95.13 Kj/mol
Dehydroxylation AS* -195.22 -171.67 -174.68 J/(mol.K)
AH? 44.81 79.049 79.97 kJ/mol
AG*  185.95 203.17 206.26 Kj/mol
Decarbonation AS* 245 -221.23 -205.27 J/(mol.K)
AH*  267.71 39.85 54.56 kJ/mol
AG*  270.10 255.11 254.28 Kj/mol

Table 6. Thermodynamic parameters for different stages of thermal decomposition of
hardened neat cement paste and plasticized cement paste
6. tabldzat Megszildrdult tiszta cementpép és folydsité adalékszert tartalmazé cementpép
hébomldsdnak termodinamikai paraméterei a lebomlds kiilonbozs fazisaiban

5. Conclusions

The addition of polycarboxylate superplasticizer into OPC
with 1 and 1.5 wt% increased its thermal stability without
any change in the thermal decomposition products. Whereas,
the kinetic study showed that the mechanism for each
decomposition step depends on the percentage of plasticizer
found in the OPC sample.
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