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Abstract

Monte Carlo simulation of temperature dependencelettric conductivity of a model
mixture system, which involves reaction with foxder kinetics, was carried out on the basis
of chemical kinetics lawsThe temperature dependence of the conductivity ubber
compoundsduring the process of silane treatmemés studied experimentallgimulated
temperature dependence of conductivity was compardd measured experimental results.
The obtained experimental results and the datavedrifrom numerical simulation are in
satisfactory agreement. Effective method for maoimgoand control of silane treatment of
rubber compounds directly during the material pregieon process can be proposed on the
basis of the abovementioned finding.
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I ntroduction

Rubbermixtures have attracted attention of materials netdygists for several decades
because these materials have found wide applicatidhe manufacture of tires. Silane or
silica treatment of resin composite is a very int@or technology step within the rubber
mixture preparation which is oriented on crossihigkand reinforcement of silica/silane-filled
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rubber compounds. The purpose of the presented Eafmefind a method for investigation of
the effect of silane treatment on rubber composiésostructure. Silanization to indirect
resin composite enhances significantly higher batngth, and bonds strength are affected
by the type of silane treatment ultimately. Applioa of a silane treatment improves the bond
strength to indirect resin composite for repair.imtgoal of the silanization process study is to
find the most effective silane system. The expeeesuggests that the silane treatment should
be considered to be a chemical reaction which &yiolg laws of chemical kinetics. Chemical
kinetics deals with the problem of the speed withiclv a chemical reaction occurs.

Theory of chemical reactions analyses the factuas dffect the reaction speed and looks
for the information useful for determining how tle&action process occurs. The speed of a
reaction is the rate at which the concentrationseattants and products change. It is well
known that chemical reaction affects the physical ehemical properties of reacting system.
In case the charge carriers are products of thetioga it is expected that the electric
conductivity of the system changes continuouslynduthe reaction process, because values
of electrical conductivity are considered to bessiare to concentration of charge carriers.
Nevertheless, there has been no experimental ordtieal study to determine the effect of
chemical reaction process on the temperature deperdf electrical conductivity of system
during the reaction. Our contribution deals witisthroblem in connection with the rubber
compounds silanization process.

Theory

The study of dielectric properties of industriablber compounds is of great practical
interest. As it is known, the electrical condudiiviof rubber is caused by presence
of impurities which transfer ions and thus electeigrrent. The mechanism of electrical
conductivity in the concerned materials was inggdgd in our earlier experiments [1, 2, 3,
4]. However, the mechanism of electrical conductivity rubber compounds during the
process of silane treatment is not even clearadntim the present paper, we investigate the
problem of changes of electrical conductivity otlsueactive dielectric system within the
numerical approach. In most of transport mechanisndels, the electrical conductivity is
explained by means of concentration of charge earin structure. We suggest that the
electrical conductivity of rubber compounds systeéuning silane treatment reaction can by
determined as:

0 =0p, T 0y, (1)

where Opy is electrical conductivity of reactionless compdsinof structure andg; is a
contribution of reactants to electrical conductivitVe expect that both contributions in (1)
follow Arrhenius equation [5, 6, 7]:

_Ea QY

JPOI = aOle o ' JSiI = 0-02 (CN ) € o ’ (2)

where activation energy of charge carriers in ieatdss compounds, and activation energy
of charge carriers in reactan&™ do not have to be equal. Pre-exponential facter
depends on immediate concentrati@q of that reactant which contributes to electrical
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conductivity of the system. We expect that the daet, is proportional to the reactant
concentratiorCy, i.e. the factowp, may be expressed as:

0, =K'C,, 3)

where K'is constant. For determination ag it is essential to know how the concentration of
the reactanCy changes when reaction progress:

Cy=C(tT). (4)
We start with the rate law for the reaction, whiclows first-order kinetics [8]:
dC,
=-cC, , 5
p Gy (5)

wherec; is the reaction rate constant which depends opaeatureT and follows Arrhenius
equation in the form [9, 10]:
_ED

c =Be'. (6)

Ep is activation energy of the reaction aBds constant. If we consider both the time and
temperature dependence of concentrafigmve obtain:

dﬁ:_ac'\‘a_-r+acN :qaq“+ac'\" (7)
dt 0T odt ot oT ot

wheres is the rate of temperature change. If we condidear changes of temperature during
reaction, then:

dT
=—=const. 8
=5 (8)
After substitution (7) in equation (5) we obtain:
aC,, . 9C,
+—=-cC. 9
oT ot o ®)
Solution of equation (9) is expected in the form:
Cu =Gy (tT) =49 x(T) (10)

and after substitution (6) and (10) to (9) we atfotai
1 0x(T), poe o 1 (

n—————*+-+Be kK =- —r (11)
x(T) ot (1) 9
Problem of solution of equation (11) leads to tbgtrdifferential system:
B
ULGX(T)+Be Goo (12)
x(T) oT
_ 1 0(t) o (13)
p(t) ot
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where C"is constant. System (12), (13) is solvable andt&wiwof this system can be written
in the next form:

" T _Ep
C 10 o
(T-To)-B J'e KT dT

x(T)=e R (14)
#(t)=A'e“" , where A" = const. (15)

To is initial value of reacting system temperaturewdyich the reaction runs. Consequently,
the concentration of the reacta&@i can be expressed as:

T _Ep T _Ep

C—"T—QTO—C't—EJ' e kT 4T o T_)-C'1 —Ej ek dT
Cy=o(t)x(T)=K e "o = A e[” j 77 gl : (16)
Assuming (8) the linear dependence of system testyer on time can be written as:
T=nt+b, a7)
whereb is constant, and next we find:
= C"(I—tj:C"(”Hb—tj=C"—b. (18)
n 1 1
Thereby the solution (16) can be rewritten as:
Blewar
n
C,=Ae ™ : (29)
where:
S
A=A'e”’ e” = cons 120
Pre-exponential factagy, can be obtained by substituting (19) to (3).
—gie—%d‘l" —;B} o gt
0, =KAe ™ =Ce © , where K'A=C= const (21)

Consequently assuming (21) in (2), we can find atrdoution of reactant to electrical
conductivity gs; as:

(s)
B )

[ T
o, =Ce

ED
J where: Z(T):EjekT’ dT . (22)
U 4
Expression (20) indicates the temperature deperdehceactant contribution to electrical
conductivity of reacting system under the conditidmeaction with first order kinetics. In the
frame of the model described above, we considdratidnly concentration of one reactant
changes during the reaction involving only a oregsiechanism. In summary, we have
proposed a simple model with emphasis on the cremé&action effect on the electronic
transport behaviour in a mixture system. This effeceflected through the changes of charge
carriers’ concentration which is proportional tce tiboncentration of reactant. Numerical
simulation of temperature dependence of electdoaductivity can be realized by means of
result (20). There are difficulties in evaluatingetintegral expression in (20) because the
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integral cannot be evaluated analytically. Highifeetive Monte Carlo methods can be
applied for its evaluation [11-18].

Experiment and simulation

Rubber compounds marked as SCR-3-X prepared inetyve range from 140 °C till
145 °C were investigated experimentally. Duratibsitane treatment process of the prepared
samples was from O till 7 minutes. Temperature ddpeces of AC electrical conductivity of
prepared samples(T) were persistently measured by GoodWill LCR 819 puop@nt at linear
increasing temperature (1fin ™) until to 170 °C. Details of the investigated reblnixture
composition and experiment details can be fourjd]inin the next text, we will substitute the
letter X in the sample identification symbol by the duratad thermal exposure of the sample.
Comparison of the obtained results showed notalbiferehces between the data of AC
electrical conductivity measured during the finstldhe second cycles of heating process. The
abovementioned differences can be seen in Fig. ithwshows the graphs of temperature
dependence of AC conductivity of SCR-3-7 samplds levident that the increase of AC
electrical conductivity measured during the firgtle of heating process is caused by the
silanization process since such increase is notsunable in the second cycle. The results
showed that if the duration of silane treatmen& gmple increases, then the size of the area
below measured curveyT) gradually decreases in both the first and the stoycles of
heating. In case of some samples, we observeditirian of silanization reaction at the first
cycle of heating, and then the reaction continuadng the second cycle. That fact was
registered as a smaller maximumafl) curve measured in the second cycle. The values of
electrical conductivity of non-silanized sample E&3-0) were lower than we expected. It can
be concluded on the basis of the mentioned reshdtisif the increase of AC conductivity
values (i.e. differences between valu€3) measured in the first and the second cycles of
heating - see Fig.1) respond to the chemical r@actte, then the size of the area below the
curve represents the charge carriers concentratlioh is proportional to the size of the
concentration of reactive substances. The deperdanihe size of area below the measured
o(T) curve on mixing duration is shown in Fig. 2. Alscan be seen, the mentioned
dependence of area on mixing duration decreasearlin(except the sample 0 min, which
was mixed and heated only to 110 °C). This respomdise fact that the silane treatment was
in progress during the mixing already and only [fzeion of treatment during the AC
conductivity measurement was observed there coesdgu
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Fig. 1 Temperature dependence of AC electricaFig. 2 Dependence of size of area below
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conductivity of sample SCR-3-7 measured aheasureds(T) curves on mixing duration
1 kHz and with heating rate 1°C-riin

M in case of the first cycle of heating

O in case of the second cycle of heating

We simulated the measurer{T) curves by the model presented above. That needs
determine some parameters contained in (20) and tihese parametets,. can be calculated
persistently. The best numerical fit of the meaduemperature dependence of electrical
conductivity of system during silane treatment mbst obtained during the process of
simulation. Results are shown in Fig. 3.

1,5x10'; Fig. 3 Temperature dependence
-1 of AC electrical conductivity of sample
o[S.m] SCR-3-5 measured at 1 kHz and with
1,0x10' heating rate 1°C-mih
M in case of the first cycle of heating
O in case of the second cycle of heating
Solid lines represent simulated data
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Conclusion

Potential applications of the presented methodracmmputer aided optimization of the
rubber compounds silane treatment process. Prelsantaerical investigation indicates that
the formula (20) could be usable for the processibber compounds silanization modeling.
This make possible to use AC electrical condugtieg a measure of the extent of chemical
reaction. Then we can realize an effective analsd control of silane treatment process and
find possibilities for the process improvement.sToontribution was supported by the Slovak
National Science Foundation under VEGA No0.1/06454h0 KEGA 327-010STU-4/2010
grants.
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