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The entropy production in a non-equilibrium state based on the reversible Oregonator model of the Belousov-
Zhabotinskii (BZ) reaction svstem has been studied. The reaction affinity and the reaction rate for the individual
steps have been calculated by varving the concentrations of key variables in the system. The result shows a
linear relationship between the reaction affimity and the reaction rate in the given concentration range.
However, the overall entropy calculated on the basic assumption that the entropy in a reaction system
corresponds to the summation of a product of reaction affinity and reaction rate of individual steps shows a
nonlinearity of the reaction system. The results well agrees with the fact that the entropy production is not linear

or complicated function in a non-linear reaction svstem.
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Introduction

The energy dispersion in mature ecosystems has been
basically fixed in plants by photosynthesis using low energy
molecules such as water and carbon dioxide in the presence
of sunlight. This process enables the plants to use the energy
for the regulation and orgamzation in the form of complex
mechanism for a complex structure wlich later follows a
sumilar process to distribute the energy completely, which
leads to the conservation of energy in a umverse. The
conservation of energy in the unmiverse is possible by the
large biomasses and the diversification of the energy nto the
living svstem.’ Photosynthesis is therefore a paving process
for the evolution of a complex system by capturing a solar
energy and by decreasing the entropy of the surrounds
including the planet. Thus it is verv important to recognize
the biological activity with the planetary property. and in the
point of continuous interactions of various tvpes occurring in
plants, animals. niicroorganisms. molecules. electrons, ener-
gies, and matter, all part of a global whole. Therefore. the
analvsis of the entropy production in such complex systems
has become an important issue in recent vears for under-
standing the various nonlinear systems which can be easily
observed around us.’

Prigogine ef «.> found a theorv regarding on the entropy
production i complex svstems and introduced a new con-
cept to describe both the reversible and irreversible changes
in a chemical reaction svstem. The main issue derived from
the theory 1s that the evolution and maintenance of the
complex open svstems are explained by thermodynamic
processes far from equilibrium. Tls 1s essentially built on
the local equilibrium hypothesis with respect to temperature
even at nonequilibrium situations. The study of entropv
change mn a complicated chemical reaction svstem is very
umportant since the self-orgamzing chemical svstems offer
an idea to study new systems which can help for under-
standing the evolution of biology. Recently, the pattemn

formation in the chemical system 1s studied m deep by its
mplications in biological systems, wluch means that a
chemical system can be used to explicate the behaviors in
cellular and tissue development by a relatively simple
model. The BZ reaction is a famous system for displaving
the chemical oscillations m space and time. which are
observed by a periodic color change of the reaction medium.
The reaction system is explained by a mechamsm developed
by R. I. Field. E. Kérés. and R. M. Noves. which 1s known
as FKN mechanism. and 1t was simplified as QOregonator
model on the basis of chemical considerations and by
application of the approxumation techmques using chemical
kinetics.? The rate of entropy production in the BZ system is
an interesting quantity for a thermodynamic analysis of an
ureversible process and the rate of chemical entropy pro-
duction in such a system is associated with the generalized
flux and thermodynamic force. It is positive for all such
processes and zero at equilibrium.

In this report the reaction affimity (the tendency of an atom
or compound to combine by chemical reaction) and the
reaction rate of the individual steps and the overall steps are
calculated by varying the concentrations of key variables in
the Oregonator model. The overall entropy of the system
was calculated by considering the relation that the entropy of
a reaction system 1s the summation of a product of the
reaction affinity and the reaction rate of individual steps in
the reaction system. The obtaimed result in this study shows
that the overall entropy 1s nonlinear and also multiple
function of the rate of entropy production for the three
reaction processes in the BZ system.

Kinetic Model and Method of Calculation

The BZ reaction gives a good model for the cellular
automaton that produces spiral waves. Similar spiral waves
have also been observed in various biological systems.* The
BZ reaction i1s a redox reaction that periodically oscillates
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between an oxidized and a reduced state. and has been
demonstrated by various substitutions. According to the
FKN mechamsm, the BZ reaction is explained by the com-
position of complex reaction steps mcluding 18 elementary
reactions and 2| chemical species. However, the understand-
ing for the oscillation of the BZ reaction in terms of the FKN
mechanism 1s possible by dividing the overall reaction into
three main processes:

BrOs™+ 3 Br + 6 H™ — 3 Bra+ 3 H-O (process A)

BrO:™+4Ce(IID + 5 H —
4Ce(IV)+ HOBr + 2 H-O  (process B)

2Ce(IV) + BIMA + MA —
2Ce(Illl) + Br™ + Other products (process C)

where Br™ is consumed in the process of A, and the process
B comresponds to the process of autocatalytic production
HBrO:. and the Br™ 1s produced again in the process C. The
elementary reactions for the svstem have been elucidated by
many researchers. A model which 1s a sunplified set com-
posed by only 5 elementary steps 1solated from the FKN
mechanisni. which we call the Oregonator. 1s very useful to
describe various complex behaviors in nonlinear svstems.
This 1s the most frequently used model to sinulate the
dvnamic behavior of the BZ svstem and has been success-
fully emploved for modeling a broad vanety of temporal and
spatiotemporal phenomena and is as follows:*”

A+Y == X+P

X+Y == 2P

A+X = 2X+Z (1
X == A+P

Z = fY

where A = [BrO;7]. P=[HOBr], X =[HBrO:]. Y = [Br]. Z
= 2Ce(1V). and fis a stoichiometric factor which is taken as
constant and 1s 0.5 for the present calculations. Well-stirred
reaction system 15 adopted in this study and the concen-
trations of A and P are supplied to the reactor cell in the
condition that the chemical potential of A in the system
equals the chemical potential of P. After introducing the
reaction constants. rate equations can be stated by the
ordinary differential equations which are deduced for the
change in time of each of the three intenmediates of the
reaction. Then. the differential equation for this model with
three variables is written as followings:

AXide =AY — k.| XP — ko XY + ko P7 + lAX — ks X°Z

— 2k X+ 2k AP
dYidt = i AY — ko XP — k- XY + koo P = flsZ - fsY ()
AZidt = lsAX — k3 X-Z —kZ — kY

where & and % represents the forward and reverse rate
constants of the reactions of the present model and we
adopted the values of rate constants which are introduced by
Scott et al. being most generally used."” The differential
equations can be scaled as followings:

T\(abo’dr) =t dgx t ooy — eaxy — {24.\‘:— (sz:
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T (hidD)= o+ fix + fov — fixy — fax™— fsx A3)
T(deldD)= Yo— Vix = Yoy = Vaxv— Vax = ¥sx©

where x = XiXo. v = YYo z = ZIZy. Xo= nAlks. Yo = kslks. Z;
= lsdilen .ty = (}C1I£3A3)I:. r=tn.and 7y = f»’](klkgA:)I:fkq. 7,
= ks(oka) ke, T. = katoka) ke o = (eaP? — 2k 4AP)IA.
7= /C](/C_:.A: = ko PYFe e = ais = Inksiks, as = (Koaladn :).-"ijs.
s =24k oMo, oy = ko P/A, ﬂ] =k kPl ﬂj = (haksihs)
+ {( flsh_s/Aky). ca= as. ﬂ.; = flaksthy. Yo = Alksiks. = ¢,
ﬂg = Joslesfln. and ya = koskesiAk;.

In the case. the enfropy production per unit volume (d:%/
dr) due to non-equilibrium steady state is given by

(7 = (Pzoaxo g

where J; and 4; are the reaction rate and reaction affinity of
the /" reaction. respectively. In the case of Oregonator the
thermodynamic description of the rate for the reaction steps
in the equation (1) are obtained as J1 = hyAY — b XP. J- =
kXY — feaP- J5 = ksAX — ks X-Z, Jo= 22X — 2k 4AP. Js=
fsZ — k_sY and the affinities of the same reaction steps are
given as Ay = RT In(ki AY/k_ 1 XP). A~ = RT In(ka X Y1k P7). Ax
= RT W(kaA/k-3XZ). As = RT In(ks X-1k_sAP). As = RT In(fesZ/
k_sY). Thus the overall entropy production is the sum of the
product of rate and affinity of the individual reactions with
the inverse of temperature. The resulting svstem of equa-
tions was solved numerically by Fourth order Runge-Kutta
method. "

Results and Discussion

Figure 1 shows the affinities of individual reaction steps
and average affinity of all the steps in (3) as a function of
concentration of scaled parameters x. ) and z in the Orego-
nator model =’ For the lower concentrations there is a
gradual increase in affinity as indicated by the curves a. b.
and ¢ in the figure. After a certain range there is a sudden
rise n the value and remains constant on further mcreasing
m the value of above parameters. If we compare the affimty
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Figure 1. The reaction affimity as a tunction of x (a), v (b), z(c), and
average of the three values (d) in the reversible Oregonator model.
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Figure 2. The reaction rate (/) as a function of x (a), ¥ (b), z (¢).
and average of the three values (d) in the reversible Oregonator
model.

curves as in a. b. and ¢ in the figure there 1s a difference in
the magnitudes of affinity value in x. 1, and z. The affmity
value in ¥ is in the middle range when compared to x. and z
has the lowest among them. The average affimities curve for
the overall reaction shows an exponential increase with the
increase of these concentrations. This clearly indicates that
these parameters are the measures of the distance from the
state of thermodynamic equilibrium.

Figure 2 shows the reaction rate (/) of individual reaction
steps and average rate of all the steps as a function of
concentration of scaled parameters x, 1, and z in the
Oregonator model. For lower concentrations there is a
gradual increase in the reaction rate as indicated by the
curves a and b in the figure. But there is a sudden jump in the
values of ¢ in a slightly higher value of z, after then there is a
gradual decrease in the values and further 1t follows a similar
trend as those of a and b which corresponds to x and
respectively. If we compare reaction rate for the x, v and z. x
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Figure 3. The plot of reaction affimty vs. reaction rates as a

tunction of x (a), 3 (b), z (c), and average of the three values (d) in
the reversible Oregonator model.
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Figure 4. The overall entropy production as a function of overall
aftinity in the reversible Oregonator model. The entropy increases
with a pattem of zig-zag.

possesses higher values than v and z and v possesses lowest
values, z 1s an mtermediate of the two values. The curve for
the average value for these three follows a similar trend of z.

Figure 3 is the vanation of reaction rates () of the three
mdividual steps of the model with their corresponding
affimties (4;). The affimities of the first and third reaction
rates in the FKN mechanism increase exponentially with the
merease of the reaction rate of the comresponding processes.
Whereas for the autocatalvtic process the reaction rate
remains very low until the corresponding affinity overcomes
a barner of 2.95R 1. Beyond wluch the rate of second process
mcreases exponentially accompanied with a decrease of its
affimty. Interestingly. the J/, vis A4, plot in Figure 3 displays an
mteresting allosteric regulatory mechamism of the auto-
catalvtic process. The total reaction rate (J) increases expo-
nentially with the total affimty of 4 with a similar pattem
reported in the previous studies.'?

Figwe 4 shows the overall entropy production as a
function of the overall affinities of the reaction process in the
reversible Oregonator model. The obtained curve is like a
zigzag nature which follows an oscillatory manner as the
svstem progresses with an increase in the affinities of the
reaction. As we indlicated in our earlier discussion that the
study of entropy in a typical systems such as self-organi-
zation and patterm formation is quite complicated. This
figure well agrees with the fact that the entropy production is
not linear in a non-linear reaction system and is a multiple or
complicated function of the entropies of individual reactions
in a reaction system '’ Based on the above results as i
Figure 4, we consider that the similarity is an emergent
property of self-organized complex nonlinear systems
obtained generally. This approach may be easily extended to
describe other complex pattern-formation systems and this is
one of the advantages of the BZ system in particular. It is
thus important to conduct the empirical studies whether
supports the above conjecture in assessing its validity.

One of the aims of thermodynamics is to provide a
characterization of the states of macroscopic systems in
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terms of state functionals depending on a limited number of
observable. It is well-known that at equilibnium entropy
provides an elegant description of this sort. largely indepen-
dent of the details of the processes going on at the micro-
scopic level. Here we have calculated a thermodynamic
analog to mmformation entropy production. namely, the
thermodynamic entropy production generated by the fluc-
tuations averaged over the invanant distribution of the phase
space variables. In the most general case the entropy prod-
uction of fluctuations contains more detailed. svstem depen-
dent information on the underlving dyvnamics. It would also
be desirable to analvze more closely the structure of the
main expressions in the presence of low-dimensional and
spatiotemporal chaos. where the existence of a smooth
invariant distribution over the expanding directions allows
one to work at the outset in the noiseless limit in so far as the
dvnamics on the attractor 1s concerned.

Conclusion

We have studied the entropy production with the concen-
tration of the intermediates during the unstable steady states
in the fascinating oscillatory kinetic model of a simple BZ
reaction svstem. For the purpose. the reaction rate and
entropy production as a function of reaction affinity are
calculated. The obtained values increase with an imcrease in
the values of concentrations, which induces also the increase
of the overall entropy. However, the overall entropy which
was calculated on the basic assumption that the entropy in a
reaction svstem corresponds to the summation of a product
of reaction affinity and reaction rate of individual steps
shows a nonlineanty of the reaction svstem.

The role of individual components is essential for the
maintenance of any particular svstem which plavs a leading

C. Basavaraja et al.

role of dynamical mteractions that take place in a compl-
cated biological system. Thus we can conclude that the
overall mcrease in rate of entropy production is a multiple
function of rate of entropy production of the reaction steps in
a BZ system.
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