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ABSTRACT

The present study is an effort to simulate the Bel ousov-zhabotinskii sys-
tem containing mixed organic substrate system in a CSTR. The model
used is asimplified version of Field and Boyd mechanism. This model
was considered under CSTR conditions and the evolution of the mixed
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organic substrate under the constraints of various input concentrations
has also been investigated. The results have been indicated as bifurca-

tion phase diagrams.

INTRODUCTION

TheBelousov-Zhabotinskii*? (BZ) reactionisthe
earliest well-understood exampleof achemica system
that resultsin oscillations. It wasdiscoveredin 1951 by
the Soviet biophysicist Boris Belousov. At thetime,
chemistswere skeptical of thepossibility of chemical
oscillators because of amisconception about the sec-
ond law of thermodynamics. Asaresult, Belousov was
unableto get hiswork published. A decadelater, an-
other Soviet scientist named Anatol Zhabotinskii repro-
duced Belousov’s experiment and successfully per-
suaded more chemiststo accept theideaof chemical
oscillators. In 1972, threeresearchesat the University
of Oregon, Field, Koros, and Noyes, published acom-
plete mechanism describing the BZ reaction, known as
the FK N mechanism. However, their equationswere
too complex for numerica andys sby thecomputersof
thetime,
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THEORY

Asstated before, early skepticsof the BZ reaction
held that chemical oscillatorswould violatethe2nd law
of thermodynamics. They bdlieved thesecond law meant
that al chemica concentrationsinareaction must move
directly towardsequilibrium. Many compared the BZ
reaction to adamped pendulum, which passesthrough
itsequilibrium position during each oscillationand even-
tually comestorest. A chemical systemthat did this
would indeed violatethe second law of thermodynam-
ics. Passing through theequilibrium point and then mov-
ing away from it would require an increasein Gibbs
free energy, which must always decrease. However,
theBZ reaction (likeal other chemicd oscillators) does
not reachitsequilibrium point until after the oscillations
arefinished— oscillatory behavior isaprocessinvolv-
ing only intermediates. The BZ reactionisactually a
system of several chemical reactionswith dozensof d-
ementary steps, but the overall processistheoxidation
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of maonicacid by bromate producing carbon dioxide.
Asthe system dowly progressestowards equilibrium,
the concentrations of severa intermediate species os-
cillatewhilethe concentrationsof productsmovemono-
tonically towardsequilibrium.

Thefollowingisaquick summary of the develop-
ment of oscillatory behavior: Normally bromidereduces
thebromate. Thisreactionisfast, quickly usngupthe
availablebromide. Once bromide dropsbelow acriti-
cd level, bromousacid takes over thereduction of bro-
matein areaction that autocata ytically producesmore
bromous acid. This leads to exponential growth in
[HBrO,]. Thisiseventually checked by areaction that
converts HBrO, to HOBr and bromate. Meanwhile,
the decomposition of Maonic acid resultsin thereduc-
tion of bromineto bromide, nearly restoringtheinitia
concentration and alowing thewhol e processto begin
again. Much of our understanding of the BZ reaction
stemsfromthe FKN mechanism.

TABLE 1 describesthe FKN mechanism consi st-
ing of 15 variables and 17 reaction steps of which 6
and 16 arereversible. Therelevant rate constantsare
givenin TABLE 2.

Simulation methodology

Thereareseverd reportsintheliteraturesmulating
thebehavior of the experimentally observed oscillating
chemical systeminbatchaswell asinaCSTR either
with catalyzed or an uncatalyzed systemg“5¢l. Pres-
ently variousnumericd integrators (software) areavail-
abletosolvesuchasystem. “Simulate” isonesuch soft-
wareavailablewith ug”, whichincorporatesthe pow-
erful Rosenbrock’sintegrator for Stiff differentia sys-
tem of equationg®. Thesmulate setsup itsown differ-
entiad equationsand theresultisprovided asintegrated
vaues, when gppropriatemechanism, initid andinflow
concentrationsof various speciesand theflow rateare
provided. It performsthe cal cul ation of thetemporal
behavior of thesystem. Theresults can be presented as
numerica va uesof logarithmic concentration versustime
inaspecifiedfileanditispossibleto ask for aprinted
figure of thelogarithmic concentration vstime curve.
These plotscan bed so obtained by the softwarecalled
‘Origin 6.0’ also. For all simulation studiesreported
heretheerror tolerance of integrator is107, theinitial
step-sizeis 108 and maximum step sizeis2.0.
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TABLE1

(1) BrO; +Br +2H" > HBrO,+ HOBr

(2) HBrO,+Br +H" > 2HOBr

(3) BrOs +HBrO,+H* > 2BrO, +H,0

(4 Ce®+BrO, +H+ > Ce™+HBro,

(5) 2HBro, >  BrO; +H"+HOBr
(6) HOBr+Br-+H" __ Br,+H20

(7) Ce™+MA > Ce®+HCo,

(8) Ce"+HCO, > Ce®+0P

(99 BrO; +MA+H* > HBrO,+2C0O,+H,0
(10) HBrO, + MA > 2CO,+HOBr + H,0
(11) BrOs +H"+HC O, & 2BrO, + CO,+ H,0
(12) HOBr + MA 2>  Br +HCO, + CO, + H,0
(13) Br +Br’ > Bn,

(14) HC O', + HOBr > Br +CO,+H,0

(15) Br + MA > Br +HCO,+H"
(16) Acetone + H* — Enol + H'

(17) Bry+ Enol + H* > Br' +O0P

TABLE 2: Rateconstantsused

ky=16M 35t

ks =3.0X103M? St
ks =3.0X10° M St
k;=275M*t st
kg=220 X 10* M2 S

kyy=270X 10 M1t s?

kiz=1.0X10° Mt st
kis = 2.0X10° M1 st

k,=2.0X10'M?S?
ks =85X10°M? S
ke=8.0X10°M1s?
kg=1.0X10° M St
kip=1.0M*S?t

ki, =75.0M7* S?

kis = 3.0X10°M 1 St
kig = 8.3X10°M™* S

kiz = 1.03X10' M? S*!
Bifurcation phasediagrams

For bifurcation studies, smulaionswere performed
by taking theinitial concentrationsof al thechemical
speciesas 1X10° M asreported earlier. A bifurcation
phasediagramisuseful indescribing thedynamica be-
havior of chemica systems. Two parameter phaseplots
were constructed by increasing and decreasing one of
the parametersunder considerations. Theresultsare
presented astwo parameter diagrams, namely [BrO,| |
- [Oxdlic acid] jand [BrO], -[acetone] . Here the
behavior of the system isobserved with fixed inflow
concentrations corresponding to the pointson the pa-
rameter spacewithout in way varying them during the
flow mode. In contrast to atrue bifurcation anaysis,
onedtartswith aflow mode correspondingtotheinitia
point and then variety any of the parametersinincreas-
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ing and decreasing order in either way of thetwo pa-
rameter space. Thusin these studies behavior of the
systemisobserved with fixed inflow concentrationsfor
about 20,000 seconds and the date obtained in indi-
cated inthediagram as oscillatory, non-oscillatory etc.

Figure 1 representstheseresultsin[BrO] - [ox-
dicacid], plane. Duringthesestudiesthevauesof other
fixed constraints are [H*], = 2.0M, [Ce(IV)], =
0.004M, [acetone] , = 0.8M and the flow rate (k) =
13X10“/s.Both[BrO ] | & [oxalicacid] ,werevaried
fromaninitial valueof 0.001M to 0.2M and back again.
No oscillations were observed at both low and high
[oxalicacid], aswell asat bothlow and high[BrO-] .
RegionAischaracterized by oscillations & steady Sate.
Thisregion is bounded by [oxalic acid],, between ~
0.005-0.04M and [BrO,] , between~0.025- 0.2 M.
Region B ischaracterized by oscillations after which
the system behaves monotonic. Thisregionisbounded
by [oxalic acid]  between~0.04-0.19M and [BrO
J, between ~ 0.025 - 0.1M.
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Figurel: Bifurcation phase diagram of [BrO3]0-[Oxalic
acid]0

Figure 2 represents the resultsin [BrO- ], - [ac-
etone] , plane. During these studiestheval ues of other
fixed constraints are [H*], = 2.0M, [Ce(IV)], =
0.004M, [oxalic acid] ;)= 0.04M and flow rate (k) is
taken as 13X 10*%/s. The concentration of bromateis
varied intherange of 0.001M to 0.06M and the con-
centration of acetoneisvariedintherangeof 0.001M
to 0.1M. No oscillations were observed at low and
high [acetone] , aswell at bothlow and high[BrO ] .
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Region A & B are characterized by transient oscilla-
tions after which the system behaves monotonic. Re-
gion A is bounded by [Acetone] , between ~ 0.006 -
0.04 M and [BrO ], between ~ 0.002-0.005 M. Re-
gion B isbounded by [Acetong] , between~0.04- 0.1
M and[BrO,]  between ~ 0.002-0.06 M. Region Cis
aso characterized by oscillationsand steedy state. This
region is bounded by [Acetone] , between ~ 0.006-
0.08 M and [BrO] , between ~ 0.002-0.04 M.
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Figure?2: Bifur cation phasediagram of [Br O3]0-[Acetone
acid]o
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