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Catalyst Batch Oscillator

Istvan Szalai, Krisztina Kurin-Cso'rgei, Viktor Horva th, and Miklo s Orban*

Department of Inorganic and Analytical Chemistry, L tkis University, P.O. Box 32,
H-1518 Budapest 112, Hungary

Receied: January 13, 2006; In Final Form: March 17, 2006

The bromate-hypophosphite-acetone-Mn(ll) —Ru(bpy)?* batch oscillator was recently suggested for studying
two-dimensional pattern formation. The system meets all major requirements that are needed for generation
of good quality traveling waves in a thin solution layer. The serious drawback of using the system for studying
temporal and spatial dynamical phenomena is its unknown chemical mechanism. In order to develop a
mechanism that explains the observed long-lasting batch oscillations the brdngptghosphite-acetone-

Mn(Il) —Ru(bpy}?* oscillator was revisited. We studied the dynamics both in the total system and in some
composite reactions, and kinetic measurements were carried out in three subsystems. From the new experimental
results we concluded that the two oscillatory sequences observed in the full system are originated from two
oscillatory subsystems, the Mn(ll)-catalyzed bromdigpophosphite-acetone and the Ru(bpyj-catalyzed
bromate-bromoacetone reactions. Here we propose a mechanism which is capable of simulating the dynamical

features that appeared in the complex system.

Introduction 008 ——— 7 71

The reaction between bromate and hypophosphite ions in the £ | X
0.06 |- .

presence of a Mn(ll) catalyst was reported long ago to show 8

oscillations in the redox potential and in the light absorbance, <

if the bromine formed during the reaction was removed from g oo4 7

the system by an inert gas flow or by adding acetbie.a g

typical experiment only a few (510) oscillations can be g o0o02Ff .

observed (Figure 1a). These oscillations appear in a finite range 2

of gas flow rate or of acetone concentration. We found later o JL PR R

that introducing a small amount of a second catalyst §30 0 0.5 1 15

1074 mol/dnm?® Ru(bpy)}S0O,, ferroin, or diphenylamine) into t/h

the Mn(ll)-catalyzed bromatehypophosphite short-lived oscil-

latory system generates long-lasting oscillatibhsmost cases, =

the long-lasting oscillations begin after an induction period S

(Figure 1b). The bromatehypophosphite-acetone-Mn(ll) — ‘5‘2

Ru(bpy}?" system is ideally suited for studying pattern evolu- 3

tion. It exhibits long-lasting batch oscillations, it does not S

produce gaseous product or precipitate, and it gives rises to color ‘g

oscillations in a stirred batch reactor and well visible patterns 8

in an unstirred solution layer. Both phenomena are maintained < T
for many &5) hours. 0 0 0.5 1 15 2

To facilitate modeling of the rich temporal and spatial t/h

dynamical behaviors observed in the title reaction requires a Figure 1. Oscillations in the absorbance measured in thesBr®s-
simple but reliable chemical mechanism. Here we suggest aPO,—acetone-Mn(ll) system (a) in the absence and (b) in the presence
mechanism based on our new experimental observations andf 5 x 10> mol/dn? Ru(bpy}?". Initial concentrations: [Br@] =
kinetic measurements performed in some subsystems of thed-02 mol/dnd, [HsPCy] = 0.1 mol/dnt, [acetone}= 0.1 mol/dnd, [H-
complex reaction. SQ =1.0 mol/dn¥, [Mn(Il)] = 0.003 mol/dm. The main absorbing

species ai = 480 nm: Mn(lll) € = 120 moi* dm=3 cm™?) and B
. ) (¢ = 60 mof* dm3 cm™). At A = 450 nm: Ru(bpy* (¢ = 14 500
Experimental Section mol~t dm2 cmrY), Ru(bpy}3* (e = 150 molt dm 3 cm2), and Bg

) (e = 120 moft dm™3 cm™). The color oscillates between pink and
H2SQ, (Chemolab 96%), NapPQ,-H20 (Sigma), KBr (Rea- colorless in panel a and between yellow and green in panel b.

nal p.a.), NaBr@(Fluka p.a.), MnS@H,0, Ru(bpy}Cl,-6H,O _ ) )
(Aldrich), acetone (Fisher), and bidistilled water were used to Prepare the working solutions. Ru(bp$J: was obtained by
converting the chloride salt to the sulfato form using the recipe

*To whom correspondence should be addressed. E-mail: orbanm@ Suggested by Gao and’isterling® Stock solutions of Ru-
ludens.elte.hu. (bpy)®t were prepared from the stock solutions of Ru(py)
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by oxidation with solid Pb@followed by filtration on a fritted
glass. The Ru(bpyj" solutions were stored in darkness and
used within 1 h. A Mp(SQy)s stock solution was prepared by
reacting a known amount of KMnQwith a 50-fold excess of
MnSQ; in 2 mol/dn? sulfuric acid.

The spectra for kinetic measurements were taken on Milton
Roy 3000 and Agilent 8452 diode array spectrophotometers
equipped with quartz cells (path length 1 cm, volume 2 mL).
In the cells the temperature was kept at 26#D.(1) °C, and
the solutions were mixed by magnetic stirrer. _ ]

The simulations were done with the program XPPAUThe t/h
parameter estimations were carried out by the MULTIMRQ
program using the Marquardt methoditted parameters are
given at the 95% significance level.
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Effect of Stirring Intensity on the Dynamics of the
BrO3;~—H3PO,—Acetone—Mn(ll) Oscillatory System. Poj-
man and co-workefsobserved a strong effect of stirring on
the behavior of the short-lived bromatkypophosphite-Mn-

(I1) —acetone oscillator. No oscillations occurred in the system
unless a gas/liquid interface was present. The absorption of the t/h
bromine on the Teflon stirring bar or on the wall of the reactor Figure 2. Effect of stirring rate on duration of the oscillations in the
also influenced the dynamics. They concluded that the systempotential of a Pt vs Hg/H®Qy/saturated KSQO, electrode pair in the
is extremely sensitive to the rate of removal of the volatile BrOs —HsPO,—acetone-Mn(ll) system. Initial concentrations: [BrO]
species. They detected bromoacetone and bromine in the gas 0-02 mol/dni, [HsPQ;] = 0.075 mol/dr, [acetone]= 0.09 mol/
phase above the reaction mixture using the GC/MS method. 9™ [H2SQ = 1.0 mol/dn, [Mn(Il)] = 0.0036 mol/dri Stirring

. . , . rate: (a) 300 rpm, (b) 900 rpm.

In agreement with Pojman’s observations we found that the
number of the oscillations depends on the reactor geometry and

the stirring rate, and under similar conditions the number of 0.15 P
oscillations increases when the intensity of the stirring increases. T [ [rperurpations
Surprisingly, applying quite intense stirring (high stirring rate S
and relatively big Teflon coated stirrer bar) we observed long- ©Q 01 T
lasting oscillations in the absent of any second catalyst. The Y
oscillations in the bromatehypophopshiteMn(Il) —acetone §
system at a high stirring rate are presented in Figure 2. -g 0.05 ]
This long-lasting batch oscillator cannot, of course, be utilized 2
for studying pattern formation due to its requirement of strong < | | | | | |
stirring. However, the importance of bromine removal for T TS
maintaining the sustained-like oscillations in the bromateal t/h
S!Jb,s”ate‘?'“a' catalyst system was considered in our mecha- Figure 3. Oscillations in the absorbance recorded in the BrO
nistic studies. acetone-Ru(bpy)?* system after perturbation with Brions. Initial
Dynamics in the BrO;~—Acetone—Ru(bpy):2" Subsystem. concentrations: [Br@] = 0.02 mol/dm, [acetone]= 0.1 mol/dn?,
In order to clarify the role of the second catalyst in the title [H2SQy] = 1.0 mol/dn, [Ru(bpy}]?*] = 5 x 105 mol/dn. In each
reaction, experiments were performed in the bromatsetone- perturbation [Br] = 0.001 mol/dr was added at the times shown by

Ru(bpy)}?* subsystem to check the possibility of BZ-type [he arows.

(bromide-controlled) oscillations in this composite reaction. In
a BZ-type oscillator the reaction between the brominated organic
intermediate and the oxidized form of the catalyst produces
bromide ions, the inhibitor of the autocatalytic bromate
bromous acid reaction in the oscillatory kinetics.

Rastogi and Misrashowed earlier that oscillations can occur
in the Ce(IV)- or Mn(ll)-catalyzed bromateacetone reaction
at high temperature (5%C) and at high acetone concentration N _
(3.4 M). At room temperature or below (2€) we have not Br,+ Ac —BrAc + H" + Br 2)
found oscillations in the presence of any BZ catalyst including
Ru(bpy)X?". We supposed that at room temperature the bromi- Figure 3 as the first peaks after the perturbations. The oscilla-
nation of the acetone is too slow to generate enough bromoac-tions start after the bromine is consumed by acetone. The
etone, the intermediate that is needed for production of a increasing amount of added bromide yields more and more
sufficient amount of bromide in the oxidation reaction of the bromoacetone, which results in longer and longer oscillatory
bromoacetone. However, when additional bromoacetone wassequences. For example, whex 7.0-3 M bromide was added
produced by applying bromide ion perturbation in the bromate to the system in Figure 3, the oscillations lasted for 3 h.
acetone-Ru(bpy}?" system, oscillations appeared at°Z0 The We prepared bromoacetone in a separate experiment by
result is shown in Figure 3. The bromide ions injected at the mixing a known amount of bromide and acetone with an excess

times indicated by the arrows produced elementary bromine in
the system, which brominated the acetone in a slow reaction.
The processes are described by egs 1 and 2 and recorded in

BrO,” + 5Br + 6H" — 3Br, + 3H,0 1)
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Figure 4. Sustained-like oscillations in the bromateromoacetone
Ru(bpy}?* subsystem. Initial concentrations: [By@ = 0.073 mol/
dm?, [acetonel= 0.2 mol/dnd, [H.SQy] = 1.16 mol/dn3, [Br] = 0.106
mol/dm?. Time of bromination: 4 h. Calculated concentrations after
bromination: [BrQ-] = 0.02 mol/dnd, [bromoacetone} 0.16 mol/
dm?, [HoSOy] = 1.0 mol/dn?, [Br~] = 0 mol/dn?#, [acetone]= 0.04
mol/dn? (this amount of acetone falls below the limit when oscillations
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The oscillations showed strong sensitivity to the stirring rate.
High amplitude potential oscillations~(L50 mV) appeared at
300-700 rpm, the amplitude decreased to half at 200 rpm, and
the oscillations stopped below 100 rpm.

The appearance of the oscillations in the bromide perturbed
bromate-acetone-Ru(bpy}?" reaction mixture suggests that
the reaction between bromoacetone and Ru@pyatalyst (eq
3) provides an effective source of bromide ions for generating
a BZ-type oscillatory behavior.

Ru(lll) + BrAc — Br~ + products 3)
Kinetics of Some Composite Reaction®xidation of HPO,

by Mn(lll) lons.The reaction was studied in §80;] = 1 mol/

dm? at different initial concentrations of Mn(lll) (k 1073 —

5 x 1072 mol/dn®) and NaHPQ; (0.05-0.2 mol/dnf). In 1

mol/dn® sulfuric acid the NakPQ; is present in the form of

H3sPO; (pKa = 2.0). A typical absorbance vs time curve is shown

in Figure 5a. A similar mechanism as proposed by Caroll and

Thomas for the oxidation of HPO, with Ce(lV) was assumed

can occur in the bromoacetone-free system). The oscillations wereto exist in the Mn(lll)-HsPQ, reaction. The mechanism is

initiated by adding [Ru(bp¥)?"] = 5 x 10~° mol/dn¥. Stirring rate:
600 rpm. Temperature: 2%C.
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Figure 5. The absorbance vs time curves in the oxidation gP&

by (a) Mn(lll) and (b) Ru(bpy*. Experimental conditions: (a) g
PQ;] = 0.1 mol/dn?, [H,SOy] = 1.0 mol/dnd, [Mn(lIl)] = 0.002 mol/
dme. At 4 = 480 nm the main absorbing species are Mn(lll) and
MnHzPQ,*" complex. (b) [HPQ,] = 0.5 mol/dn?, [H,SOy] = 1.0 mol/
dm?, [Ru(bpy}]®] = 4 x 107% mol/dn¥. At 1 = 450 nm the main
absorbing species are Ru(bgy)and Ru(bpyy**.

(and known amount) of bromate in the presenéd o Ho-

SO The bromination of the acetone (the disappearance of the

brown color of bromine) was completed within-@ h. From

the stoichiometry of eqs 1 and 2 and using the initial concentra-
tions shown in Figure 4 the [BrAc] was calculated to be 0.16

mol/d®. The concentration of Bre and SO, in the mixture

after the bromination was close to the initial concentrations of

Figure 3. When a small amount of Ru(bg¥) catalyst was
introduced into the mixture, oscillations in the potential of the

represented by steps RRIII.

Mn(lll) + H;PO, = [MnH,PO,]** (RI)
/= K [Mn(IN]H PO}
v} = k| [MnH,PO,*"]
[MnH,PQ*" — Mn(ll) + H,PQ," +H" (R
vy = ky[MnH,PO,*"]
2H,PQ, + H,0— H,PO, + HPO,  (RII)

un = Ky [H2P02.]2

The first step in the mechanism is the formation of a complex
between Mn(lll) and HPG; (RI). Reduction of Mn(lll) occurs
in RII, which is the rate determining step in the overall process.
RIll is the disproportion of HPO,* radicals which yields reagent
H3PO, and end product §POs.

We used nonlinear parameter estimation to evallkatend
K, = Kk /k! from the spectrophotometric measurements. If RIII
is assumed to be a fast reactidq (= 3 x 10° mol~* dm™3
s71), then forK; andk;, 29@2) mol~! dm=3 and 5.6¢-0.1) x
1073 s71, respectively, are derived. These values are in good
agreement with the results of Zhang and Fielthe sum of
the reactions RIRIIl is designated as R12 in our model
suggested to describe the oscillatory behavior in the total system.

2Mn(lil) + H,PQ, + H,0 —
2Mn(ll) + H,PO,+ 2H (R12)

v, = K KIMn(I] [H;POJ/(1 + K[H;PQ))
M@ , = [Mn(lll)] + [MnH,PO,*"]

ki =Ky,
Oxidation of HBPO, by Ru(bpyy*" lons. The reaction was

K=K,

Pt electrode and in the color started, and the seemingly studied in [BSQy] = 1 mol/dn? at different initial concentra-

undamped oscillations were recorded fék 3 (see Figure 4).

tions of HPQ; (0.5—1 mol/dn¥). A typical absorbance vs time
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TABLE 1: Model for the BrO 3~—H3PO,—Acetone-Mn(ll) —Ru(bpy)s?" Oscillatory Systent

Szalai et al.

R1 BrO;~ + Br~ + 2H" — HBrO, + HOBr v1 = kq[BrOs;7][Br ]

R2 HBrQ, + Br~ + H* — 2HOBr v2 = ko[HBrO,][Br ]

R3 BrO;~ + HBrO; + 3H" + 2Mn(Il) — 2HBrO; + 2Mn(lll) + HO v3 = ks[HBrO,][BrO3]

R4 2HBrQ, — BrOz~ + HOBr+ H* v4 = kq[HBrO,)?

R5 HOBr+ Br~+ H"= Br, + H,0O Us = kfs[HOBr][Br*] - kg[Bl’z]

R6 Br,+ HsPO, + H,O — 2Br + H3zPO; + 2H* ve = ke[Br2][H3sP Oy

R7 BrO;~ + H3PO, + HT — HBrO, + HzPOs v7 = ke[BrOz7][H3PG]

R8 HBrQ, + H3PO, — HOBr + H3POs vg = kg[HBrO2][H3P O,

R9 HOBr+ H3PO, — Br~ + HaPO; + H vg = ko[HOBI[H3PO;]

R10 Br— fBr—+ fBrAc V10 = klo[Brz]

R11 Ru(lll) + BrAc — Br~ v11 = kua[Ru(ll]

R12 2Mn(lll) + HaPQ, +H20 — 2Mn(ll) + H3PO; + 2H* v12 = ki2K[Mn(IIN][H sPO.J/(1+ K[H3PO,))
R13 2Ru(ll)+ H3PQ, + H,0 — 2Ru(ll)+ HsPO; + 2HT v13 = kig[Ru(lIN][H sPOy

R14 Mn(Ill) + Ru(I)— Mn(Il) + Ru(lll) v14 = kia([Ru]r — [Ru(I)][Mn(I11)]

a Abbreviations: BrAc= bromoacetone, Ru(llli= [Ru(bpy)]s®", Ru(ll) = [Ru(bpy)]s?t, [Rulr = [Ru(ll)] + [Ru(lll)]. The variables in the
model are [Br@7], [HsPQy], [Br~], [HBrO2], [HOBr], [Brz], [Mn(lI)], [Ru(lll)]. In [H 2SQ;] = 1.0 mol/dni used in the experiments the TH=
1.29 mol/dni.*> This value is included in the rate constantsvgfvs, vs, vs, andus. ki is a pseudo-first-order rate constant that includes [BrAc].

03 T T TABLE 2: Parameters Used in the Simulations
— I Experiments 0O
E [ Fited o parameters refs
itted curves: -----
3 o2 3_ ] R1 ki=2.0mofldm3s 1
NS B R2 ko =3.2x 10 mol-tdm—3s?t 13
8 ['Q R3 ks =80 mor2dm s a
5 '_\tU\ES R4 ks = 4.38x 10* mol~t dm=3 ! 14
€ MM ] R5 k% =1x10°moltdm3s? 13
D L ¢} ke=80st
e} [ T8 5
< [ Bepd8sccacas R6 ke = 1.04 mot dm3s 9
0 T L . R7 k7 = 1x10°moltdm=3-s! 9
0 50 100 150 200 RS ks = 10 molL dm3 s 9
t/'s R9 ko= 0.8 moftdm3st 9
Figure 6. Oxidation of Ru(bpyj]2* by Mn(lll). Experimental condi- R10 adjustable
tions: [H:SQ)] = 1.0 mol/dnd, [Ru(bpy)?*] = 1.5 x 1075 mol/dn?, R11 adjustable
[Mn(lll)] = 1.0 x 10~* mol/dn® (®), [Mn(Ill)] = 2.0 x 1074 mol/ R12 kiz=5.6x 10"3s™%, K=29 mol * dm™2 b
dmi(@). R13 kiz=2.1x 103mol-tdm=3s? b
R14 ki4 = 360 moftdm—3 s b

curve is shown in Figure 5b. The reaction follows second-order
kinetics (eq R13).

2Ru(bpy)’" + H,PO,+ H,O0—
2Ru(bpy)*" + H,P0, + 2H' (R13)
v15= kygRu(bpy)*[H,PQ)

kis=2.10.4) x 10 *mol * dm 3s*

a Adjusted here? Measured here.

in the bromate-H3PO,—acetone-dual catalyst system, consid-
ering that the dynamics is rather complex: it is sensitive to
stirring, and five input components (bromate, hypophosphite,
acetone, Mn(ll), Ru(bpy¥™) and at least three volatile species
(bromine, acetone, bromoacetone) are involved. The model we
suggest is presented in Table 1. The parameters used in the
simulations are shown in Table 2.

Steps RTR5 in the model represent the well-known Mn-
(I)-catalyzed oxybromine chemistry, which results in formation
of bromine in reactions of R¥ R2 + 3 x R5. Bromine is
consumed by hypophosphite in a slow process of R6 and by
reaction with acetone in step R19a (see below). The next three
steps (R#R9) describe the oxidation of hypophosphite with
bromine species:

Oxidation of Ru(bpyf™ by Mn(lll) lons. The oxidation of
Ru(bpyX®™ by Mn(lll) in [H,SQy = 1 mol/dn? is a fast
reaction. The reaction was studied at different initial concentra-
tions of Mn(lll) (5 x 105 to 2 x 10°* mol/dn¥). In the
parameter estimation it was taken into account that the stock
solution of Mn(lll) contained a high amount of Mn(ll) ions. At
A = 450 nm the decrease in [Ru(bg))" vs time was followed
(Figure 6). The equilibrium constant of the reaction was
calculated from redox potential dat&® (Mn(lIl)/Mn(Il)) =

10 0 3+ 2+) — 11 1
petween the calduibted curve and the meacured data is good, TS overall process is a Landolt type clock reaction and
The reaction takes place as a second-order step (R14): autocatalytic for hydrogen and bromide ions.

There are two main routes of bromine removal in the system,
Mn(lll) + Ru(bpy)>" = Mn(ll) + Ru(bpy)®" (R14) a chemical and a physical route. Most important chemical

removal of bromine is its reaction with acetofe:

BrO, + 3H,PO,— Br~ + 3H,PQ, (R7+ R8+ RY)

ki, = 360@5) mol *dm 3s™
Br,+ Ac — BrAc + H" + Br~ (R19a)
Ky,=1.1x 10" f i
= kkg[Ac][Br ,)/(kg + K[Br
Mechanistic Model v10a= KKe[AC][Br ,J/(Kg + K[Br,])
Our aim was to build a relatively simple chemical model to WherekfE and kE are the forward and backward rate constants

explain the major features of the dynamical behavior observed of the enolization of acetone, akds the rate constant of the
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reaction between bromine and the enol form of acetone. In the
experiments the bromine concentration is low and the concen-
tration of acetone is relatively high; therefore the rate equation
can be simplified as

V10a= Ki0d Brl
Kioa= (Kke/kDIAC]

The second route implies the heterogeneous bromine removal
by inert gas flow, by evaporation, or by adsorption on the stirrer

bar and on the wall, etc. This process is expressed in step RlQb'Figure 7. Simulated oscillations in the BrO—HsPO,—acetone-Mn-

. _ (I1) system (the second catalyst is absent) at different fadtdrstial

Br, = vi0p = kiodBrl (R19b) concentrations: [Brg] = 0.02 mol/dm, [HsPO,] = 0.1 mol/dn3.

) ) Parameters: [H = 1.29 mol/dni, k;p = 0.16 s, f =1 (—) andf =

In a typical experiment both routes are present. In the model, 0.8 (- - -)

reaction R10 represents the overall removal of the bromine:

[Mn(11)]/ mM

L e e L B
Br,— fBr + fBrAc (R19) i
_ _ 1 L
V10— lO[BrZ] ‘0 [
'_‘O -
Kio = Kiga T Kiop £ o5k
We introduce factof, which shows the ratio of the homo- [ -]
geneous chemical removal of bromine compared to the total Y e e
removal: 0 02 04 06 08 1
_ f
f= v10d(v10at V100 Figure 8. Simulated phase diagram of the bromeit&PO,—acetone-

) Mn(Il) system in thef vs kio plane. Parameters: [Bed) = 0.02 mol/
In the absence of acetong, = 0, f = 0 (no extra bromide  dn¥, [HsPO,] = 0.1 mol/dnd, [H*] = 1.29 mol/dni.

formation can occur for lack of BrAc), anklo = kiop In the

case of pure homogeneous bromine remaxa = 0, f = 1, 0.03
andkio = kipa INn @ real experiment with acetone present the 0.025 H
contribution of any heterogeneous process decreases the value
of f and the stoichiometry of the bromide production in R10
falls between 0 and 1.

Step R11 in the model is the reaction between bromoacetone
and Ru(bpyy**. Since bromoacetone is not a variable of the
model, its concentration is included in the rate conskantThe 0.005
next two reactions, R12 and R13, are the oxidation of hypo-
phosphite by the oxidized form of the catalyst, and the last one,
R14, is the reaction between the two catalysts. The overall t/h
mechanism contains 14 reactions and 8 variables. Figure 9. Simulated oscillations in the bromatacetone-Ru(bpy}**

subsystem. Initial concentrations: [ByQ = 0.02 mol/dni, [Br7] =

Simulations and Discussions 1 x 107% mol/dn?. Parameters: [H = 1.29 mol/dn, [Ru]r = 5 x
1075 moI/dm3, kio= 0.5 S_l, kiy =2 S_l, andf = 1.

0.02

0.015

[Ru(lll],/ mM

0.01

0

The Effect of Bromine Removal on the Dynamics of the
BrO3;~—H3PO,—Acetone-Mn(ll) System. The dynamics of removal ) changes. Af = 0, which means there is no acetone
the bromate-hypophosphite-Mn(ll) oscillatory reaction was in the system and just heterogeneous bromine escape occurs,
found to be very sensitive to the rate and the method of bromine the range of oscillations is very narrow. The strong sensitivity
removal. In the experiments oscillations appeared in a finite of the number of oscillations on the rate of bubblingdés in
range of the acetone concentration, and the number of oscilla-the bromate-hypophosphite Mn(ll) system was first demon-
tions was highly sensitive to the rate of stirring (see Figure 2). strated by Adamcikova and SevdikVVhen the relative rate of

The number of oscillations predicted by the model strongly the homogeneous bromine removal is increased by addition of
depends on the actual valuesf@indk;o. In Figure 7 the results ~ acetone (increasing the value Hf the range of oscillations
of simulations are shown at a given valueked whenf = 1.0 increases, as in the experiments.

(solid line) andf = 0.8 (dashed line). At= 1.0 (pure chemical Oscillations in the BrOz~—Acetone-Ru(bpy)s?™ Sub-
removal of bromine) only a few oscillations appear. A small system.The model is capable of simulating the experimentally
decrease in the value bfcontribution of physical processesto  found oscillations in the bromatecetone-Ru(bpy}?®" sub-

the bromine removal) induces an increase in the number of system as well. The results are shown in Figure 9. In the absence
oscillations, similarly as in the experiments. By using bromate of hypophosphite our model works like an extended version of
and hypophosphite as pool components, we calculated a phas¢he Oregonator. The necessary conditions for the oscillations
diagram in thek;p vs f plane (Figure 8). The figure shows the to occur are the removal of bromine and the appropriate rate of
oscillatory domain simulated at a given rate of total bromine the bromide ion production in reaction R11. In the mddelis
removal ki0) when the ratio of the physical and chemical a pseudo-first-order rate constant that includes the concentration
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016 T concentration of the hypophosphite decreases, while BrAc starts
1 to accumulate and at a critical value of [BrAc] the bromate
BrAc—Ru(bpy)}?" subsystem starts to oscillate (Osc. B). These
oscillations are maintained as long as BrAc is produced in the
Mn(ll)-catalyzed reaction. The experimental observations and
the results of simulations support the conclusion that the
complex oscillatory pattern that was found in the bromate
hypophosphite-acetone-dual catalyst system is the result of

[HsPOL] /M

ol vl ol - an interaction between two internally coupled oscillators.
1e-04 0.001 0.0 0i1 1 10
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Figure 10. Simulated phase diagram of the bromsigpophosphite grants from the Hungarian Academy of Sciences (HAS) (OTKA
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