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“The whole is greater than the sum of its parts.”
Aristotle



Chaos...

Greek)(doc means "emptiness, vast void,
chasm, abyss"




The Belousov Zhabotinsky Reaction
[Bjela’usov-Shabatinski]

Anatol M. Zhabotinsky

Boris P. Belousov

“Cyclic (periodic) bromination of an organic species in acidic environment with the help of a catalyst”



1. Heoprauuyeckas 4acth

1 HOBr + Br + H = Br; + H,0 2.3.10° 8 BrO; + HOBr+ H 2HBrO, 7.5:10"
2 Br, + H,O > HOBr + Br + H' 2.0 9 BrO; + HBrO, + H 2Br0; + H;O 33.0
3 Br + HBrO, + H = 2HOBr 2.0-10° 10 | Br,Os + H,0- BrO; + HBrO, + H' 2200
4 2HOBr - Br + HBrO, + H' 2.0:10° 11| Br,Os 22BrO," 7.4:10"
5 Br + HBrO; + 2H™ - HOBr + HBrO, 2.0 12| 2BrO," B0, 1.4:10”
6 HOBr + HBrO; © Br + HBrO; + 2H’ 33 13 | Ce' +2BrO,+ H' > HBrOy+ Ce' 5.2:10°
7 2HBrO; 2 BrO; + HOBr+ H’ 3.0:10° 14| HBrO;+ Ce"'=> Ce™ +2BrO,"+ H' 7.0-10°
2. Peakunm ¢ YHacTHEM OPraHHYeCcKHX BeUIeCTB
a) Peakwn 6e3 ywacTis u 00pa3oBaHus paaHKanos
15 | MA = ENOL 3.0-10° 20 | TTA + HOBr = BrTTA + H,0 5.0
16 | ENOL > MA 200.0 21 | BrO;MA + H;0 = HBrO; + TTA 1.0
17 | ENOL + Br, & BrMA + Br + H' 1.91-10° 22 | BrO;MA = HOBr + MOA 1.0
18 | MA + HOBr = Br,MA + H,;0 8.2 23 | BrO;TTA=> HBrO; + MOA 1.0
19 | BL,MA + H,0 & MA + HOBr 0.1 24 | BITTA = Br + MOA + H 1.0
6) Peakuun ¢ 06pa3oBanHem paanKaion
25 | Ce' + BIMA & Ce™+ BIMA® + H' 0.09 29 | Ce'"+MOA+H,0>Ce" +OA+*COOH+H’ 10.0
26 | Ce"" +MA > Ce"+ MA" +H’ 0.23 30 | HOBr+OA-Br'+' COOH+CO,+H,0 140.0
27 | Ce" +TTA D Ce"+ TTA"+ H' 0.66 31 | Ce""+OA>Ce™+ COOH+H +COy+H’ 10.0
28 | HOBr+ MOA = Br* + OA + *COOH 140.0 32 | BrOs+OA+H = BrO;"+'COOH+CO+H’ 1.6:10°
B) Peakuun rubenu paaukanos

33 | 2Br" > Bn, 1.0-10* 44 | MA®+ Br' > BrtMA 1.0-10°
34 | Br'+ BrMA® > Br,MA 1.0:10” 45 | MA"+ Ce" + H' >MA + Ce" 1.7-10*
35 | 2BrMA*+ H,0 BrMA + BrTTA 1.0-10* 46 | MA®+ BrO,">BrO,MA 5.0:10”
36 | BIMA™ MA+ H,0 9MA + BrTTA 1.0-10” 47 | 2TTA® S TTA + MOA 1.0-10”
37 | BIMA®TTA+H,0> TTA + BrTTA 1.0-10° 48 | TTA+*COOH=>TTA + CO; 2.0:10”
38 | BrMA® +Ce '+ H,0 > Ce' + BrTTA+ H' 1.0-107 49 | TTA™+ Br'=> BrTTA 1.0:10”
39 | BrMA® +BrO,"+ H,0 2 HBrO, + BriTA 5.0:10” 50 | TTA™ Ce™ + H' > TTA +Ce" 1.7:10*
40 | BrMA'+"COOH = BrMA + CO, 5.0-10° 51| TTA™+ BrO,">BrO,TTA 5.0:10”
41 | 2MA*+ H,0 9 MA + TTA 3.2-10° 52 | 2°COOH = OA 1.2:10°
42 | MA™ TTA" + H,0 > 2TTA 1.0-10° 53 | "COOH + Ce'> Ce* + CO + H' 1.0:10
43 | MA*+*COOH = MA + CO, 2.0:10° 54 | *COOH + Br* - Br+ COy+ H' 1.0:10”

55 | "COOH + BrO,"> HBrO, + CO, 5.0:10”

) Peakunn NPOAOACHHA LUCNH

56 | MA®+Br, > BrMA +Br® 1.5:10° 69 | BrMA® + HOBr = BrTTA + Br* 1.0-10°
57 | MA®+HOBr = TTA + Br* 1.0-107 70 | BrMA® + BrO; + H'BrTTA + BrO," 40.0
58 | MA®+BrOy + H'=> TTA + BrO," 40.0 71 | *COOH+BrMA=Br +MA® +CO, + H’ 1.0:107
59 | MA*+TTA > MA + TTA 1.0-10° 72 | "COOH + Bry Br + Br" +CO, + H' 1.5:10°
60 | TTA*+MA > MA®+TTA 1.0-10° 73 | *COOH + HOBr = Br* +CO, + H,0 2.0:107
61 | MA®+ BrMA = MA + BrMA® 1.0-10° 74 | *COOH+BrO;+H 2 Br0O,"+CO,;+H,0 2.1:10°
62 | BrMA® + MA = BrMA + MA* 5.0:10° 75 | B+ MA = Br + MA®+ H’ 1.0:10°
63 | TTA"+BrMA = TTA + BrMA® 2.0:10° 76 | B +TTA > Br + TTA + H’ 1.0:10°
64 | B-MA® + TTA > BrMA + TTA® 5.0:10° 77 | Br* + BrMA = Br + BrMA® + H' 5.0-10°
65 | TTA*+Br, > BrTTA + Br' 1.0-10* 78 | Br+MOA+H,0->Br+OA+"COOH+H’ 2.0:10°
66 | TTA*+ HOBr= MOA + Br* + H,0 1.0-10° 79 | Br' +OA = Br + *COOH + COy+ H 2.0:10°
67 | TTA® +BrOs + H = MOA + BrO," + H,0 40.0 80 | BrO,"+OA->HBeO; + *COOH + CO, 1.0-10°
68 | BrMA® + Br; © Br,MA + Br* 1.0-10°

80-stage reaction mechanism of the
Belousov-Zhabotinsky reaction from

Gyorgyi L., Turanyi T., Field R.J.
Mechanistic Details of the Oscillatory
Belousov-Zhabotinskii Reaction
J.Phys.Chem. - 1990. - V.94. - No.18. - P.



The Belousov Zhabotinsky Reaction
Oscillation Mechanism

oscillations originate from the alternation of
inhibitory and excitatory steps.

Activators: HBrO,, BrO,-R...
Inhibitors: Br, Bri ’ [Br] = [Brlcr

H+ +
M + MA+BrMA — +2M" + P H* + HBrO,
HOBr + Br-

[M(ox)] High

- — > HOBr+ HBrO,
2HOBr
Br, + H,0

B [Br] < [Brl

2BrO,- + H,0
+ HBrO,
HOBr + BrO;” + H*

HBrO, + BrO;
BrO;, + M"% +

2HBrO,




The Belousov Zhabotinsky Reaction
Long Time Behavior under non-stirring Conditions

Pl | CH PII

e

1 hour

Photospectrometric recording of the transmittance at A = 600 nm




The Belousov Zhabotinsky Reaction
Deterministic Chaos in a Chemical System

10P Publishing European Journal of Physics
Eur. J. Phys. 35 (2014) 045005 (12pp) doi:10.1088/0143-0807/35/4/045005
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The Deviation of the transmittance signals of two “identic” solutions



The Belousov Zhabotinsky Reaction
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The Belousov Zhabotinsky Reaction
Charactarisation of the Transient

Dynamic Fourier Spectra O I e




The Belousov Zhabotinsky Reaction
The Chaotic Transient

ELSEVIER Chemical Physics Letters 263 (1996) 429-434

Evidence of a chaotic transient in a closed unstirred cerium
catalyzed Belousov—Zhabotinsky system

Mauro Rustici **, Mario Branca ?, Carlo Caravati *, Nadia Marchettini °

* Dipartimento di Chimica, Universifa di Sassari, Via Vienna 2, 07100 Sassari, Italy
° Dipartimento di Chimica, Universita di Siena, Pian dei Mantellini 44, 53100 Siena, Italy

Received 1 August 1996; in final form 13 September 1996

period-1 (P1)-> quasiperiodicity (QP1) -> chaos (QT) = Ruelle-Takens-Newhouse scenario

chaos (QT) -> quasiperiodicity (QP2) -> period-1 (P2) = inverse Ruelle-Takens-Newhouse scen.
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Spectrophotometric time series at 2 = 320 nm of a cerium



The Belousov Zhabotinsky Reaction
Hydrodynamic Control of the Chaotic Transient
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Florian Wodlei, Mihnea R. Hristea
Effect of Limited Stirring on the Belousov Zhabotinsky Reaction
Proceedings of the European Conference on Complex Systems 2012 (September 2013) | ISBN: 978-3-319-00394-8



The Belousov Zhabotinsky Reaction
Reaction Consumption and the Chaotic Transient

The kinetic functions k(¢;, %) are derived from the modified
Oregonator model (see Appendix) and have the form

- de c3 — ¢
ki(g.i)=—= L ((" 3 ‘)/m-z +cifes — L-l)> (6)

dr £] (([('3 + ('1)'
k:((',-.;'.) = dd;‘(: = ¢3¢ — bey (7)
oy ey q¢s . .
ks(cj,7) =4 =- prgry l_l_/ht: —afer —e3) (8)

where j = 1,2.3, ¢, is the concentration of bromous acid, ¢; is
the concentration of the oxidized form of the catalyst, ¢3 is the
concentration of bromate and 4 = ¢, ¢, f, b is the set of kinetic

PAPER

www.rscorg/peep | Physical Chemistry Chemical Physics

Role of the reagents consumption in the chaotic dynamics of the
Belousov—Zhabotinsky oscillator in closed unstirred reactors

Nadia Marchettini,” Marcello Antonio Budroni,** Federico Rossi,” Marco Masia,*

Maria Liria Turco Liveri’ and Mauro Rustici®

Received 1st April 2010, Accepted Sth June 2010
DOL: 10.1039/cOcp00 109k
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vs. Diffusion vs. Convection
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dx dy
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Fig. 2 Evolution of the catalyst ({c2(x.y:1))) in the region PhIL



The Belousov Zhabotinsky Reaction
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Reaction Consumption and the Chaotic Transient
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C c, is the concentration of the oxidized form of the catalyst (e.g. Ferroin)
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d c,is the concentration of bromate (BrOy)
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Fig. 4 Direct comparison between the time evolution of: (a) the
spatial average of the diffusive contribution, {|VZe{x.y:0)|). (b) the
spatial average of the stream function {((x.y:1)) (related to the velocity

field according to 4-5) and (c) the catalyst mean concentration,
{ca(x.p:0)), (d) the concentration of bromate ions, cs(f). As the

concentration ¢ decreases, the diffusive and the hydrodynamical

contribution decay to zero.
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10th Seminar (24/4/14) held at University Klagenfurt
mit Lauro Langosco, Gunther Pilz, Wilfried
Elmenreich, Istvan Fehervari, Norbert Reichmann,
Christian Wodlei, Jakob Klien, Mihnea Hristea und
Florian Wodlei (von links)
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Chemical Self-Organization
Social Insects

Carinthian Honey Bees
Ants

Self-Organization of a Dichloromethane Droplet
Belousov-Zhabotinsky Reaction

F. Wodlei, J. Sebilleau, J. Magnaudet and V. Pimienta: Marangoni-driven flower-like patterning of an evaporating
drop spreading on a liquid substrate. Nature Communications volume 9, 820 (2018)
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