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Further research of the Belousov-Zhabotinsky reaction analogues gives impetus to developing such modern scientific di-
rections as synergetics, theory of dynamic systems and deterministic chaos. We considered one of the numerous oscillatory
reactions, in which the Ce3+ / Ce4+ ions and citric acid are used. The main goal of our research was to study the behavior
of the autocatalytic oscillatory reaction system in dependence of the change in sulfuric acid concentration and the tempera-
ture of the reaction mixture. We confirmed that stability of the oscillatory system depends on the acidity of the reaction mix-
ture. The increasing of sulfuric acid amount is the result of acceleration of Ce3+ ions oxidation, and as a consequence rate
acceleration of the oscillatory reaction. The activation effect on the studied reaction is exerted by a temperature increasing,
but observed effect can be partially replaced by a mechanical action. For living organisms, such sensitivity of the system to
external changes means its inability to use one. However, this does not mean that Belousov-Zhabotinsky reaction analogues
will behave accordingly. The data obtained can serve as a basis for comparing of the studied reaction and other types of os-
cillatory reactions.

Keywords: autocatalytic oscillatory reaction; Belousov-Zhabotinsky reaction; acidity of reaction medium; cerium ions cata-
lyzed reactions; cellular clock.

It is known that the «cellular clocks» helps our cells to control the most important time-conjugated processes, e.g. meiosis
and to coordinate different parts of metabolism. This process is qualitatively described in [Winfree 1984]. The name of this phe-
nomenon comes from circadian rhythmicity as its main property. Scientists [Purves 2004] are interested in the unicellular organ-
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isms that live in circadian rhythms, e.g. Gonyaulax polyedra, which saves its rhythmic lifestyle without any changes even after
replacing it’s culture under the constant light. Such studies help us to find out that undergoing processes are controlled mostly
by intercellular ‘clock’ that is likely to be non-equilibrium thermodynamic (autocatalytic oscillatory) reaction. The most common
reaction of such a type is the Belousov-Zhabotinsky reaction. The Belousov-Zhabotinsky reaction is a class of chemical reactions
occurring in an oscillatory mode, in which certain reaction parameters (color, concentration of components, temperature, etc.)
change periodically, forming a complex spatial-temporal structure of the reaction medium [Zhabotinsky 1964; Motoike, Adamatzky
2005; Sirimungkala et al. 1999].

The ‘cellular clock’ is a phenomenon, which gives a great field for researching in modern science. Although basic discoveries
have already been done, it is necessary to conduct more researches in such area of science to make a «great leap forward» in
this direction. Despite the fact that great attention was paid to oscillating reactions, the statistical basis for them is extremely
small and needs to be enlarged in the nearest future.

Belousov-Zhabotinsky reaction has become one of the most famous chemical reactions in modern science, nowadays a lot
of scientists do researches connected with it. Analogues of Belousov-Zhabotinsky reaction were found in different chemical
systems, for example organic self-propagating high-temperature synthesis. Discovery of this reaction has given a push to de-
veloping such parts of science as synergetics, theories of dynamic systems and deterministic chaos.

In this article we consider only one of the numerous oscillatory reactions in which the Ce3* / Ce** ions and citric acid are
used. The aim of this research is to study the behavior of the autocatalytic oscillatory reaction system in dependence of the
change in the sulfuric acid concentration and the temperature of the reaction mixture.

History of Belousov-Zhabotinsky reactions

The priority in the discovery of the reaction belongs to Boris Belousov [Belousov 1959]. He carried out investigations of
Krebs cycle in attempt to find its non-organic analog. As a result, after one of the experiments held in 1951, B. Belousov
found an interesting reaction: the oxidation of citric acid with potassium bromate in an acidic medium in the presence of a
Ce™3 ion as catalyst, he was discovered self-oscillations [Belousov 1959]. Further development of the research of this reaction
occurred, when Professor Simon Shnol offered his researcher, future Lenin Award laureate Anatoly Zhabotinsky, to investi-
gate the reaction mechanism. The Zhabotinsky’s group carried out detailed studies of the reaction, including its different
variants, and also compiled the first mathematical model. The main results were outlined in Zhabotinsky’s monograph Con-

centration Oscillations [Zhabotinsky 1974].

Fig. 1. Boris P. Belousov (1893—1970), Fig. 2. Anatol M. Zhabotinsky (1938—2008), Fig. 3. Simon E. Shnol (born 1930),
chemist and biophysicist, who discovered the biophysicist, who created a theory of the biophysicist, historian of Soviet science.
Belousov-Zhabotinsky reaction in the early chemical clock known as Belousov-Zhabotinsky Photo of 1980
1950s. Photo ca. 1956—1958 reaction in the 1960s. Photo of 1983

The discovery of the reaction actually gave impetus to the development of such sections of modern science as synerget-
ics, the theory of dynamical systems and deterministic chaos. The solutions of this scientific work will give ground for many
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future studies in various fields of science, such as biology (organic analogues of the reaction used by many living organ-
isms), physics (physical understanding of the interaction of molecules), and chemistry (further study of oscillatory systems)
[Goodwin 1979, From the history of the discovery ... 2001].

The Simplest Scheme of the Reaction Mechanism

The first model of observed processes was proposed by A. Zhabotinsky. The cycle of reaction considered by him consists of
two stages. The first stage (I) is the oxidation of trivalent cerium with bromate anion:

Ce?* (BrO5) — Ce** (I)
The second stage (II) is the reduction of tetravalent cerium with malonic acid:

Ce*" + CHBr(COOH), —» Ce** + Br™ + other products (II)

The bromate reduction products formed in stage (I) are being edited to malonic acid. The resulting brominated derivatives
of malonic acid are destroyed with the release of bromide-anion, which is a strong inhibitor of the reaction.

The scheme of the self-oscillatory reaction can be qualitatively described in the following way: let there be Ce** ions in the
system, they catalyze the formation of Br™ (stage II). If the concentration of Br is sufficiently large, reaction (I) is completely
blocked. When the concentration of Ce* * ions decreases as a result of reaction (II) to the threshold value, the concentration
of Br~ decreases, thereby unblocking the reaction (I). Thus, the rate of the reaction (I) increases and Ce**concentration in-
creases too. When the upper threshold value Ce** is reached, the Br  concentration also reaches high values, and this again
leads to the blocking of the reaction (I). And so on (Fig. 4).

-

HBrO -
3 () (4) HBrO,
Y

Fig 4. Simplest Scheme of auto-
catalytic oxidation reaction (RBr is
(n + 1) + bromo derivative of a reducing agent).

Mn+

— Br— RBr

The overall equation is:

3CH2(COOH)2 + 4BrO3_ — 4Br™ + 9C02 + 6H20

Removal of the carbon dioxide from the system allows us to understand that this exchange reaction will not last forever, so
alive cell must maintain the level of all parts of it to maintain such kinds of systems.

Experimental Findings

The original reaction made by B. Belousov was a departure point for us in this experiment. We found a primary recipe in
[Zhang et al. 1993] and used it as a standard, changing only molar concentration value of sulfuric acid and temperature of a
reaction mixture. As an organic reducing agent we used citric acid (CgHgO7). Five experiments were carried out including the
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original one (Figs. 5—7).

Fig. 5. Sampling preparation: weighting of cerium (III) sulfate (A) and potassium bromate (B).
Photo © S. Dolzhenko, A. Kadysheva

Original Reaction Recipe
2.00 g of CgHgO7
0.16 g of Cez(S04)3
0.20 g of KBrOs3
2.0 ml of H,SO4 (1:3 by volume)
Distilled water is up to 10.0 ml; heating on an alcohol burner.

Observations: the beginning of the reaction is about 30 s. The oscillation duration is more than 30 min. The period of one
oscillation is equal to 2 s.

Recipe of Set no. 1

2.00 g of CgHgO7

0.16 g of Cez(S04)3

0.20 g of KBrOs

10.0 ml of H2S0O4 (1:3 by volume)
1. Without heating.

Observations: the beginning of the reaction is 15 min. Without mechanical influence the oscillations are practically invisible.
The oscillation duration is less than 5 minutes. The period of one oscillation is equal to 30 seconds.

2. Heating on an alcohol burner.
Observations: the beginning of the reaction is 30 s. The oscillation duration is ho more than 20 min. The period of one os-
cillation is equal to 1—1.5 s.

Recipe of Set no. 2
2.00 g of CgHgO7
0.16 g of Cez(S04)3
0.20 g of KBrOs3
1.0 ml of H2S04 (1:3)
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Distilled water is up to 10.0 ml.

1. Without heating.
Observations: the reaction does not proceed.

2. Heating on an alcohol burner.
Observations: the reaction does not proceed.

Fig. 6. Dissolution of reagents in sulfuric acid using of magnetic stirrer. Fig. 7. The course of the Belousov-Zhabotinsky reaction.
Photo © S. Dolzhenko, A. Kadysheva Photo © S. Dolzhenko, A. Kadysheva

The mechanism of the studied reaction can described using the following chemical reactions in the simplest manner:

(I) Ce** + BrOs + 6H" —» Ce** + Br + 3H,0
(colorless — yellow)

(1) (HOOCCH,),C(OH)COOH + 2Ce** — (HOOCCH,),C(O) + 2Ce** + CO, + 2H"
(yellow — colorless)

(1I11) Br + BrO5; + 2H" —» HBrO + HBrO,

(IV) Br~ + HBrO + H* - Br, + H50
(colorless — yellow)

(V) 3H" + 3Br~ + HBrO, —» 2Br, + 2H,0
(colorless — yellow)

(vI) (HOOCCH,),C(O) + 5Br, —» C(O)(CHBr;,)(CBr3) + 5Br~ + 2CO, + 5H"
(yellow — colorless)

Conclusions

Stability of the oscillatory system depends on the acidity of the reaction mixture. The increasing of the sulfuric acid amount
is the result of the acceleration of Ce** ions oxidation, and as a consequence the rate acceleration of the oscillatory reaction.
However, simultaneously the amount of the oxidized insoluble bromo derivatives is increased too, which leads to an accelerat-
ed decrease in the bromate ions concentration value. Therefore, the oscillations of the system are rapidly decayed.

If the amount of sulfuric acid is reducing, the acidity of the medium is not enough to oxidize a sufficient amount of Ce3*
ions. This is the reason of the decreasing of the bromate ions concentration level, which are the main autocatalysts of the
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studied reaction. The activation effect on the studied reaction is exerted by a temperature increasing, but observed effect can
be partially replaced by a mechanical action.

For living organisms such sensitivity of the system to external changes means its inability to use one. However, this does
not mean that Belousov-Zhabotinsky reaction analogues will behave accordingly. The data obtained can serve as a basis for
comparing of the reaction studied and other oscillatory reactions.
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(Pharm), Sechenov First Moscow State Medicine University, and lyceum teacher Victor S. Malinsky, Ph.D. Without their
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NccnepoBaHne aHanoroe peakumn benoycoBa->XaboTUHCKOrO gaeT MMMNyAbC pPa3BUTUIO TakKMUX Hanpas/€HWW COBPEMEHHOWM
HayKW, KaK CMHepretuka, Teopms AMHaAMUYECKNX CUCTEM U AeTepPMUHMPOBAHHOINO Xaoca. B agaHHon paboTe HamMu M3y4yeHa oa-
Ha M3 MHOMOYUC/IEHHbIX KonebaTeNibHbIX peakuun, Anas8 npoBedeHuss KOTOpoW Mcnonb3yT MOHbl Ce3+ / Ce4+ M JIMMOHHYIO
Kncnoty. OCHOBHOM uUenblo uccrnenoBaHusa 6bi10 M3ydyeHue noBeAeHUs aBToKaTanMTMyeckon konebaTenbHOM peakuMOHHOWN
CUCTEMbl B 3aBUCMMOCTU OT WM3MEHEHWUS KOHLEHTpauuMu CepHOM KUCNOTbl U TemnepaTypbl peakuumoHHOWM cMmecun. B xope
3KCMepuMeHTa Mbl NOATBEPANSIN, UYTO YCTOMUYMBOCTb KonebaTesibHOM CUCTEMbl 3aBUCUT OT KMUCNOTHOCTU peakUMOHHOW CMecH.
YBennyeHue KoanmdectBa CEepHOW KUCNOTbl SBASETCS pe3y/ibTaTOM YCKOpeHus okucneHus moHoB Ce3+ U, Kak cneactseue,
YCKOpPEeHUs CKOpOCTM KonebaTenbHOW peakuun. AKTUBUPYHOWMNA 3PEdEKT Ha M3YUYEHHYH peakuMio OKa3blBaeT MOBbIWEHME
TemMnepaTypbl, OAHAKO Habnwgaembln 3pdekT MoxXeT OblTb YaCTUYHO 3aMeHeH MeXaHUWYeCKUM BO34eNCTBMEeM Ha
peakuMOHHY cuctemy. N8 XWBbIX OpPraHM3MOB Takas 4YyBCTBUTENIbHOCTb CUCTEMbl K BHELWHWM MU3MEHEHUAM O3HaudaeT
HecnocobHOCTb ee uUcnonb3oBaHUA. OQHAKO 3TO He O3HayaeT, YTo aHanorn peakummn bBenoycosa->XaboTuHckoro 6yayT BecTum
cebsa cooTBeTCTBYOWNM 06pa3oM. lonyyeHHble AaHHble MOryT CAYXWUTb OCHOBOM AN CPpaBHEHUS UCCeAYyEMOW peakuum U
APYrnX BNMAOB KonebaTenbHbIX peakuuin.

KnoueBble cnoBa: aBToKaTanutTuyeckas konebatenbHas peaKkuunsa,
peaKLlMOHHOVI cpeabl, LlepMVI—KaTaﬂMBMpyeMble peaKLUUn, KJIETOYHbIE YacCbl.

peakums benoycoBa->XaboTUHCKOro, KWUCIOTHOCTb

JINTEPATYPA
1. BenoycoBs ©b. Il. Mepnmoagmuyeckun pencrtTBytlWasas peakuyuunmsa un oeé
TONHOW MeaAUWUWHE. M. : =IMé aor ns, 1958. C. 145
2. 'y oBIBHAHAQMNNT N YJBMC3KMaoST B N @ M@K 3 B U B a toaupmrxacHin/3Mvoogpe. AM.)XKa b6 O T M HLC K O
M. : M99 287 ¢c.

3. XaboTumuHCcKkuun A. M. KoOHUueHTpauyumoHHBLE aBToOKOnebGaHA. M.
4. XaboTuHCcKkuUn A. M. MepnmoamMUYecKUNUn XoaBORaACTIBREpPE MAOCOOMORABC
Knm peakuumun benoycosa) .9/ Bwodpund3llk@. 3064. T
5. M3 mcTtTopuum OTKPHLTUA U MNU3IYyUYeHUWHI aBTOKOMebBATeE /HUbedbIXKIO BITK]

Tna peakuyunmn-XBéooyeadmieerkor poHHbLIN petygPci]. Nar od. Ru.
npoexO0Ql1l. 1WBewuom agocTtyna: http://i1infoslphtmlnarod. ru/c

6. Field R.J., Foersterling H.D. "On the Oxybromine Chemistry Rate Constants with Cerium lons in the Field—
Koeroes-Noyes Mechanism of the BelousowZhabotinskii Reaction: The Equilibrium HBrO , + BrOzs~+ H* D
2BrOy" +H,0." The Journal of Physical Chemis8§.21 (1986): 5406-5407.

DOLZHENKO S.V., KADYSHEVA A.M. STUDY OF THE INFLUENCE OF SULFURIC ACID CONCENTRATION CHANGES ON THE COURSE OF
BELOUSOV-ZHABOTINSKY REACTION


https://orcid.org/0000-0002-8946-8018
https://orcid.org/0000-0002-8656-4338

dAekmpoHHOoe HayuyHoe usdaHue AAbMaHax TpocmpancmBo u Bpemsa T. 15. Bbin. 1 ¢ 2017
STUDIA STUDIOSORUM: YCITEXU MOAOAbIX UCCAEAOBATEAEMN Yenexu 8 wagkax o npupode

Electronic Scientific Edition Almanac Space and Time volume 15, issue 1 ‘STUDIA STUDIOSORUM: Achievements of Young Researchers’
Achievements in Natural Sciences

Elektronische wissenschaftliche Auflage Almanach ‘Raum und Zeit* Bd. 15., Ausgb. 1. ‘STUDIA STUDIOSORUM: Fortschritte der Nachwuchsforscher’
Fortschritte in den Naturwissenschaften

DOLZHENKO S.V., KADYSHEVA A.M. STUDY OF THE INFLUENCE OF SULFURIC ACID CONCENTRATION CHANGES ON THE COURSE OF
BELOUSOV-ZHABOTINSKY REACTION

7. Goodwin B.C. Analytical Physiology of Cells and Developing Organisinsndon, New York and San Francisco: Ac-
ademic Press, 1976. 249 p.

8. Lister T. Classic Chemistry Demonstrationsondon: Education Division, Royal Society of Chemistry, 1995. 284 p.

9. Motoike I., Adamatzky A. "Three -Valued Logic Gates in Reaction— Diffusion Excitable Media." Chaos, Solitons &
Fractak 24 (2005): 10#114.

10.  Palmer J. "Chemical Computer That Mimics Neurons To Be Created."BBC Science New8BC, 11 Jan. 2010. Web.
<http://news.bbc.co.uk/2/hi/science/nature/8452196.stm>.

11. Purves D.E., Augustine G.J., Fitzpatrick D.E., Katz L.C. NeuroscienceSunderland, MA: Sinauer Associates,

2004. 773 p.

12. Sirimungkal a A-D, ,F®Ol aats&kr IVing FHel d R. “Bromination Re:
Belousov-Z hab ot i ns k yhe Joyrsat o& Fhysical Chemistryl@3.8 (1999): 1038-1043.

13. Winfree A.T. “The PrehZénbboyi at ky ladeda Chenidldcdutati@i.8 (1984):
661—663.

14.  Zaikin A.N., Zhabotinsky A.M. "Concentration Wave Propagation in Two -dimensional Liquid -Phase Sel
oscillating System." Nature 225.5232 {970): 535-537.

15. Zhang D., Gyorgyi L., Pel ti er W. RhabotinBkg Reaation:i Erpersnents@and C h &
Simulations." Chaos: An Interdisciplinary Journal of Nonlinear ScieBek(1993): 723-745.

LUwntuposaHmne no NOCT P 7.0.11—2011:

Dolzhenko, S. V., Kadysheva, A. M. Study of the Influence of Sulfuric Acid Concentration Changes on the Course of
Belousov-Zhabotinsky Reaction [= N3yyeHne BANSHNA N3MEHEHUS KOHLUEHTpaLUMnu CEPHOM KMUCNOTbl Ha X0 peakuumn beno-
ycoBa->XXaboTtmnHckoro] [DnekTpoHHbIM pecypc] / C.B. AomkeHko, A.M. KagblweBa // DneKTpoOHHOE Hay4yHOe u3gaHue
AnbMmaHax lMpocTtpaHcTBo U Bpemsa. — 2017. — T. 15. — Bbein. 1: Studia studiosorum: ycnexu mMonoabix nccnegoBsaTenen.
— CTauymoHapHbI ceTeBon aapec: 2227-9490e-aprovr_e-ast15-1.2017.16.

DOLZHENKO S.V., KADYSHEVA A.M. STUDY OF THE INFLUENCE OF SULFURIC ACID CONCENTRATION CHANGES ON THE COURSE OF
BELOUSOV-ZHABOTINSKY REACTION



