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C a l o r i m ~ eXl~.r~men~ on the autocatal:~i~ oscillating.btominafion of
carboxylic adds: in the presence of cerium or ~ (Belousev.-ZlwJ~fimki
reaction) are reported. They exhibit a strong modulation :of t h e - e x o ~ c - h c a t
production which returns to zero under appropria~ conditions and demonstrate two _
antagonistic effects of different time constants and heats. Under the chosen concfitions -
the brominating agent-is:the limiting factor for the:total~reactio~-By.stirring:the
solution, the form o f the osc;lht;ons can be changed or ©vencancelled o u L : A s the
time constant of the calorimete~ is nearly the same as the period.ofthe oscillations,
it is necessary to perform-a- mathematical folding, of: the obtained:thermograms to
correct f o r the thermal-inertia o t t o run the expedmcnts at low t e m ~ -

I.-IHI~ODUCr~N . . . . .. - -- :__ -- • ---_

• 7 . : . = . . -

One of the most interestin8 results of the thermody.amics of non~luilibrium
is the appearance of oscillations around a temporary~ steady state which_corresponds
to a limit cycle behaviour of t l~ system. Many such oscillation~have been f o u n d i n
recent years ranging from pure chemical reactions t 0 very complex biochemicaI
pathways in t i v l - z organisms t 7:3. Moreover, :together with rhythmic c h a n g e s j a o n e
or more parameters of the s y s t e m ~ t c m p o ~ _ t i a l and pux~ spatial s t r u c m ~ have

- . . O n e - o f , t h e intensively Studied: reactions,- the bromin~tion ofcarboxylic adds
such as malic.-,malonie .or maleic acid_in the p l ~ n c ~ . Of c a t a l ~ t s 3ike cer ium or

changes in the oxida onstau ot the ca ysg was
described by Belousev7 and later by Zhabotinski andc0workers~-s.:9.:Sinci~then
m~ny sclentL~S ha~-.stttdied~thix ~re~_c~tiOn!°-z°; Nevet-the]e~b -many questio-ns
~ n ~ m i n g the exact mechanism o f t h e s e c ~ I s f i o m ~ ~ o p ~>~.~L-, ~ : :>

The: urse Of the ee1OUSeX-Zhaboans :ix     ma ::i ;fonowe  ph0m-
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metncaUy, pohxrographi&Iy, manomet&aIIy and caIorimctrically, but only two 
calorimetric investigations have been conducted’*= l’. The instrument was a quasi- 

. 
ad&at&z caiorimeter monitoring the increase in teti@er&re of the kystem_~ As & 
isotherma! calorimeter of the heat fiow type is more appropriate for chemical experi- 
ments, we Iookcd for the heat per single puise and for the total heat output during the 
whde per%xi of oscillations. This paper reports the rcsufts. 

-. 

At present, the chemistry of the Bclouscv-Zhabotinski reaction is not CompIeteiy 
clear, but the main steps have been elucidated, among others, by Zhabotinski4* *- ‘, 
K6r6s et aI.13-1*, field et al.‘* 12, Degr~‘~= I1 and Bornmann et aLs6-‘*. For the 

exact description the reader is referred to the literature. 
The reaction consists of the oxidation of zhe catalyst by bromate and a subsc- 

quent raduction by carboxylic acid. During the oxidation a monobromocarboxylic 
acid is formed, which is fgrther brominatexi to a dibromocarboxyIic acid. This acid is a 
strong inhibitor of the autocatalytic oxidation of the catalyst by the bromate from 
which the bromine is formed. The reduction of the oxidized cataIyst is not influenced, 
so that the reduced form accumulates. As the dibromine compound is not stabie and 
dccomposcs, the inhibiting properties diminish. Below a critical concentration the 
o_xidation of the cataIyst is switched on again, thus leading to oscillations in the ratio 

of rcduazi and o.xid&d catatyst. The oxidized form absorbs light in the visible range, 
so that the o&Nations may be followed by changes of colour in the solution.% was 
found that the appearance of the osci&tions is practically independent of the kind of 
catalyst (curium, manganese, ferroin) and that the reaction is driven by all c%rboxyiic 
acids of the type R-CO-CH,-COOH. 

In :he case of the &oroughIy studied reaction with maionic acid, the compound 
is transfermed to monobromomalonic acid and u) diiromomaionic acid; This instable 
inhibitor decomposes to dibromoacctic acid and carbon dioxide. The carbon dioxide 

may bc ~onitorcd by means of manometric tccbniqucs’ ’ and exhiiits its existence in 
the form of bubbles on the wallsof unstimxi reactions vex&. Monobiomomalonic 
acid, diiromomalonic acid and dibromoacetic acid couId be found chromatographi- 

dY 16. i7. Some authors claim that formic acid is an end product and-that-the free 
eu.crgJ ofthis reaction drives the osciuations It. But no formic acid co&d be detected, 

so that other lines of decomposition must he folIowed. 

(a) _ Pot&Gum broma& KBrO,, 0. I’ and 02 _M_- - 
@) Mdonic acid, qH,O,, 0.4 and 0.8 M; MaIic acid, CaH40s, 0.4 and 0.8 M; 

Malcic acid, C,EI,o, 0.4 an+ 0.8 M; (a) and (b),disohed in 0.5 Mzalfiuic acid, 

H2-4- 



;I. _ : fc) Xeric nitra~ Ce(NO& - 6&b, I qM; Manganesesulfate, I&SO, - HZ&, 
46 mM;,Ferroin, 4 mM; all%~ biciistihed water> In each-experiment a total-amount of 

6 ml df (a) and (b) pfns constant 0.4 ml of(c) was used, Thus, the amount of (a) and 
(b) ranged from.OJ to 5.5 ml, - - 7 ,- . - :,- 

.- ._ -- _. _ _ 

Microcaloriinelers - ~.. -- 

Two types of calorimeter were use& both equipped with a mechanifzal stirririg 
device*’ and a giass reservcGr just above the cdorimetric vessel which contained.0_4 
ml of the cat#yst. A&r a.djustment of the thermal equilibriumthe tempe~~ciitaIyst 

conId be added from the outside by means ofasyringe,startingthereaction. : -- 
The fkst calorimeter was a Calvet-microcalorimeter (!3etaram/Lyon) With an 

effective volume of 15 ml and a sensi&ity of 61 JJV mW-1, the second was a-MCB 
calorimeter &ion/Grenoble) with a volume of 15 ml and a sensitivity of43 FV mW- ‘_ 
The Caivet instrument always worked at 30°C while the MCB was sometimes pIaced 
in a cold room to obtain reaction temperatures of 10°C. ._ 

Other equipment 

The optid experiments were performed with a spectral photometer Beckman 
DB-G and an appropriate recorder at room temperature_ A few experiments on the 

production of carbon dioxide were run with a Warburg apparatus (Braun/Meisungen)_ 

4, REsUJ2-l-s 

General findings 

In most of our experiments a system of potassium bromate, malic. acid and 
manganese sulfate was used, Malonic acid, which is most often cited in the literature, 

is nearly equally suitable, whereas with maleic acid a crystalline precipitate appears 
after a short period, which stops the osciUations_ 

Figure 1 represents a thermogram of a stirred system of mahc acid. ImmediateJy 
after addition of the catalyst ‘the heat production starts. In contrast to findings in the 
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_ 
hwamre, tb.er&b no induction period for the oxilktions, B&cause of the @krmai 
immaaredonotobstrvt~puIstsinthefirstphaxbutaMmewhat.smooihed- 

n La:er on thesinglfz pulses -me ckarer~ Amazingly, under these 4zo~~+ks 
ofstirrSngandatattmpcratun:ofSO”C,thcreisasaddcnbreakandaretumtotht 
experimental zrro line_ The slope of this decline follows the cooling Iaw wit& a time 
coustant equal to that of the calorimeter- That mkans that rhe mairkheat produciIig 
effect is switched off ins&.nt.aneo*y~ without appearance of a fixl-tha. cxothermic 
KGXC!iOQ. ,- . _- 

There iA minor as yet &own parameters which ma~chan& the form of the 
thermograms si@i~~~tiy_ Under slightly varied conditions at 30°C and- ncariy 
always at 10°C the osdations stay unt.Z Lhe very end of the reaction (FQs. 2 and 3)_ 
In this case they approach the zero line, indicating that there is a phase of approxi- 



m2ueiy no heat production_ 6 the line df expkrimkits, th+tiixG~ beUdiEetint,ty@G of 
oscilMions_ Very 0fI.c~ the iarge pukes_ sho$ small structures in themseIv&~&ch 
stay for a large number of osc&tion~ On the other hand, the Gciliations ma>- be‘ 
m0dlllatPA with a frequency Ghich is 5 to 20 ‘ties~smaller_than the originat mg+z 3 
shows a thermogram at 10°C with kverai packets of osciktions. Tl$s structure 
probably points to a second, less active inhibiting &~XX in the reaction, g&tiG f&m 
the ciiiromoacetic acid”. These. modulations sometimes also appear in the pho+ 
metric records, but always in the thezrmograms at low temperatures. 

Field et ai.*-’ demonstrated that the oxidation of the catalyst is a very quick 

se&nd-order reaction_ The reduction of the catzdyst by’ the motiobromocarboxylic 
acid is some orders of magnitude slower, so that it may be foIiowed photometrically, 

As the reduction is accompanied only by minor heat pro+tioti it & normally uot 
detected in the calorimeter, so that the falling 5ldpe exhibits ttie tiGiG co&a&t of the 
instrument. Therefore, it is correct to calculate th$ heat produ&oo of the system as 
single heatburstslg_ 

-- 
..= __ 

With the concentration of KLBrO, used_ the number of oscillations m& be 

greaterthan2CNlwitha maximum duration of the oscillation period of 6 h at room 
temperature and of several days at 10X. Number and duration depend nearly on then 
square of the KBr03 kcentration, as does the toti-heat out&_ The frequency is 
highest at the begin&g of an experiment and is sometimes halved .by. the- end; 
Therefore, it is neotssary to stzte the time in the experiment for which the frequency is 

given, Detailed information *-ill be published elsewhere. 

Heat measuremenZs , 

, The maximum heat production or maximum heat flow as taken from the Iargzst 
deficction in the thennow increases Gearly with the KBr03 concentration(Fig4). 
The &tal heat production during the experiment is determined as the ark be$weeu 
the heatffow curve and the zero I&L This heat plotted as a function of the igitial 



K&O, concentration yields a parabok slope with a power of 1.93 for stirred soIu- 
tions and 1.85 for unstirred ones, which are identical within the limits of error. KBrOS 
is thus the limiting factor in the reaction, even at very low concentrations. This is 

deariy demonSTated by the fact that after the addition of more KBrOS to a solution 
in which the osciktions have died out, the oscillations reau (Fig- 5). - 

If one assumes the bromination of the malonic acid to monobromomalonic 
acid, diiromoacetic acid and carbon dioxide’6-‘8, one may calcuiate an enthalpy 
change of -470 k3 per mole lCE3r0,. In our cqxximents the heat is -somewhat 

smakr. This indicates that the bromate is not totalIy consumed, aSthough it is the 
limiting f&or_ This is in agreementtiththefkiingthatbscillationsareonlypossibk 
in a limited conantraGon range of the reactants. The heat produced per oscillation 

ranges from 3 to 6 i, indcpen~t of the initial bromatc concentration. In expkments 
with a sudden break in the osciIlations (F5gs. 1 and 5) theheat per pulse krease~ with 
time, whereas in the case of dying oscillations they xukh towards zero. l%is is the 

behaviour descrii by Kiiriis et al. ‘*, ’ ‘_ In their quasi-adiabatic system the temper- 
a=ejmnpsd=== with time. Ckulated per milliliter the corresponding enthalpies 
are larger by a factor of appr. 1.5 than those found in our experiments. But as the 
ffisuencies also difk for the two types of experimen ts, these resuIt~ are not contra- 
dictory. At room temperature the frequency of the oscilk&ons is too high to be 

correctIy resolved by the calorimeter, because the time constant of the instrument is 
comparabie with the period of the oxiiktions. Taking into aczouxk .the thermal 
inertia of the system, the %-UC heat production curve was &k&ted from a normal 

thermogram Under these conditions, the heat production retnms to zero be&v&n 
two puI5eq i-e, there is no Iong-lasting exothermic process in the system. 

_ 

lnfruenre of teniperai7ure 
The same remIts are obtainedby Iowering the re&ti& tem&x&&~~. 109C 

_ 



FoIIowingthe Qlo ruk, theperiod length should incrtast by- a-factor l&gerxthan 4 so 
thatthe- - tal time coxlstact~mes smaII compan+vith th& period; x+ier 
these conditions, theheat bksts return to zro,-as exlkxted (lSg2); They ne&zr cross 
the final experimental zrc5 m demo-g that there may be 3xciIIationSup to; 
butnot‘&oundthe~niliirium”, I,. .Y_. -_ :: ,_; --Il.= .y:’ _: 

-The Azdxmhs plot. of -the frequencies -at various temperatures versus the 
ra5procaIs of the tempqtunzs yields a straight Ike be+zen 10 and 50°C. The-slope 
cquaIs an ztivation cnthzdpy qf 60 kJ mol- lY wbiIe lGr5sxv reports 67 kJ molT1. for 
different catalysts of this reaction, 

_. -. -_ . . _ , ___ - .- ‘T. 
;4dditionol rtzsr&s _- I. T .‘_ _ > 

In the BeIousm-Zhabotinski rzaction, periklic sp&ial ~inhomogen&ies are 
w&Ii hown4+ After a short tiductkon period, wandering-&xued-bands,may 

-/mW.-. T=283 K 



traveI aIosg the reaction vesseI_ As the appearance is dub to the oxidation ‘of the 
c.ataIyst and combined with the heat bursts, there should be fteat .b&$s alloVer the 
vessel with phase difTerences_ The totaI heat production monitoti by the mome&ry 

heatflowasthesumofalIheatprocesses should thexefore.be a smoothed c&e_ 
To obtain a complete homogeneity of the system and iir ihis way a synchroniza- 

tion of the oscillations, the contents of the vessel were s&red. At room’temperature 

the oscillation becomes more pronounced than in the unstirred sohitiod If the stirrer 
is switched off during the oscillation the amplitude drops by a factor of appr. 2 without 

G_@kant inlluence on the frequency. On the other hand, by stirring an initialIy 
aristirred solution, the amplitudes may increase six- fold with a smaIl shift iti the phase. 
The heat production may cease at a very high level (Figs. I and 5) onIy in stirred 
reactions, while in unstimzd reaction the oscillations die out (Fig. 2):At low temper- 

atures, stirring may disturb the oscillations completely,- as shoti in Fig 6, Ieading 
0nIy to an unstructured exothermic reaction. This effect has not been explained yet. 

Traces of chloride ions may totally inhibit oscillations in the Belo&ev- 
Zhabotinski reactions- IL. If NaCl is added to an oscgli;Lting solution in the period of 

decolouration, i.e., the reduction of the catalyst by carboxylic acid, the reduction 
proceeds to the end without a r,ew pulse and the heat production f&Is to zer& If 

NaCI is added during the first part of an oscillation the complete pulse is wormed 

with the subsequent return to zro (Fig. 7). This indicates that the chIoride ions 
poison the autocatalytic oxidation of the catalyst and block the feed-back system. 
However, this reaction is so quick that no direct influence can be seen within one 
oxidation period (Fi_e 7). 

AU calorimetric experiments were run with a total volume of 6 milliliters. The 
composition was varied from 0.5 ml KBr03 + 5.5 ml maIic acid to 5.5 ml KBr03 -$- 
0.5 ml malic acid in steps of 0.5 ml. With 0.5 ml KBr03 no oscillations could be 
detected, whereas with 5.5 ml there was a long induction period followed by small 

oscillations. Between 1.0 and 5.0 ml KBrOS the oscillations start immediately in the 
same form. 

The oscillations in heat production accompanying the dif&rent states of 
oxidation and reduction in the E?eIousev-Zhabotinski reaction cleariy demonstrate 
that in a closed-but not isolated-calorimetric system oscillatory kinetics &e 

applicable. In adiabatic systems osciIlaticms occur, too14m 15. Moreover, as the 
temperature rises in the heat conduction calorimeter are very smaI1 bazause of the 
good conductiGty of the heat-flow meter (in the order of lo-’ K), the examined 
reaction does not belong to the class of thermokinetic oscillations where the f&-back 
loop is driven by the heat of reaction. 

It was postulated that in closed homogen&s systems, oscillations should-be 
impossible2 2. This 

‘.. 
-25-d s*ment mufit + =oa. as t+.q*p!~_$f ,Maih$ 

bakncing is not applicable far from eq&libriumlX. Our &pe+&t$:- pr~&~i-&t 
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osdlations are pssibIe in urHined4.e.; perhaps~inhomogeneous-as well as in 
homoMeous reactions. The trkgsition from u_rst&$ ‘ti, stirred’ &@iqtis at lower 

tempemtmes with a cease of the &c&&n in heat prod&t& sho$ && i&I&&e of 

partial or total homogeneity for the oscillating reaction. It may be-that at higher 
teinperatures; and therefo& higher reaction rates, a-&tiaI inhornogeneiiy remains in 
the system in spite of the stirring _- 

Many authors cIaim tit there must be-an induction phasebefore~theoscillatious 
start Under the chosen experimental conditions, the reaction &rts im&&atdy 

after addition of the catalyst (Figs- 1 and7) The first oscillations are hard toresolve 
fuIIy in the thtiogram because of the thermaI inertia of the.systeml- But at lower 
temperatures they are quim distinct (P&L 2 and 3). Stii unexplained areYsrnalI or even 

undetectable changes in the outer’parameters which make the osciIk&ons stop or alter 
the rhythm of the-reaction (Fig. 1, Iater part). Perham they are due to incomplete 

homogeneities during stirring, to the format& of c&+n <dioxide bubbles or to 
poisoning effects Iike that with sodium chloride (Fig 7). But- &s t.I@ system-is very 
complex, other components may also be of influence_ Two forms of osciUtions in 

relation to the equilibrium are imaginable: (a) oscihations arotind -the equilibrium 
during the approach to it, and (b) oscillations around quasi-steady states during this 

approach”. ( a ) is exchrded by the principle of detailed balancing whiIe the reported 

experiments demonstrate situation (b). The amplitudes of the oscillations decrease 
with d ecreasing distance to equilibrium and finally die out (Fig, 2), but they ncyer 
cross the experimental zero line between exothermic and endothermic reactions_ - 

Ail calorixnetric and spectrophotometric experiments clearly demonstrate that 
in the stdied closed system, the oscillations vanish with time_ because they are only 
possible in a special range of concentrations of the different reactants. If the reacting 
voiurne is connected to a container of fresh soIution, the osciIIations can be kept alive 
infbiteIy_ Knowing the heat of reaction and measuri ng the heat evolved until the 
break in the osciIIations of the thermo_m, one can roughly calculate the boundary 
conditions_ They correspond to those found for initial concentrations of reactants 
which allow or exclude osciliations, A repeated addition of bromate after the end of 

thereactionwitha recurrence of the osciifations underline these results. 
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