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The kinetics and mechanism of oxidation of tartaric acid by broma te ions in sulphuric acid solu
tions havc been studied . As the relation between the concentration of HJO + ions and the reac
tion rate constant indicates. the spec ies in volved in the reacti on are prot c nizcd bromate ions 
(HBr03 ) and tartaric acid molecules. Their interaction is of dipole- dipole nature, as borne 
out by mea surements of the rate constant in dependence on the dielectric con, tant and on the 
ionic strength. The activation pa rameters and the stoichi ometry of thc reaction ha vc ceen eva
luated. An oscillation behaviour is observed in the presence of a Mn(ll) ca lal y, t if brom inc is 
removed from the system constantly. The concentration ra nges in which the oscillati ons occur 
have been established. Bromine is shown to play a major part in the heterogeneous oscillation 

system. 

According to Noyes! , osci llation reactions involving oxidation s of organ ic wbstrates by bro mate 
can be classed in five groups. The fourth group includes ea,ily oxidized wbstrates such as oxa lic 
acid2 , 3 , and redox catalysts. Oscillat ions of the metal cataly,t o r bromine only take place if the 
latter is removed from the reaction solution with an inert gas. We have found that tartaric acid 
can act as an organic substrate in a heterogeneous osci lla tion reaction of this kind 4 Tartaric 
acid, as well as oxalic acid, is incapable of formati on of bromo derivatives, in contra, t to sub
strates for a classical Belousov- Zhabotinskii oscillation reacti on. Tartaric acid (which is ox idized 
without bromination) has been u,ed for a homogeneous oscillation reaction in a mixt ure with 
acetoneS (which is brominated , but not oxidized). Oscillation reacticns with mixed ~ l bt lates 
belong to the third group in Noyes' classification. 

The aim of the present work was to gain insight into the kinetics of some partial 
reactions taking place in the oscillation system tartaric acid-BrO; -Mn(JI)- H 2S04 
and to determine the concentration ranges in which oscillations take place in thi s 
system. Attention was paid particularly to the kinetics and mechanism of the oxida
tion-reduction reaction of bromate ions with tartaric acid, which had not been exa
mined before. The rate constant of this reaction and the rate constants of reduction 
of Mn(lII) and Ce(IV) ions by tartaric acid were measured. 
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EXPEIUMENTAL 

The kinetics of oxidatio n of tarlatic acid by bro mate ions was examined polarographically by re
cording the time dependence of the limiting difTusion current of Br03 ions at potentials of -- ]-0 
to -- 1·1 V a gainst 1M mercurou s sulphate electrode (M.S.E .). The oxidation of tartaric acid 
by bromine was monitored at a potential of - 0·6 V L'S M.S. E., corresponding to the limiting 
diffu sion current of bromine in 1·5M-H2 S04 . A potential of - 0·2 V vs M.S .E. was chosen for the 
reac tion s of Mn(JJI) and Ce(lV) ions with tartaric acid in 1·5M-H2 S04 . The time drop of the 
limiting diffu sion c urrent wa s fo ll owed until the reaction was at least 80% complete. The de
pendences were evaluated to give the rate comtant values. largely by mean s of the integrated 
form o f the 1st o rder kinetic equation. 

The measurement s were carried out on LP 7e (Laboratorni pristroje, Prague) and OH-IOS 
(Radelkis, Budapes t) polarographs. A Kal o usek 's polarographic vessel adapted for water thermo
statin g, in conjunction with a U 3 ultratherm ostat (Priifgerate-Werk. Medingen. GDR), served 
a s the polarographic vesse l. The rate constants reporled are a verages of three to five replicate 
mea surements accomplished with a precision of ± 5 :;~ . 

The heterogcneou s oscillation reaction of Br03, H 2 S04 , MnS04 , and C 4 H 6 0 6 wa s also 
monitored polarographica lly. The reaction was conducted in a thermostated reaction vessel . 
from which the volatile products were transferred into a Ka lou sek's vessel by means of a stream 
of nitrogcn for bulbs. In the la tter ve;sel the concentration of the only polarographically-active 
product. bromine, was determined continuously in 1·5M-H 2 S04 at a potential of - 0·6 V vs 

IVI .S.E. The nitrogen flow rate wa s held constant, usually at a value of 720 mlmin - t for 10 ml 
of reaction solution , by using a unive rsal UPLS 3 flow meter. 

The chemicals used were of reagent grade purity, the solution were made up from redistilled 
water. 

Solution of IVIn(lII) was prepared by reduction of permanganate with a slight excess of manga
nese(ll) sulphate in 5M-H 2S04 . 

RESULTS AND DISCUSSION 

Oxidalion of Tartaric Acid by Bromate Ions 

In the presence of a high excess of tartaric acid, the time dependence of the limiting 
diffusion current of BrO~ ions, in the form In (iofi) = f(t), is not linear; instead, 
it exhibits an autocatalytic nature. Tartaric acid reacts with bromate ions to give 
bromine, which is reduced by tartaric acid to bromide. Bromate ions are removed 

from the reaction mixture on account of the reaction not only with tartaric acid, 
but also with bromide ions. A rate equation for the autocatalytic process has been 
derived previously 7 for the reaction of oxalic acid with bromate ions_ If the bromine 
formed is removed from the solution by purging with nitrogen. the In Uo/i) = f(t) 
plot acquires a linear shape , thus losing its autocatalytic character and indicating 
that the process is 1st order with respect to bromate ions. An identical result is 
obtained if mercuric acetate is added to the solution to mask the bromi de ions: 
the In (io/ ;) = f(l) dependence is linear and the corresponding rate constant agrees 
with that obtained in the heterogeneous conditions, i.e_ with nitrogen purging. At 
a constant nitrogen flow rate of 7201111 min - 1 for 10 ml of bromine solution in 
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1·5M-H 2S04 , the concentration of bromine decreases with a halflife of 28 s. When 
recording the polarographic current in preselected time intervals, the nitrogen 
feed was discontinued always for a bout 10 s. 

Logarithmic analysis evidenced that the reaction is 1st order a lso with respect 
to tartaric acid. The concentration o f the la tt er was varied over the region o f 0·08 to 
1·0 mol 1- t (the concentration of bromat e was 0·5 Jlll11 0 l J - I , t he solvent wa s 1· 51.1-
-H 2S04 ) . The rate equation , for a constant concentration of hydrogen ions, thu s is 

(1) 

The 2nd order rate constant , for 1·5M-H 2S04 a nd a temperature of 25°C, is k = 
= 9·1. 10 - 4 1 mol-l S-l. 

The reaction under study is acid catalyzed; a t a constant io nic strength the rat e 
constant increases with increasing concentration of H 30 + ion s. Tartaric acid in sul
phuric acid solutions is slightly dissociated to the first degree (K 1 = 1·04 . 10- 3) 
and practically nondissociated to the second and third degres (K z = 4.55.10 - 5

, 

K3 = 2. 1O-15;ref. 6). The species entering the reaction with bromate thu s isessentia

Iy nondissocia ted tartaric acid. The dependence of the logarithm of the rate constant 
on the logarithm of the hydrogen ion concentration gives a linear plot with a slope 
of unity, indicating that a single proton is exchanged. In so acid solutions (0·6 to 
2M-H2S04 ) bromate ions give bromic acid , a strong oxidant, and the reaction prob
ably involves protonated bromate ions (HBr03) and tartaric acid molecules . The 

assumed mechanism , 

~ 
fa s t 

CHOH- COOH k" 

HBr03 + I ~ 
CHOH- COOH 

C HO 
HBrOZ + I + COZ + H 20 

CHOH - COOH 

implies the validity of Eq. (2) , . 

(2) 

accounting well for the observed effects. 

The overall stoichiometry of the reaction of bromate with tartaric acid is described 

by the equation 

The takeup of two bromate ions per molecule of tartaric acid was found by ampero

metric titrations. 
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The rate of oxidation of tartaric acid by bromate was examined also in dependence 
on the dielectric constant; acetic acid was added to the reaction system and the di
electric constant values for water- acetic acid mixtures were taken from ref.8. Ac
cording to Kirkwood's theory for dipole-dipole interactions, a linear plot , with a nega
tive slope, should be obtained in the coordinates of In k and (I' - 1)/(21' + 2). 
Our measurements, actually giving a negative slope (Fig. 1), bear out the assumption 
that the reacting species are molecules, viz. those of bromic acid and of tartaric acid. 
This is also corroborated by the fact that at a constant concentration of H 2S04 

and a constant temperature, a variation in the ionic strength, from 0·8 to 2·0 moll - I, 
did not affect the rate constant; the values corresponding to the two limiting ionic 
strengths were 3,6.10- 4 and 3'5.10- 4 1 mol- 1 S-I, respectively. 

The activation parameters of the reaction, as derived from the temperature de
pendence of the rate constant by means of Eyring's equation, are ilH* = 60·8 kJ . 
. mol - I and ilS* = -99 J K - I mol-I. The negative value of the activation entropy 
implies a higher degree of ordering, a higher compactness, of the activated com
plex as compared with the initial state. It is conceivable that a cyclic ester is formed 
as the activated complex, decomposing then to the products ; the occurrence of such 
a cyclic ester has been suggested 9 for the oxidation of a-hydroxy acids by bromate 
ions. No cyclic ester can appear in the oxidation of oxalic acid by bromate ions, 
and the activation entropy acuta1Jy is higher 7. 10. 

Oxidation of Tartaric Acid by Bromine 

The rate of oxidation of tartaric acid by bromine was evaluated by the method 
of Herbine, Brummer and Field 11, whose studied the oxidation of formic acid by bro-

0046 l-112[+1 0490 

FIG.l 

Dependence ofln k on the dielectric constant. 
cBr03- = 0·5 mmoll- 1

• cC4H606 = 0·2 mol . 
. I-I; !·5-MH2S04 • 25°C 
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mine in strongly acid solutions. The authors assume that Br;- ions are formed through 
a rapidly establishing equilibrium 

The concentration of bromine, at a constant concentration of hydrogen ions, then 
decreases as 

(3) 

where [Br2]' is the total analytical concentration of bromine, present as Br2 or Br;-. 
The rate constant, in 1·5M-H 2S04 at 20°C, is k = 1·8. 1O- 3 Imol - 1 

S-1 

Oxidation of Tartaric Acid by Mn(IIl) and Ce(IV) lOlls 

Only the apparent rale constants of oxidation of tartaric acid by Mn(lll) and Ce(lV) 
ions were determined in the conditions used for the oscillation reaction, viz. CC.H.o. = 

= 30 mmoll - I
, eM" = cCe = 0·1 mmoll - 1

, solutions in 1·5M-H 2S04 , temperature 
20°C. The rate constants for Mn(IIl) and Ce(IV) were 5· L . 10- 3 and 8·7 . 10 - 4 s - I, 

respectively. 

The Oscillation System 

If a Mn(ll) catalyst is added to the reaction mixture of tartaric acid with bromate 
ions in 1·5M-H 2S04 , the system will exhibit oscillation behaviour provid ed that bro
mine is removed constantly. This oscillation reaction belongs to the group of hetero
geneous oscillation reaction in which the organic substrate is a molecule incapable 
offormation of bromo derivatives. Oscillations of the Mn(lI)- Mn(IlI) concentration 
were observed visuaJly in the reaction vessel. The characteristic pink colour due 
to Mn(III) was accompanied by an increase in the concentration of bromine in the 
Kalousek's vessel in which its variations were monitored (Fig. 2). It follows from the 
mechanism of the Belousov-Zhabotinskii osciIlation reaction that the osciIlations 
of the concentrations of the oxidized and the reduced forms are due to periodic 
variations in the concentration of bromide ions about its critical value, while in the 
oscillation reaction of the heterogeneous type they appear as a result of the periodic 
change in the concentration of bromine 3

. Up to the critical concentration of bromine 
the autocatalytic oxidation of Mn(II) by bromate can take place: 

Br03-

Mn(II) ~ Mn(III) + Br2. 

After the bromine concentration surpasses the critical value, this reaction does not 

Collection Czechoslovak Chern. Comrnun. [Vol. 48] [1983] 



2340 Adamcikova, Knappova : 

occur and regeneration takes place: 

Mn(JII) Mn(JI) . 

'KlS:J\JsJ 45 65 95 

FIG. 2 

Oscillations of the bromine concentration (in arbitrary units) in the heterogeneous oscillation 
reaction with tartaric acid within 45 min. cBrO, - = 8 mmoll - I, ("C,HoOo = 30 mmoll - I , 

cMn(lI) = 3 mmoll- I
; 1·5M-H 2S04 • 20°C, nitrogen flow rate I 100 ml min -I, solution volume 

IOml 

10 

12 

FIG. 3 
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Dependence of the induction period (IP) and oscillation period (PP) on the concentrations of the 
components. CBrOl - = 7 mmoll- 1

, CC4H600 = 80 mmoll- I
, CMn(I1) = 3 mmoll- I

; 1'5M
-H2S04 , 20°C, nitrogen flow rate 720 ml min -I, solution volume 10 ml 
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By this reaction the reduced form of the catalyst , necessary for the preceding reaction, 
is recovered. The reaction of bromine with tartaric acid is too slow (k = 1·8 . 10 - 3 1 , 
. mol - I 

S-I) to enable the for mation of bromide ions, and so we assume that it is 

bromine that plays a major role in the oscillation behaviour of the system under study. 
The range of existence of oscillations can be identified with the range in which the 
bromine concentration can oscillate about its critical value. Such oscillations can only 
occur at certain rates of accumulation and of takeup of bromine. By varying the flow 
rate of nitrogen, the time necessary for the attainment of the critical bromine con
centration, and thereby the oscillation period, is changed. 

At a constant flow rate of nitrogen of 720 ml min - I and in the presence of Mn(ll) 
in a concentration of 3 mmol 1 - 1, our system oscillates, since for the initial concentra

tion [BrO~]o = 7 mmoll - I we have 0·035 < [BrO~]o/[C4H606]o < 0·23 , and for 
[C4 H 60 6]O = 80mmoll - l

, 0·037 < [BrO~]o/ [C4H 606]o < 1·25. 

Based on the time variations of the bromine concentration , the dependences of the 
induction period (lp) and of the oscillation period (pP) on the concentrations of the 
system components could be established (Fig. 3). By induction period is meant the 
time after which the system starts to osciJlate. This should not be confused with the 
time after which reaction (3) sets in; this reaction has its own induction period if con
sidered in analogy with the reaction of Ce(JIl) with bromateJ2. In fact, bromine 
appears immediately after the mixing of the reactants, but its concentration remains 
constant as though it were removed physically at the same rate at which it is formed. 
Only after its concentration drops below the critical value the oscillations of the 
system commence. If the concentration of tartaric acid is eight times as high as that 
of bromate ions, the system oscillates from the very beginning, without any induction 
period. Thus, during the induction period the reactions occuring adjust the concentra
tions of the starting substances so that the conditions become favourable for oscilla
tions. The induction period was very little dependent on the concentrations of sul

phuric acid and manganese(lI) ions. 

Ce(III) ions fail to act as a catalyst in the oscillation reaction with tartaric acid, 
probably because the step in which their reduced form is created is too slow. As our 
data show, the oxidation of tartaric acid by Ce(IV) ions is six times slower than 

by Mn(III) ions. 
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