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This paper is the first part of a study reinvestigating the mechanism of the Belodbabotinsky (BZ)

reaction of oxalic acid, which is the simplest organic substrate for a BZ oscillator. New experiments are
performed to find the oscillatory region il M sulfuric acid at 20C. The removal rate of the end product
bromine by an inert gas stream is a critical parameter here: oscillations can be observed only in a window
of that parameter. The “rate constant” for the physical removal of bromine is measured as a function of the
gas flow rate and reactor volume; furthermore, the rate constants of three component reactions important in
this system are also determined. These are oxygen atom transfer reactions to the oxalic acid substrate from
Br(l) (hypobromous acid), from Br(lll) (bromous acid), and from Br(V) (acidic bromate) compounds. In
these second-order reactions, the partial order of each oxybromine species is 1. The measured rate constants
arek =17+ 2M1s ! ky =42+ 05M st andky = (7.47+ 0.1) x 10* M1 s In the case of the
HOBr—oxalic acid reaction, however, an additional parallel reaction route was found that has importance at
higher HOBr concentrations. In the mechanism of that new route, the active specie®jaBd the reaction

order is not 1 but 2 with respect to HOBr. The rate constant of this parallel reactigfl is (1.2 £ 0.2) x

10® M~2 sL. The k values measured here are compared with those reported earlier. A comparison of
experimental results with computer simulations shows that free radicals play a negligible role or no role in
the mechanism of the oxygen atom transfer reactions studied here.

1. Introduction on the dynamics. Looking for an answer, we perturbed the BZ

nd reaction by adding some oxalic acid to the system. As in a recent

S papet® we studied the effect of methanol on the BZ reaction,
it was reasonable to compare the effect of the two perturbants

1.1. Oxalic Acid in the Classical BZ ReactionThe classical ~ a@nd to perform perturbation experiments with the same BZ

version of the BelousevZhabotinsky (BZ) reaction, the cerium ~ SyStem but applying oxalic acid instead of methanol. (BZ
ion catalyzed oxidation and bromination of malonic acid by SyStems are rather sensitive to methanol perturbations. This is
acidic bromate, is the most studied chemical oscillator. This is Pecause that perturbant reacts with acidic bromate in a direct
because of the rich nonlinear temporal and spatial phenomend®action to yield bromous acid, which is the autocatalytic
exhibited by this special system under various experimental mtermed_late (_)f the BZ reaction.) Prellmlnary results suggested
conditions?~6 Thus, ever since it became widely known, there that oxalic acid can be an even more effective perturbant than
has been intense research to reveal the exact mechanism of thE'€thanol and that its direct reaction with acidic bromate is most
reaction’~12 Despite these efforts, some important details of probably also faster than that of the other perturbant. Unlike
the mechanism are still not known. This is due to the great methanol, however, oxalic acid in a BZ system can participate

number of possible organic molecular and especially radical in other significant reactions as well. Thus, if we want to
intermediate$-16 that can appear when the substrate is malonic Understand the role of oxalic acid in the classical BZ reaction,
acid. The MarburgBudapestMissoula (MBM) mechanism it is a prerequisite to d_etermlne all of its significant reactions
suggested recenttried to incorporate all of the available N @ BZ system. To this end, however, the best possible test
information about the organic intermediates, but some open Pase is not the classical BZ system with all of the complex
questions still remained. One is the role of oxalic acid in the ©rganic chemistry of malonic acid but the more simple BZ
mechanism as it was found that, both in the induction péfiod Oscillator with oxalic acid substrate.
and in the oscillatory regime itself, some oxalic acid inter- 1.3. Previous Research with Oxalic Acid OscillatorsThe
mediate is present in the reaction mixture. BZ reaction of oxalic acid is well-know#:20it was discoveret

1.2. Effect of Oxalic Acid on the Classical BZ Reaction. as early as 1979. Oscillations with this substrate can be observed
A main question is whether oxalic acid has a significant impact when a stream of inert gas (such asdiH,) is bubbled through
— the reaction mixture. The role of this inert gas stream is to
eik*.bTrr?e%hu?m correspondence should be addressed. E-mail: wittmann@ remove the disso_lved Bproduc_ed in the reaction. In t_his way,

t Budapest University of Technology and Economics. semibatch experiments (applying a batch reactor with product

* Universitadegli Studi di Palermo. removal) were performed in which the flow rate of the inert

This introduction discusses the preliminaries, motivations, a
main objectives of a research program the first part of which i
reported here.
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gas stream played the role of a dynamical parantét&aspa M sulfuric acid and at 20C before comparing the experimental
and Galambo3? performed CSTR experiments without any gas observations with the model calculations.
stream: in that case, it was the liquid flow of the CSTR that  (iii) As previously mentioned, oxalic acid and carboxyl
removed the produced bromine. Another possibility for bromine radicals also play an important role in the classical BZ oscillator.
removal is to apply a second substrate in addition to oxalic acid, Thus, additional information about the BZ oscillator with oxalic
such as acetone, that can be bromindte&lich mixed-substrate  acid can promote a better understanding of the classical BZ
systems can exhibit various interesting dynamical phenomenasystem as well.
already in a batch reactor and have been studied by many authors (iv) The mechanism of this simple BZ oscillator contains only
(see, e.qg., refs 2427). two organic reactants, namely, oxalic acid and carboxyl radical,
1.4. Earlier Model Calculations. Despite the relative but the information available about the rate constants of their
simplicity of the oxalic acid substrate system, only a few model reactions with the bromine species is limited. Thus, collecting
calculations are available in the literat#?&833 The first more data in this area is necessary. It was realized that collecting
attempt was made by Biiss and Field® who suggested that  such data is possible because at least some of these reactions
the system is a so-called bromine-hydrolysis-controlled (BHC) can be studied separately with €&nhd potentiometric measure-
oscillator. According to this model, the source of bromide ions ments.

is the hydrolysis of bromine. (Bromide ion is the control 1.6. Objectives of the Present WorkThe objectives of the
intermediate of the BZ reaction. When the substrate is malonic present work are four-fold:
acid, ther-in the classical model$—the source of the bromide () The first objective is to examine the BZ reaction of oxalic

ions is a reaction between €eand bromomalonic acid. If the  acid in a semibatch reactor with,Njas flow as a control
substrate is oxalic acid, the bromide source should be of aparameter to find the oscillatory parameter region of the reaction
different type, as no brominated organic intermediate can appearin 1 M H,SO, at 20°C. To follow the chemical oscillations,

in that case.) A BHC-type Oregonatanodel was applied by  the CQ measuring technique applied previod&ffwas chosen.
Géspa and Galambost as well to rationalize the results of their ~ Advantages of this technique are that it is sensitive and stable
CSTR experiments. The idea of bromine hydrolysis control was and the measured G@volution rate is proportional to the rate
also applied by Field and Boyd (FB)in the simulation of the of the oxalic acid consumption.

oxalic acid-acetone mixed-substrate oscillator. An additional (i) The second objective is to measure the bromine removal
new feature of this model is the important role attributed to the rate from the same semibatch reactor as a function of the N
carboxyl radical. The main source of this radical is a reaction gas flow in separate experiments to assign a “rate constant” for
between C& and oxalic acid. It is presumed that carboxyl the physical removal of bromine.

radical can react with hypobromous acid to give a bromine atom  (jii) The third objective is to study some component reactions
and inert products. In the next step, this bromine atom can reactof the oxalic acid oscillator separately in subsystems that do
further with oxalic acid to give again a carboxyl radical together not contain all the reactants of the oscillating system. There
with a bromide ion and more inert products. In other words, a are two groups of these specific reactions depending on the
bromide-producing chain reaction can appear in this way, which organic reagent, which can be (a) oxalic acid or (b) carboxyl
is an additional bromide source in the FB model. Bromine radical.

hydrolysis and the same bromide-producing chain reaction can  (a) In the case of oxalic acid, we could study only its reactions
also be found in the model of Sas#kiGaspa, Noszticzius,  with molecular oxybromine species of oxidation numbefs

and Farka¥ created a model in which an inflow of the 43, and+s5, thatis, with HOBr, HBrQ, and BrQ—. These are
autocatalytic bromous acid was added. That inflow was gener- the following oxygen atom transfer reactions

ated by a direct reaction between acidic bromate and oxalic acid.

All of these models were reviewed critically bye@&ik and (COOH), + HOBr— 2CQ, + H,O+ H" + Br  (R.)
Hlavatova32 who also suggested a new model with an optimum 2
combination of the above reactions and rate cons#ints.
However, it was a general conclusion of these studies that,
although all of the various models were able to oscillate in
certain parameter ranges, they all had difficulties in explaining (COOH), + HBrO; — 2CG, + H,0 + HBro,  (R.V)
some of the experiments.

1.5. Reasons To Reinvestigate the Oxalic Acid Oscillator.  Thus, our objective was to measuke ky, andky, the rate
In addition to the above-mentioned difficulties of the various constants of the above reactions.
models, there are other reasons that support the idea that it is Remarks on Prgous Results for These Rate Constants.
worthwhile to reinvestigate the BZ system with oxalic acid () ki has been measur&dalready but only between pH 3
substrate by performing new experiments and model calcula- and pH 6, where the important reactive species was the hydrogen
tions. The following arguments can be mentioned: oxalate ion. Here,ni 1 M sulfuric acid, most of the oxalic acid

(i) Some of the earlier model calculaticig®>°were made is in an undissociated form, and no data were available about
with an old set of rate constaAfs® that were later revised by  the reactivity of this species.

Field and Festerling3* Some further changes have been made  (lll) We are not aware of any previous attempt to measure
since then (see, e.g., the MBM mechanigm Currently, or estimatek, .

however, most of the reactions and rate constants of the (V) Sevik et al3” determinedk, by polarography at a
inorganic subset of the BZ reaction are well established, and constant ionic strength of 2 M. Here, we measikeat a
these data can be applied in the modeling of the oxalic acid different ionic strengthri 1 M H,SO, and also with a different
oscillator as well. technique based on sensitive £@easurements.

(i) Most of these rate constants were measured in 1 M (b) Experiments and model calculations on the various
sulfuric acid and at 20C, whereas previous experiments with reactions of the carboxyl radicals will be reported in a
the oxalic acid oscillator were performed mainly in 1.5 M subsequent papé?.
sulfuric acid and at laboratory temperature (around@p Thus, (iv) Finally, we want to perform model calculations for the
it seemed reasonable to repeat the oxalic acid experiments in full oscillating system with all of the available and newly

(COOH), + HBrO, — 2CO, + H,0 + HOBr  (R.III)
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collected rate constants and compare the results with the new The sensitivity of the flame ionization detector depends on
experiments reported herein. The results of these simulationsthe H, and N, flow rates. Therefore, calibration was repeated
will also be presented in a subsequent publicatfon. for each flow rate applied in the experiments.

2.2.3. ReactorA double-walled glass test tube (inner diameter
=7 mm, total volume= 5 mL) was used as the reactor. It was
thermostated to 20C. The carrier gas was introduced via a
narrow Teflon tubing (outer diameter 1.7 mm, inner diameter
= 0.8 mm) at the bottom of the reactor.

2.2.4. Injection of the Reactants into the Reactor. Role of
the Carrier Gas.The reactants were injected using a plexiglass
injector. A similar one was applied in a previous w¥rkf our
laboratory, but in that case, the reaction components were
injected via a silicon rubber septum. Here, a piston valve was
applied that could be opened by pushing the tip of the plastic
wide test tube and cooled to a few degrees belo%C0n an syringe containing the reagent. In this way, the reactants could
ice—saltwater bath. Then, 2 mLf@ M NaBrO; solution was be injected into the nitrogen carrier gas without using a metallic
added dropwise under continuous stirring with a glass rod. needle. (We found that even trace amounts of metal ions from
(During this procedure, a light pink color appears, probably the needle can affect the reaction dynamics.) The gas stream
indicating the presence of some bromic acid anhydride.) In the played multiple roles here: it carried the liquid reactants to the
next step, the test tube with the mixture was placed into a beakerreactor; created anaerobic conditions there; provided constant

2. Experimental Section

2.1. Chemicals.Oxalic acid (Reanal p.a.), Ce(924H,0
(Merck, p.a.), NaBr@ (Fluka, puriss), NaBr (Merck, p.a.),
malonic acid (Fluka, puriss), ant,80, (97%, J.T. Baker) were
used as received. All solutions were prepared with doubly
distilled water. Hypobromous acid and bromine solutions (see
later) were prepared freshly.

2.1.1. Preparation of Hypobromous Aci@his procedure is
a simplified and improved version of an earlier recifeThree
milliliters of H,O and 5 mL of 97% HSO, were mixed in a

containing hot water (about 40 °C), and the stirring with

stirring of the reaction mixture; and most importantly, stripped

the glass rod was continued. First, the pink color became deeperthe gaseous products from the reactor and carried thet€O

and then a more intense brown color appeared together with
small bubbles of oxygen. Then, the oxygen evolution started to
grow autocatalytically. The stoichiometry of the main overall
reaction is

HBrO, — HOBr + O,

As the rate of the oxygen evolution became intense, some
cooling with the ice-water bath was applied periodically to
prevent the formation of a high foam column. The end of the

vigorous oxygen evolution period was marked by the appearance, i cett

of elemental bromine in larger amounts. At this point, to avoid
further decomposition of the produced hypobromous acid to
bromine, the reaction was stopped by diluting the mixture with
water to 50 mL. The byproduct elemental bromine was removed
by sucking air through the solution with an aspirator. An intense
bubbling of air was continued for 15 min. Then, 44 mL oiCH
was added to obtain an HOBr solution-il M sulfuric acid.

An aliquot of the light yellow HOBr solution prepared in this
way was titrated with 0.01 M KBr solution. In the potentiometric
titration, the indicator electrode was a silver wire coated with a
thin layer of silver bromidé® The concentration of the freshly
prepared stock solution was around 224) x 1072 M.

2.1.2. Preparation of Aqueous BrominBromide Solution.
NaBrG; (0.25 mmol, 37.7 mg) and NaBr (1.5 mmol, 154.3 mg)
were dissolved in 25 mL fol M sulfuric acid. The final
concentrations were [Bf= 0.03 M and [Br] = 0.01 M.

2.2. Experimental Procedures Associated with C@Mea-
surements.2.2.1. Apparatus for COMeasurementsthe CQ
measuring instrument was similar to the one applied in our
previous experiment$:35A nitrogen carrier gas containing the
CO, removed from the reactor was mixed with a hydrogen gas
flow (flow rate = 40 mL/min), and then the CQvas converted

the measuring system.

2.2.5. CQ Measurements on the BZ Reactioh2.5.1.
Preparation of the Reaction Mixture. Components of the BZ
reaction system were injected into the reactor in the following
order: 0.35 mL of 120 mM NaBr@solution (in water), 0.625
mL of 1.6 mM Ce(SQ); solution (h 2 M H,SOy), 0.55 mL of
water, 0.075 mL of 10 M kSO4. The mixture was bubbled
with the carrier nitrogen gas for 0.5 min. Then, the reaction
was started by injecting 0.4 mL of 0.1 M oxalic acid solution
(in water). Thus, after mixing, the initial concentrations of the
main reactants were 20 mM oxalic acid, 21 mM bromate, 0.5
, and 1 M sulfuric acid in a total volume of 2 mL.

2.2.5.2. CQ Measurements on Subsystems of the BZ
Reaction. These measurements were performed in a similar way
as in the case of an oscillating system, but in this case, we were
interested in the initial rate of the reaction and not in its
dynamics. The initial reaction rate was calculated by extrapolat-
ing the CQ evolution rate to time zero. The rate constants of
the various component reactions were calculated from the initial
reaction rates and component concentrations.

2.2.5.3. Measurement of the Oxalic Aeidcidic Bromate

Reaction. Components of the reaction were injected into the
reactor in the following order: 0.5 mL of 120 mM NaBgO
solution in water, 0.8 mL of water, 0.2 mL of 10 M,BO;.
The reaction was then started by injecting 0.5 mL of 0.1 M
oxalic acid in water. The initial concentrations in the reactor
after mixing were therefore 30 mM bromate, 25 mM oxalic
acid, anl 1 M sulfuric acid in a total volume of 2 mL.

2.2.5.4. Experiment to Determine the Rate of the Oxalic
Acid—Bromous Acid Reaction. Components of the reaction
were injected into the reactor in the following order: 0.5 mL
of 120 mM NaBrQ solution in water, 0.4 mL of water, 0.1
mL of 10 M HySOy, 0.5 mL of 0.4 M malonic acid in 2 M
sulfuric acid. The reaction was then started by injecting 0.5 mL

to methane on a nickel catalyst. Finally, the methane concentra-of 0.1 M oxalic acid in water. The initial concentrations in the

tion of the gas mixture was measured by a flame ionization

reactor after mixing were therefore 30 mM bromate, 25 mM

detector (FID). Further details of the method and the apparatusoxalic acid, 100 mM malonic acid, and 1 M sulfuric acid in a

can be found in ref 35.

2.2.2. Calibration of the C® Measuring ApparatusThe
apparatus actually measures ZOw rates. Thus, the calibration
required a C@source with a known output. Generation of £0
by electrolysis from an aqueous mixture of sulfuric and oxalic
acids was applied for that purpo¥eThe electric current was
controlled by an electronic current generator.

total volume of 2 mL.

2.3. Experiments Applying Potentiometry.2.3.1. Measure-
ment of k, the “Rate Constant” for the Physical Rewal of
Bromine.The reactor applied in these measurements had the
same geometry as the one used in the BZ experiments. The
only difference was that a platinum electrode and a Ag/AgBr
electrode were mounted at the bottom of the reactor to monitor
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the bromine concentration of the mixture. A solution containing
both bromine and bromide ([gr= 0.03 M, [Br-] = 0.01 M)
in 1 M sulfuric acid (total volume= 1, 2, or 4 mL) was pipetted

Pelle et al.

According to the recorded potentiometric traces, two different
mechanisms are active in the HOBr oxalic acid reaction: one
in which the reaction order with respect to HOBr is 1 and

into the reactor. Then, the reactor was closed, and a constantanother in which that order is 2. To determine the rate constants

flow (20, 30, 40, or 50 mL/min) of the nitrogen carrier gas was
applied. Removal of the bromine was indicated by the continu-
ously dropping potential of the Pt electrode. The Nernstian
voltage,e, measured between the two electrodes atQ@an

be expressed as

€ =¢,+ 12.6 mV In([Br)/[Br],)

where¢g is the voltage at the start of the bromine removal.

of the two parallel processes, the potentiometric curves were
evaluated by a special curve-fitting method described in the
Appendix.

In the experiments discussed above, oxalic acid was applied
in a relatively low initial concentration; it was in only a slight
stoichiometric excess over the initial hypobromous acid amount.
In such dilute solutions, the rate of the reaction was slow enough
to be followed with our AgBr electrode, whose potential
otherwise responded with some delay to rapid changes in the

(Because the bromide concentration does not change in theHOBr concentration. We found, however, that any error due to

course of this experiment, its value can be incorporated into
the constant term.) At fixed conditions, the removal rate of

bromine is proportional to its actual concentration in the aqueous
phase

d[Br,}/dt = —k4[Br,]

where the rate constakg depends on the gas flow and on the
liquid volume. The solution of the above first-order homoge-
neous linear differential equation is

[Bra] = [Bry]o exp(—kgt)
Thus, the rate of the potential change can be expressed as

defdt = —(12.6 MVkg

andkg can be calculated from the measured slope of the voltage
vs time diagram.

2.3.2. Measuring the Rate of the Hypobromous Ac€xalic
Acid Reaction.A magnetically stirred 50-mL beaker with a

such a delayed electrode response was negligible when the rate
of the electrode potential change was kept below 0.5 mV/s.

3. Results and Discussion

3.1. BZ Reaction of Oxalic Acid in a Semibatch Reactor
with Selective Bromine Removal.To study the BZ reaction
with oxalic acid substrate in a semibatch reactor, the same initial
conditions were applied in each experiment as indicated in the
caption of Figure 1.

The variable control parameter was the nitrogen gas flow that
removed the volatile endproducts (¢@nd Bg) from the
aqueous phase of the reaction mixture. As &n participate
in various reactions (see later) that slow the overall rate of the
reaction, its removal rate affects the reaction dynamics signifi-
cantly. A slower flow of the carrier gas or a higher reaction
volume results in slower bromine removal associated with a
higher steady-state bromine concentration in the reactor and with
a slower overall reaction. This is the case in Figure 1a, where
the total reaction time is about 11 000 s. The first peak after
the start of the reaction is not an “oscillation”; it is due only to
the reduction of the initial Ce& by oxalic acid. That single peak

thermostated jacket was used as the reactor. The hypobromouss followed by a long induction period (more than 8000 s) during

acid concentration was monitored by a special Ag/AgBr
electrode (silver wire electrode coated with AgBr rf@ltin
strongly acidic solutions, HOBr gives a close-to-Nernstian
potential response because of its corrosive reaction with the
electrode materia® In the present case, the electrode response
for HOBr was (59+ 2) mV/decade in the concentration range
of our experiments, which agrees well within the experimental
error with the theoretical sensitivity of 58.1 mV/decade valid
at 20°C. Thus, that theoretical value was applied in our further
calculations. A Ag/AgCI reference electrode was used in a
solution containing both KCl and 430, at 1 M concentrations.

which the Cé&* concentration and the rate of G@volution

are low. After the induction period, a relatively short oscillatory
regime with five slow oscillations occurs. In Figure 1b, the rate
of bromine removal is increased by a factore?2 (5.7/3.1=
1.84) compared to that in Figure 1a, and this shortens the overall
reaction time by a factor of~1.6 (11 000/700G= 1.57), the
time period of the oscillations by a factor efl.4 (380/280),
and especially the induction period by a factor-e?.6 (8600/
3300). The oscillatory regime is now longer and contains twice
as many oscillations. In addition, the amplitude is also ap-
proximately doubled. When the gas flow is again increased by

The reference electrode was connected to the reactor via a sale factor of 2 (see Figure 1c), the shrinking induction time

bridge filled with 1 M H,SO,. (The presence of the sulfuric
acid both in the reference solution and in the salt bridge helped
to keep the otherwise somewhat unstable liguiguid junction
potentials at a low value. The absolute potential was not
important in this experiment.) The voltage, of the above
galvanic cell thermostated to 2C€C can be expressed as

€ = ¢y + 25.2 mV In([HOBr]/[HOBr],)

wheregg is the voltage at the start of the experiment.

First, 39.2 mL & 1 M H,SO, was pipetted into the reactor,
and then 0.5 mL of freshly prepared HOBr solution {2
mM in 1 M H,SOy) was added under continuous stirring. After
5 min, when the measured potential reached a steady value
the reaction was started by injecting 0.3 mL of 40 mM oxalic
acid (in 1 M H,SQy) into the reactor. The initial concentrations
were as follows: [HOBi= 0.24-0.27 mM, [OAp = 0.3 mM,
[HaSOilo = 1 M.

disappears completely, and the other tendencies continue: both
the time period of the oscillations and the overall reaction time
become shorter. The last peak, however, develops a shoulder
and becomes much wider than the previous ones. As the gas
flow rate is increased further, the oscillatory regime shrinks,
but the width of the last peak with the shoulder does not change
significantly (it grows slightly). When the bromine removal rate
reaches a critical interval (2X5< kg < 24 s71), the oscillatory
region rapidly shrinks and finally disappears (Figure-1d
Observe that small-amplitude oscillations appear on the top of
the shoulder as the regime of the large-amplitude oscillations
shrinks, indicating a supercritical Hopf-bifurcation-like scenario.
3.2. Rate Constant of Bromine Decay as a Function of
the Stripping Gas Flow. The physical removal of bromine by
the nitrogen carrier gas can be regarded as a first-order chemical
reaction [Be(aqg) — Bry(gas)], as its rate is proportional to the
bromine concentration in the aqueous phase. This was verified
by measuring the potential of a platinum electrode vs a Ag/
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Figure 1. Dynamics of the BZ reaction with oxalic acid in a semibatch reactor as a function of the bromine removal rate. Initial concentrations:
[NaBrOs]o = 21 mM, [OA]o = 20 mM, [Ce(SQ);] = 0.5 mM, [H,SOy] = 1 M. The thermostated temperature was°20in all experiments. The
reaction volume and the nitrogen carrier gas velocity were changed tdyattye bromine removal rate. The values were calculated from the

plots of Figure 2. (a) Reaction volumé= 4 mL, flow rate of carrier gasv = 20 mL/min,ks = 3.1 x 1073 s7%, time period of oscillations =

380 s. (b)V =2 mL,w = 20 mL/min, kg = 5.7 x 103s%, 1 =280 s. (c)V=2 mL, w= 40 mL/min, ks = 11.4 x 103s%, 7 = 165 s. (d)V

=2mL, w= 60 mL/min,ks = 17.2x 10%s%, 7 =160s. (V=1 mL, w= 50 mL/min,ks = 18.9x 103s?,t=150s. (V=1 mL,w

= 55 mL/min, ks = 20.8 x 103sL

AgBr electrode. The reactor was filled with a 1 M sulfuric acid and the contribution of the reaction between hypobromous acid
solution (1, 2, or 4 mL, as in the BZ experiments) also and oxalate ion is negligible. Smith could describe the con-
containing bromide ([Br] = 0.01 M) and bromine ([Bio = sumption of bromine in his experiments with the following rate
0.001 M). The potentiometric trace recorded while the bromine law

was stripped by the gas flow was a straight line, thus confirming

that the assumption of the first-order decay is véig) the rate d[Br,] /dt = —k oA [HOA ][HOBI]

constant of the bromine decay process, was calculated from the

slope of the potentiometric trace as discussed in the Experi-where [Bp] is the analytical bromine concentration (a value

mental Section. Figure 2 displays the results. that can be determined, for example, by titration and that, in
3.3. Mechanism of and Rate Constants for the Hypobro- his case, also included bromine bound in tribromide ion) and
mous Acid—Oxalic Acid Reaction. The rate constant of R.I,  [HOA™]is the concentration of hydrogen oxalate ion. According

the reaction between hypobromous and oxalic acids, has beerto Smith,kyoa = 230 Mt s7! at 20°C.

measured by several authors. The most recent work was Inthe oscillatory BZ reaction of oxalic acid, the sulfuric acid
published by Smitff in 1972. He performed batch experiments concentrations 1 M ([H'] = 1.29 M); thus, we wanted to

in buffered solutions containing oxalic acid, bromine, and investigate the oxalic acithypobromous acid reaction in such
bromide and monitored the bromine concentration by measuringa medium. This hydrogen ion concentration, however, is much
the potential of a bright platinum electrode. The pH of the higher than the one applied by Smith. Therefore, in this case,
buffered solutions was between 3 and 6. In this pH range, it most of the oxalic acid is in acid form, and only a small fraction
was found that the active species is the hydrogen oxalate ionof the added oxalic acid, with concentration [QA]Js in the
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0.000 ' y ' ' ' ' y ' Figure 3. Potential of a special Ag/AgBr electrode (silver wire coated
0 10 20 30 40 50 60 70 80 with AgBr; see the Experimental Section) as a function of time. The
w [cm®/min] electrode in this case works as a hypobromous acid selective electrode
Figure 2. kg, the rate constant of the physical removal of bromine (see text for explanation). Initial concentrations: [HQB#0.27 mM,
from the aqueous phase, as a function of the nitrogen gas flomwvate, [OA]o = 0.3 mM, [H;SOQy]o = 1 M. Temperature= 20 °C. Oxalic acid

bubbling through the liquid (d[By/dt = —kg[Br,], where [BEg] is the was added as the last component at the moment indicated by an arrow.
concentration of dissolved bromind); depends on the volum¥é of Curve a, experiment; curve b, theory calculated Witk 17 M1 s7*
the aqueous phase as wallV = 1 mL, ks ~ 3.78 x 1074 s~ *-w/mL/ andk® = 120 000 M2 s71. The method of calculation is described in

min. BV =2mL, ks ~ 2.86 x 10°% s~ 2-w/mL/min. A V=4 mL, kg the Appendix.
~ 1.55x 1074 st-w/mL/min.
the initial slope was not constant but rather depended on the

hydrogen oxalate form initial HOBr concentration. At this point, it became evident that
a new rate law consistent with the experiments should be found.
[OA], = [OA] + [HOA™] In fact, assuming an additional parallel reaction between HOBr
and oxalic acid, we could obtain a different rate law that was
This fraction,, can be expressed as able to describe our observations. The suggested rate law has
two terms

= [HOA™J/[OA] , = 1/(1 + [HT)/K)) C o W@
| | |

where K; is the first dissociation constant of oxalic acid. ) . )
According to a reference tabféK, = 2.4 x 10-2 M at 20°C. wherer is the rate of the total HOBr consumption and its two
Applying this value and the actual hydrogen ion concentration t€rms are given by

of 1.29 M, & = 1.83 x 1072 Thus, assuming that it is @ @ )
exclusively the hydrogen oxalate ion that can react with the 1" = 2K[OA][HOBr] and %)= 2k @[OA][HOBI]
hypobromous acid and that any contribution from the undisso- . - .

ciated oxalic acid itself can be neglected, the rate law found by ~ As can be seen in the new additional term, the reaction order

Smith can be extrapolated to with respect to HOBr is not 1 but 2, so this parallel reaction
should have a different mechanism. As a termolecular mecha-
d[HOBr)/dt = —k0s[HOA J[HOBr] = nism is not a very probable explanation for the new rate law, it
is more realistic to assume a preequilibrium involving two HOBr
~koaflOA] A[HOBI] molecules, i.e.

According to the above formul& = kyoaf, that is,k should 2HOBr< Br,0 + H,0
be 4.2 M1 s7tin 1 M sulfuric acid.
On the basis of Smith’s results, we expected that the HOBr  The bromine monoxide produced in the above preequilibrium

oxalic acid reaction is pseudo-first-order if oxalic acid is in  can react with oxalic acid to give elemental bromine and another
excess. In that case, during the HORxalic acid reaction, the  \water molecule

potential of a AgBr electrode should decrease linearly. (This is

because the hypobromous acid concentration should decrease Br,0 + (COOH), — Br, + 2CQ, + H,0O
exponentially in a pseudo-first-order reaction and the electrode

potential depends on the logarithm of the HOBr concentration.) Although the mechanism, and consequently the rate law, of
The slope {ga) of such an electrode potential vs time diagram the above additional reaction route is different, its resulting
would be stoichiometry

tgo ~ —(25.2 mV) & [OA], 2HOBr + (COOH), — Br, + 2CQ, + 2H,0

assuming that the oxalic acid concentration remains essentiallyis the same as what can be observed in a reaction sequence in
constant. (This can be a good approximation if oxalic acid is which the first step is bromide production in reaction R.I,
applied in excess or if only the initial slope is considered. The followed by the reaction of the resulting bromide ion with
factor of 2 is due to the fast consecutive reaction of the produced another HOBr.

bromide ion with a second hypobromous acid molecule.) As Figure 3 shows, the nonlinear AgBr electrode potential
Originally, we planned to calculate from the above formula.  vs time curve recorded in the course of a HEGBKalic acid

In the real experiments, however, we found that the potential reaction can be fitted well with the above hypothesis: the
vs time diagrams were not straight lines (see Figure 3) and evenexperimental (curve a) and the theoretical (curve b) potential
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time diagrams are in a good agreement if khandk,® values 301
are chosen properly. On the basis of seven parallel experiments, ' a
we foundk = 17 £ 2 M 1standk®@ = (1.2 + 0.2) x 1C° 251
M~2s7L At lower HOBr concentrations (below 1®M), such < b
as in the experiments of Smiththe contribution of the newly 3 201
observed term to the rate of the HOByxalic acid reaction is 5 154
negligible. g
Nevertheless, the rate constant of the term that is first-order 8 104
with respect to HOBr is not 4.2 M s72, as could be expected - 0.5
from an extrapolation of Smith’s results, but rather is about four
times larger. This result suggests that the reaction of the 0.0 T T T )
0 200 400 600 800

undissociated oxalic acid with the hypobromous acid cannot .
be neglectedia 1 Msulfuric acid solution. Assuming a similar _ o _ ®) )
rate |aW between OA and HOBr Wlth a rate Constank@{, Flgure 4. Carbon dioxide evolution I’atm(nol of COz/S in 1-dn?
reactor volume) vs time. Initial concentrations in the experiment giving
the overall rate constant can be expressed as curve a: [(COOHJo = 0.025 M. [NaBrQJo = 0.030 M, [FSQyo —
k| — kH 0 + ko (1 _ 0) 1 M. In experiment b, oxalic acid, sodium bromate, and sulfuric acid
OA A were applied in the same initial concentrations, but in addition, malonic
. . o . acid was also present at a concentration of 0.1 M. Initial rate of CO
which giveskoa = 13 2 M~*s7%. Thus, althouglkoa is about evolution (extrapolated back to zero time): 2ol of CO, 571 dm3
20 times smaller thakiop, its contribution cannot be neglected  in experiment a and 1.98mol of CO; st dm=2 in experiment b. The

when@ is small. nitrogen gas flow rate was 40 mL/min.
3.4. Determination ofky. CO, Evolution in the Reaction o ] )
of Acidic Bromate with Oxalic Acid. As shown in Figure 4, The rate-determining step of process P1 is R.V. This

the initial CQ evolution rate is 2.@&mol s'1 dm2 in experiment conclusion was corroborated by computer simulations, which
a. This carbon dioxide is coming from reactions of oxalic acid also showed that (i) the rate of disproportionation of bromous
with three different oxybromine species: acidic bromate, acid is negligible because, under these conditions, bromous acid
bromous acid’ and hypobromous acid. In each reaction’ onereacts mainly with bromide in reaction R.II-1, and (II) the rate
oxygen atom is transferred from the oxybromine species to the of bromous and hypobromous acid production in reaction R.V-1

oxalic acid is also negligible compared to the rate of bromous acid
production in reaction R.V.
H + BrO, + (COOH), — HBro, + 2CGO, + H,0 (R.V) Thus, the rate of the CQevolution,lco,, is 5 times higher

(according to computer simulations, this factor is 5.02) than

HBrO, + (COOH), — HOBr + 2CQ, + H,O0  (R.III) the rate of reaction R.V. According to this relationship,can
be calculated as

HOBr+ (COOH), —~H"+Br +2C0,+H,0 (R _
(COOM QRO R Ky = 100, (OV(5IBrO; T{(COOH))
(The Roman numeral denoting each reaction was chosen
according to the oxidation number of the oxybromine species Where Ico,(0) is the initial carbon dioxide evolution rate
participating in that reaction.) Bromide (oxidation numbe) extrapolated back to time zero. The above formula assumes a
can also react with the above three oxybromine species bilinear dependence d£o,(0) on both the bromate and oxalic
acid concentrations, which was checked experimentally. Sub-
HT + BrO,” +Br + HT— HBrO, + HOBr  (R.V-1) stituting our data into the formula givés = 7.47x 104 M1
s L This is in a good agreement with the result @vBk et
HBrO, + Br~ + Ht — 2HOBr (R.III-1) al3” An interpolation of their data gives 7,4 104 M~1sL
The only difference in the applied experimental conditions is
the ionic strength, which was increased 2 M in their
experiments by the addition of sodium sulfate to the solution.
The ionic strength in our experiments was only 1.60 (this is

and hydrolysis of bromine, the reverse of the last reaction, can . . ; .
also occur. The rate constants of the last three reactions aredue mainly to te 1 M sulfuric acid solution, where the hydrogen

known}2together with the rate constant of the disproportionation !on_concentrﬁnﬁn 8 1'2.9.?./0' Thus, We can conplude th"?‘t t?\?
of bromous acid ionic strength has no sinificant impact on reaction R.V in this

concentration range.

. + - 3.5. Determination of k;;. The Oxalic Acid—Bromate
2HBrO, —~ HOBr + H™ + BrO, (R.d) Reaction in the Presence of Malonic AcidWhen malonic acid
is also present, most of the hypobromous acid reacts with this
compound to give bromomalonic acid

HOBr+ Br~ + H" < Br, + H,0 (R.I-1)

ki was already determined in a previous section, kyuand
ki are not yet known; these values we want to calculate from
the experimental data shown in Figure 4. HOBr + MA — BrMA + H.O (R.b)
In experiment a, the final product is elemental bromine, which 2 ’
is stripped from the reaction mixture by bubbling nitrogen
through it. In this case, the overall process (P1) can be describedov
with the following stoichiometry

If the now-suppressed bromine formation is neglected, the
erall stoichiometry is

4 _
HBrO, + 2.5(COOH) — 0.5Br, + 5CO, + 3H,0 (P1)  H +BrO; +2(COOH), + MA —
4CQ, + 3H,0 + BrMA (P2)
Note that the change in the oxidation number of bromine is
equal to the number of GOmolecules produced. Here, the number of Cmolecules produced is again equal to
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the decrease in the oxidation number of bromine, which is now (FB1), and there would be no significant difference between
4. Thus, if we disregard reaction R.d, the disproportionation of the two schemes. Nevertheless, because radical concentrations
bromous acid, then the rate of @évolution in case b of Figure  are very low, free radicalmolecule reactions have a much

4 should be 80% compared to that of case a; as the rate-higher probability than radicalradical reactions. This means
determining first step, reaction R.V would generate now 4CO that bromine atoms would react mainly with oxalic acid
molecules instead of 5. On the other hand, if the dispropor- molecules (producing new carboxyl radicals), whereas carboxyl
tionation of bromous acid is much faster than reactions R.Ill radicals would react primarily with HOBr (producing new
and R.III-1, then the rate of CQevolution in the presence of  bromine atoms). In this way, chain reactions would dominate
malonic acid could drop further to only 40% of the original in the oxygen atom transfer reactions. Although we cannot

rate following the stoichiometry of process P3 completely exclude such a possibility, we found it difficult to
model the experimental observations in the acidic bromate
H" + BrO,” + (COOH), + 0.5MA — oxalic acid reaction based on the above radical hypothesis. Thus,

we suggest that, even if FB1-type processes were to occur within
the activated complex, the free radicals should react with each
other there and only molecular products should escape.

In the course of the acidic bromatexalic acid reaction, the

. AR . . . starting point of another possible radical chain reaction could
is between these two limits, indicating that the disproportionation be the bromine dioxideoxalic acid reaction. Field and Boj

of bromous acid is slower than its reaction with oxalic acid; . . .

nevertheless, this process cannot be neglected. The competitiorf1ound that this reaction was slow, with a second-order rate
) ' : X ' constant of less than 150 ™M s™1. According to our model

of reactions R.1ll and R.d, which proceed with comparable rates,

: . - calculations this limit is even smaller: assuming a rate constant
provides an opportunity to determlne the unknown rate co_nstantOf 10-20 M1 s already causes observable deviations from
ki becauseky is known. According to computer simulations

including all possible reactior#$,a k value of 4.2 M1 s1is the experymer?tal results, and_l?rge deviations appear if the rate
; : constant is raised to 100 M s™1. Consequently, this reaction
compatible with the measured 71% result.

A rough estimate (which neglects any reaction of oxalic acid WIl'll'r?jsnag;ec(gﬁcjc(;%élhu%feotlLogrlrna%ivcvaolrlr(éactions do not play an
with HOBr and consecutive reactions of bromide produced in ' play any

. i . significant role in the oxalic acidacidic bromate reaction
this way) can be also obtained assuming a steady state . S L
system in the absence of cerium ions. If cerium ions are present,

2CQ, + 1.5H,0 + 0.5H" + 0.5BrQ,” + 0.5BrMA (P3)

As the rate-determining first step, reaction R.V would generate
only 2 CG, molecules in this case. Our result, 1.99/2-801%,

ry=2rg+r, however, then radical and radical chain reactions can occur. The
experimental and computational study of these radical processes
wherery = ky[BrOs ][OA], the rate of reaction R.Vyq = is the subject of our next papét.
ki[HBrO;]% andry; = k;[HBrO,][OA]. Moreover, we know
that, in the absence of malonic adido,(ref), the CQ evolution Acknowledgment. The authors thank Gabriella Taba for her
rate in this reference experiment, is help in the experiments andnizs Baliss for discussions. This
work was partially supported by Grants OTKA T-42708 and
Icoz(ref) =3Iy T-38071 and FKFP-0090/2001 and grants from M.I.U.R (ltaly),

) o as well as by the ESF Program “Reactor”.
whereas in the presence of malonic atid, is smaller, namely

leo, = 2ry + 21y, Appendix

Calculation of the Rate Constantsk; and k@ by Applying
the Integrated Rate Law of the HOBr—Oxalic Acid Reac-
tion. Regarding the differential rate law for the HOBoxalic
acid reaction and the component balance for HOBr in a batch
ky ~ (R— L){ (2kk,[BrO; /(2 — R)[OA]}1/2 reactor, we can obtain the following differential equation

Using these relationships, our experimental data, and rate
constants known from the literatutek,, can be estimated with
the following formula

whereR = 5lco/2lcoy(ref). Substituting the numerical values, dx/dt = —2kxy — 2Ky
we obtainky ~ 4.6 M~1 s71, a result that is not too far from ) ) )
the more precise result of the model calculations including all Wherex =[HOBr] andy = [OA]. This equation can be rewritten
reactions. in the form

3.6. On the Possibility of Radical Reactions in the Oxalic @
Acid—Acidic Bromate System.When modeling oxygen trans- dx/dt = k*“(a + x)(b + x)x
fer reactions R.I, R.1ll, and R.V, no radical intermediates were
assumed. In some published wotk&? however, a radical ~ wherea = 2y, — xo andb = ki/k@. (Here, the stoichiometry
mechanism has been suggested as a first step in the oxyge®f the HOBr—oxalic acid reaction was also regarded, according
atom transfer process. For example, in the case of the hypo-t0 whichx — X = 2(y — Yo), as one oxalic acid molecule
bromous acietoxalic acid reaction, bromine atom and carboxyl consumes two hypobromous acid molecules.) The latter dif-
radical are proposed to be among the first products ferential equation can be integrated in a closed form that is

explicit for the time to give
1

t———In(é)—k b In(x+a)+ a In(x+b)]
according to a scheme by Field and B&Yhinth row of Table ak| \x/ a—-b \xx+a a—Db \x+b

1). If these freshly produced free radicals react with each other, (1)
then the result is reaction R.I. In that case, the rate of reaction

R.I would be equal to the rate of the rate-determining first step In this way, with givena, k;, andk® values t vs x curves can

HOBr + (COOH), — CO, + H,0 + «Br + «COOH (FB1)
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