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Oscillations of the Bray—Liebhafsky Reaction at Low Flow Rates in a Continuous Flow
Stirred Tank Reactor
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The iodate-catalyzed decomposition of hydrogen peroxide in an agueous solution of sulfuric acid is carried
out in a continuous flow stirred tank reactor for various reactant concentrations and flow rates. Period-one
oscillations of the iodide concentration are found. They show similar shape and dependences on inflow
concentrations as the corresponding batch system. Only residence times of more than 39 min can sustain
oscillations. We conclude that the lack of an overlying gas phase prevents oscillations at shorter residence
times, which have been observed earlier with a different experimental setup.

Introduction at 9600 s because this was found to be a good experimental
value for oscillations at a wide range of concentrations. Usually,
a transient time 2 h was allowed to elapse before oscillations
were monitored. A spectroscopical measurement of the iodine
concentration, as it is normally used for batch experiments, was
found to be too invasive to the system in that it can by itself
L ; . generate oscillations. We did not monitor the concentration of
of the reaction in a continuous flow stirred tank reactor (CSTR) oxygen because of the formation of gas bubbles in the CSTR.

was carried out in 1978 by (;hopin-Duma_s and Pacawo For a fixed hydrogen peroxide concentration of 0.2 and 0.125
used_ an overf_lovy CSTR with an overly|_ng gas phase and [H*] at a residence time of 9600 s, we varied the iodate
monitored the iodide concentration potentiometrically. concentration from 0.03 up to 0.15 M. At an iodate concentra-
The existence of a gaseous phase above the reaction mediunyony of 0.03 and 0.125 M [#] we tested hydrogen peroxide
was for a long time considered necessary for the occurrence ofzgncentrations in the range 0.060.2 M for the same residence
oscillations? In addition to the reaction kinetics, physical time. We varied the residence time in the range of 2aH000
phenomena, such as the exchange of oxygen and iodine betweeg \yjle keeping inflow concentrations at 0.03 M for Ki®.2
the liquid and the gas phase, were regarded to be essential fof, for H,0,, and 0.125 M for H. The stirring rate of the
the oscillations. Recently, an investigation of the effect of high magnetic stirrer was kept constant at a rate of about 700 rpm.

The oscillations in the iodate-catalyzed decomposition of
hydrogen peroxide in acidic medium, known as the Bray
Liebhafsky (BL) reaction, were discovered eight decadestago.
Since then, the investigations of this reaction have been
performed mostly in the batch systérithe only examination

pressures on the BL reaction by Laurenczy and Bgakstioned jjymination with ordinary neon lamps was held unchanged. The
this assumption. They concluded that the escape of oxygen ffoMyseq chemicals were potassium iodate p.a. (Riedel-de-Haen),
the liquid phase is not vital for the oscillations. hydrogen peroxide 30% p.a. (Merck), and sulfuric acid (Riedel-

We address in this paper the problem of oscillations in a de-Haen). The two syringes in the precision pump were filled
single-phase CSTR and their relation to previous observationsith two solutions: one containing potassium iodate and the
in batch. We also analyze the influence of the reactant other acidic hydrogen peroxide at various concentrations. The
concentrations and the flow rate on the oscillatory behavior of yalues for the concentrations refer to those inside the reactor.
the BL reaction.

Results and Discussion

Experimental Section Our experiments show that at long residence times (about

The experiments were carried out in a well-stirred 7.8 mL 2.5 h) the oscillating behavior of the iodide concentration in
thermostated continuous flow stirred tank reactor (CSTR) at the BL reaction in a CSTR depends on the concentrations of
333.0+ 0.2 K (60°C) fitted to two syringes in a high-precision the reactants as well as on the flow rate. No investigation of
pump which is controlled by a computer. The thickness of the the influence of the hydrogen peroxide concentration in a CSTR
electrode required such a relatively large volume of the reactor. has been performed before. As can be seen in Figure 1, the
The cylindrical CSTR has two inlet tubes at the bottom and hydrogen peroxide concentration has a big influence on the
one outlet tube at the top. Mixing by a magnetic stirrer occurred frequency of the oscillations in a CSTR but little influence on
at the bottom. The time-dependent change of the iodide the amplitude of the oscillation. The period lengthens when
concentration was monitored by an iodide-selective electrode the concentration of hydrogen peroxide is reduced (Figure 2).
(WTB J500) against a platinum electrode. A concentration Ani¢ and Kolar-Anié found similar results in batch experi-
change by a factor of 10 was calibrated to a voltage change ofments. They could only show this dependence using the mean
200 mV. Unless stated otherwise, the residence time was keptlength of period because in batch systems the period of

oscillations is affected by the gradual decline of hydrogen
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Figure 1. Potentiometric recording of the iodide concentration at 0 ' ' ' ' '
different inflow concentrations of #D,: upper trace, 0.02 M; middle 0.04 0.06 | 0.08 0.1 0.12
trace, 0.05 M; lower trace, 0.2 M. Initial time is chosen arbitrarily. [lodate] / M
Figure 4. Dependence of the period and the amplitude (inset) on the
2000 ' ' ' ' concentration of iodate.

oxygen does not impair the appearance of regular oscillations
over a rather long time interval.

The variation of the iodate concentration shows stronger
effects than changes of the hydrogen peroxide concentration in
that it influences both the frequency and the amplitude of the
oscillations. An increase of the iodate concentration brings
about a decrease in both the period and the amplitude of the
oscillations as is shown in Figure 4. A similar result was
observed in the two-phase CSTR by Chopin-Dumas and
Pacaul® although some of their measurements were done at

higher temperatures. Ahiand Kolar-Ani¢ found a similar
0 0 o 65 0'1 o '15 0'2 0.05 dependence in their batch system. Our experiments show that
" [Hydrogen Peroxide] M | oscillations exist in a large concentration range for iodate (0.03
Figure 2. Dependence of the period on the concentration of hydrogen 0.12 M). This is approximately the range described for the two-

peroxide. Error bars indicate that longer periods show larger variations phqse _CSTR' Aggin only P1 oscillations are_ found. The P2
whereas shorter periods are very regular. oscillations of iodine, which were observed in a batch system

by Vavilin et al.8 could not be reproduced as a stable pattern
leaving the oscillatory region. The lower concentration limit in our CSTR. It was only with oxygen-saturated reactant
is difficult to determine experimentally because the period of solutions and during a transient interval of 10 min that P2
oscillation tends to be less stable and can exceed 1000 s withbehavior could be seen in the iodide concentration.
these parameters. The oscillations are damped at very low A variation of the concentration of iodate affects the shape
hydrogen peroxide concentrations. In the latter case we studiedof the iodide oscillations. During the reduced phase at high
the long-term behavior (about 20 000 s) of the iodide concentra- potentials, between two minima, the iodide concentration
tion. At all concentrations of hydrogen peroxide, only period- declines when the iodate concentration is high. The opposite
one (P1) oscillations have been found. As can be seen in Figureeffect, namely a rise of the iodide concentration during this
3, the relatively high temperature of 8Q and the evolution of phase, occurs when instead of the iodate concentration the
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hydrogen peroxide concentration is increased (see Figure 5).Figure 6. Dependence of the amplitude and frequency (inset) on the
Chopin-Dumas and Pacault observed a similar effect when theyflow rate.
varied the temperature instead of the concentration of a redctant. o o )

If the acidity of the system is changed, the experiments The most |ntr|gu!ng feature of the e>'<am|nat|ons is the fact
become quite difficult to reproduce because the system isthat the BL reaction shows at a wide range of reactant
extremely sensitive to changes of the’ ldoncentration, as concentrations on!y P1 oscnlatlon_s at low fI_ov_v rates in a CSTR
Odutola et aP have shown for the reaction in batch. The region &t nearly all examined concentrations. This is in good correla-
of oscillations depends on the acidity which for the above given tion with the known experiments for the batch systémnd in
experimental parameters in the CSTR ranges approximatelythe two-phase CSTR at high flow ratesit is only at higher
from 0.09 to 0.13 M. This range is narrower than the one found acidity level that the system may switch unpredictably between
in the two-phase CSTR at high flow rates. For experiments in '€9ular large P1 oscillations and small oscillations of high
batch, even a much lower acidity of the system is sufficient to Tequéncy at a low mean iodide concentration. This behavior
sustain oscillations. With decreasing acidity the period of r€Seémbles the typical mixed-mode oscillations in the Belotisov
oscillations is significantly prolonged: e.g., at & Eoncentration ~ Zhabotinsky reaction in which a switching between a primary
of 0.107 M and at the given reaction parameters, the period of Hopf blfurcatlon and a secondary bifurcation has been fdﬂnd.
oscillation can exceed 2500 s. At acidities lower than 0.1 M, A Similar phenomenon has been reported, but not explained,
the high potential phase of the oscillations becomes “noisy” PY Chopin-Dumas and Pacalltith the two-phase CSTR at
and the rate of formation of iodide is decreased. high flow rates and high acidity. In our experiments, the time

Some of our results are in agreement with those found in the that the reaction spends in oscillations of small amplitudes can
partly comparable measurements by Chopin-Dumas and PacPe prol_ongec_i by a small temperature d(_ecrease_ (abe8r'C).
ault? However, the differences in experimental conditions do A relationship between the two most influential parameters,
not allow a complete comparison. While their group observed Namely the temperature and the acidity, is |r111agreemgnt with
oscillations of the iodide concentration at a high flow rate (with € observations in the batch system by Zetial-* According
a residence time of about 10 min), we found oscillations at quite to their conclusion, an increase of the acidity pr_oduces a similar
long residence times (in a time scale of hours). Our experiments€f€Ct s a decrease of temperature. The influence of the
do not show any oscillations at higher flow rates. We attribute [€mperature on the BL reaction in the CSTR at low flow rates
the discrepancy between our results and theirs to the differencedVill P& €xamined in a further publication.
in the experimental setup. In our case, there was no gas phas
above the solution in the reactor, whereas the other group use
a two-phase overflow CSTR. There are also differences in the It should be noted for purposes of constructing a mechanism
volume and shape of the reactors, in the mixing rates, and, mostthat the experiments reported here are the first ones to be
important, in the used H concentration, which is a very performed without a gaseous phase above the liquid phase. The
influential parameter. It is possible that the differences between gaseous phase was assufrtecbe necessary for the appearance
the two experimental systems are responsible for the observatiorof the oscillations, which were believed to be the result of a
of oscillations at totally different flow rates. We found the combination of the chemical reaction and the physical exchange
typical form of oscillations in good agreement with the known of gaseous products. Some hints that the presence of a gas phase
CSTR experiments. above the reaction mixture is unnecessary for the occurrence

A variation of the flow rate in the range of 18to 5.5 x of oscillations have been given by Laurenczy and Beako
10 s1 for the inflow concentrations of iodate (0.03 M), showed that oscillations in this reaction are possible even at
hydrogen peroxide (0.2 M), and™H0.125 M) shows that the  high pressure (up to 2000 bar).
amplitude of the oscillations decreases until a steady state is In batch systems the rate of escape of gaseous products was
reached when the flow rate is increased (see Figure 6). Thefound to influence the oscillations. By contrast, the CSTR
period of oscillations is affected to a smaller extent than the provides the possibility of removing intermediates and products
amplitude. At a flow rate of 4.% 1074 s~! damped oscillations  through the outflow which can be controlled and measured.
lead to a steady state. This behavior indicates the presence ofurthermore, the outflow affects all reactants in the same way,

a supercritical Hopf bifurcation at the critical point. The unless bubbles are formed. Therefore, the CSTR constitutes a
diagram in Figure 6 illustrates the dependence of the amplitudebetter means of collecting reliable data that can be used for
and frequency on the flow rate. constructing a mechanism for the reaction.
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