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Imperfect mixing as a dominant factor leading to
stochastic behavior: a new system exhibiting crazy
clock behavior

Laszlo Valkai and Attila K. Horvath @2 *

It is clearly demonstrated that the arsenous acid—periodate reaction displays crazy-clock behavior when
a statistically meaningful number of kinetic runs are performed under “exactly the same” conditions.
Both extensive experimental and numerical simulation results gave convincing evidence that the
stochastic feature of the title reaction originates from the imperfection of the mixing process, and
neither local random fluctuation nor initial inhomogeneity alone is capable of explaining adequately the
observed phenomena. Imperfect mixing is manifested—in practice—in the unintentional and inherent
formation of dead volumes where the concentration of the reactants may even significantly differ from
the ones measured in the case of a completely uniform concentration distribution, and the system may
spend enough time there under imperfectly mixed conditions to complete the nonlinear chemical
process. Furthermore, it is also shown that a more efficient mixing, i.e. a smaller dead volume size and
shorter residence time being spent in the dead volume, does not necessarily mean Landolt times are
smaller than the one measured under completely homogeneous conditions. Evidently, the “initial”
concentration of the reagents in the dead volume—and of course in the rest of the solution—greatly
influences the Landolt time to be measured in the case of an individual kinetic run and may therefore
show either positive or negative deviation from the Landolt time for the completely homogeneous state.
As a result, less efficient mixing may either accelerate or decelerate the rate of a nonlinear autocatalytic
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1 Introduction

Experimental and theoretical investigations of the origin of
stochastic features in real chemical or biological systems have
received considerable general interest since the discovery of the
first two Landolt-type redox systems exhibiting serious irrepro-
ducibility in measuring the time necessary for the sudden
appearance of a product. When parallel experiments were
performed under “exactly the same experimental conditions”
in the chlorite-thiosulfate' and iodide-chlorite? reactions, the
products of chlorine dioxide and iodine, respectively, appeared
after a fairly long but strongly irreproducible time lag, making
the reactions later be classified as crazy-clock reactions.® The
phenomenon became the subject of great interest when Soai
et al. reported the discovery of asymmetric amplification in an
autocatalytic reaction in 1995, followed by their subsequent
study on the stochastic nature of enantiomerically enriched
pyrimidyl alkanol obtained from the reaction of pyrimidine-5-
carbaldehyde and diiodopropylzinc.® Since then, these reactions
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reaction at a macroscopic volume level.

have became the prototypes of stochastic chemical systems. The
application of stochastic kinetics in biology and chemistry has
recently been summarized in a comprehensive book by Erdi and
Lente.® The mathematical description is also available and a Iot of
theories and algorithms are discussed in detail, but their usage is
often limited due to the fact that a complete description of the
deterministic kinetics of these systems is either not available or
their mechanisms are too complicated. Furthermore, Lente has
recently shown that in the case of a simple autocatalytic system,
the probability distribution of Landolt times can be approximated
by an appropriate time shift property of distributions. This
approximation works pretty well and is capable of providing the
stochastic master equation of the system without any limitation
regarding the size of the system.” To visualize the difficulties of
describing the quantitative behavior of a stochastic chemical
system, so far, still no acceptable kinetic model has been suggested
for characterizing the most important nonlinear dynamical
features of the chlorite-thiosulfate and the Soai reactions, despite
the fact that tentative models containing many elementary and
non-elementary steps exist for both systems to explain some of
their exotic kinetic characteristics.®® Furthermore, a comprehen-
sive kinetic model of the iodide-chlorite system was reported in
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1996, but this model is quite complicated and involves many
important oxyhalogen intermediates."® It is therefore expected
that a simpler real chemical system may facilitate the study of
the theoretical background of the emergence of stochastic
behavior. This expectation, along with the fact that the
arsenous acid-iodate reaction exhibits crazy-clock behavior
(CCB) as reported recently by our research group,' has led us
to elucidate the comprehensive kinetic model of the arsenous
acid-iodate system,">"? including the well-known Dushman™*
and Roebuck® reactions. Very recently, Pagnacco et al.
reported'® that the state I (low iodide and iodine concen-
tration) to state II (high iodide and iodine concentration)
transition of the Briggs-Rauscher reaction'’ after leaving the
strongly reproducible oscillatory state was found to be irreprodu-
cible as well. Moreover, an efficient mixing does not only prolong
the time lag necessary for the state I to state II transition, it simply
does not allow it to happen. This study further extended the
number of systems exhibiting CCB, though the complete kinetic
description of this complex system is still in dispute.’®2° A
principle for explaining the origin of stochasticity was proposed
by Nagypal and Epstein in their preliminary work."” As discussed
in these papers, in an autocatalytic redox system, random and
local fluctuation usually occurs at a later phase of the given
reaction. In these particular places (the so-called ignition volumes),
the autocatalytic process is ignited and the concentration of key
species increases rapidly there. Upon diffusion of the autocatalyst
to the closest unreacted zones, the autocatalytic process is again
ignited in the close vicinity of the ignition volume to complete the
process in an extended volume to increase the concentration of the
autocatalyst further. The chemical wave generated this way then
finally spreads through the entire bulk of the solution. This idea
was supported by the fact that the increase of the overall volume
significantly shortens the Landolt time, because the probability
that random fluctuations produce more and more ignition places
indeed increases. In our previous report when using the arsenous
acid-iodate reactions to study the origin of CCB,'! however, it was
convincingly proven by systematically varying the stirring rate, the
way of mixing, and the geometry of the reactor, that the fate of
individual samples in this reaction is determined at the beginning
stage—upon mixing the reactants—when the system is per se
inhomogeneous. This study made it clear that even if random
fluctuation at the later stage of an autocatalytic reaction cannot be
entirely ruled out as a source of stochasticity, inherent inhomo-
geneity must play a crucial role in causing the serious irreprodu-
cibility of the individual samples performed “under exactly the
same experimental conditions”. A straightforward question may
immediately be raised, whether the inherent inhomogeneity in the
case of an autocatalytic reaction is the only factor that leads
directly to stochastic behavior, or whether there must be other—so
far hidden—components. Finding the early results of Abel and
Fiirth on the periodate-arsenous acid reaction*** gave us an idea
that it is possible to produce iodate in situ to study whether we can
or cannot eliminate CCB via introducing iodate essentially homo-
geneously by the relatively slow periodate-arsenous acid reaction.
The most important experimental findings and the conclusions to
be drawn are reported below.
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2 Experimental section
2.1 Materials

All of the materials were of the highest purity commercially
available and used without further purification. Some of the
chemicals, such as sodium arsenite, potassium periodate,
methyl red, thymolphthalein, potassium carbonate and potassium
hydrogencarbonate, were purchased from Reanal, while others,
like sodium dihydrogen phosphate, hydrochloric acid and sodium
perchlorate, were obtained from Sigma-Aldrich. Concentrated
phosphoric acid and solid sodium hydroxide were bought from
Merck and VWR, respectively. The concentrations of the acid
solutions were determined using standard titration processes,
while the concentration of the periodate solution was checked
spectrophotometrically.”® The concentration of the arsenite
stock solution was regularly determined using a routine proce-
dure described elsewhere."?

All of the stock solutions were prepared from twice ion-
exchanged and twice distilled water. The ion-exchanged water
was first distilled from potassium permanganate, then atmo-
spherically to eliminate all carbon containing, redox active
impurities from the system.

2.2 Instruments

An Analytik Jena SPECORD S600 diode array spectrophoto-
meter was used for measuring the UV-Vis spectra. Calibrated
Eppendorf Reference automatic pipettes were used for precise
volume measurements.

2.3 Methods

A large volume of each stock solution was prepared to carry out
each and every measurement “under exactly the same” initial
conditions. This way, one can easily avoid changes in the
quantities of trace impurities that are unintentionally present
in the system. The total periodate and dihydrogen-arsenite
concentrations were set to 6.50 mM and 6.35 mM, respectively.
The ionic strength and the pH were adjusted using a phosphate
buffer to 0.20 M and 1.50, respectively.

The reaction was carried out in a cylindrical vessel and its
diameter and the length of the stirrer bar used were system-
atically varied, as shown in Tables 1 and 2, respectively. The
height of the solution was set to the same level in all of the
experiments. For every different setup, 50 individual experi-
ments were carried out to obtain a cumulative distribution
function. The Landolt time was detected by the naked eye in
almost all of the experimental series, as iodine has a characteristic
visible absorption, except in one series containing 13 measurements,
where the kinetic runs were followed spectrophotometrically.

Table 1 Physical parameters of the reactors

Name Inner diameter/mm Nominal volume/mL
Tiny cylinder 10.4 3
Small cylinder 11.9 5
Big cylinder 17.4 10
Vial 23.9 20
Beaker 26.9 25

This journal is © the Owner Societies 2018
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Table 2 Physical parameters of the stirrer bars

Length/mm Diameter/mm Volume/mL
9.9 5.8 0.273
13.0 8.0 0.508
20.0 5.0 0.458

An additional three sets of experiments were done in a
round-bottomed flask, equipped with a cross-shaped magnetic
stirrer that had a diameter of 1 cm. The stirring rate was
controlled at 500 rpm in every experiment.

To avoid any disturbance effect, the experiments were tried
to be carried out using exactly the same procedure. The initiat-
ing agent was always the arsenite solution in each run and
altogether 663 individual kinetic runs were collected by one
experimentalist.

For the simulations and evaluation of the results, the
program package ChemMech>* was used.

3 Results and discussion

A sequence of reactions describing the kinetics of the period-
ate-arsenous acid reaction starts with the production of iodate
via a relatively slow reaction, represented by eqn (1). The rate
coefficient of this step was found to be 5.5 M~ s* by Abel and
Fiirth,*"** indicating that iodate may be relatively slowly pro-
duced during the course of the reaction. This makes it possible
to avoid its instantaneous but necessarily inhomogeneous
addition compared to in our previous study in the case of the
arsenous acid-iodate reaction.' For the sake of completeness,
it should be emphasized that periodate exists in its octahedral
form in an overwhelming excess over the tetrahedral form in
the aqueous solution,?® therefore we consider the former form
to be the kinetically active species.

H4I0¢ + H3AsO; — 103 + H3AsO, + 2H,O (1)

The iodate ion formed in this process is then reduced further
by arsenous acid to eventually produce an iodide ion

3H;AsO; + 10;~ — 3H,AsO,” + 1~ + 3H" @)
that ignites the Dushman reaction™ to yield iodine
10;~ + 51" + 6H" — 31, + 3H,0. (3)

Finally, iodine rapidly oxidizes arsenous acid to reform the
iodide ion in a relatively rapid process:

H;AsO; + I, + H,O —» H,AsO,  + 21" + 3H". (4)

It is therefore straightforwardly expected that under acidic
conditions where the Dushman reaction is rapid enough, the
system behaves as an iodine-clock reaction because iodine
suddenly appears after a fairly long period of time. Our pre-
liminary experiments, however, unambiguously indicated that
this time lag varies in an apparently random manner in parallel
runs. To demonstrate the CCB in this system, we carried out
some experiments in a continuously stirred sealed cuvette and
recorded the visible spectra of the solution. The results of four
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Fig. 1 Repetitions of the kinetic runs in the periodate-arsenic acid
system. T, = 6.50 mM, Tps = 6.35 mM, pH = 140, /| = 0.20 M, and the
stirring rate is 500 rpm.

different kinetic curves that are shown in Fig. 1 clearly support
the fact that the length of the induction period for an individual
kinetic run varies in a random manner between 700 and 900 s.
For the sake of completeness, it should be emphasized that the
iodine concentration slowly decreases at the final stage of the
reaction. Possibly, slow direct or indirect (via HOI and/or HIO,)
oxidation of iodine by the excess of periodate ions occurs in the
final stage.>® This side reaction, however, does not play any
significant role in the crazy-clock behavior, therefore it is
neglected in the subsequent discussion. The clear observation
of CCB immediately raises the following questions. Does this
feature of the arsenous acid-periodate reaction uniquely
belong to the characteristics of the arsenous acid-iodate sys-
tem, or is this reaction alone capable of exhibiting CCB? Does
the appearance of CCB mean that random fluctuation at a later
phase of the reaction determines the fate of an individual
sample in the case of the arsenous acid-periodate system, or
is it simply the consequence of imperfect mixing? To answer
these questions, we performed systematic studies with the
variation of several physical parameters of the mixing process
by carrying out a statistically meaningful number of experi-
ments (usually fifty or even more) under the same experimental
conditions. From the Landolt times determined experimen-
tally, a cumulative probability distribution was constructed
as was demonstrated previously."'" If we assume a normal
distribution, we may easily fit the following function to the
measured points:

qs(%) — 50% (1 + erf(t';:ﬁ’u)>

where @ is the cumulative distribution function, ¢ is the
Landolt time, p is the mean of the distribution, ¢ is the
standard deviation and erf() denotes the error function.
The results of these fits are demonstrated in a number of
different experimental setups (see Fig. 2-5), justifying a sound
agreement between the measured and calculated data.

In the first set of experiments the size of the reactor was
varied, while the same stirrer bar was used (the smallest one).
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Consequently, our experimental setup means that the overall
volume also increases with an increase of the diameter of the
reactor. As Fig. 2 shows, the most probable Landolt time is
longer as the reactor size, hence the volume, increases. Further-
more, the quality of the fit is more perfect in the middle region
(the corresponding errors are as follows: 11%, 18%, 11%, 7%,
and 9%).

This observation completely matches our previous result
reported in the arsenous acid-iodate system, but differs totally
from the main outcome of Nagypal and Epstein, where it was
demonstrated that an increase of the volume significantly
shortens the Landolt times. Careful inspection of Fig. 2 reveals
that the Landolt time belonging to the 50% probability is
slightly shortened when the diameter of the reactor increases
from 2.4 to 2.7 cm, which correspond to overall volumes of 4.67
and 5.4 mL. To ensure that this changing trend is not an
artifact, we have repeated our experiments at larger overall
volumes as well. This result is shown in Fig. 3.

First, it is clearly shown that no significant effect is observed
in the most probable Landolt time (1) when the number of
places of initiation is varied, but at the same time ¢ looks to be
larger when only a single initiation point is used. Although it
can easily be rationalized (see: later, the effect of the concen-
tration distribution of the reactants in the dead volume),
a direct comparison of ¢ values is difficult to make due to the
fact that the numbers of the individual experiments performed
significantly differs from each other. Second, it is not surpris-
ing that when the overall volume was increased from 4.8 to
7.2 mL, the Landolt time belonging to the 50% probability
became significantly shorter. It is exactly the same trend
observed by Nagypal and Epstein when varying the overall
volume from 4.0 to 10.0 mL in the chlorite-thiosulfate reac-
tion!" In other words, it means that in the case of the arsenous
acid-periodate reaction, the Landolt time belonging to the 50%
probability shows a maximum as a function of volume. For the
sake of completeness, it should also be mentioned that in the
case of Fig. 2 a small stirrer bar is used, while in the case
of Fig. 3 a cross-shaped stirrer is used to mix the solutions.

100 o ~
80
__ 60
X
o — d=1.0cm
40 - —d=12cm
— d=1.7cm
20 + — d=24cm
3 ¢ — d=2.7cm
.....
0 ® 1 1
0 500 1000 1500

tL(s)

Fig. 2 Varying the diameter of the cylindrical reactor, using the smallest
stirrer bar.
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Fig. 3 Cumulative distribution curves obtained in the case of a 25 mL
round bottomed flask equipped with a cross-shaped stirrer bar with a
diameter of 1 cm at two different overall volumes. The experiments at a
total volume of 7.2 mL were carried out by adding the initializing agent
from one (blue curve) or two (orange curve) pipettes.

As a result, the most probable Landolt time significantly
increases when the latter stirrer (1 = 1296 S, Voyeran = 4.8 mL)
is used instead of the former (u = 944 S, Voyeran = 4.67 mL) at
almost the same overall volume. This observation appears to
suggest that not only does the initial inhomogeneity play a
crucial role in determining the Landolt time—as proposed in
our previous work''—but the stirring pattern generated by the
stirrer bar and the geometry of the reactor must also affect the
fate of an individual sample via inherently providing dead
volumes with different sizes and different residence times for
the imperfectly mixed solution staying there. This hypothesis
may further be supported by varying the place of initiation.
Fig. 4 displays the result in the case of a statistically meaningful
number of samples at two different setups: when the place of
initiation was right in the center of the vortex or it was placed
approximately halfway between the wall of the reactor and the
center of the vortex. As can be clearly seen, significantly longer
Landolt times can be measured when the initiation is per-
formed right in the middle of the vortex. This result is in
complete agreement with our previous findings in the case of
the iodate-arsenous acid reaction.'” To confirm our hypothesis
mentioned previously, the movement of the stirrer bar was
varied in the next set of experiments at a constant mixing rate.
In one of the series, the rotation axis of the stirrer bar was
completely fixed, while in the other case, the stirrer bar was
allowed not only to rotate around a fixed axis but it was also
able to wander. The result is shown in Fig. 5. As this figure
clearly shows, different stirring control has a relatively huge
effect on the most probable Landolt time. When the stirrer bar
was allowed to wander, i.e., its rotating position was not fixed at
a standard axis, ¢ (798 s) became significantly shorter compared to
the other case (u = 944 s). This observation also proves that the
stirring pattern indeed has to have a major contribution to the
Landolt time. As a result, one may easily expect that changing
the size of the stirrer should also affect the measured Landolt time
because evidently the stirring pattern must be different when the
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Fig. 4 Varying the starting position, while the rest of the physical para-
meters are the same. The middle-sized stirrer bar and the largest cylind-
rical reactor are used. The green color represents the case when the
starting position was set halfway between the vortex and the wall of the
reactor, while the red color corresponds to the case when the initiation
was right in the center of the vortex.
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Fig. 5 Variation of the stirring pattern, with the use of the same reactor

and stirrer bar. The colors representing the stirring pattern belong to the
same colored curves.

same overall volume is stirred at the same stirring rate in the same
reactor by using stirrer bars with different sizes. Therefore the next
series of experiments was carried out by varying the size of the
stirrer bar. Consequently, our experimental setup means that the
total volume was slightly changed as well. The results are repre-
sented in Fig. 6.

As can be seen in contrast to our expectation, however, we
found no effect of changing the size of the stirrer bar on the
most probable Landolt time (u was found to be 918, 900 and
905 s, when the length was varied to 9.9, 13.0 and 20.0 mm,
respectively). One possible explanation of this experimental
result is that changing the size of the stirrer bar may not have
a significant effect as expected. But at the same time we would
like to stress that increasing the size of the stirrer bar means a
larger volume according to our experimental setup and thus the
increasing volume indeed has a notable effect. Following this
argument, if we accept that both the initial inhomogeneity and
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Fig. 6 Changing the stirrer bar, while the reactor is the same (the largest one).

1200 1400

the stirring pattern have a strong influence on the apparent
insensitivity of Landolt times when the size of the stirrer bar is
varied, then it may only be explained if the effects of these
forces compensate for each other.

To rationalize all of the experimental results mentioned
above, the effect of inhomogeneity being introduced artificially
in a Landolt-type deterministic kinetic model is studied using
extensive numerical simulations. The following deterministic
kinetic model is used throughout the complete numerical
study:

P+Q — R vy =k[P]Q]
R+Q - C v, =k[RPQ]

P+ C — 2R v; = k3[P][C]

where P, Q, C and R may represent, for instance, arsenous acid,
iodate or periodate, iodine and iodide, respectively. It is easy to
see that if the [Q], > [P], inequality is fulfilled, then species C
appears suddenly, when species P is completely consumed
and k; is large enough. The first simulation was performed at
constant initial concentrations, denoted [P], and [Q],, supposing
a completely uniform concentration distribution in the entire
volume (Viora) Of the solution. The time lag (the so-called Landolt
time) necessary for the sudden appearance of C is denoted ¢.
Following the concept of Horvith and Nagypal,® the analytical
solution of the differential equation governing this system may
easily be derived to calculate ¢;:

N [Qlo k> [P],
! ([Q]o*[P}o 2 )

ki ([Ply — [Qly) + k2[Q]?
2ofQly —kr o Pl — Ky
+%%EWF3¥ Vakika [Py — ki?
ki ([P]y — [Ql) + k2[Ql? ’

where In() and arctan() are the natural logarithm and the arcus
tangent functions. The mathematical background of the derivation
of eqn (5) may be found elsewhere.?® We then introduced artificial

159

(5)
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deviations from both [P], and [Q], values for a certain period of
time (#) in a small portion (Vgeaq) of the overall volume. If we
consider that the concentration of species P is [Plgock iN @ Vp gtock
volume present in the reactor and the reaction is started by
injecting species Q in a volume of Vg ok and a concentration
of [Qlstock, then of course the concentrations of species P and Q
initially in the dead volume may only vary between 0 to [Plyax dead
and 0 t0 [Q]max,dead- The expression [Almax dead = [AlstockVeotal/ Va stock
provides the value of the upper limit, where A may correspond
to the P or Q species. Furthermore, considering that during the
mixing process small parcels of solutions containing species P
and Q are placed next to each other, the values of [P], geaq and
[Qlo,deaa cannot be independent of each other. If the dead
volume consists of a volume V; of species P then [Plydead =
[P]max,deadvl/ Vdead and [Q]O,dead = [Q]max,dead(vdead - Vl)/ Vdeaq Must
be fulfilled. To perform the calculations within the dead volume,
we considered a uniform concentration distribution of species
P and Q. At the same time in the rest of the reactor, reactant
concentrations were calculated from the mass balance. Hence the
equation [A]O,bu]k = ([A]Ovtotal - [A]O,deadvdead)/ (Vtotal - Vdead) g’iVCS
the initial concentrations of the P and Q species outside the dead
volume. In this expression, A may correspond to the P and Q
species as well. This way, we obtained two different parts of the
overall volume within which the concentration distribution is
uniform, but the exact values may even differ significantly from
each other. In these two regions, the concentrations of the P, Q
and R species are calculated up to the ¢ time point in separate
calculations supposing that no transport process occurs between
these regions. This time point is systematically increased, meaning
that the system may remain inhomogeneous for a longer period of
time. Exactly at the ¢ time point, we “mixed” these solutions to
provide a completely uniform concentration distribution in the
entire volume. At this moment, we may consider that the new
initial concentrations of [P], = [P],, [Q], = [Q];, and [R], = [R],, are
valid, thus #, can be calculated from the following equation:
ka[P]y” + ko [R]oz>

(1,
[Qly — [Pl [Pl +a[R?
[Qly) + k2 ([Q)5 + [RIy?) + 262 R,

\/4k1k2 lo+[R]y) —
Zkl[P]o+4k2[R] (IPly + [R]y)

h =

ky ([P, —

2k [Qly — k1 + 2k [R]O

\/4k1k2 o+I[R]y) —
ki ([P]o [Qlo) +k2([Ql¢? + [R]?) +2k2[R]y[Ql

6)

Details of the derivation of eqn (6) may be found elsewhere.>
The Landolt time (z;) is thus calculated as ¢, = ¢ + #,. During
the simulation, &, = 10> M ' s ky =15 x 10° M 2 s % ks =
10° M ' s, P, = 7.0 mM, Qp = 10.0 mM and Vi = 3.0 mL are
used. Table 3 summarizes the calculated Landolt times at different
values, within which the system stayed in an inhomogeneous state.

As one may easily notice, ¢, calculated in this way is larger in
the majority of the simulated runs compared to the t; value
belonging to the completely uniform concentration distribu-
tion (see the first row of Table 3). However, the trend of ¢ as a
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Table 3 Calculated Landolt times at different t; values and at Vgeaq =
0.3 mL. The initial conditions are as follows: Vpock = 2.0 ML, Vqstock =
1.0 mL and V; = 0.285 mL (upper part of the table), V3 = 0.075 (middle part)
and V; = 0.015 mL (lower part). The definitions of t;, Vp stock: Va,stock and Vi
may be found in the text

t (S) Rti,dead (IJ«M) Rt‘,bulk (]JM) th (S) (5% (S)

0 0 0 542.01 542.01
10 0.0014963 0.0073017 532.41 542.41
30 0.0044891 0.0219611 513.20 543.20
60 0.0089804 0.0443066 484.31 544.31
120 0.0179781 0.0918572 425.93 545.93
180 0.0270108 0.1469210 366.23 546.23
240 0.0360963 0.2165940 304.61 544.61
300 0.0452529 0.3153470 240.61 540.61
360 0.0544994 0.4804180 173.96 533.96
420 0.0638554 0.8503790 104.68 524.68
480 0.0734124 2.7768700 33.17 513.17
10 0.0059094 0.0063940 532.88 542.88
30 0.0178039 0.0192204 516.14 544.61
60 0.0361313 0.0387043 487.19 547.19
120 0.0768481 0.0796198 432.14 552.14
180 0.1294032 0.1255930 376.56 556.56
240 0.2105297 0.1813350 319.80 559.80
300 0.3781504 0.2576560 259.87 559.87
360 1.1034473 0.411207 183.27 543.27
420 2625 262.925 0.32 420.32
480 2625 262.925 0.32 480.32
10 0.0014965 0.0061339 533.91 543.91
30 0.0044956 0.0184303 517.71 547.71
60 0.0090329 0.0370562 493.40 553.40
120 0.0184090 0.0757285 444.68 564.68
180 0.0285258 0.1179280 395.75 575.75
240 0.0399087 0.1662790 346.53 586.53
300 0.0533355 0.2248720 296.93 596.93
360 0.0700851 0.3009020 246.94 606.94
420 0.0925016 0.4088130 196.54 616.54
480 0.1255007 0.5831950 145.76 625.76

function of ¢; displays some interesting characteristics. Usually,
independently of the composition of P and Q in the dead
volume, ¢, increases with an increase of ¢; meaning that the
longer the time spent in the inhomogeneous state, the longer
the Landolt times that are expected to be observed. This trend
is unchanged when the dead volume contains species Q in a
relatively large concentration (see the bottom part of Table 3),
which is much higher than the [Q], value belonging to the
initial concentration in the case of homogeneously mixing the
reactants in the entire volume. If, however, the amount of P
present initially in the dead volume is increased compared to
the previous case (see the upper part of Table 3), the trend
mentioned above is reversed and the calculated Landolt time
(¢L) starts to decrease as t; increases further. In other words, it
means that if the system spends enough time in the dead
volume at a suitable concentration range, it may advance
further, and upon homogenization the Landolt time might
become smaller and smaller. Furthermore, careful inspection
of Table 3 also reveals that in some particular cases the Landolt
time was found to be significantly shorter compared to the one
measured at a completely uniform concentration distribution.
Without any exception, these cases belong to those situations
when the system spends enough time in the inhomogeneous
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state at a suitable concentration range of the reactants to
complete the nonlinear autocatalytic reaction in the dead
volume. Thus, when the system is homogenized, the concen-
tration of the autocatalyst reaches a critical level to ignite the
nonlinear reaction essentially within a second by spreading out
via diffusion, enhanced by the mixing process in the entire
volume. These numerical results clearly suggest that any inho-
mogeneity present locally in a reaction mixture actually starts to
increase the Landolt time, but in the case of an autocatalytic
reaction, after a certain period of time and depending on the
actual composition of the dead volume, the reaction may
proceed so that the Landolt time to be determined may also
be shorter than compared to the case when the system was
completely homogeneous over the whole period of time. To our
understanding, it means that p obtained from the fitting
procedure may refer to the efficiency of the mixing process. If
the most probable Landolt time (x) is larger than the one
determined at a completely uniform concentration distribu-
tion, it may indirectly refer to a situation where the system
spends a relatively short period of time in the inhomogeneous
state so as to not provide enough time for the autocatalytic
reaction to be advanced in such a way to significantly decrease
the measured Landolt time. However, if the most probable
Landolt time (y) is smaller, then, most likely, the efficiency of
the mixing process is so weak that the system may spend
enough time in the inhomogeneous state to complete the
autocatalytic reaction in the dead volume and the autocatalyst
formed there may then easily spread out in the entire volume by
diffusion, enhanced by the mixing process. To support this
argument, it is worthwhile to investigate the data presented in
Table 4, where the effect of the increasing size of the dead
volume is studied.

Table 4 shows the effect of increasing the size of the dead
volume on the Landolt time. The trend is quite similar to that
discussed above, i.e., it clearly depends on the composition of
the dead volume. If a large excess of Q is present in the dead
volume even for a relatively long period of time (420 s), the
Landolt time increases significantly with an increase of the

Table 4 Calculated Landolt times at different dead volumes at t; = 420 s.
Vi = 0.55V4eaq (Upper part of the table) and V; = 0.1Vgeaq (lower part of the
table). The initial conditions are as follows: Vp siock = 2.0 mL and Vq stock =
1.0 mL. The definitions of t, Vp stock: Va,stock and V3 may be found in the text

Vdead (ML) Ry dead (MM) R, buik (WM) th (5) t. ()

0 0 0.0654406 542.01 542.01
0.1 2.798086 0.0634664 113.64 533.64
0.15 2.798086 0.0624644 109.80 529.80
0.225 2.798086 0.0609422 104.44 524.44
0.3 2.798086 0.0593962 99.5 519.5

0.375 2.798086 0.0578257 94.94 514.94
0.45 2.798086 0.0562297 90.71 510.71
0.1 0.346114 0.0566498 141.02 561.02
0.15 0.346114 0.0527175 151.80 571.06
0.225 0.346114 0.0472947 166.75 586.75
0.3 0.346114 0.0423522 183.11 603.11
0.375 0.346114 0.0378039 200.05 620.05
0.45 0.346114 0.0335759 217.48 637.48
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dead volume. In an opposite case when both reagents (P and Q)
are present in the dead volume at a suitable concentration
range, this time is enough to ignite the autocatalytic reaction,
therefore the calculated Landolt time becomes smaller and
smaller when the size of the dead volume increases. It seems
to be quite obvious because the amount of R formed increases
with the increasing size of the dead volume, thus, when the
system is homogenized, the elevated level of autocatalyst
results in shorter Landolt times to complete the reaction in
the entire volume. A straightforward consequence of these
observations is that imperfect mixing does not necessarily
accelerate the rate of a nonlinear reaction when relatively large
volumes are used. It is just an opposite case to the one reported
by Niedl et al. in the case of a microfluidic channel,>” where the
imperfect mixing accelerated the rate of a nonlinear reaction.

From these results, it looks to be worthwhile to examine the
effect of reagent composition on the calculated Landolt time.
Table 5 displays the most important results of our calculations.

As can be seen in Table 5, the calculated Landolt time goes
through a minimum as a function of the concentration of
both species present in the dead volume and the minimum is
always larger than the ¢, value measured in the completely
homogeneous state if ¢ is small enough. Another interesting
feature of these calculations is that under the given conditions,
the system must remain in the inhomogeneous state for a
relatively long period of time—even under continuous stirring
conditions—to provide small ¢, values. In our opinion, it
provides a sound support to our hypothesis that indeed the
initial inhomogeneity, the size and the lifetime of the dead
volume determined by the mixing conditions explain the
variation of the Landolt time measured for an individual
kinetic run in the case of a highly nonlinear reaction when
a statistically meaningful number of samples is obtained.

Table 5 Calculated Landolt times at different V; values at t; = 180 s and at
Vgead = 0.375 mL. The initial conditions are as follows: Vp stock = 2.0 mL and
Vastock = 1.0 mL. The definitions of t;, Vp stock. Va,stock and V3 may be found
in the text

Vy (mL) R dead (HM) Ry puik (MM) th (s) t (s)

0.3 0 0.150667 369.62 549.62
0.285 0.0270108 0.149044 367.47 547.47
0.27 0.0515994 0.147365 365.45 545.72
0.255 0.0740338 0.145633 364.32 544.32
0.24 0.0944496 0.143846 363.26 543.26
0.225 0.1128660 0.142007 362.51 542.51
0.21 0.1291935 0.140116 362.09 542.09
0.195 0.1432387 0.138174 362.03 542.03
0.18 0.1547095 0.136182 362.37 542.37
0.165 0.1632259 0.134141 363.14 543.14
0.15 0.1683435 0.132052 364.43 544.43
0.135 0.1695924 0.129916 366.29 546.29
0.12 0.1665378 0.127733 368.79 548.79
0.105 0.1588578 0.125504 372.00 552.00
0.09 0.1464294 0.123230 375.96 555.96
0.075 0.1294032 0.120911 380.66 560.66
0.06 0.1082426 0.118548 386.06 566.06
0.045 0.0837071 0.116021 392.22 572.22
0.03 0.0567756 0.113692 398.62 578.62
0.015 0.0285258 0.111200 405.51 585.51
0 0 0.108666 412.61 592.61
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At the same time, we are leaning toward expressing our doubt
that local fluctuations in the later phase of a reaction in a
completely homogeneous solution might play a decisive role to
determine the stochasticity of this system.

As a next step, we interpret our experimental results in a
stepwise fashion using the concept detailed above. First, we
shall focus on the effect of the overall volume on the most
probable Landolt time (u). As demonstrated (see Fig. 2 and 3), p
displays a maximum as a function of the overall volume. This
experimental observation may be rationalized if we consider
that the dead volume is always present in practice in the case of
an imperfectly stirred system. A dead volume may easily occur
around the wall, on the surface of the solution, in the corners (if
they exist'') and in the vortex created by the stirrer bar. Of
course, the relative size of the dead volume compared to the
overall volume increases when the reaction is carried out in a
small overall volume. At the same time, the same stirrer bar
with a constant rpm value much more effectively dissipates the
reagent solutions upon initiation to provide such a condition
that the autocatalytic reaction is completed in the dead volume
within much less time than the Landolt time measured at a
completely uniform concentration distribution (see the upper
part of Table 4). If the overall volume is increased, then of
course the relative size of the dead volume decreases, therefore
the most probable Landolt time to be measured approaches the
Landolt time belonging to the hypothetical completely homo-
geneous state. A further increase of the overall volume may
even cause such a situation where the u value becomes higher
than the Landolt time of the homogeneous state. This case can
be rationalized in terms of the concentration ratio of species P
and Q in the dead volume because an increase of the overall
volume evidently increases the possibility of the appearance of
extremities in [Plogeaa and [Qloaead- However, when a critical
overall volume is reached under the given conditions, then of
course the solution present in the dead volume may survive for a
longer period of time as a result of poor mixing conditions. It
therefore creates a better chance to complete the autocatalytic
reaction, thus p starts to decrease again, as can be seen in Fig. 3.

Second, we shall also explain why and how the place of
initiation affects the most probable Landolt time. When the
initiating agent is not injected into the middle of the vortex
created by the stirrer bar, then this solution is distributed more
evenly in the reactor. It is therefore expected that in the dead
volume, the concentrations of species P and Q are closer to
those values that may correspond to the hypothetically homo-
geneous state. Thus, according to Table 5, the measured Land-
olt times are expected to be lower. In the opposite case when
the reaction is started by injecting the initiating solution at the
center of the vortex, the mixing process is far from being
efficient, thus creating a dead volume where one of the reagents
is in an overwhelming excess compared to the other one. Accord-
ing to Table 5, the most probable Landolt time should increase, in
complete agreement with our experimental findings.

Third, we shall focus on the results obtained using different
stirring patterns of the stirrer bar. Of course, when the stirrer
bar rotates around an unfixed axis—i.e. it wanders—it
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decreases the size of the dead volume as well as the time being
spent by the poorly mixed solution in the dead volume. They
both act to decrease the most probable Landolt time compared
to the case when the stirrer bar rotates around a fixed axis,
leaving part of the dead volume far from the stirrer bar
essentially imperfectly mixed.

Fourth, we shall explain why and how the most probable
Landolt time may be independent of the size of stirrer bar. A
shorter stirrer bar creates a smaller vortex at the same stirring
rate compared to the other case. Therefore, the size of the dead
volume there decreases, thus it tends to decrease the most
probable Landolt time. At the same time, around the wall of the
reactor the dead volume may be well hidden from the mixing
process, thus an extreme concentration ratio of the reactants
may easily sit there for a long period of time. The latter case
according to Table 5 acts reversely and it increases u. In the
case of a longer stirrer bar, an opposite case is established: the
size of the dead volume in the vortex increases and an extreme
concentration ratio may easily be created there, meaning that
the Landolt time tends to increase. At the same time, however,
a longer stirrer bar better mixes the solution far from the vortex
of the center, therefore the residence time being spent there by
the solution decreases. Furthermore, the concentration ratio of
the reactants established by the initiation cannot be so extreme
compared to the previous case. Therefore this scenario tends to
decrease the most probable Landolt time. These effects seem to
compensate for each other, resulting in an apparent insensi-
tivity of the size of stirrer bar under the given conditions. It,
however, does not necessarily mean that this compensation
effect can be measured in the case of other reactors because it
should evidently depend on the stirring pattern, which is
influenced greatly by the geometry of the reactor. This possibility
may be further tested in the near future.

One open question still remains to be answered, namely:
does this stochastic behavior in this system belong uniquely to
the arsenous acid-iodate system or is the arsenous acid-periodate
reaction alone capable of producing irreproducible kinetic curves?
To unambiguously answer this question, the pH is set to nearly
neutral conditions (pH = 6.51) where the arsenous acid-iodate
reaction is vanishingly slow."” The reactor was a standard quartz
cuvette with a 1 cm pathlength. The stirring process was carried
out using a 0.9 cm long stirring bar. The composition of the initial
reaction mixture was 0.38 mM periodate and 0.72 mM arsenous
acid and the ionic strength was adjusted to 1.00 M using sodium
perchlorate. Five individual kinetic runs are visualized in Fig. 7.
It unambiguously demonstrates that the periodate-arsenous
acid reaction shows CCB by itself. This remarkable observation
clearly suggests that the kinetics of the title reaction should
further be studied in detail in the near future to establish a
reliable kinetic model.

4 Conclusion

The result presented here is a natural continuation of our
previous study performed on a different system where the
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Fig. 7 Five individual kinetic runs in the periodate—arsenous acid system.
The absorbance was recorded using a spectrophotometer. The experi-
mental conditions used are as follows: pH = 6.51 (carbonate buffer),

Tflxlo(,@*x)* =0.38 mM, Tl(-)l3AsO3 =0.72mM, and / = 1 M (NaClOy,) in a

standard 1 x 1 cm cuvette with a 0.9 cm diameter cylindrical stirrer
magnet.

origin of stochasticity is intended to be studied.'* Our pre-
liminary result is confirmed here, that initial inhomogeneity
indeed plays a significant role, but at the same time the present
study unambiguously demonstrates that this is not the only
decisive factor. We have clearly shown both experimentally and
numerically that certain external physical factors characterizing
the so-called stirring pattern also play a crucial role in deter-
mining the Landolt time belonging to the 50% probability.
Among these factors, the size of the dead volume and the time
being spent by the mixed reagents there have the greatest
influence on the measured Landolt time in the case of an
individual run. These major sources, of course, are mainly
determined by the geometry of the reactor, stirring rate, place
of initiation as well as the size and the rotation manner of the
stirrer bar. We have also shown that these factors may also have
a quite complex effect on the Landolt time measured. The most
probable Landolt time can easily be prolonged compared to the
one belonging to the completely homogeneous system, and
shorter Landolt times can only be measured if the system
spends enough time in the inhomogeneous state, within
which the autocatalytic reaction may be ignited in the dead
volume. Our calculations also revealed that it seems to be quite
unlikely that local fluctuations appearing at a later phase of the
reaction in the case of an initially homogeneous system play a
decisive role.

Last but not least, it should also be noted that this study
extended the number of real chemical redox systems featuring
serious irreproducibility in the case of a statistically meaningful
number of individual kinetic runs. Perhaps the most surprising
result is that the arsenous acid—periodate reaction in itself is
capable of exhibiting stochastic behavior, even if the arsenous
acid-iodate reaction is completely uncoupled by an increase of
pH. The result is striking in a sense that in all of the known
systems so far, the highly autocatalytic nature of the given
reactions is experimentally justified. In this case however, the
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measured absorbance-time curves do not directly display the
characteristic sigmoidal-shaped kinetic curve. Since a detailed
and reliable kinetic model for the arsenous acid-periodate
reaction has not yet been published in the literature, further
experiments are being performed in our laboratory to unravel
the secret of this fascinating system.
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