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Kinetic Role of CO, Escape in the Oscillatory HO>,—HSO3;"—HCO3~ Flow System

Gyula Rabai*:*
Institute of Physical Chemistry, Kossuth Lajos bbrsity, H-4010 Debrecen, Hungary

Noriaki Okazaki and Ichiro Hanazaki* +

Department of Chemistry, Faculty of Science, Hiroshimasersity, Kagamiyama,
Higashi-Hiroshima 739-8526, Japan

Receied: April 1, 1999; In Final Form: June 1, 1999

Experiments have been performed in a CSTR closed to the air to clarify the kinetic role af ©®@ complex
behavior observed during the autocatalytic oxidation of an aqueous solution of sulfur(IV) by hydrogen peroxide
in the presence of hydrogen carbonate ions in a continuous-flow stirred tank reactor. Neither complex periodic
nor chaotic oscillations, but simple periodic relaxation pH oscillations have been found if neither spontaneous
escape nor controlled removal of @®om the reactor to the air were allowed. State diagrams delineating
the behavior of the system at 4@ under various input concentrations and flow rates have been obtained.
A simple empirical rate law model could be used to simulate the behavior of the reaction system in a wide
range of conditions. The critical role of G@scape is discussed.

Introduction TABLE 1: Composite Reactions and Rate Laws in the
H,0,—S(IV)—HCO3~ System
Systematic design of chemical oscillators using simple | g

. ) . 4 . . reaction rate law
composite reactions as building blocks is of profound interest — - — P
because the success of such a synthesis appears to be at MOz T HSOm —H"+ SO + H:0 Rl[:ig%;]l[(}}l [g]])'
important experimental test for the theoretical predictions of HSQr = H* + SO2- Ry = ko [H8032*]2
the necessary mechanistic and parametric conditions of the R =k 2 [H*][SO2]
oscillations. On the other hand, design of new oscillators with 3 CQ; (aq)+ H.O = H* + HCO;~ R; = k3 [CO; (aq)]
specified properties may promote some practical applications R3=k3[H][HCOs7]
of such systems. In this regard, the family of pH-regulated # ©©(@a)~— COx(gas) not used in calculations

oscillators is con3|dered.to be the mgst promising Cand'di’ue'source of oscillations attributed to other species in previous
We have recently designed an oscillatory system based oncommunications.

the autocatalytic oxidation of diluted agueous solution of sulfur-  Qur earlier experiments showed that either spontaneous
(IV) by hydrogen peroxide in the presence of solid marble chips escape or controlled removal of G®om the reaction mixture
in a continuous-flow stirred tank reactor (CSTRWe have o the air always took place when chaotic or simple oscillatory
found this reaction system to exhibit either periodic or chaotic pehavior was observed in systems of this type. A simple scheme
pH oscillations depending on conditions. Here, marble provides of the composite reactions and their empirical rate laws (Table
the necessary negative feedback for oscillations as it removesi) could be used to simulate the complex dynamical behavior.
H* when the reaction mixture becomes acidic as a result of the The model consists of an autocatalyti¢droducing reaction
H*-producing oxidation of the hydrogen sulfite ion. Later, we (1), two protonation equilibria (2, 3), and a process of the escape
found that marble could be replaced by an input solution of of CO, (4). Later, detailed simulation calculations in a wider
NaHCG; to obtain a homogeneous chaotic flow systewhere concentration range with a more general mételve revealed
HCO;™ takes up proton and forms GGn a relatively slow  that not only stationary states but also simple periodic oscilla-
reaction for the negative feedback. Very recently, Frerichs and tions could be sustained under favorable conditions even if no
Thompso# reported that the presence of a very small amount CO, escape was allowed. However, according to our results,
of carbonate impurities in sulfite source, or even the air-carbon neither chaos nor any complex periodic oscillations could be
dioxide entering the reservoir or the reaction mixture, may also expected without process 4 in such a pH oscillator. On the basis
cause the sulfur(I\Arhydrogen peroxide reaction to oscillate of these earlier experimental findings and recent simulations,
in a CSTR. This important observation drives the attention to we concluded that the escape of £(@rocess 4) was not
the possible kinetic role of carbonate impurities in other pH indispensable for simple periodic oscillations, but it was a
oscillators of this type. Namely, many known pH systems necessary key step for period doubling and chaos to occur in
oscillate in a pH range where protonation of HC®@akes place, such systems.
so the presence of carbonate impurities may modify the However, Frerichs and Thompsbhave reported not only
dynamical behavior. In some cases, carbonate may be the truesimple periodic but also complex periodic and chaotic oscilla-
tions in the same reaction system even when the reactor was
t E-mail: rabaigy@tigris.kite.hu closed to the air preventing Gdrom leaving the solution.
*E-mail: hanazaki@sci.hiroshima-u.ac.jp Furthermore, according to their simulation calculations, a
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detailed mechanism could supposedly describe chaotic behaviolTABLE 2: Rate Constants Used in the Calculation3

without process 4. 25.0°C 4.0°C
This contradiction between our results and those reported by kM ist 70 15
Frerichs and Thompsémprompted us to perform new experi- k' M2 51 1.48x 107 6.5% 1P
ments and calculations on this system in a wide range of ky st 3.0x 10° 1.0x 103
conditions to solve the discrepancy. Here we report on our new koM1ls? 5.0 x 10 1.0x 10%
detailed experimental study in a CSTR, which was closed to kss 4.3x 102 11x10°

the air avoiding any escape of G8uring experiments. Results kaM™ts 9.6x 10° 25x10°
of modeling of the oscillations and that of related dynamical 2 Apparent activation energies for the rate constants were used with
behavior are also presented. We show that an earlier proposedalues available at 25.9C to calculate values for 4.9C.
Sl et o dfrental eauetonsbesed on o el 18 rague . eyenl cuaions i e

g - ! g H,0,—S(IV)—HCO3;~ Flow Systent
behavior not only in a CSTR open to air, but also in a CSTR - - -
closed to the air in a wide range of conditions. We show that dd[SI—|QO ];gt - BZR_E*Z +Hk0(g[soj 9_?6 [SO:*1)
this simple model and a detailed mechanism proposed by d[H[S(ZD;%/d: _ —Ri i IEQOZ(EF EL;]O_ ko[[,jsé])z,]
Frerichs and Thompson give almost the same results when no d[H*J/dt = Ri + Ra — R+ Rs — R_a + ko ([H*]o — [H*])
CO, escape occurs. These new results confirm that no chaos  d[HCO; ])/dt = Rs — R_3 + ko ((HCO37]o — [HCO37])
arises if no CQ escape is allowed, but simple periodic  d[CO; (ag))/dt= —Rs;+ R-3 — ko [CO; (aq)
oscillations may take place under favorable conditions. We also  a js in 2. The input concentrations in the feed (indicated with O
try to give an explanation of what Frerichs and Thompson in the subscript) and the actual concentrations in the reactor (no
interpreted as chemical chaos in their recent work. subscript) are given in M.

TABLE 4: Detailed Reaction Mechanism Proposed by

Experimental Section Frerichs and Thompsor?

Materials. Reagent grade #,, H,SOy, NaSO;, NaHCQy no. reaction rate constant at 230

(all REANAL) were used without further purification. Doubly &1 16, + so2 — sa2 + H,0 02M1st
distilled water used in preparing solutions was first purged with F2 H,0, + HSO;” — H* + SO2 + H,0 3.5M1ls!
N, for elimination of @ and CQ impurities. Two input F3 H0,+HSO;” + HY — 15x 10'M~2st
solutions were prepared daily: one containef}] the other ZHjiS(}z* g HZZ,O 1

) F4 HSQ =H*'+ SOy 3.0x 103s}
contained the necessary amount 0b81@;, NaHCG;, and H- 50x 100 M-15?
SO In this way a neutral hydrogen peroxide solution and a F5 HCOy = CO2 + H* 48s%1.0x 101 M1st
slightly alkaline (pH 8) sulfite solution were obtained. To avoid F6 HCO;==HCO;™ +H* 2.8 x ﬁos';ﬂl; L

o I : 0x Lig

loss of carbon dioxide and sulfur dioxide in input solutions, HCOs = COnag + H:0 16.5 5% 4.3x 10251

Frerichs and Thompson prepared basic and acidic input solutions
by premixing the acid with kD,. We did not prefer the latter
combination because introducing an acidic solution and a basic
one may cause random local acidification in the CSTR during
mixing. Since the hydrogen ion is the autocatalyst, such an
acidification can initiate the autocatalytic reaction randomly.
Because it was essential to avoid autoxidation of S(IV) in the
reservoir, its solution was kept under Ilut not bubbled to
avoid the loss of the volatile components. Had this solution in
the reservoir been bubbled, some loss of,@@d SQ would

our present experiments were carried out at®€Qvhere more
reliable data in the pH minima could be collected. In some cases
we reproduced Frerichs and Thompson’s experiments at 25.0
°C. The reactor was fed with prethermostated input solutions
by means of a peristaltic pump (Desaga). The excess liquid was
removed with a second pump. The liquid level could be
controlled by the vertical position of the outlet tubes. The pH
and the temperature inside the reactor were continuously
; : . ; measured. The experiments were started by filling the reactor
have been unavoidable despite the slightly alkaline pH. Both with the input solutions at the highest pump speed available

input solutions had been stored at 4@ for 12 h before use . .
and they were discarded after 24-hour storage. This care was(5'0 mL/min). After the reactor had been filled, the pump speed

necessary to obtain reproducible results. For example, the periodwaé reduceql to Te des__lredl_v_all;ee. K hod with
of the oscillations was longer when freshly prepared sulfite omputation. A semiimplicit Runge- utta. me.t 0 W't.
solution was used than in the case of an old sulfite solution. 2" €rFor parameter of 1Bwas used for numerical integrations.

The concentration of ¥D, was determined with permanganate This Iow_v_alue of the error parameter proved to be necessary
solution, the sulfite was titrated with a standardized iodine a”?' sufficient _for obta_lnlng correct results. _Calculated time
solution points for making the figures were collected in every tenth of

Reactor. The continuous flow experiments were performed a second.
in a water-jacketed cylindrical-shaped glass vessel with a liquid
volume of 12.5 mL. The reactor was perfectly sealed with a
silicon cap in all the experiments. A pH electrode, the input A Comparison of the Simple Empirical Rate Law Model
(i.d. 1.0 mm) and output tubes (i.d. 2.0 mm) were led through and the Detailed Mechanism.The empirical rate law (erl)
the cap. A Teflon-covered magnetic stirrer (1 cm long) was used modef is shown in Table 1. A detailed reaction mechanism
to ensure uniform mixing at around 500 rpm. proposed by Frerichs and Thomp&ds summarized in Table

Procedure. pH change is very fast in the acidic region of 4. Obviously the two schemes are very similar to each other.
the oscillation. It was difficult to follow it with a pH electrode  There are two differences worth mentioning. First, reaction F1
at room temperature because of the slower than desired responsis taken into account in the mechanism but not in the erl. Second,
of the electrode and the recording system. Our preliminary the value ok; = 7.0 M~ s71in the erl is 2-fold higher than in
experiments showed that especially the pH minima could be the mechanism (see constant for reaction F2). To obtain as
measured only dubiously at room temperature. Thus, most of simple a model as possible, we neglect F1 because it seems to

Results and Discussion
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= . L . 1 . L to accept the higher valua = 7.0 for further considerations.
°‘T\‘l{:;:\\~ r Reaction 1 with a two-term rate law is considered in the erl
99 T B model that represents mechanistic steps F2 and F3. Equilibrium
: \:j\\‘\\ r F5 (pKrs ~ 10) is not important in the oscillatory pH range
81 - (4.5-7.5) and it is neglected in the erl. Of course, one should

4

79 a

\ : r consider equilibrium F5 if Cg~ and not HCQ™ is used as
- input species. Since we used HEGas starting material in our
- experiments, we could neglect equilibrium F5 in the calculations.
- Hydration of CQ (F7) is slow compared to the ionization of
] - H,CO; (F6). Concentration of KCO; is always much lower
54 Z S = than that of CQ. At equilibrium [H,CQg] is only about 103
. L as large as [Cg), and so HCO;s has no significance in the erl

T T T T T model. Consequently, equilibria F6 and F7 can be drawn
0 100 200 Time , s 300 together in reaction 3. We have concluded and verified with
Figure 1. Calculated pH-time curves in the hydrogen peroxidsulfite calculations that these two schemes should give the same
batch reaction at different assumed concentrations of C@lculations description of the dynamical behavior, provided that the same
have been carried out with the mechanism shown in Table 4 ksing rate constants were used.

=7.0M 757 [H:0y] =0.050, [S*] = 2.20x 105, [H'] = 1.20 In further calculations the simpler erl model was used without

(T))lclré icfcsrﬁ](cs 1\2/[9 x 107 [COJ = 1.6 < 107 (a), 8.0x 107 process 4, which is not relevant in the present case. This model
T ' clearly shows how the oscillations are generated in this system.

The autocatalytic H-producing reaction 1 (positive feedback)

is coupled with a slow H consumption (negative feedback).

Composite reaction 3 removes and preservesntthe form of

CO,. Kinetics of the composite reactions have been studied

separately, and the measured rate constant values are available

(Table 2). It is important that both the hydration of £@action
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i
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1
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be slow enough to have no significant contribution to the route
of oxidation of sulfite in the pH range of oscillations. The rate
constant for F1 is 0.2 Mt s 1 at 25.0°C8, which should be
compared withk; = 7.0 M1 s71 in Table 2. A comparison
indicates that reaction F1 would only be competitive with F2

above pH 8 where [S@] would exceed [HS@7] by more 3) and the consumption of Hin the reverse reactior3 are

than 1 order of magnitude (consider th€ & 7 for equilibrium . . e
2). The values of t%e rate f:onstants shoﬁv that tr?e oxidation of.SIOWG’7 (compared with other very fast protonation equilibria)

sulfur(IV) goes mainly through reactions F2 and F3 in the pH in the pH range of interest. Consequently, the autocatalytic
range of oscillations (pH below 8). Indeed, calculations proved gene+rat|on of H can be completed before 3'9“'f"3‘?‘?‘t removal
that no significant differences were observable in the length of of H _takes place (time delqy between the positive a_nd the
the oscillatory periods obtained with or without reaction F1. hegative feedbacks). If reaction 3 were a fast equilibrium, it
The difference is far less than the reproducibility of the period would rather act as an ‘?‘e““?ase buffer and would, of course,
length in the experiments. In some cases, the mechanismprevent .any pH oscillation in the system. . .
produces bistability between a high pH steady state and an Experimental Results and Calculated Behavior.Typical
oscillatory state in CSTR mode in the absence of reaction F1. calculated and measured relaxation pH oscillations are compared
Such a bistability cannot be seen in the experiments indicating in Figure 2. As one can see, the shape of the calculated and
that reaction F1 represents an important channel for oxidation measured oscillatory curves were found to be strikingly similar
of sulfur(1V) at high pH. The experimental system is transferred t0 each other when the same initial concentrations of reaction
from the high pH state to the oscillatory one through this components and flow rates were used both in the simulations
channel. Frerichs and Thomp$auggest a smaller rate constant and in the measurements. A typical period is composed of a
(ky = ke = 3.5 M1 s71) for reaction F2. If this smaller value  long high pH state (pH 7.67.3) and a very shofow pH state

is used in the calculations for F2, reaction F1 becomes more (PH 5.5). Transition between the two states is always very sharp.
competitive with F2 even at lower pH values and its effect on The length of a period increases with increasing flow rate on
the length of the period becomes more significant. It is not easy both the calculated and the measured curves. However, there
to decide which value is correct or, at least, which one is closer are some differences between calculated and measured values
to the truth. Both values were obtained by fitting the same of period length. Note that the measured period length is the
experimental clock type pH-time curves published eafliEhe less reproducible peculiarity in this oscillation. It is very sensitive
difference is caused by the assumption of carbonate and carborio the initial conditions. Even the age of the stock solution of
dioxide impurities by Frerisch and Thompson, which nicely the sulfite ion influences it: The period was found to be longer
explains the pH overshodtlowever, the estimated ratio [GID when the experiment was performed with freshly prepared sulfite
[CO4?7] and the estimated amount of acid impurities strongly solution and shorter if the sulfite solution had been stored under
affect the reaction rate. Shown in Figure 1 are calculated clock nitrogen for several hours before use. To look for systematic
type pH-time curves at different estimated [£Qt is seen that trends, the influence of species concentrations on the period
the higher the [C@ the faster the reaction, because £O length has been measured systematically. Calculated and
decreases the initial pH as a result of its hydration. Since the measured period lengths obtained under different input feed
stock solutions for the considered experiments were freed from concentrations are compared in Table 5. Taking into account
CO, with argon? the CQ concentration should be close to 0, the rather poor reproducibility of the period length in the
or much smaller than an equilibrium concentration in distilled experiments, the agreement between the measured and calculated
water (1.6x 1075 M) as estimated in the fitting procedure by values is acceptable. More importantly, both the calculated and
Frerichs and ThompsohObviously, the fitting results in a  measured values vary in the same direction with changing input
smaller rate constant than its true value if the GOntent is concentrations. With increasing sulfite ion and hydrogen
overestimated. Another difficulty is that the reproducibility of carbonate ion concentrations, or with decreasing hydrogen ion
the clock-type curves is podrAll in all, at this point we tend concentration, the period length increases sharply.



Kinetic Role of CQ Escape J. Phys. Chem. A, Vol. 103, No. 36, 1998227

15 MU E E R R
2'\ '||\| B
o 44 -
= M
>< 1 [
py 4 l| \\ L
&£ 104 0, ox X -
g 10 -
% {1\ i
1% qox X L
40 s
- 54 x\x o ox x -
7[ 170N |
- c {1 x9, o'\ ox X :
5L 1 XX TIm e OXen X -
| ) 1 —1 I ] b e P o -
2000 ] 3000 o +r—r—1r—r—
tume, S 0 5 0 _—
. kyx 10°, s
7} Figure 3. Calculated border of the oscillatory region is marked by
1 dashed line, measured oscillations at 4@ are indicated by open
5 circles, steady states are indicated>bin the [SQ? ]o—ko plane. Fixed
- a parameters: [pDs]o = 0.030, [H]o = 2.2 x 1074, and [HCQ]o =
5 3.0 x 1074 M. Rate constants for calculations are given in Table 2 for
7k 4.0°C.
ra r 15 1 1
51 b = [
o mo“ 5
7F — -
X !
L c oS
I WWW £ 10 §
1 i 1 t 1 | @]
2000 3000 £ i
time, s -
Figure 2. Calculated (top) and measured (bottom) pH oscillations in 5 _
a CSTR aff = 4.0°C, at different flow ratesk, reciprocal residence |
time 1.19 x 1072 (a), 1.01x 1072 (b), and 0.80x 1072 s (c)). |
Concentrations in the combined input feed:2QH]o = 0.050, [SG* ]o |
= 0.010, [H]o = 2.2 x 104 and [HCQ ]o = 3.0 x 10* M. Rate |
constants given in Table 2 for 43C were used in the simulation. 0

TABLE 5: Measured and Calculated Period Length at 4.0
°C, ko = 1.0 x 10371, [H,05]p = 0.050 M

Figure 4. State diagram at 25C. Calculated border of the oscillatory

[H*]o x 10*  [HCO37]o x 10*  [SO2 o _period length (5) region is marked by dashed line, oscillatory region measured by Frerichs
(M) (M) (M) measured  calcd and Thompson is marked by solid line. Fixed parametersOjH =
2.2 3.0 0.010 141 134 0.030, [H]o = 5.2 x 104, and [CQ?]o = 3.0 x 10°* M. (In the
2.0 3.0 0.010 213 191 calculations with erl model [Ho = 2.2 x 10~* and [HCQ]o = 3.0
1.8 3.0 0.010 356 389 x 10* M, and rate constants given in Table 2 for 250 were
1.7 3.0 0.010 no osc. 636 considered.)
2.0 3.0 0.0050 33 27
2.0 3.0 0.0070 70 62 Oscillations were obtained in a rather narrow range in the
3'8 3'8 8'8(1)?0 %gg %g’g [H™]o—[HCOs3]o plane at fixed concentrations of,8, and
20 3.0 0.013 noosc. noosc. SO and flow rate. Typical calculated oscillatory region and
2.0 25 0.010 163 168 measured oscillatory points (open circle) and steady states
2.0 3.5 0.010 197 216 (marked byx) are shown in Figure 5. It is seen that all of the
2.0 4.0 0.010 233 245

measured oscillations are located in the calculated region.
However, only steady states were found experimentally in some
As a further test of the erl model we calculated the oscillatory part of the calculated oscillatory region. Similar to Frerichs and
region in theky-[SO:*Jo plane and compared it with the  Thompson's finding, an optimum ratio [H/[HCOs o was
measured behavior (Figure 3). One can see that the measuregbund to be very important for oscillations to occur. It is seen
oscillations (open circles) fall, almost exclusively, inside the in Figure 5 that [HC@ ]o should exceed [H]o for oscillations
calculated oscillatory region (marked by dashed line in Figure to occur, but a high excess of hydrogen carbonate is not
3). Measured steady states (marked<djyexist mostly outside favorable.
the calculated oscillatory region, as expected. It might be  Allin all, the agreement between simulation and measurement
surprising that neither experiments nor simulations indicated of the dynamical behavior is good in a rather wide range of
the existence of bistability in thky-[SOs2]o plane. A state species concentration and flow rate. The erl model can be used
diagram was calculated in the same plane at 26.@nd was for prediction of the dynamical behavior of this reaction system
compared with Frerichs and Thompson’s experimental diagram under various conditions. Both our experiments and simulations
(Figure 4). The agreement is acceptable. show that this system can exhibit only steady states and regular
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. . . Figure 6. Irregularities in the pH minima caused by the insufficient
Figure 5. State diagram at 4.C. Calculated border of the oscillatory mper of time points in the calculations. Calculations were carried

region is marked by dashed line. Measured oscillatory compositions by the erl model using rate constant values at 26.05olid lines

are indicated by open circles; represents steady states. All of the inicate irregular pH minima obtained using 600 time points, dashed

measured oscillations are found in the calculated oscillatory region but |inas show more regular pH minima obtained based on 5000 time points
not all of the measured steady states are located outside the calculate put concentrations: [¥0s]o = 0.117, [S@2 Jo= 1.25x 1072, [H*]o '

oscillatory region. Fixed parameters: fBb]o = 0.050 M, [SQ? ]o = =51x 106 [HCO: 1o = 7.4 x 10°5. [C =16x 105M. H
0.010 M, andkg = 1.0 x 103 s™%, K : 6>,<745 X, :[1.0403371].0 4 x , [CO2o .0 X . Here,

periodic oscillations in a flow reactor closed to the air. The most present case. We used the detailed mechanism shown in Table
important result is that we have not seen any convincing sign 4 ywith rate constant given at 25°C for calculating a chaotic
of complex periodic or chaotic osullayor?s unless the escape time series given by Frerichs and Thompson in Figure 8 (d) of
or controllgd removal of C®from the I|qU|d_to the air takgs their pape® The solid line in Figure 6 shows an oscillatory
place. Frerichs and Thompstinave reported just the opposite.  ¢yrye obtained with 600 time points: the dashed lines indicate
In the following paragraph we will point out some difficulties  he minima obtained by using 5000 time points. As the number
in the experiments and in the calculations which may be the of hoints increases, the pH minima tend to equalize, indicating
source of some misunderstanding in the interpretation. that the irregularity observed in the pH minima is a result of an
Difficulties in Experiments and Calculations. Frerichs and insufficient number of points.
Thompso# have claimed that they found period doubling
leading to chaos at 25T in the present system when no £0  ~nclusion
escape is allowed. However, they have presented only calculated
but not measured curves to support their claim. When we We have performed experiments and simulation calculations
performed some experiments at 28@, we found that the pH in the oscillatory HO,—HSO;"—HCO;™ reaction system in a
change in the low pH range was so fast that it could not be CSTR closed to the air. Our aim was to answer the question
followed reliably by a glass electrode because response of thewhether oscillations and chaos exist in this system without the
electrode was not fast enough. As a result, the actual minimumescape of C@to the air. In addition to high pH and low pH
values of the pH could not be determined exactly. Some steady states, regular relaxation pH oscillations were observed
nonreproducible irregularities in the value of the pH minima in our experiments depending on conditions. That means that
could certainly be observed during oscillations. However, a next regular oscillations are sustained even wherp, C&hnot leave
return map of the pH minima and other data transformations the reactor to the air. However, we have not found any sign of
did not indicate any sign of deterministic origin. We have period doubling and chaos similar to that reported by Frerichs
concluded that the observed irregularity was obviously a result and Thompson under these conditions. Only random variation
of experimental limitations rather than of deterministic chemical of nondeterministic origin could be observed in the pH minima
origin. in some experiments. Our simulations confirmed the experi-
In light of the very short time of the pH minima, we believe mental results. The simple erl model is capable of simulating
that the simulated period doubling and chaos are not originatedregular pH oscillations if no C@escape is taken into account.
from the chemical mechanism either. We suspect that the The reaction system is a true CSTR oscillator because all six
limitation of their computer program is responsible for the variables of the erl model oscillate at the same time. We note
appearance of random pH minima on the calculated curves. Theythat the number of variables can be reduced to four without
used SIMULATE for numerical integration. This program loosing the oscillatory character of the model becausgpH
calculates dynamical behavior of chemical reaction systemscan be treated as constant and there is a stoichiometric
following mass-action kinetics. It uses GEAR algorithm for connection between S8 and HSQ™. We demonstrated that
solving the stiff system of differential equations. The problem a detailed mechanism proposed by Frerichs and Thompson gave
is that, according to the program description, this program the same results in the simulations as did the erl model.
collects equidistant time points for making a figure. Supposedly,  Finally, we emphasize the critical contribution of the 10
they collected too few points to represent the true pH minima the dynamical behavior of the present system. Oscillatory
and they had not enough time points to cover smoothly the pH formation and consumption of dissolved carbon dioxide is
time curves in their figures. We performed control calculations important in chemical systems and may have biochemical
to show how important the number of time points is in the implications as well. We think that our present work provides



Kinetic Role of CQ Escape J. Phys. Chem. A, Vol. 103, No. 36, 1998229

enough evidence that complex periodic oscillations and chaosReferences and Notes

cannot exist in the systems of this type unlt_ess_z(ﬁﬁ leave (1) Rebai, Gy.; Hanazaki, 1J. Phys. Cheml996 100, 15454.
the reactor through not only the common liquid outflow but (2) Rabai, Gy.J. Phys. Chem. A997 101, 7085.
also through a separate channel (escape to the aip)c@®be (3) Frerichs, G. A.; Thompson, R. Q. Phys. Chem. A998 102,

i 8142.
regarded as a hidden supply of HTherefore the removal of (4) Rébai, Gy.ACH-Models in Chemistry (Acta Chim. Hund.998
CO; appears to be an additional channel for the negative ;35 37
feedback in the oscillatory system. (5) Kaps, P.; Rentrop, ANumer. Math.1979 33, 55.

(6) Eigen, M.; Kruse, W.; Maass, G.; De Maeyer, L.Pnogress in
. Reaction KineticsPorter, G., Ed., Pergamon Press: New Yd@64 Vol.

Acknowledgment. This work was supported by the Hungar- 2, p 285.
ian Science Foundation (OTKA 25076) and a grant from (7) Degn, H.; Kristensen, Bl. Biochem. Biophys. Method986 12,

; ; ; i i e 305.
Japan Society for Promotion of Science. Valuable discussions (8) Mader, P. MJ. Am. Chem. S0d958 80, 2634,

with prpfessors G. A. Frerichs and R. C. Thompson are (9) Rébai, Gy.; Kustin, K.; Epstein, I. RI. Am. Chem. Sod989 111,
appreciated. 3870.



