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A New pH Oscillator: The Chlorite —Sulfite—Sulfuric Acid System in a CSTR
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A new pH oscillator has been discovered involving the system of NaGl&®SGC;, and HSO, in a continuous-

flow stirred tank reactor (CSTR). While C}Oserves as an oxidant in numerous systems exhibiting nonlinear
dynamical behavior, this is the first reported chlorite-based pH oscillator. Large-amplitude oscillations in pH
and potential of a platinum electrode were observed over a rather narrow concentration range. Complex
dynamical behavior also was observed, including aperiodic oscillations, bistability between steady states,
bistability between steady state and oscillatory state, bursting, a possible third steady state, and damped
oscillations in batch. Autocatalytic oxidation of HSOby CIO,™ is a major source of positive feedback in

H*. A fast Clt-transfer reaction between HOCI and $30is an important source of negative feedback.
Oscillations were also obtained in the presence of0@, with the dehydration reaction of,80; providing
additional negative feedback. Models are proposed to account for observed behavior using computer simulations.
Comparisons are made to the GIe1~ and CIQ—1~ oscillating systems, as well as to the general model for
chlorite-based chemical oscillators proposed by Rabai and Orban. A possible mechanism for chemical coupling
is proposed.

Introduction later found that marble could be replaced by NaH@Ca flow
system to produce chaotic pH oscillations, as long as there is

oscillator about 15 years adahe number of pH oscillators controlled removal of the C&formed by reaction of hydrogen

has grown rapidly. Recently, some promising ideas for practical carboqate lons with acid. o o
applications of pH oscillators have been proposed. One such Frerlchs. and Thompgéﬁhreported periodic oscillations, both
potential application involves development of temporally con- N PH and in the potential of a Pt electrode, for a homogeneous
trolled drug delivery systen?s another has to do with simulat- ~ System in which NgCO; was used to consume *Hions
ing the periodic motion of muscular tissue by controlling the Produced by the same positive feedback source as above. The
mechanical motion of polymer hydrogel systefns. main source of.negatlve feedb{:\ck in this homogeneous system
All known pH oscillators have been studied in a continuous- 1S the dehydration of bCOs to give aqueous Co Concentra-
flow stirred tank reactor (CSTR) and require two types of tions of carbon dioxide in the latter case are at less than
reactions involving H: (1) an autocatalytic Eproducing  Saturation values, and the €@ not forcibly removed.
reaction (positive feedback); (2) antktonsuming reaction Chlorite-based oscillators involving the sulfur-containing
(negative feedback). These types of reactions have beenspecies 83:>~, SCN", &, and thiourea have been known for
incorporated into a general model for systematic design of pH some timet*~14 A variety of complex dynamical behavior is
oscillators>® found in these systems. However, none of these has been
Typically, mixed Landolt-type systems, involving oxidation reported to be a pH oscillator. Also, the mechanisms for the
of sulfur(1V) species by 1@, BrOs~, or H,O,, have been used  reactions involved are not well understood. With the goal of
as the autocatalytic reactions. The negative feedback generallydesigning a new pH oscillator, we considered the possibility of
has been provided by use of reductants, such as ferrocyanidereplacing HO, with CIO,~ as the oxidant for Sg~ in the
thiosulfate, or thiourea (TU), along with the above-mentioned carbonate-based system.
oxidants. Simultaneous Hconsuming reactions also have been  The reaction between chlorite and sulfite ions in acid was
used, such as in the recent application of the enzyme horseradishirst studied by Halperin and TauBeThey reported a very rapid
peroxidase (HRP) to vary the strength of negative feedback in reaction, essentially complete in less than one minute at pH
a pH oscillator’ 1-5. Attempts by Edblom et &P to obtain oscillations with
A novel source of negative feedback not requiring a reductant the chlorite-sulfite—ferrocyanide system were unsuccessful,
involves carbon(IV) species. Marble chips were used by Rabai ajthough bistability was observed.
and Hanazakito remove H ions generated by the autocatalytic
oxidation of sulfur(IV) by hydrogen peroxide in a CSTR. Rébai

Since the discovery of the first pH-regulated chemical

In the very useful general model for chlorite-based oscillators
developed by Rabai and Orbahit is surmised that the failure

* Corresponding author. E-mail: frericg@jaynet.wemo éax: (573) to obtaln_osmllatlons in the chloritesulfite system is likely due _
642-6356. to the high value of the rate constant for the autocatalytic

T E-mail: thompsonr@missouri.edu. Fax: (573) 882-2754. reaction. No doubt a significant amount of negative feedback
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from carbonate or other sources is required if pH oscillations
are to be found.

The chlorite family of oscillators is the largest one known to
date, containing several subfamilies (such as thé®s;~, and
BrO;~ branches), and accounts for a total of more than two
dozen oscillator$® The first systematically designed homoge-
neous chemical oscillator contained chlorite, arsenite, and
iodate!® Orban et af® reported S@  to be among the
reductants giving oscillations with chlorite-based systems
involving either IQ~ or I, as oxidants.

One of the most important and best understood of the minimal
oscillators of the subfamilies of chlorite oscillators is the
chlorite—iodide system. Next to the BelouseZhabotinsky
(BZ) reaction, the Cl@ —I~ reaction is perhaps the most widely
studied reaction in nonlinear dynamics, over 200 articles having
been published on it since 19814.

One of our main goals in this study, in addition to designing
a new pH oscillator, is to gain an understanding of the chemical

Frerichs et al.
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reactions that account for the observed behavior of the system.gigyre 1. Measured oscillations in potential of a platinum electrode

As will be brought out in the discussion below, we were rather
successful in doing this for the C}O-S0O2"—CO2 —H™
system.

As we began to understand better the apparent mechanisn- ko

for the above system, it occurred to us that pH oscillations

possibly could be obtained even without carbonate as a source’
of negative feedback. This in fact was the case, meaning that

the CIQ~—S0O2—H™T system is a new minimal oscillator. As
will be discussed below, our proposed model for the oscillatory

(a) and in pH (b); calculated pH oscillations with rate constants as in
Table 2 (c). Input concentrations: [CIQo = 5.00x 1073 M; [SO3*]o
=2.00x 102 M; [COs?>7]o = 2.00x 10* M; [H*]o = 3.40 x 10*
=155x 102s%

H and the potential of a Pt electrode vs a calomel reference
electrode. All experiments were carried out at°Z5

A number of batch experiments were done, especially to find
concentrations where the reaction might give oscillations in a

behavior of this system can be related both to the general modelCSTR. The procedure that worked best was first to mix the

for chlorite reactions and, more specifically, to the mechanism
for the chlorite-iodide reaction mentioned above.

Experimental Section

Reagent grade NaCONaSOs, NaCOs, and HSO, were
used without further purification. The NaCiGsource was
Matheson, Coleman & Bell (MCB), and was determined by
iodometric titration with NaS,03 to have an assay of 98.2%.
All of the other reagents were distributed by Fisher (certified
ACS). The NaSG; had an assay of 99.6% and contained 0.03
meq/g titratable base. The assay of the®@; was 99.9%.

Solutions were prepared using triply distilled water, which
was first purged with M Since sulfite is sensitive to oxidation
by O, in air, NgSG; solutions were prepared immediately before
use. Stock solutions of N@O; and HSO, were prepared, the
latter being standardized by titration with standardized NaOH
using phenolphthalein as an indicator.

A Plexiglas water-jacketed reactor of volume 43.2 mL was

chlorite and sulfite solutions in the reaction vessel, then quickly
to add the sulfuric acid. When the system indicated possible
sensitivity to air, later experiments were done under a blanket
of N2 gas.

Results

NaClO,—Na;SO;—Na;CO3—H 2SO, System.As mentioned
above, the early experiments were done in the presence of
sodium carbonate. The approach used was to vary the amounts
of chlorite and sulfite while keeping the carbonate and acid
concentrations fixed. Concentrations used werefCle= 2.00
x 1074 M and [H"]o = 3.40 x 10~ M. This resulted in an
[H*]0:[CO427]0 ratio of 1.70, roughly equal to that used in the
study of the homogeneous carbonate-based system involving
H,0; as oxidant.®

Rapid, large-amplitude, periodic oscillations in pH and
potential were obtained using chlorite concentrations in the
range: [CIQ]o = 3.00-7.00 mM. The [CIQ ]¢:[SO:?]o ratio
where oscillations were observed varied from 1.30 (at lower

used for all CSTR experiments. The design of the reactor and concentrations) to 2.64 (at higher concentrations). The maximum
the procedure for performing a CSTR experiment have been amplitude of observed oscillations under all conditions used was
described previouslif Reactant solutions were pumped into  gpout 1.9 pH units and 210 mV.
the reactor through three inlet tubes by means of an IsmaTec Figure 1a,b shows an experimental result obtained in a CSTR
digital variable-speed pump with 1% reproducibility of flow \ith 5.00 mMm CIQ~ and 2.00 mM S@-, along with the above
rate. A magnetic stirrer was used to ensure uniform mixing. amounts of Cg»~ and Ht. Rather high-frequency oscillations
The stirring rate was about 500 rpm. were found, the period ranging from&8 s at lowk, (reciprocal
For experiments with carbonate, NaGléand HSO, were in residence time) to 1012 s at highko. Also, theky required for
separate inlet streams, with }&0; and NaCGQ;s in the other oscillations was relatively high, ranging from (6:8) x 1072
stream. In those experiments not involving carbonate, onfy Na s1.
SQ; was in the third inlet stream. Throughout all experiments,  Often, only SSI or SSII was observed, where SSl is the basic
the solutions in their reservoirs were bubbled with But not steady state (at higky) and SSlI is the acidic steady state (at
the reactor itself. low ko). Very rapid, small-amplitude, aperiodic oscillations
Where possible, both the flow (F) and thermodynamic (T) generally occurred about the steady state. Under certain condi-
branches were obtained. Generally, both a strip chart recordertions, bistability between SSI and SSIl (or even between SSI
and a MaclLab data acquisition unit were used to record both and the oscillatory state) was found.
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Figure 2. Measured oscillations in potential of a platinum electrode
(lower) and in pH (upper). Input concentrations: [GI{3 = 2.00 x
102 M; [SOs2 o = 1.15 x 1073 M; [H*]op = 5.04 x 105 M. ko x

1%, st 1.2 (a); 1.3 (b); 1.4 (c); 1.6 (d); 1.7 (e).
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Figure 3. Measured oscillations in potential of a platinum electrode
(lower) and in pH (upper). Input concentrations: [GI{d = 1.50 x
1073 M; [SOs27]o = 8.63 x 107* M; [HT]o = 4.42 x 105> M. ko x

1¢, st 7.2 (a); 8.0 (b); 9.2 (c).

It should be mentioned that some difficulty was experienced
in duplicating the oscillations experimentally. When it was

discovered that carbonate was not necessary in order to obtai
oscillations, our attention shifted to the non-carbonate-based

system, so this matter was not fully resolved.
NaClO,—Na;SO;—H»SO,4 System. In the non-carbonate-

based system, regular, large-amplitude oscillations in pH and
potential were found in both the F- and T-branches over a
limited concentration range. It was necessary to use somewha
lower concentrations of reactants than in the presence of

carbonate. The range of [C}Q giving oscillations was 1.25

4.00 mM. In all cases where oscillations were observed, the

[ClIO27]0:[SOs% o ratio was 1.74. The range of [ required
was (3.13-8.98) x 105 M. Typically, the [SQ? ]o:[H™]o ratio
used was 22.8, with a range of 208.

n

t
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Figure 4. Measured responses in pH (a) and in potential of a platinum
electrode (b) for batch reaction. Reactant concentrations: J[(4G-
2.00x 103 M; [SO2]o = 1.15x 103 M; [H*]o = 3.16 x 1075 M.

behavior shown in the latter peaks on the return to SSI.
Interestingly, expansion of the curves in Figure 2 reveals similar
bursting behavior, but on an accelerated time scale.

In addition to the bursting effect, other complex dynamical
behavior was observed in the chloritsulfite pH oscillator.
Bistability was found, not only between SSI and SSlI but also
between SSI and the oscillatory state. Aperiodic oscillations
often occurred in one branch or the other. In certain instances
there appeared to be evidence for birhythmicity.

Another unusual phenomenon for which there is some

evidence is the possible existence of a third steady state, SSIII.
In more than one experiment, shortly after the T-branch was
started at a very low flow rate, the pH increased to-9.86.
This range is at least one pH unit higher than that generally
found for SSI. Where this was observed, the pH eventually
dropped significantly and either periodic or aperiodic oscillations
between SSI and SSII ensued.

Finally, another rare observation was made in studying the
batch reaction. Damped oscillations in pH and potential were
obtained. The number of peaks observed ranged from 2 to 4,
depending on reactant concentrations. Figure 4 shows the results
of a batch experiment using the same concentrations 0§ CIO
and SQ% as in the CSTR run corresponding to Figure 2. A
lower concentration of H was required in the batch reaction,
however. Although batch oscillations were found under various
conditions, the rapidity of the reactions made it difficult to
duplicate the results quantitatively.

Discussion

NaClO,—Na;SO;—Na;CO3—H SO, System.One approach
to simulating the carbonate-based pH oscillator is to model it
after the corresponding system whereQ is the oxidant0

Compared to the carbonate-based oscillator, the oscillationsrather than CI@ . The mechanism proposed for this system is
in this system are of larger amplitude and longer period. The given in Table 1 and consists of chloritsulfite subsystem A
largest amplitudes observed were nearly 2.5 pH units and 420and the carbonate subsystem. Corresponding rate equations and

mV. Periods generally ranged from about-320 s. Oscillations
in the F-branch usually were found at lowlervalues €5 x
1073 s71), while those in the T-branch were at highgi(>6 x
103 s,

Figures 2 and 3 show oscillations in pH and potential for

rate constants are found in Table 2.

Reactions 1, 8, and 9 from chloritsulfite subsystem A all
involve oxidation of S(IV) species by CKO in reactions that
parallel those with KO, as oxidant. The values for rate constants
ki, ks, andkg were not available in the literature, but have been

two different CSTR experiments. The nature of the peaks varies determined recently by Rushing and Thomp3bit. may be
considerably with the conditions. Compare the relatively sharp noted thatks and kg are about 7 and 15 times as large,

symmetrical peaks found in Figure 2 to the rather broad

respectively, as their counterparts with®4 as oxidant® On

unsymmetrical peaks in Figure 3. Of special note is the bursting the other hands, is difficult to measure because of the slowness
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TABLE 1: Reaction Mechanism for the
Chlorite —Sulfite—Carbonate pH Oscillator

Frerichs et al.

TABLE 3: Reaction Mechanism for the Chlorite—Sulfite pH
Oscillator

no. reaction no. reaction
Chlorite—Sulfite Subsystem A Chlorite—Sulfite Subsystem A
1) ClO,” + SO~ — OCI™ + SO2~ reactions +9 from Table 1
+ -—>
g; SS(I—:I—’-;-ZQ,Z*TIS:DCISQF* Chlorite—Sulfite Subsystem B
o HOGISG? — CISOr 4+ OH- (13) CISQ~ + HOCI— Cl,SO; + OH-
(5) CISQ + H;0— CI~ + 2H" + SO2" (14) CESOs + H:0 - Clz + 2H + SO
) OH - H* < Hs0 (15) Ck + H,O0 — HOCI + CI~ + H*
5 SO + H* - HSO- (16) Ch + CIO;” — CLO, + CI
B e . (17) CISQ~ + CIO;~ — Cl,0, + SO
(8) ClO,” +HSO;™ — HOCI + SQy 18 CO, + SO2 + H;0 — 2HOCI + SO2-
(9) ClO,;~ + HSO;™ + HT — OCI- + 2H" + SO2~ (18) bO, + SO + H - O
(19) CLO, + ClO,~ — 2:CIO, + Cl
Carbonate Subsystem (20) *ClO; + SO < CIO; + SO
(10) CO? + H* < HCOs™ (21) SQ~ + SOy~ — S0
(12) HCOy™ + H* < H,CO; (22) SQ™ + SO~ + H,0 — HSOy™ + HY + SO2™
(12) H,CO; < CO, + H,0

TABLE 2: Rate Equations and Rate Constant Values for
the Chlorite —Sulfite—Carbonate pH Oscillator

rate equations rate constants at’@5 ref

Chlorite—Sulfite Subsystem A

R = kl[C|027][SO327] ki=1.2x 102M1gt 22
R. = k[OCIJ[H"] kA=1x 10MMts? 38
R_, = k_,[HOCI] KA=3x10s?t 38
Rs = ke[HOCI|[SO2"] ks=5.0x 1°M 15 23
R_s = k_jHOCISO? ] ks=56x 10°s! 23
Re = k{HOCISO2 ] ke=1.0x 10Fs 23
Rs = k[CISO5 ] ks=2.7x 1Pst 23
Re = k[OHJH*] Ke=1.0x 10MM L5t 10
Rg¢= kfe[Hzo] kfe[Hzo] =10x 103Ms? 10
Rr = k/[SOs2-][H"] k;=5.0x 100M 15t 10
R,= k77[HSO3_] k 7=3.0x 108¥s? 10
Rs = kg[CIO, ][HSO57] ke =24.7M sl 22
Ry = ko[CIO, ][HSO57][H +] ko=12.19x 1M 2s7? 22
Carbonate Subsystem
Rio= k10[CO327][H Jr] Kio=1 x 10 M-1gs? 10
R_1p= kflo[HC037] k-10=4.8 st 10
R = k11[HCO37][H Jr] kiit=5 x 100M-1tgt 10
R—ll = k_ll[Hch3] k—ll =8.6x 103 Sﬁl 10
R = k12[H2CO3] ki»=16.5 st 10
R.,= k-]_z[COz] ko1 =4.3x 102s? 10

aBased orK; = 3.0 x 1078 M for HOCI.

of reaction 1, and is about 17 times smaller than the corre-
sponding rate constant for the reaction involvingdl Reac-
tions 8 and 9 are significant sources of positive feedback,
especially the latter reaction, which is autocatalytic ih. H

The CI(I) species generated by reactions 1, 8, and 9 serve a
a source of additional feedback, both positive and negative.
Margerum et af® have measured rate constants for the very
fast reaction of HOCI and S to form the chlorosulfate ion,
CISG;™. They propose a mechanism involving reversiblé Cl
transfer to sulfur via the reactive intermediate, HOG50
which then decomposes to ClgOand OH". This negative
feedback is followed by the relatively slow hydrolysis of
CISG;~, which is accompanied by release oftHThese
processes are represented by reactionS B Table 1.

Just as in the kD, system, dehydration of #£0O; (reaction

TABLE 4: Rate Equations and Rate Constant Values for
the Chlorite—Sulfite pH Oscillator

rate equations

rate constants at’®5 ref

Chlorite—Sulfite Subsystem A
rate equations and rate constants from Table 2

Chlorite—Sulfite Subsystem B

Riz= k13[C|SO37][HOC|] kiz=7.5x 100M-1st this work
R14 B k14[C|28Q5] k14 =0.20s?t this work
Ris= k15[C|2] kis=11.0 st 32
Rig= kle[clz][C|027] Kig= 2 x 18M1st 27
Ri7= k17[C|803_][C|02_] kiz=1.7 x 1M 1gst this work
Rig= klg[clzoz][SO327] kig=9.4 x 100M1st this work
Rig= k]_g[Clez][ClOz_] kig=5.4 x 100°M-1st 32
Ry = k20['C|02][SO327] koo = 2.82 % 1PM1st 22
R_20= kfzo[C|02_][503°_] kp=13x 1M 1st 24
R = 2k21[SQ:,'7]2 2ko1 =6.2 % 1M 1st 25
Ry, = 2|(22[SO3'_]2 2kn=1.1x 10°M~1s? 25

features of the experimental oscillations can be simulated rather
well, although not quantitatively.

Simulated oscillations in pH are obtained over a flow rate
range ofky = (0.552-2.14) x 1072 s71, which compares
favorably with the experimental range given above. Fairly good
agreement is found between the calculated and experimental
period of oscillations in the middle portion of the range, but
not near the extremes. Calculatedvalues are too small at the
lower end, and too large at the upper end, of the flow rate range.

A comparison of the concentrations of key reaction species
is of interest. Calculations show that TH [HOCI], [H2CQ3],
and [CQ)] all increase substantially during an oscillation, while
at the same time [S£], [HSOs™], and [CQ2] experience a

Ssharp decrease. The [HOCIZQ] and [CISQ™] are never very

large, but they do show a gradual increase until the oscillation
occurs, followed by a more rapid drop abo s later.
Interestingly, a small overshoot can be seen during this drop in
concentration.

The interplay between reactions-3 and reactions 8 and 9
is critical in accounting for the required feedback in this pH
oscillator. The key intermediate in switching back and forth
between these processes clearly is HOCI. After it is produced
either directly or indirectly by reactions 8 and 9, it then switches
on reactions 35. It is not coincidental that the calculations

12) in the carbonate subsystem is the main source of negativementioned above show a change in [HOCI] of over 4 orders of

feedback. This process causes the abase equilibrium
reactions 10 and 11 involving HGOand CQ?™ to shift in the
H*-consuming direction. Reactions 2, 6, and 7 also involve rapid
acid—base equilibria in which a similar shift occurs.

The rate equations given in Table 2 were integrated numeri-
cally using the previously described SIMULATE program.
Calculated oscillations in pH are shown in Figure 1c for the

magnitude during an oscillation.

NaClO,—Na;SO;—H,SO, System.The mechanism proposed
for the chlorite-sulfite pH oscillator is given in Table 3, while
corresponding rate equations and rate constants are shown in
Table 4. The model includes reactions-4 (chlorite-sulfite
subsystem A) from the chloritesulfite—carbonate pH oscillator,
and reactions 1322 (chlorite-sulfite subsystem B). Rate

same conditions as those used experimentally. The generakonstants are known for most of the latter set of reactions, but
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8 While the qualitative features of the bursting are reproduced,
754 this set of rate constants does not give as good a correlation
7 with experimentak, ranges, periods of oscillation, or predicted

6.5 reactant concentrations producing oscillations.

Attempts also were made to simulate the oscillations in batch
referred to above. Using the conditions described in Figure 4
and the rate constant values given in Table 4, it was possible to
' ) " ' reproduce the approximate pH changes and time scale for
reaction. However, only inflections in the pHime curve were
9 obtained, but not oscillations. It is reasonable to expect that
further refinements in the model, or improvements in the
adjustable rate constant values, ultimately may lead to successful
simulation of oscillations in a closed system.

When concentrations of key species are calculated from the
rate equations and rate constants in Table 4, an interesting
observation can be made. The concentratiofCd, increases

54k t ' ; greatly (approaching 16 M) during an oscillation, even more
0 300 600 900 1200 so than [HOCI]. Using the rate constants in Table 4, we find
Time(s) [*ClO;] increases by more than 3 orders of magnitude; with the

Figure 5. Calculated pH oscillations with experimental concentrations  adjustedk values used in Figure 5b, the increase is more than
ZS in Flgurt_?chko = .1'70? Il(yz Sﬁl’t a't‘.d rate C.O”':S.ta”“g ;slngoTable 5 orders of magnitude. In the latter cas@l0; is also the species

1((32)2’ :fl ;\rqd ;)Egeélomgraﬁtsc %r;c%n_ltgg?enjaz)ir&eé?i 9 9'0 9 153 undergoing the greatest fluctuation during the rapid-oscillation
M-1sL k= 1.82x 10° M1 5L, andks = 4.45 x 10F M1 57 (b). phase in the bursting phenomenon. Other species showing

significant fluctuation are HOCI and the proposed intermediate

not for reactions 13, 14, 17, and 18. Thésalues are estimated ~ C12SCs It appears that chlorine dioxide plays an important role
by numerical simulation, as described below. A number of I this chlorite oscillator as in some others previously reported.

different reactions provide feedback to replace that furnished . Comparison to CIO,”—I~ Reaction. Because the chlorite-
by the carbonate subsystem. It should be noted that the chiorite 0dide system is perhaps the best understood of the chlorite

sulfite pH oscillator requires a lower [ than in the presence  ©Scillators, it was thought to be useful to compare it to the
of carbonate, so not as much negative feedback is needed. present system. Let us consider first Chlorite-Sulfite Subsystem

. . . A. Although it is difficult to draw an exact parallel between

Reac_t|on 13,_|n\_/olvmg anotht_er_t_tltfansfer fr_om HOCI to the CIO I~ and CIG~—SOg2- reactions, they do have in
sulfur (in CISQ"), is a key step, initiating a series of reactions mmon the production of Cl(I ither HOCI or OCTh
to generate several important intermediates. Elemental ClI common the production o (I) as eithe . 0 ne
formed in reaction 14 produces HOCI and@] in reactions most striking parall_el, however,z_comes in-comparing  the
15 and 16, respectively. Another source ob@l is reaction re?r?t'ogsit?anto c?hW'::T an(rll]iS;iQ ,[ dv done on the HOCI
17, which also plays the important role of providing feedback 5032*a tomor f ?r de(t: a bs\?césMu ry rome ot Fseh v
in one of the main reactants, gO. In reactions 18 and 19, Systeém reterred 1o above, Margerum et at’ have

. : . thoroughly investigated the mechanism of the HOLCI reac-
Cl,O, reacts with both major reactants to form, respectively, . - -
HOCI and the free-radical intermediat€lOs. tion. They have shown that similar reversible®Gransfer

. o I . reactions involving HOCI occur with both land SG?, forming
Chlorine dioxide has been found to play a significant role in HOCII- and HOCISG?, respectively. The iodide reaction
other chlorite oscillators. In the present case, it reacts reversibly along with measured ra’te constants }s '

with sulfite in reaction 20 to give another radical intermediate,
SOs, and to provide feedback in the other main reactant, HOCI + |~ < HOCII™:
ClO,™.2224 Finally, the S@~ radical anions can dimerize _ 08 -1 1L _ Fst (3
(reaction 21) or react together to produce HSQ@nd H" ky=43x10M "s Tk 3=19x10"s * (3)
(reaction 22%5 Other reactions, such as that6fO, with SO,

certainly are possible. Comparing rate constants for the parallel reactions, we see that

ks (given in Table 2) is more than an order of magnitude greater

. Simulations based on the_ rate equat|on_s af‘d ra_te constant§han|@, consistent with the fact that SO is a better nucleophile
in Table 4 are shown in Figure 5a. Oscillations in pH are than

calculated for the same conditions as those used experimentally 6

i . Margerum et afé propose that HOCH decomposes to form
(see Figure 2). As with the carbonate-based system, the general . : .

N a new intermediate ICI, which then undergoes a rather slow,
features are reproduced, although not quantitatively. Khe . . .
. o ... reversible hydrolysis reaction.

range for simulated pH oscillations agrees reasonably well with
experiment, but the periods tend to be rather long, especially at
higher flow rates. The model in Table 3 has proved to be useful
also for predicting the reactant concentrations required to _ i
produce oscillations in experiments. Thus far, it appears to be ICl + H,0 < HOI+ CI" + H™;
more reliable for this purpose in the middle range of reactant kg = 1.0 x 100sh kg=1x 10°M2s? (5)
concentrations than at the extremes.

The experimental oscillations shown in Figure 3 can be Again comparing to parallel reactions involving $Q we note
simulated reasonably well using the rate constants in Table 4.thatks andky are of the same order of magnitude, aslkarand
However, in order to obtain the bursting effect, the rate constants ks. One difference between reactions 5 ahchbwever, is that
ki, k17, andkyg need to be adjusted. The resulting simulation is reaction 5 is not reversible since the highly stable,30s
shown in Figure 5b, along with the rate constant values used. formed.

HOCII™ —ICl+ OH™; k,=9(x3) x 10°s* (4)
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Going on to chlorite-sulfite subsystem B, we see that the

Frerichs et al.

TABLE 5: General Model for Chlorite lon Based Chemical

sum of reactions 13 and 14 can be represented by the netOscillators

reaction

CISQ,” + HOCI—Cl,+ SO +H" (13"
Reaction 13 can be compared to the corresponding reaction
involving iodide.

ICl + HOCI— Cl, + HOI; kz=3x10'M™'s™* (13)

Based on relative rate constants, the difference in reactivity with
HOCI between ICl and CIS§ appears to be much greater than
between T and SQ?".

Another comparison that can be made is in the reaction
between CIO, and reductant to regenerate HOCI. Reaction 18
involving SO~ can be compared to the proposed reaction of
Cl,0, with I, as reductait

Cl,0, + I, + 2H,0 — 2HOCI + 2HOI;
kg=1x10CM st (18)

The order of magnitude ok;g required in our simulations
suggests that S is much more reactive toward £, than
is P

Comparison to *ClO,—I~ Reaction. In chlorite—sulfite
subsystem B, chlorine dioxide is produced from@l and
ClO,™ in reaction 19. This reaction is not considered essential
to the chlorite-iodide oscillator, but does play a role if CiO
is in large excess. If one starts witGlO,, or if a significant
amount of it is produced by reaction 19, the following reaction
with 1~ becomes important:

"ClO,+ 1~ —ClO,” + Y1, ky=6x 1M st (20)

The parallel reaction ofCIO, with SOz2~ is reaction 20. One

no. reaction
(M1) ClO;~ + R+ H*—HOCI+ RO
(M2) ClO;~ + HOCI + HT — Cl,0, + H,O
(M3) Cl,0, + R + H,O — 2HOCI+ RO
(M4) HOCI+ R— RO+ CI~ + H"

(M5) Cl,0, + CIO;~ — 2°CIO, + CI™

(M6) Cl,0, + H,O— ClO;™ + CI~ + 2H*'

rate constants at’25
kwi2=0.1M1s?
kv2?=1x 10°M-1s1
kwz=2x 10°PM1s?

rate equations
Rw1 = ku1[CIO2T][R]

Ruz = km2[ClO2"][HOCI]
Ruz = kM3[C|202][R]

Rus = kua[HOCI[R] ka=1x 10°M 15t
Rwvs = kMs[C|202][C|027] kMsb =2x 10°M1s?
Rus = kws[Cl202] kws = 10.5 st

aThese rate constants include a constant proton concentration.
b Corrected as in ref 17.

subsystems, each of which is capable of independent oscillations,
or else production of superthreshold amounts of Cl@r
*ClO, which periodically stimulates the system to produce bursts
of oscillations. The calculations referred to above show that large
fluctuations in"ClO, occur during oscillations, thus making this
the most likely species responsible if the latter scenario holds.
Comparison to General Model. In addition to the above
comparisons to specific reactions involving iodide ion, it is
useful to compare our proposed mechanism to the general model
of Rabai and Orba#. The general model for chlorite-based
oscillators can result in oscillations and chaos for certain values
of rate constants, reactant concentrations, and flow rate. This
model has been analyzed subsequently by Epstein3ébakr
a wide range of parameters. Unlike the proposed mechanism
for the chlorite-iodide oscillator, where iodide ions play the
critical role and chlorite ions a secondary one, the general model
assumes the feedback process originates from the chlorite. A

difference between the reactions is that reaction 20 is found to summary of the reactions proposed in the general model is given

be reversible, while in the model for th€lO,—I~ oscillator,

the complicated kinetics of the reverse of reactioh @@ not
included. Another difference is thifo for the sulfite reactiof?

is nearly 500 times as large &g. Finally, it is noted that the
product of reaction 20s molecular (3), rather than a radical
anion (SQ@ ) as in reaction 20. However, assuming thaisl
actually formed instead df.l, in reaction 20 and that two 1
radicals then combine very rapidly in reactior,2ithe overall
stoichiometry can be compared directly to that obtained in the
case of reactions 20 and 21 for sulfite.

"+ 1"— 1, ky=1x10M s (21)

in Table 5, along with corresponding rate equations.

Reaction M1, where R= SO:?-, can be compared to the sum
of reactions 1 and 2 in Table 1. Both involve a slow step having
the main function of initiating the autocatalytic path producing
HOCI. One important difference is that the general model does
not allow for autocatalysis in H while chlorite-sulfite
subsystem A in our model does. Reaction M2 was considered
also in our model, but was not included since it had no
significant effect on the simulations. Apparently, reactions 16
and 17 in Table 3 are much more important sources of
intermediate GO, than is reaction M2.

A good comparison can be made between reaction M3 of
the general model and reaction 18 in chlorigeilfite subsystem

It was mentioned above that bursting behavior was observedB. The specific rate constant values used for these reactions
under certain conditions, such as in Figure 3. We believe this have a significant effect on the predicted dynamical behavior

is likely due mainly to theClO,—SOs?~ reaction. Precedent
for this conclusion is to be found with th€lO,—1~ reaction

in a CSTR? Injection of superthreshold amounts of either
chlorite ion or chlorine dioxide resulted in transient oscillations
following a period of very low []. With periodic stimulation,

in both models. Whereas simulations for the general model used
akyz value of 1x 10° M~1 s71, we found it necessary to use
akyg value about 3 orders of magnitude larger. Since the value
of kws is acknowledged to be dependent upon the specific
reductant R, this is not necessarily an inconsistency.

bursts of oscillations are produced resembling those found in  Reaction M4, considered an important step in the general
neurons. This can be accomplished by physical or chemical model, has the same stoichiometry as the sum of reactions 3,
coupling, or by reciprocal stimulation, a method intended to be 4, and 5 in our model. The analogy falls short though, since
an approximation of mutual inhibitory synaptic connect#n. M4 is considered an elementary step. Also, the valu&af

The simulation in Figure 5b shows qualitatively what is needs to be relatively low (¥ 10* M~1 s™1) so that the supply
observed experimentally in Figure 3. Regular alternating periods of HOCI is not depleted, thus terminating the autocatalytic cycle.
of large-amplitude oscillations and small, rapid oscillations are This is in contrast to our model, where the autocatalytic cycle
found. This suggests either chemical coupling of two or more is preserved by means of the rather slow hydrolysis reaction
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Figure 6. Calculated pH oscillations for core | oscillator with 5

experimental concentrations as in Figur&kgs= 2.00 x 103s™1, and
rate constants as in Table 4, excépt= 3 x 10® M1 s (a); and 9 °

calculated pClQ@oscillations for core Il oscillator with [CI@]o = 3.50 7
x 1073 M, [SOs?]o=1.15x 103M, [H"]o=1.20x 1074 M, kg = s

2.00 x 102 s1, and rate constants as in Table 4(b).

9
involving CISGs~. Further, significant amounts of HOCI are . ’
regenerated directly or indirectly by reactions 8, 9, and 15in
our model.
The formation of*CIO;, by reaction of GIO, and CIQ ™ is 7 9
considered to be important in both models (cf. reactions M5 s HWWWWWMMWWM
and 19). One difference, however, is in the rate constant values s
used. The general model assumes a value of * M~1 s71 0 5 10 15 20
for kys, whereas we base our value flag on the conclusion Time {min)
by Peintler et af? thatkys/kus = 5.4 x 10* ML, wherekys = Fig_ur(;?. Cag;ula(tjed ?H osciltlati:)ns vv_ith;xper{gs(ntlaéconltzegtB%tions
_ 1 1 i i as In Figure s and rate constants as In Figurel , S 3.
tlo ég g 4'XW1%4a,f/|s,u1”§?_ v value of 1 s in estimatingkas 00 57 (b); 4.50 (c); 5.25 (d); 5.85 (e); 6.40 (1); 10.5 (3)
Reaction M6 corresponds to the hydrolysis ob@l in a ca. 1.5 s (similar to that observed in the batch reaction) for the

disproportionation reaction giving C¥O and CI, along with pCIO;, oscillations is striking. We suggest the possibility that
H*. Calculations showed that this reaction could be omitted the complex oscillations observed experimentally in Figure 3
from our model without significantly affecting the simulated may be attributed to coupling of two core oscillatethe low-
behavior of the system. frequency pH oscillator and the high-frequency pgdScillator.
Chemical Coupling. The bursting behavior resulting from  The former accounts for the large-amplitude oscillations and
periodic stimulation of theCIO,—1~ reaction, such as when the latter accounts for the small, rapid oscillations in the bursting
two CSTRs are physically coupled, was discussed above. Onephenomenon.
of the best understood systems involving chemically coupled One type of complex behavior shown by physically coupled

oscillators is that of Br@ —CIlO, —I~ in a CSTR3? With systems, such as th€lO,—I~ reaction, and by systems which
chemical coupling, two or more subsystems independently are chemically coupled, such as that of BroCIO, —I—, is
capable of giving oscillations are linked through a common the phenomenon of period-adding. This involves a regular
species, in a single vessel. increase in the number of small oscillations following the large

Although the CIQ-—S0O2 —H™ system may at first seem one, as an experimental parameter suchkass changed.
too simple for chemical coupling to occur, we have devised Interestingly, it is possible to simulate such behavior in the case
two subsystems which in principle are capable of independent of the present system.
oscillations. The core | oscillator consists of chloritulfite Figure 7 shows simulated pH oscillations under the same
subsystem A, along with reactions 13 and 14 of chler#elfite experimental conditions as in Figure 3. The specific rate constant
subsystem B. Note that this oscillator does not require the values used are the same as in Figure 5. As the valikeg isf
presence ofClO,. Simulations using this model are shown in increased regularly, the period-adding effect is very clear. Note
Figure 6a for the same reactant concentrations as in Figure 3that apparently chaotic behavior (panel b) is shown as part of
but with ko = 2.00 x 1073 s1. The same rate constant values this sequence. This is similar to what was found with the
as in Table 4 were used, except tkagtwas increased to avalue  BrO;~—CIlO, —1~ system?* One difference between the sys-
approaching the diffusion-controlled limit (8 10° M~1 s71). tems, however, is that the latter shows period-addingoas
This subsystem gives pH oscillations similar to those found decreased, whereas in our system period-adding requires that
experimentally, except they are of significantly lower frequency. kg be increased.

The core Il oscillator consists of all but reactions 8 and 9 of  Another type of complex behavior suggested by the simula-
chlorite—sulfite subsystem A, and all of chloritesulfite sub- tions in Figures 5b and 7 is that of compound oscillations. These
system B. Because two of the main reactions responsible for occur when one small-amplitude oscillation appears to be tacked
positive feedback in Hnow have been omitted from the overall onto each large-amplitude one. Further, in Figure 7 one observes
mechanism in Table 3, pH oscillations are not obtained, but a very unusual feature also shown by the BroCIO, —I~
oscillations in pCIQdo occur. Simulations based on this model system. This involves periodic behavior consisting of one
are shown in Figure 6b under the conditions given there, using compound oscillation gfollowed by n small-amplitude oscil-
the same rate constants as in Table 4. The very small period oflations.
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Conclusions can be found experimentally under isothermal conditions. Only

To summarize, this work has resulted in several new in the presence of a catalytic amount of’Care pH oscillations

discoveries. Our original goal of constructing a new homoge- Ob(S)irgeodt;vious area for future studv involving the chlofite
neous carbonate-based pH oscillator was achieved. We also have . : . y g the

added to the list of known chlorite-based oscillators. More suIﬂte_system Is that of spatlt_)temporal oscnlayor_ls. Such
specifically, we report here the first chlorite-based pH oscillator. behav!or hqs been observed W'th b.°th. th_e 9hleﬂw'def
Depending on one’s approach to the taxonomy of chemical ma}lonlc acid (ClMA) arédwchlorlne dioxideiodide—malonic
oscillators, one could perhaps make the case that the chiorite acid (CDIMA) reactions™"" Both of these systems also show

sulfite pH oscillator represents a new subclass of chlorite _osculatlons in batch. The similarities between sulfite and iodide

oscillator. However, as mentioned above, a chlorite-based in their r.eg.ctions Wit.h .chlorite, as mentioned aboye, suggest

oscillator involving IG~ or I, as an oxidant and S as a the p053|b|I|ty'0f obtaining sugh phenomena as Turing pattems

reductant was first discovered nearly 20 years @gone thing and propagatl_ng pH_ fronts with the sulfite-based system. This

that seems clear is that the GIG-SO2-~ system represents a seems es_,pemally I|kely_beqause of the feedback processes
new minimal or prototype chlorite oscillator, taking its place regenerating S(IV) Species n our proposed mechanism. The
alongside the CI@—I- oscillator. main purpose of the malonic acid in the CIMA and CDIMA

In spite of the complexity of the nonlinear dynamics found Liaggggri/;t\?vi[ﬁ%ﬁ:?:Lallct)?i.tgjlif)i?g?ézgi%?\r%gh;ns??rsCva(lnﬁﬁljn
in the chlorite-sulfite system, this may be the simplest, and ’ Y

best understood mechanistically, sulfur-based chlorite oscillator. seem to have a clear aqlvantage over the C!MA'a.nd CDIMA
Perhaps in the future it may help account for the behavior of reactions for future studies in terms of the simplicity of both
other sulfur-based chlorite oscillators (e.g., with  SSCN-, the components and the mechanism.

S,0:%27, or TU). One other benefit of the present study is the
introduction of new reactions involving sulfur and chlorine
species and the suggestion of the existence of a new intermedi
ate, C}SG;. It has also provided the incentive for the measure-
ment, or at least the estimation, of previously unknown rate
constants. Finally, in terms of the basic components, the
chlorite—sulfite pH oscillator may be the simplest “single
oscillator” to demonstrate chemical coupling.
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