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Complex Behavior in the Formaldehyde-Sulfite Reaction
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The formaldehyde sulfite reaction is an example of an “acid-to-alkali” clock. It displays an induction period,
during which the pH varies only slowly in time, followed by a reaction event, during which the pH increases
rapidly by several units. When the reaction is performed in a closed (batch) reactor, the clock time is found
to increase with a decrease in initial concentrations of formaldehyde and sulfite and an increase in the total
initial concentration of S(IV). At long times, following the clock event, there is a slow decrease in pH. In an
open (flow) reactor, bistability between a low-pH steady state {pB—8) and a high-pH steady state (pH

~ 11) is observed. Additionally, we report the existence of sustained, small-amplitude oscillations in pH in
this system. An extended kinetic mechanism reproduces the batch behavior but fails to account for the complex
behavior observed in the flow reactor. Possible additional reaction steps are discussed.

Introduction oscillations in pH when performed in a flow reactéiThe key

. . . . ) . feedback in this system is the autocatalytic production of radical
Systems which might display oscillations in pH in batch species S@ and SOs".

reactors are of considerable interest. To date, the only nonlinear The f ldehvde sulfit fion i ok H clock
responses observed in thermodynamically closed systems are e olgma_ enydesuliite reaction IS a well-known pH cloc
clock type behavior or a few damped oscillatidnSustained reactiont® which, contrary to the batch behavior of the systems

oscillations have been obtained in flow reactbisterest in described above, displays an induction period during which the
systems displaying robust pH oscillations arises as such reaction®H iS low and a reaction event during which the pH rapidly
might contribute to the development of biomimetic devices, such increases. This reaction is particularly interesting from a
as microvalves for the periodic delivery of drugfswhen used dynamical point of view as there is no obvious feedback in the
in conjunction with pH-sensitive polymers. The feedback Pproposed reaction mechanism, and the clock behavior is thought
processes involved in pH oscillating reactions might also give to result from the consumption of an internal sufitaisulfite
insight into certain biological phenomena such as temperaturebuffer by formaldehyde to produce the formaldehydalfite
compensatiof,i.e., the ability of systems to maintain periodic adduct, hydroxymethanesulfonate (HMS}8 The reaction is
cycles of constant length within a physiological temperature also highly relevant in atmospheric chemistry as the oxidation
range. of S(IV) species occurs in cloud or fog water with dissolved
In pH-regulated reactions, the nonlinear production of formaldehyde to give HM$? This process is thought to provide
hydrogen ion is the driving force for the dynamical behavior a route for the stabilization of S(IV) with respect to oxidation
observed. A model for the systematic design of pH-regulated by H,O,, which proceeds rapidly to yield sulfuric acid. The
oscillators has been publishedssentially consisting of an  addition of organic ligands to sulfur species is also believed to
autocatalytic production of Hcoupled with an F consuming  have an inhibitive effect on the iron-catalyzed autoxidation of
process. Systems involving the oxidation of S(IV) speéies, S(IV) in atmospheric fog wate
arsenité® or hydroxylaminé by halogenate oxidants (e.g.,4Q

BrOs~, ClO57) or hydrogen peroxide have been used as the reaction, to obtain additional insight into the nonlinear kinetics

autocatalytic, positive feedback subsystem. Sources of prOtonobserve 4 in sulfur-based reactiddén agreement with orevious
consumption/negative feedback include reductants such as ) . n3n ag . P
ferrocyanidel® manganese complex&senzymes? or carbon- work we find that, in batch, the induction period can be related

(IV) species'? In batch, these pH-regulated reactions generally to the rate-de_termining deh_ydr_atior_1 of methylene egC(_)I and
display an induction period with a high pH, followed by a rapid 1€ consumption of the sulfiteisulfite buffer. We also find
(or damped (oligo) oscillatory) transition to a lower pH. In flow, that the induction period increases with decreasing sulfite and

they are capable of displaying sustained large-amplitude oscil- that the pH gradually decreases following the reaction event,
lations in pH which has not been previously reported. The reaction is

An alternative class of pH oscillators is that in which the ©&X@mined in a flow reactor, and complex behavior is observed,
nonlinear pH change is a consequence of the dynamicalincluding bistability between a low-pH steady state (pH6—8)
behavior, rather than a driving force for it. One such reaction @hd a high-pH steady state (pH 11), small amplitude
is the Cu(ll)-catalyzed reaction between thiosulfateOg") oscillations (high pH), and bistability between the low-pH steady

and peroxodisulfate (8g?~) which displays small-amplitude  state and oscillations. A revised model quantitatively reproduces
the main batch results but additional steps are required in order

*To whom correspondence should be addressed. E-mail: annettet@ {0 reproduce the complex behavior observed in flow. Possible
chem.leeds.ac.uk. feedback routes are suggested.
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TABLE 1: Mechanism for the Formaldehyde—Sulfite Clock Reaction

reaction rate constantk(k;)
(1) CHy(OH), = CH;0 + H.0 55x 10351 10s!
(2) HSQ™ = SO + H* 3.1x10°s ;5% 100°M-1st
(3) CHO + SO~ — CHy(0")SOs~ 54x 1M1t
(4) CH(O)SO;™ + HT = CH,(OH)SQ:™ 1x1P°PM1sL2x103s?
(5) HHO=H" + OH~ 1x103Ms L 1x 108 Mts?
(6) CH,O + HSO;~— CH,(OH)SQy~ 45x 1@Mtst
(7) CHyOH), + SO~ — CHy(07)SOs~ + H,0 25M1st
(8) CHy(OH), + HSO;~ — CH(OH)SQy~ + H,0 0.48 Mtst
Experimental and Calculations Results

For both batch and flow reactions, two stock solutions were  Batch Reactor. Typical pH vs time plots are shown in Figure
prepared using analytical grade chemicals and doubly distilled 1a for the batch reaction of methylene glycol with the bisuffite
deionized water. Solution A contained methylene glycol (37% sulfite buffer. The initial concentrations were [@®H);]o =
formalin solution, Aldrich) and the hydrated form of formal- 0.096 M (0.192 stock) and [HSO]o = 0.0631 M (0.1262
dehyde and was diluted to give the required concentration 24 hstock), and the sulfite concentration was then varied between
prior to use to allow complete de-polymerizati&Solution B experiments. In each case there is an induction péripduring
contained sodium metabisulfite (ViCkerS) and sodium sulfite which the pH is increasing S|0w|y, followed by a re|ative|y rapid
(Vickers). Sulfur species in solution B are prone to aerial increase in pH. The initial pH is governed by ratio of bisulfite/
oxidation, which results in a lengthening of the induction time. - syifite through the rapid equilibrium in reaction 2. The induction
Since oxidation is catalyzed by transition metal ions, ethylene- neriod was of the order of tens of seconds and is observed to
diaminetetraacetic acid (EDTA; 5 10~° M; Vickers) was also  jycrease with decreasing initial concentration of sulfite. The
added to the stock solution. Solution B was used directly after - ease in pH in the reaction event is between 4 and 5 units.
preparation iU batch experimen.ts and continuously bubbled with 1,4 long-term behavior of the closed system demonstrates a
nitrogen during the flow experiments. subsequent gradual decrease in pH following the reaction event

The batch experiments were carried out in a small (20 mL) (Figure 1b).
reaction vessel containing a magnetic stirrer to ensure complete
mixing on addition of solution A to solution B. Typical (@)
concentrations in stock solutions were as follows: A, [€H .
(OH)zJo = 1.2 M; B, [HSO; ] = 0.2 M and [SQ7]o = 0.02 12+
M. The total volume of the reagents was always 10 mL, and 11
the required volumes of stock solutions mixed with distilled

1
J —
water to give the concentrations stated in the text. The stock 104 ;
solutions were maintained at 22. A calibrated pH electrode o]
(HANNA) was used to accurately measure the pH as a function 1
of time, in 1 s intervals. The induction time was determined Sj
from the digitized data via the second derivative of thepH 7
time plot. Additional experiments were performedli M NaCl 1

to ensure ionic strength had no significant influence on the 6:
induction time/pH change. 5 T

pH

20 30 40 50

. . ! 0 10
The flow experiments were performed in a continuously fed .
stirred tank reactor (CSTR) of volume 22 mL and completely Timels
filled to ensure there was no solution/air interface. The reactor (b)
was surrounded by a water jacket, and reactions were performed 124
at constant temperature. The solution was stirred with a magnetic 11 6

stirrer (500 rpm). The stock solutions were supplied to the
reactor by use of a calibrated peristaltic pump (Gilson). pH and
temperature were monitored using a HANNA pH electrode and
digital meter.

Calculations

Simulations of experiments were performed using the mech-
anism in Table 1. This is an extended version of the model
(steps £5) proposed by Boyce and HoffmafhThe rate 56 1000 2000 3000 4000 5000 6000
constants for steps—35 have been determined previously, and ]
the rate constants for the new additional step$8 évere varied Time /s
in this work to reproduce batch experimental results. Numerical Figure 1. (&) Experimental pH time traces in the batch reactor with
integration of the eight resulting differential equations was ?Affse&e[‘]to E'S%Iéu,\';'tz ng(;/r::cin{r?il)or;s.(zgoég(?;)z]loo (:4)0'1%9?5)'\%)
performed using package XPP_AGthe method of integration | onq"time behavior in batch with different initial sulfite concentra-
chosen was CVODE, with a time step generally takentas d = tions: [CHy(OH)Jo = 0.025 M, [HSQ]o = 0.0166 M, ando/c = 13
0.01 and the tolerance set at tell x 1077, (6), 57 (7), 117 (8), and with [S® o = 0 M (9).
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Figure 2. Experimental @) and numerical &) variation of induction time with (a) [CKH{OH),]o, where [HSQ ]o = 0.1 M, b/c = 10; (b) [HSQ o,
whereb/c = 10 and [CH(OH);]o = 0.096 M; and (c) [S& ]o, where [HSQ@™] = 0.063 and [CH(OH),]o = 0.096 M.
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Figure 3. Computed variations in time of (a) pH-), [CH2(OH);]
(a), and [HSQ] (--) and (b) [HSQ™] (--) and [SQ?"] (—). The initial
species concentrations: [GDH);]o = 0.192 M, [HSQ Jo = 0.1 M,
andb/c = 10.

The experimental variation of the induction period with the
initial concentrations of (a) methlyene glycol, (b) total sulfur
containing species keeping the ratio of bisulfite/sulfibéc)
constant, and (c) sulfite is shown in Figure 2.

The calculated evolution of the concentrations of the main
species is plotted in Figure 3 for a system with the initial
composition [CH(OH);]o = 0.192 M and [HS@ ]o = 0.1; b/c
= 10. During the induction period, the concentrations of,CH
(OH), and HSQ™ decrease and the pH increases, while that of
SO2~ remains constant. The buffer equilibrium in step 2 is
maintained during this period so [SO][H T]/[HSO37] = K
= 6.2 x 1078 This also implies that the ratio [F/[HSO3]

concentration of sulfite. The computed variations of the induc-
tion period with initial species concentrations are compared with
the experimental results in Figure 2. The induction period is
sensitive to the rate coefficients for step 1 and step8,8he
qualitative dependence can be modeled successfully in each case,
and suitable adjustments to the rate coefficients allow reasonable
guantitative agreement.

Flow Reactor. Under flow conditions, this system is able to
support bistability for a range of operating conditions. An
example a bifurcation diagram for this response is shown in
Figure 4a, where we see the coexistence of the low-pH flow
branch and the high-pH thermodynamic branch at high flow
rates. The “ignition” transition from the flow branch to the
thermodynamic branch at low flow rates is clearly determined
at a flow rate of ca. 23 mL mirt. The corresponding “washout”
transition occurs at too high a flow rate for us to locate this in
our system, so we are unable to determine the full extent of the
hysteresis region.

The form of the bifurcation diagram changes as the ratio of
bisulfite to sulfite (elsewhere referred to lalg) is varied, with
the region of bistability decreasing as this ratio is increased.
The response shown in Figure 4b again shows two branches at
low and high pH, respectively, for a system witi'c = 5.
However, the character of the upper branch changes as the flow
rate is increased, and there is a Hopf bifurcation such that the
high-pH steady state loses stability and a stable, small amplitude
oscillatory state emerges. Thus, there are two different types of
bistability evident in this diagram: BS2 indicates a region of
coexistence of two stable steady states (as in Figure 4a) and
BS1 indicates a region of coexistence of a stable steady state
(low pH) and an oscillatory state (high pH).

A further example of an experimental bifurcation diagram is
shown in Figure 5 for a system with/c = 116. A high-pH
oscillatory state exists at low flow rates (OSC), followed by
bistability between two oscillatory states (BS3) for a small range
of experimental conditions; in this case, a Hopf bifurcation also
occurs on decreasirlg, in the vicinity of the “ignition point”
at the low-flow-rate end of the lower branch of solutions, and
small-amplitude oscillatory states are observed. For a larger
range of flow rates, a low-pH steady state and a high-pH
oscillatory state coexist (BS2). An example time series of the
high-pH oscillatory response & = 2.81 mL mirm? is shown
in the inset to this figure, recorded by a Pt electrode and a pH
electrode. The small-amplitude (0.4 pH units) and the long time

remains constant over this period, and the computations indicateconstant on the pH electrode system employed generally

that [HSQ ] decreases exponentially (pseudo-first-order kinet-
ics) and the pH increases linearly in time over the induction

produces “noisy” time series data, but these examples indicate
that the waveform is essentially that of a simple, period-1

period. Once the bisulfite has been sufficiently consumed, a response. The variation of the amplitude of the oscillatory
rapid increase in pH is observed and there is then decay in thesolution with flow rate is indicated in Figure 5 by the size of



286 J. Phys. Chem. A, Vol. 109, No. 1, 2005 Kovacs et al.

(a) 10.254 ®
1o- 10.0 .r
S SRvi— . ;
i 6.25 ®
| 0]
e 9.75
@ ! T ©
- ; 8925
o : :
81 E 9.75
' @
' 9.0
6 v T v T v T v T v T v 1 i
0 20 40 60 80 100 120 : 1000 2000 3000
k,/ ml min Timel s

Figure 6. pH—time curves at different flow rates. (a) [30] = 0.052
M, T = 22°C, ko= 21.61 mL mirr? (no reaction); (b) [CHOH),]o =
0.10 M, [HSQ o = 0.066 M, [SQ*]o=5.7 x 10*M, T = 22°C,
ko = 14.05 mL min%; (c) ko = 2.16 mL min?; (d) ko = 3.24 mL
min~1L.

decreases (from 40 to 30 s across the range in this particular
bifurcation diagram).

Although the oscillatory amplitude is small in this system,
ranging from 0.3 to 1 pH unit, it is distinguishable from the
typical levels of noise in experimental time series. Time series
for (a) sulfite-only solution at a high flow rate (21.6 mL mit)

: : and (b) a low-pH steady-state at a flow rate of 14 mL min
0 2 4 6 8 10 12 14 16 shown in Figure 6 have noise levels of only 0.01 pH units.
k,/ ml min” Example time series for genuine oscillatory states at lower flow

Figure 4. (a) Bifurcation diagram showing the regions of high-pH rates are shiown for.comparlson n Filgure 6e.d.

steady state (SST2) and bistability between two steady states (BS2), | Nne sustained oscillatory response is robust and observed over
where [CH(OH)Jo = 0.17 M, [HSQ]o = 0.1 M, [SQ#]o = 0.01 a wide range of operating conditions, including over a wide
M, and T = 22 °C. (b) Bifurcation diagram showing the regions of temperature range {463 °C). The different responses exhibited
high pH steady state (SST2), bistability between two steady states py this system are summarized in tkg-[HCHO]o and ko—
(BS2), bistability between the low-pH steady state and the oscillatory (b/c) parameter planes in Figure 7a,b, respectively. These
state (BS1), and low-pH steady state (SST1) wherez{OH);o = diagrams indicate the extent of the regions of different types of

0.067 M, [HSQ Jo = 0.066 M, [SQ?]o = 0.0133 M, andr = 22°C. lagranm . .
(Filled triangles) steady state with increasing flow rate; (filled circles) Pistability, of unique steady states, and of oscillatory states.

oscillatory state with increasing flow rate, (triangles half-filled) steady

state with decreasing flow rate. Discussion
95- . The behavior described above ranges from a detailed inves-
00 € tigation of the previously known clock reaction in batch to the
’ z observation of bistability and oscillations under flow conditions.
851 p For clock reactions based on autocatalytic or self-inhibitory
80118 0 300 600 <00 feedback, the link between clock in batch to bistability in a flow
T 757 sst | reactor is well-established and expected. A systematic meth-
2 ;0] E'}w i [\ hm odology exists for “designing” oscillatory systems based on
6.51 8 “ \{M/W JM bistability, following the approach of Epstein etZlin which
6.0 R AN “f vy an additional feedback process is added to the bistable system.
55 . *\\*t’ . 0 500 1000 In the present system, there are two surprises. First, bistability
0 5 10 15 20 25 30 35 is observed even though there is no obvious autocatalysis in
k,/ ml min” the mechanism, and second, oscillations are observed without

Figure 5. Bifurcation diagram showing the regions of thermodynamic the apparent requirement for a second feedback process. These
steady state (pH 7), high-pH oscillations (OSC), bistability between — experimental observations appear to be completely robust and
two oscillatory states (BS3), bistability between low-pH steady state repeatable but leave some unanswered questions with regard
and the oscillatory state (BS1), and the low-pH steady state (SS1), whereyg the underlying mechanistic origins.

_ 1= -1 = 4
[CHo(OH)olo = 0.089 M, [HSQ Jo = 0.066 M, [SQ? Jo= 5.7 x 10° The mechanism of the formaldehyde-sulfite reaction has been

M, and T = 22 °C. (Filled circles) oscillatory state with increasing d | d b f . tudi f
flow rate (the vertical lines show the amplitude of the oscillations); eveloped over a number of previous studies over a range o

(half-filled circles) oscillatory state with decreasing flow rate, (filed PH conditions. Boyce and Hoffmé&hinvestigated the reaction
triangles pointing right) steady state with increasing flow rate, and (filled under acidic conditions and, more recently, by Winkleman and
triangles pointing left) steady state with decreasing flow rate. Oscil- Beenackers® The latter authors adopt a mechanism similar to
lations are shown in pH (top left) and potentiakat= 2.81 mL mirr. that of Boyce and Hoffmanstepst5 in the model above
which adequately describes the observed clock-type behavior,
the vertical “bars” superimposed on the upper branch. The provided the concentration of formaldehyde, which exists mainly
amplitude increases with increasing flow rate, and the period in its hydrated form, is greater than that of bisulfitesulfite.
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(a) by reaction steps -16. The addition of reactions 7 and 8,
proposed by Lagrange et &%, provides additional S(IV)-
consuming processes and can explain the experimental trends
reported here. The values of the rate coefficients for these two
steps, along with that for step 1, are mainly responsible for
determining the computed induction periods.

The formaldehydesulfite clock reaction can thus be ex-
plained by the existence of a buffer which maintains the acidic
pH until it is completely consumed. Although the rate of
production of OH is acceleratory, the model does not contain
any obvious feedback. This model, however, does not account
for the complex behavior observed in flow, including bistability
between steady states and oscillations. Simulations performed
120 under flow conditions resulted in the observation of only a single
steady state. To observe the high-pH steady state in flow, a
feedback process is required which may be autocatalytic in,OH
i.e., pH-regulated or autocatalytic in another species in a reaction
step in which OH is produced. Nevertheless, it is well-
understood that autocatalysis alone is not necessarily sufficient
for the observation of oscillations in an open system, and
additional negative feedback may be essential. Several feedback
processes have been identified in related systems which may
be pertinent to the work reported here. In basic solution,
methylene glycol may undergo a Cannizzaro-type reaction,
resulting in the formation of methanol and formic acid, and there
is some evidence of a radical chain reaction occurring, although
the generally accepted mechanism simply involves hydride
transfer?® A related reaction is the condensation of formaldehyde
in basic solution producing sugars (the Formose reaction), which
60 has been reported to be autocatalytic in hydrated intermediates
k,/ ml min” such as glycotaldehyde. This reaction may display bistability
when performed in an open reactor, but this is thought to result

Figure 7. (a) [CHy(OH),Jo—flow rate phase diagram showing the . - . . o
regions of high-pH steady state (black area, SST2), low-pH steady s‘tatefrom insufficient observation times and no oscillations have been

(SS1), high-pH oscillatory state (OSC), bistability between the low- reported in this systerif. Alternatively, the oxidation of S(IV)

pH steady state and the high-pH oscillatory state (BS1), bistability by gallic acid has recently been demonstrated to result in

between two oscillatory states (red area, BS3), where [Hg& 0.066 nonlinear production of S(VI). Self-inhibition of the production

M, [SO5*Jo = 5.7 x 10* M, T = 22°C. (b) [HSQ"]/[SOs*"] —flow of an organic radical species was proposed to account for the

lr\ite pgrz\rse_dégq)ram where [@B®H)]o = 0.089 M, [HSQ"]o = 0.066 observed nonlinearit§®. The possibility of a similar feedback
-andt = C mechanism in the formaldehysdsulfite reaction will be inves-

tigated in a subsequent paper.
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The rate-determining step is the dehydration of methlylene
glycol, and the pH is determined by the internal bisuffisellfite
buffer (reaction 2). As the reaction proceeds,;5Cand H i o _ _
are consumed through reactions 3 and 4, but are supplied The formaldehydesulfite reaction displays interesting non-
through the dissociation of HSO in reaction 2, and the pH linear dynamical behavior. In batch, this reaction displays an
increases slowly. When HSOhas been completely consumed, induction period during which the pH is acidic followed by a
reaction 2 can no |onger Supp|y+H0 match its Consumption rapid transition to an alkaline pH This behavior can be eXplained
through reaction 4 and the pH increases rapidly. by the existence of an internal buffer through HS@nd SQ~

The decrease in the induction period with increasing initial WNich maintains an acidic pH until it is completely consumed
concentration of methylene glycol (Figure 2a) can be explained @"d 2 transition to the high pH follows. In a flow reactor,
by the increase in the rate of reaction 1 and thus the rate of PiStability between steady states has been observed, but also
removal of S@. The increase in induction period observed pH oscillations and bistability between a low-pH steady state
upon increasing the total concentration of sulfur containing and oscillations. Further investigations are required to elucidate
species (Figure 2b) can be explained by the correspondingthe additional reaction steps necessary to reproduce the complex

increase in the time for the total consumption of HSO  Pehavior.
Reactions +5 reproduce these features qualitatively in simula-
tions, but grossly overestimate the clock time. Reaction 6 has
been proposed by Skrabal and Skraldalthough this had been
thought to be an insignificant reaction channel, the addition of
this reaction has been important for modeling the behavior at
low S(IV) concentrations.

From this description of the clock behavior, a decrease in )
the concentration of sulfite alone should result in a decrease in gg Rabal, 0. Shem. dse(|)§'bﬁgaTégangusgf—égzlos} 1084.
the induction time. However, we observed an increase in the  (3) misra, G. P.: Siegel, R. Al. Controlled Releasg002, 79, 293
induction time (Figure 1c), a feature which is not reproduced 297.

Conclusion
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