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Dual Control Mechanism in a Belousov-Zhabotinskii (B —2Z) Oscillator with Glucose and
Oxalic Acid as a Double Substrate
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Oscillations in a BelousovZhabotinskii (B-Z) system having oxalic acid (OA) and glucose (G) as a mixed
organic substrate, neither of which acts as a bromine scavenger, have been investigated. Studies have been
performed for (i) varying the concentration of G while keeping the OA concentration fixed and (ii) varying
OA but keeping G fixed in a batch reactor. In both cases upper and lower critical limits occur, between
which oscillations are observed. Both single and double frequency oscillations have been observed in a wide
range of concentrations of G as well as of OA. The induction period in most of the caseslwaim. When

G is fixed and OA is varied, the time pause between the sequential oscillations increases with an increase in
OA. On the other hand when OA is fixed and G is varied, the time-pause decreases with an increase in G.
The first type of oscillation is Br-controlled, whereas the second is non-Bontrolled. The order of addition

of G and OA in the last has no influence on the induction period. It influences, however, the oscillatory
characteristics. Brevolution in the G+ OA + Cée&*" + BrOz;~ + H,SO, reaction system has been investigated
spectrophotometrically. ESR and polymerization studies indicate the important role of free radicals in
influencing the reaction mechanism. A tentative dual control mechanism has been suggested involving

autocatalysis of HBr@and BrQ-.

Introduction close, further confirming that at higher [G] oscillations would
not occur when it is used as a single substfdastogi et al®,

Belousov-Zhabotinskii (B-Z) oscillators containing sac-  gyamined the behavior of the fructose oscillator in detail and
charides as organic substrates are interesting from many aspect§oyng the critical limits of F in the range 0.60.6 M.

Sevdk and Adanigkov'a* have reported oscillations in systems Experiments have been performed to elucidate the control
containing saccharides when nitrogen flow and’Mms a  echanism in the fructose oscillator, which appeared to be free
catalyst were used. The systems behaved as bromine hydrolysi$,gical controlled. It may be noted that there are other
controllled.(BHC) oscillators. Ou apd Jbhinvestigated primarily oscillatory reactions where the role of free radicals has been
the kinetics of Mn(lll)-saccharide, bromateVin(ll), and found to be cruciat =5 It has been suggested that oscillatory
bromate-saccharide reactions (glucose, galactose, xylose, ara-geria| oxidation of propionaldehyde also involves free radical
binose, and ribose). Rastogi efdlave reported oscillations in control mechanisri In addition to use of ketones for Br
bromate-driven oscillators containing sucrose, fructose (F), removal, the same has also been achieved by (i) partitioning in
glucose (G), maltose, and galactose along with acetone as & o phase-oscillatéf and (ii) nitrogen bubbling®

bromine scavanger. These also belong to the class of BHC Noszticzius and Bdiss® have used carrier gas and recorded

osgll};’rors. ?SC'”"qu't%nS 'rr‘] redoxl potenltleil 2nd’Blrooncentratlotn 4 foscillations in the gas phase. The interpretation is complicated
and the nature ot the phase-plane plot have been reported f0yqc5se there is the likelihood of formation of a supersaturated

B—Z oscillators containing (i) G- acetone, (i) G+ cyclo- aqueous solution of Band of periodic release of supersaturation
he_xanone, (iii) F+ acetone, and () P c_ycloh(_exa_none 85 due to flux of the carrier gas. It has been reported that
mixed substratg‘éBoth complex and. p?r'Od'C oscillations WET€ " oscillations can be generated in the reaction system without
observed. Limit cycle and .folded' limit cycle; were obtgmed, bubbling the inert gas by only controlling the stirring rate.

and Hopf and Jug handle bifurcations occurring under different A novel-type of B-Z oscillator involving F+ oxalic acid

cwcumstan(_:eé. ) . . o (OA) as double substrate has been reported, where F is below
Later, Srivastavainvestigated the critical limits of acetone  {he critical limit2° It may be noted that no oscillations are

for (i) G, (ii) F, (iii) sucrose, and (iv) an equivalent mixture of  ohsered when OA alone is used as the organic substrate. The
G and F in the concentration range 0-@1075 M. The critical F + OA oscillator is found to involve the dual control

limits for (iii) and (iv) were found to be same. However, the nechanism, i.e., both free radical- as well as-Bontrolled2

most remarkable obs(;ar\c/jatlog Was."th"?‘t beyond=EFQd.0_75 m“g B Preliminary experiments revealed that wher-®A is used
no acetone was needed and oscillations occurred in as a double substrate, oscillations also occurred. However, it

oscillator. This is not so in the. case of the qupqse oscillator. may be noted that oscillations do not occur when G is used as
At [G] = 0.075 M, the upper limit and lower limits are very substrate alone

Because these were unexpected results, it prompted us to
*To whom all correspondence may be addressed. E-mail: rprastogi@ investigate thoroughly the & OA + Ce* + BrOs™ + H,SOy
hoo.com. : : .

yaf?JopC%@unC” of Science and Technology. reaction and to test the general dual-control mechanism, keeping

* Industrial Toxicology Research Centre. in mind that glucose and free radicals produced from its
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Figure 2. Oscillations in bromide ion potential (I) and redox potential
(1), for the system HSQO, (1.5 M) + BrO;~ (0.06 M+ Ce*t (1.45 x
1073 M)+ OA (0.03 M)+ (a) G (0.01 M), (b) G (0.02 M), (c) G (0.07
M), (d) G (0.09 M), (e) G (0.15 M), (f) G (0.25 M), (g) G (0.35 M),
(h) G (0.45 M), and (i) G (0.50 M), respectively. Temp: 261 °C.

Figure 1. Oscillations in bromide ion potential (I) and redox potential
(1), for the system HSQy (1.5 M) + BrOz~ (0.06 M)+ Cé*t (1.45 x
1073 M) + G (0.05 M)+ (a) OA (0.007 M), (b) OA (0.01 M), (c) OA
(0.02 M), (d) OA (0.03 M), (e) OA (0.045 M), (f) OA (0.05 M), (9)
OA (0.09 M), (h) OA (0.2 M) and (i) OA (0.35 M), respectively.

Temp: 26+ 1°C. TABLE 1: Oscillatory Features in the System Cé* (1.45 x

103 M) + BrO3~ (0.06 M) + H,SO; (1.5 M) + G (0.05 M)

oxidation products are of considerable biological and physi- + OA (as Variable) (Temp 26+ 1 °C)

ological importancé! Detailed experimental results are reported

in the present communication. induction type | typell
Experimental Procedure and Results concn of per!od no. of life t_ime time pause no. of life t_ime
OA (M) (min)  cycles (min) (min) cycles (min)
Materials. Glucose, sulfuric acid, KCI [E. Merck, India], 0.007
cerium(lV) ammonium sulfate [AR, Thomas Baker & Co., Ger- 5 ggg
many], potassium bromide [S. D. Fine Chem. Pvt. Ltd., India], 0.010 0.7 3 15
potassium bromate [AR, Central Drug House, India], and 0.015 0.7 7 3.0
acrylamide [LR, Koch-Light Ltd., Germany] were used.-€a 0.020 0.3 10 3.8
gluconate, Caglucarate, Caglucuronate, and bisacrylamide 0.025 15 3.8
. . . 0.030 13 3.0 25 13 9.5
were procured from Sigma Chemical Co., USA. All solutions 035 13 33 38 18 120
were prepared in 1.5 M sulfuric acid in double distilled water.  g.040 11 2.8 75 20 75
Monitoring of Oscillations. The oscillations were investi- 0.045 12 3.5 5.6 24 7.5
gated for various concentrations of G and OA in QAG + 0.050 10 3.3 7.5 20 5.0
Ceé* + BrOs~ + H,SO; system. Oxalic acid was added last. ~ 9:055 10 3.3 7.5 23 6.0
Experiments were performed in a closed batch reactor containing 0:82? 18 g 8 ;:g g g 8
50 cn? of the reaction mixture, which was stirred magnetically  g70 10 3.3 78 14 38
with moderate speed, as reported earli®€First a mixture of 0.075 10 2.3 6.0 16 35
BrOs;~ + Ce** + HSO, of desired concentration was introduced ~ 0.080 9 3.0 9.0 12 35
in the reactor. Two types of experiments were performed. 0.090 9 3.0 105 7 2.8
Initially, G was kept constant (0.05 M) and OA was varied 'igg g ‘3"2 8.0 B .
(0.007-0.35 M). In the second set of experiments, OA was kept 5 5g 7 38
constant (0.03 M) and G varied (0.008.55 M). Oscillations 0.250 1.8 3 1.5
were recorded using a Bisensitive electrode and a Pt electrode  0.300 1.3 2 1.0
0.350

in conjunction with a calomel electrode using an electronic
recorder, as described in earlier communicafidgpical results performed in the above manner where OA was added last. In
are recorded in Figures 1 and 2 and Tables 1 and 2. the second set of experiment, G was added at the end. The effect
The effect of the order of addition of reagents on oscillatory of the order of addition on oscillatory features for a typical case
behavior was also investigated. The first set of experiments wasis shown in Figure 3. In the first case both types of oscillations
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TABLE 2: Oscillatory Features in the System Cé* (1.45 x For steady gel formation studies, a cross-linking agent
10°° M) + BrOg~ (0.06 M) + H,SO, (1.5 M) + G (as bisacrylamide was used. The reaction mixture contained 5 mL
Variable) + OA (0.03 M) (Temp 26+ 1 °C) of HSO4 (1.5 M), 20% acrylamide and 0.8% bisacrylamide
induction type | type Il along with X= G, P, Q, S (0.05 M), Br@ (0.06 M), Ce*"
concnof period no.of lifetime time pause no. of life time (1.45x 1073 mM), and the concentration of OA was 0.03 M.
G (M) (min)  cycles (min) (min)  cycles (min) The gel formation time of the following reaction mixtures
0.005 was noted, which is indicated in parentheses:
0.009 18 8 2.5 (i) G + Ce** (122 min)
0.010 1.8 8 2.5 8.5 15 5.5 (i) OA + Cé** (2 min)
0.015 18 6 2.5 7.5 15 8.0 (iii) gluconic acid+ Cé** (2.25 min)
0.020 9 35 6.0 10 8.0 (iv) glucaric acid+ Ce*+ (13.25min)
0.025 10 35 4.5 12 10.0 . . .
0.030 13 30 45 12 95 (v) glucuronic acid+ Ce*™ (248 min)
0.035 13 45 2.5 14 120 (vi) G + OA + BrOs~ + Cé** (<1 min)
0.040 15 5.0 25 15 135 The above results show that in case of (ii) and (iii) free
0.050 13 2.8 2.5 13 9.5 radicals are rapidly formed as compared to (i) and (v).
8-822 12 g-g i-g ig g-g ESR Studies ESR spectra of the following reaction mixtures
0.070 14 38 53 15 115 were investigated with the help of an ESR spectrometer (scan
0.075 13 30 20 15 10.0 range= 3400 G, mild range= 500 G, RG=5 x 10% MA =
0.080 14 4.0 2.3 15 115 1 G, power= 15 db/6.3 mw at room temperature): (i)
0.090 14 3.5 2.5 14 10.5 y-irradiated glucose; (i) G- BrOs™ + H,SOy; (iii) G + Ce*"
0.100 14 2.8 2.5 16 8.5 + H,SO,.
8;88 192) ig gg ﬁ’ 18_8 The ESR spectra indicate the formation of free radicals in
0.250 9 18 28 9 75 all the three cases. In case (i) the free radical produced is likely
0.300 6 1.3 3.0 6 5.0 to be G=C*—(CHOH)—CH,OH. In cases (ii) and (iii) free
0.350 4 1.0 3.3 5 5.0 radical is also indicated with a doublet in the ESR spectra,
0.400 3.8 5 3.0 suggesting that the free radical is HOOC*OH—(CHOH):;CH,-
8"5188 2:8 ‘1" ‘11:3 OH formed from gluconic acié?
0.550 Discussion
are obtained, whereas in the second case only type | oscillations Experimental data confirm that oscillations do not occur in
are obtained. OA + Cé*"+ BrOs;~ + H,SO, and G+ Cé" + BrO;~ +

Estimation of [Br ~]. Br~ during oscillations was monitored ~ H,SQ,. However, when both OA and G are present in the
using a digital voltmeter as described in a previous communica- reaction system, oscillations appear. Both single frequency
tion.” Br~ was found to range between ¥oand 10° M. oscillations and dual frequency oscillations separated by time-

Br~ Sensitivity of the Reaction.To test whether oscillations  pause are observed. We denote the first series of oscillations as
are quenched at higher Bion concentrations, varying amounts  type | and the second series as type Il. Results on oscillatory
of potassium bromide in 1.5 M 30, were added to the features for a typical case are recorded in Figures 1 and 2.
reaction mixture during oscillations. A typical resultis recorded  Important features of the G- OA system are summarized
in Figure 4. The effective Brconcentration in the total reaction  in Tables 1 and 2.

mixture was~2.0 x 1072 M. A number of experiments were The significant features are the following:

performed? with lower Br- ion concentrations also. Type | (i) The induction time is less than 1 min in most of the cases.
oscillations are stopped at higherBtoncentrations, whereas (i) Lower and upper critical limits of OA as well as G are
type 1l oscillation is unaffected. It may be noted that type | observed.

oscillations are unaffected at low Bconcentrations. (ii) Type | oscillation is Br controlled whereas type Il is

Kinetics of Br, Evolution. Kinetics of bromine evolution in non-bromide-ion-controlled. The behavior is in sharp contrast
(@) G+ BrOs;~ and (b) G+ OA + BrOs;~ + Ce** + H,SOy with F+OA oscillators?
systems was studied by recording the absorbance at 530 nm (iv) The order of addition influences the dual frequency
with respect to time using Perkin-Elmer Lambda Bio 20 oscillations only. When OA is added last, both types of
spectrophotometer and using the procedure described previ-oscillations are noticed; on the other hand, when G is added

ously’ Results are recorded in Figure 5. last, only type | oscillations are observed (Figure 3).

Product Analysis. The reaction products in the reaction (v) [Br~] during oscillations ranges between—®Gnd 106
systems (i) G+ Ce&** + H,SO, and (ii) G+ BrOz;™ + H,SOy M.
were analyzed by TLC and spot tediResults indicated the To elucidate the mechanism, the following additional experi-
formation of gluconic acid (Q) and glucaric acid (P) but ments were undertaken. Bproduction in different reaction
formation of glucuronic acid (S) was not observed. systems has been studied, which shows that the initial rate of

Polymerization Study. Polymerization in the reaction sys-  Br, production in the G+ OA + BrOs;~ + Cé" + H,SO,
tems was studied in a manner described eafligrsaturated system is much faster as compared to thé 8rOz~ + H,SOy
solution of acrylamide in 1.5 M p8Q, was added to few cfn system. The Brafter 10 min is 8.66x 103 M in the former
of the following reaction mixtures and the formation time of case, whereas it is 1.14 10°3 M in the latter case, as shown

the thixotropic highly viscous fluid was noted: in Figure 5. The maximum [B} remains the same for1 h.
4t . This difference is evidently due to other reactions involving
G+ Ce” +H,S0, () oxybromine species.
G + Bro,” + H,S0, (ii) (vi) Both ESR and polymerization experiments provide a

positive indication for the existence of free radicals. WitHCe
The thixotropic viscous fluid formation time was16 min. one-electron transfer during oxidation of G, gluconic acid,
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Figure 3. Effect of order of addition of organic substrate (G or OA) on the bromide ion potential (1) and redox potential (I1), of the systgms BrO
(0.06 M)+ Cée** (1.45x 1073 M) + HSO, (1.5 M) (a) OA (0.03 M) added after G (0.05 M) and (b) G (0.05 M) added after OA (0.03 M). Temp:

26+ 1°C.

glucaric acid, and oxalic acid would take place, which is easily
detected by free radical chain polymerization of acrylamide.

The network of reactions around G would involve a number
of reactions involving oxidation products of G, i.e.

The reaction mechanism in the present case is quite complex.

However, a mechanism for the present oscillator with ©&

as substrate on the basis of the present experimental studies

can be postulated using a modified version of the FKN
mechanisn#*25which is as follows:

Br 4+ BrO, + 2H" = HOBr + HBrO, )
Br~ + HBrO, + H" = 2HOBr (2)

Br~ + HOBr+ H" = Br, + H,0 (3)
2HBrO, = HOBr+ BrO;” + H" 4)
HBrO, + BrO;” + H" = Br,0, + H,0 (5)
Br,0, = 2BrG,’ (6)

ce’" + BrO, + H" = Ce"" + HBrO, 7

Reactions +7 are important steps of the FKN mechanism.

G + BrO, + H" — Q (gluconic acidy+ HBrO, (8)

G+ HOBr—Q+ H" +Br~ (9)
Q + BrO,” +H" — P (glucaric acidy- HOBr + H,0O (10)
G + Br, + H,0 — Q (gluconic acidy+ 2Br~ +2H"  (11)
G+Ce"—G +cet +HF (12)
G’ + Cé""+ H,0— P (glucaric acidy Ce’" + H"  (13)

The acids P and Q can generate free radicals by a one-electron-
transfer reaction with Ce as follows

Q+Ceé"—qQ+ce +H"
P+Ce"—P+Ce" +H"

(14)
(15)

The free radicals produced from P and Q can react with,BrO
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Figure 4. (a) Effect of Br ion on the oscillatory behavior of the Br
ion potential by the bromide electrode (1) and the redox potential by
the platinum electrode (l1) in type | for the system Br(0.06 M) +
Cée* (1.45x 1073 M) + H,SO (1.5 M) + G (0.05 M)+ OA (0.03

M). The concentration of added bromide ion is 2.0 mL of 0.5042 M
KBr solution (~2.0 x 1072 M) in (1) and (I1). (The arrow indicates the
instant of addition of bromide ion in the reaction mixture.) Temp: 26
+ 1 °C. (b) Effect of Br ion on the oscillatory behavior of the Br
ion potential (I) and the redox potential () in type Il for the system
BrO;~ (0.06 M)+ Ce*t (1.45x 1073 M) + H,S0;, (1.5 M) + G (0.05

M) + OA (0.03 M). The concentration of added bromide ion is 2.0
mL of 0.5042 M KBr solution £2.0 x 1072 M) in (1) and (Il). (The
arrow indicates the instant of addition of Bromide ion in the reaction
mixture). Temp: 26+ 1 °C.

in the following manner

P+ BrO,” — product+ Br~ + H*
Q + BrO,’ — P+ HOBr

(16)
17

Oxalic acid can undergo the following sequence of reactions,

ce"* + OA— Ceé" + 'COOH+ CO,+ H"  (18)
Ce" 4+ "*COOH— Ce" + H" + CO, (19)
BrO,” + "COOH— HBrO,+ CO, (20)

OA + BrO,” + H" — HBrO, + 2CO, + H,0 (21)

Some other free radical reactions can take place as follows,

2'P— product (22)
‘P + *Q — product (23)
2°Q — product (24)

Rastogi et al.

Two types of autocatalytic reactions are involved in the above
reaction scheme. On combining (5), (6), and twice the step (7)
we get

HBrO, + BrO,” + Ceé®" +3H" = 2C€é" + 2HBrO, +
H,O (25)

which involves the autocatalysis of HBsO
On the other hand by adding (5), (6), and (7), we get

BrO, +BrO, +Ce’"+2H" = Cée'" + 2BrO," + H,0 (26)

which involves autocatalysis of BEO As we can see, the
autocatalytic process can be written in two alternative forms of
(25) and (26). Thus both HBrOand BrQ* are autocatalytic
intermediates and any species reacting with them can inhibit
the whole autocatalytic process. The usual control mechanism
in B—Z reactions essentially involves step (25), which is
inhibited by Br- according to step (2). This is called the Br
control mechanism. In the present case so far as type |
oscillations are concerned, these are controlled by such a
mechanism as supported by experimental data.

The second type of control mechanism would involve (i)
autocatalysis of Br@ (step 26) and (ii) the inhibitory reactions
16 and 17. Such a mechanism is called a free radical control
mechanism, which controls type Il oscillations as observed
experimentally.

From the above study it is clear that the dual control
mechanism is possible in the reaction system. 8ontrol of
type | oscillations can be explained as follows. Initially, in the
presence of oxalic acid, a sufficient amount of HBI® pro-
duced and, in turn, by a sequence of reactions,i8m greater
excess than critically needed for balance of positive and negative
feedback. However, when G is in the system, free radicals are
generated from acids produced by oxidation of G, which reduce
the concentration of HBr@and Br-. Thus, eventually, a situa-
tion is reached when autocatalytic production of HBo@n be
balanced by the inhibition through BrUnder such circum-
stances, the oscillations are Brontrolled. During this process,
interaction of G with Br@~ and other oxybromine species also
generates Brand in a following stage oscillations stop.

Free radical control of type Il oscillations can be explained
as follows. After a time pause, sufficient amounts of free radicals
are produced via interaction of €ewith acids produced from
oxidation of glucose. At a certain stage, autocatalytic production
of BrOy* can be balanced by the negative feedback involving
interaction of Br@* and P and Q. But the production of P
and Q goes on increasing in the course of time and, when this
exceeds the autocatalytic production of ByGven non-Br-
controlled oscillations stop.

At the upper limit of G, the concentration of free radicals is
quite large even in the beginning so that autocatalysis of HBrO
becomes insignificant and only type 1l oscillations are observed.

The above mechanism can also explain the variation in
oscillatory features when the order of addition of reagents is
altered (Figure 3). When OA is added last, dual frequency
oscillations are observed, as explained above. On the other hand,
when G is added last, only type | oscillations are observed. This
may be due to the fact that free radical control may be disturbed
due to earlier larger consumption of HBr@uring type |
oscillations and conditions may not be favorable for type Il
oscillations.

The above discussion provides a qualitative picture of the
mechanism. It may be noted that, as reported by Adkovta
et al.26 dual frequency oscillations are very sensitive to the
stirring rate.
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Figure 5. AbsorbanceA due to Bp evolution at 530 nm in the systems (a) G (0.05 #BrO;~ (0.06 M)+ H,SO, (1.5 M) and (b) G (0.05 M)
+ OA (0.03 M) + BrOs;~ (0.06 M) + Ce&*" (1.45 x 1073 M) + H,SOy (1.5 M). Temp: 26+ 1 °C.

In general, saccharide oscillators have the following unique  (4) Rastogi, R. P.; Srivastava, Shem. Phys. Lettl989 164, 173.
features involving dual control mechanism. (5) Srivastava, S. Ph.D. Thesis, Banaras Hindu University, Varanasi
@) In the case of F+ OA, type | oscillations are Br India, 1994.

A . 6) Rastogi, R. P.; Khare, R.; Misra, G. P.; Srivastavdn8. J. Chem.
controlled, whereas type Il oscillations are free radical controlled 199% )Q,GA lg_g f

in most of the case®. (7) Rastogi, R. P.; Husain, M. M.; Chand, P.; Das, Ghem. Phys.
(i) For the G + OA oscillator, type | is Br controlled Lett. 2002 353 40. o
whereas type Il is free radical controlled. (8) Farsterling, H. D.; Noszticzius, ZJ. Phys. Chem1989 93, 274.

27 (9) Farsterling, H. D.; Stuk, LJ. Phys. Chem1991, 95, 7320.
(iii) For xylose + OA, both types are Br controlled: (10) Fasterling, H. D.; Muanyi, S.; Noszticzius, ZJ. Phys. Chem.

In case (i) oscillations can occur even when F is used as a199q 94 2915,
substrate alone. However, for oscillators (ii) and (iii), addition  (11) Noszticzius, Z.; Botar, Z.; Garmaszegi, L.; Wittman, M. Phys.
of OA is essential. Further, it may be noted that oscillations Chem.1991, 95, 6575.
occur even when glucose fructose are used as double 1O§1é)12'\/“5fav G. P.; Washington, R. P.; Pojman, JPAys. Chem. A998
substraté® W_here F is below the lower critical limit of oscnlatqr (13) Gao, Y.: Festerling, H. D.J. Phys. Chem1995 99, 8638.
or when F is used as substrate alone [Chand P., unpublished 1 4) Gyigyi, L; Turanyi, T.: Field, R. JJ. Phys. Chem199Q 94,

results]. Further work is in progress and would be reported in 7162.

due course. (15) Kumli, P. I.; Burger, M.; Hauser, M. J.; Muller, S. C.; Nagy-
Ungvarai, Z.Phys. Chem. Chem. PhyZ003 5, 5454.
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