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We have studied the oscillatory behaviors of cyclohexanedione(CHD)-BxY-H* reaction in a flow sys-

tem and we have found a chaotic regime if a mixture of 1,4-cyclohexanedione(1,4-CHD) and 1,3-cyclohex-
anedione(1,3-CHD) is used as an organic reductant in the reaction system. The mixing ratio between the two
substrates of 1,4-CHD and 1,3-CHD were changed under the condition of fixed total CHD concentration. The
oscillatory behaviors of the mixed system were also changed by the flow rate variations. We have obtained var-
ious oscillation patterns by the mixed substrate reaction syste@HD/BrQ;/Ce**/H* oscillation reaction in

a flow condition. An attempt was also made to simulate the experimentally obtained results.

Introduction report!* However in this flow experimental study, we have
used two experimental parameters, i.e., by coupling an initial
The Belousov-Zhabotinsky (BZ) reactibf,which is  mixing ratio value between 1,4-CHD and 1,3-CHD and the
understood as an oscillatory oxidation of a one-electrorilow rate value in the continuous flow stirred tank reactor
redox couple catalyst such as*@@e"! F&'/Fe*® and (CSTRY experiments. In this system it was possible to vary
RU'/RU* # by a bromate ion in the presence of an organiche oscillation patterns of CHD/BgQC€""/H* reaction more
reductant in acdic condition, has been widely employed foreadily than in the batch system. And we have obtained
temporat and spatio-temporapattern formations. Among some more complex oscillation patterns including a chaotic
these reactions, the system using malonic acid as an initiakgime than the patterns which have been obtained in the
reductant substrate and a cerium ion as a metal catalyst hsaparate 1,4-CHD/BHJCé&"/H* or 1,3-CHD/BrQ/C€&"/
been used most frequently and has been studied well for th¢" reaction in the CSTR experiments.
oscillating reactions. An attempt also has been made to simulate the experimen-
Recently, it has been studied for the modified BZ reactiortal results of the CHD/Br¥YCe*/H" oscillation reaction
systems in which malonic acid is replaced by other organi@arying by an initial mixing ratio in the CSTR experiments.
compounds$:’*2 The BZ reaction with malonic acid as an The simulations are based on the Field-Kérés-Noyes (FKN)
initial substrate has an important drawback which is producmechanisri? of the BZ reaction in which malonic acid has
ing carbon dioxide gas bubbles the oscillating reaction been used as an organic reductant. We have used the FKN
process. Some attempts have been made to develop gas-freechanism with a small modification by replacing malonic
versions for the BZ oscillation reaction. The diketonic com-acid as a mixed substrate using 1,4-CHD and 1,3-CHD. In
pound such as cyclohexanedione (CHD¥is well known  this simulation we have focused on the organization of a
for being suitable for the gas-ffédZ oscillation systems, modified model in which oscillatory behaviors of CHD/
and the reactions using the CHD compound of 1,4-cyclohexBrO; /Ce*/H* reaction system are able to be varied by an
anedione or 1,3-cyclohexanedione as an initial substrate fanitial mixing ratio between 1,4-CHD and 1,3-CHD and by
the BZ type reaction have been studied previdu<€ly. the flow rate in the CSTR experiments. From the simula-
Szalaiet al'® have reported recently on the detailed chem-+ional study we have obtained varying oscillatory behaviors
ical mechanism of 1,4-cyclohexanedione-Bromate-Acidby coupling the two parameters together. However, an elabo-
oscillatory system, and they have explained the mechanisti@ate result being consistent with the experimental results has
model of the system with full rate constants in the detailedhot been obtained because we have used the modified FKN
mechanism. mechanism in which mixed CHD substrate has been used
Janget al'* have compared the characteristic oscillatoryinstead of malonic acid as an initial substrate and because
behaviors of 1,4-CHD/Br@/C&*/H" and 1,3-CHD/Br@/ the detailed reaction mechanism for the CHD/BICE"/H*
Cée"'/H" oscillation reaction in a batch system and also haveeaction system has not been known well. Continuous simu-
studied varying oscillatory behaviors of CHD/Bi@e"/ lation study for more elaborate result should be done by
H* oscillation reaction by a variation of an initial mixing using some more detailed reaction mechanism and by
ratio between 1,4-CHD and 1,3-CHD as a mixed substrate.adjusting the elementary rate constants accurately for the
In this paper we report our investigations on varying oscil-nechanism.
latory behaviors of the CHD/BHJCe&"'/H" oscillationreac-
tion in a flow condition. The oscillatory behaviors have been Experimental Section
varied by an initial mixing ratio between 1,4-CHD and 1,3-
CHD with a similar method in a batch system of previous The working solutions were prepared from stock solutions
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of 0.6 M NaBrQ (Junsei Chemical, 99%), 0.2 M 1,4-cyclo- cSTR system
hexanedione (Fluka, 98%), 0.2 M 1,3-cyclohexanedione 1
(Fluka, 97%), 2.4 10> M cerous sulfate (Fluka, 97%), and ‘
2 M sulfuric acid (Fluka, 98%). The initial mixing amount
ratios between two substrates of 1,4-cyclohexanedione ar
1,3-cyclohexanedione were determined by a volume ratio ¢
adding stock solutions or by an initial ratio of reaction con-
centration between the two substrates. All reagents wer
used in their commercial grade without further purification.
The continuous flow stirred tank reactor (CSTR) experi- pump
ments were performed in a cylinder type glass beaker H d
25ml capacities with four inlets and one outlet under well-
stirred conditions using a magnetic stirring hot plate (Cole:
Parmer, G-04812-00). The reaction temperature was cotr
trolled at 35+0.8C with a temperature probe (Cole-Parmer, 'emperatre probe /e'”‘mde temperature probe  thermometer
G-04812-20). The flow rate equals to the reverse of the res AW

dence time of the mixed solution in the reacting beaker. \@:\_)
Two types of experimental methods have been used fc " @ s oupu
"I

variation of mixing ratio between 1,4-CHD and 1,3-CHD
substrate in the flow system. A peristaltic pump of four
channels (Wiz, 1610-004) in which each channel is for the electrode
injection of 1,4-CHD, 1,3-CHD, NaBr{substrate, and
mixed substrate of cerous sulfate and sulfuric acid solutiol (side view) (ground plan)
was used in one kind of experiments. In this case a sanFigure 1. The overall scheme of the experimental apparatt
flow rate for all channels has been used, thus an initial mixthe continuous flow stirred tank reactor (CSTR) system.
ing ratio between the two substrates are determined by an
initial concentration of each substrate being injected into th€e/H* oscillation system in a flow system. And we have
reactor. In the other complementary CSTR experiments, twstudied the effect of the flow rate on each reaction system in
syringe pumps (model No. KASP005/150MT) were used inthe CSTR experiments.
addition with a peristaltic pump. The two substrates of 1,4- Figure 2 shows some examples of the oscillatory behav-
CHD and 1,3-CHD solution were injected into the reactor byiors obtained by 1,4-CHD/BrJCe&"/H* and 1,3-CHD/
the syringe pumps. An initial mixing ratio between the twoBrOs/Ce""/H* oscillation reaction in the CSTR experi-
substrates were varied by the flow rate of injecting solutiorments. The oscillatory behaviors being obtained by the two
under a fixed total flow rate. In this case it is possible to vansystems are different in the view of the oscillation period and
an initial mixing ratio at any time while the oscillation reac- the amplitude. Periodic or quasiperiodic time series have
tion progresses differently with the first CSTR system in
which the mixing ratio between 1,4-CHD and 1,3-CHD 14-CHD 1.3-CHD
could not be varied in the medium of reaction. ) \‘(%(i“““hf,’f{m?ﬂ HLH

The oscillation was followed by monitoring the changes in R EIN
the bromide ion concentration with a bromide ion-selective 1””5‘ ‘”';
electrode (Orion, 9435BN), and a reference electrode i
(Orion, L-05710-10) which is a double junction of Ag/AgCl !
saturated with KCl as an inner solution and 1 M sulfuric acic
as an outer solution, respectively. The potential of the elec
trode was monitored with a pH/ISE meter (Orion, 940) anc
recorded with a multi-channel recorder (Cole-Parmer,
G08373-20). The overall scheme of an experimental appar:i
tus for the CSTR experiments are well described in Figure 1

Reactor

el b
il

Results and Discussion

Time (min)
Oscillatory Behaviors of 1,4-CHD/BrQ;/Ce*'/H* and Figure 2. Time series of potential response of bromide con
1,3-CHD/BrOz7/Ce"/H* Reaction in a Flow System  ration in the oscillation reaction of 1,4-C!—|D/Baﬁ(llﬂe“*/H+ anc
Before we study varying oscillatory behaviors of CHD/ tllrge?"(?/'i;f% V/vcf;t/e")' - tgfalcii’gi ?éggg:frgrsé zgeféﬁgﬁ
— Lt H : . P ] . = S
_BrOs /C€/H" oscillation reaction by an initial mixing ratlo tres104.6 min. (b)£=66.0 min. (c)£=48.2 min. (d)£<=37.9 min
in a flow system, we have compared the two oscillatoryyhere [CHD} = 0.07 M, [BrQ;Jo=0.12 M, [CE%o=6x 107*M,
behaviors of 1,4-CHD/Bro/Ce’/H" and 1,3-CHD/Br@/ [Hlo=1.0 M.
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left diagram of Figure 2. The oscillation patterns do not vary3. We are interested with the result that the oscillation pat-
greatly by the flow rate change. The oscillation periodtern in the medium ratio (r2) is affected greatly by the flow
decreases in a little by an increase of the flow rate. Burstingate. The oscillation patterns of (r2) in the flow rate of (c)
or more complex oscillatory behaviors have been obtainednd (d) are more complex than the oscillation patterns of (rl)
in 1,3-CHD reaction system as shown in the right diagramsr (r3) in the same flow rate. This means that the oscillation
of Figure 2. The amplitudes in the 1,3-CHD oscillation sys-patterns of the mixed CHD/BgJCe""/H" oscillation sys-
tem are shorter than those in the 1,4-CHD system similarlyem are able to be varied by a new experimental parameter
with the result obtained by Jaweg al in the batch experi- i.e., an initial mixing ratio between 1,4-CHD and 1,3-CHD
ments* And the oscillations by 1,3-CHD system dependsubstrate.
large on the change of the flow rate in the CSTR experi- Varying Oscillatory Behaviors of CHD/BrO3s/Ce*'/H*
ments. The bursting pattéfas shown in (a) and (b) at a low Oscillation Reaction in Complementary CSTR Experi-
flow rate have changed into a complex oscillation as showments In order to verify the dependency of the oscillatory
in (c) and (d) by an increase of the flow rate. behaviors of the CHD/BrYCe&"/H* oscillation reaction by
Varying Oscillatory Behaviors of CHD/BrOz/Ce*"/H* an initial mixing ratio between 1,4-CHD and 1,3-CHD, we
Oscillation Reaction by an Initial Mixing Ratio between  have carried out another type of CSTR experiments. Two
1,4-CHD and 1,3-CHD Substrate in a Flow Systenfrig- syringe pumps were used in addition with a peristaltic pump
ure 3 shows some examples of the varying oscillatoryfor the injection of 1,4-CHD and 1,3-CHD substrate into the
behaviors of CHD/Br@/Ce*/H* system by an initial mix- reactor with different flow rate. An initial mixing ratio
ing ratio between 1,4-CHD and 1,3-CHD in the CSTRbetween the two substrates were varied by the flow rate dif-
experiments. An initial mixing ratio is varied from (rl) to ferency between the two substrates under the fixed total flow
(r3) at a flow rate value and the flow rate is varied from (a)yate condition. In the CSTR experiments for the results as
to (d) at an initial mixing ratio value. Various and complex shown in Figure 3, only one four channel peristaltic pump
oscillation patterns have been obtained by changing the mixwvas used and therefore the ratio between the two substrates
ing ratio and the flow rate together as shown in Figure 3.  should be controlled by the initial concentration differency.
At low flow rate, the oscillatory behaviors of the mixed Figure 4 shows some examples of the oscillatory behaviors
system depend large on the mixing ratio of the two subebtained by this complementary CSTR system. The arrows
strates as shown in (a) of Figure 3. The periodic oscillationndicate the beginning points of flow rate change between
of (r1) changes into a bursting oscillation as shown in (r3) byl,4-CHD and 1,3-CHD under a fixed total flow rate. The
an increase of 1,3-CHD. This bursting pattern is similar withoscillatory behavior changes into a different pattern some
the bursting oscillations being obtained in the 1,3-CHD/minutes after the flow rate variation has been carried out as
BrOs /Ce"'/H" reaction as shown in Figure 2. If the flow rate shown in (a)-(d) of Figure 4. The time difference between a
increases from (a) to (d), the oscillations change graduallpoint of the flow rate change and a point of the oscillation
into an aperiodic as shown in (b) and (c). The oscillations
have changed eventually into a chaotic with an increase ¢
the flow rate as shown in (r1), (r2), and (r3) in (d) of Figure

[Br (r1) (r2) (r3)
(mv) ) ) ) )

Time (min)

Figure 4. The variation of oscillatory behaviors in the Ci
BrOs/Ce"/H" oscillation reaction in the CSTR experiments v
an initial mixing ratio between 1,4-CHD and 1,3-CHD is cha

Time (min) by a flow rate value between the two substrates. The total flo
Figure 3. Time series of potential response of bromide concent-of the reacting solution is under a fixed value. The experit
ration of CHD/BrQ/C&"*/H* oscillation reaction in the CSTR were done at a total flow rate being consistent with 48.2 min
experiments when an initial mixing ratio is varied by a concent-The changing values of mixing ratio at indicated points a
ration of 1,4-CHD and 1,3-CHD. The used condition is as follows:follows: (a) 1.0:0.0~ 0.9:0.1. (b) 0.7:0.3> 0.6:0.4. (c) 0.5:0.5-
(r1) r,=0.85, §=0.15 (r2) §=0.50, §=0.50 (r3) ¥=0.15, £=0.85. (a)  0.4:0.6. (d) 0.3:0.7- 0.2:0.8. where the ratio mean the flow
tres= 104.6 min. (b)ts= 66.0 min. (c)ts=48.2 min. (d)ts=37.9 between 1,4-CHD and 1,3-CHD, and the used initial concent
min. where [CHDJ(=[1,4-CHD}+[1,3-CHD}) = 0.07 M, [BrG]o of reactants are [1,4-CHD] = 0.07 M, [1,3-CHD] = 0.07 M, [BTf
=0.12 M, [CEo=6x 10*M, [H]o= 1.0 M. =0.10 M, [Cé1=6x 10 and [H] =0.70 M.
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pattern change is able to be explained by the time gap

[e]

needed for the concentration change in the reactor by thgyn process is related with the partdoromination reaction
flow rate regulation in the injecting system. From theseang oxidation reaction in the BZ type reaction. The experi-
results which have been obtained by this complementanqental results for the oscillatory behaviors of 1,4-CHD/
system, we are able to confirm for the facts that the oscillagro,/ce*/H* and 1,3-CHD/Br@/Ce"/H" oscillation reac-
tion patterns of CHD/Bro/Ce"/H" oscillation reaction  tion in a batch system reported by Jang et al. also support the
have been varied by the control of an initial mixing ratio strctural relationship between the two substrates. They
between 1,4-CHD and 1,3-CHD in the flow system. Wehaye reported a result for a short induction and duration time
have also found that it is possible to vary some oscillation, the 1,3-CHD oscillation system than in the 1,4-CHD sys-
on progressing. higher values for the rate constants of the bromination and

Simulational Results An attempt also has been made 10 xjdation reaction in the 1,3-CHD than in the 1,4-CHD reac-
simulate the experimental results of the CHD/BIOE"/  ion.

H* oscillation reaction varying by an initial mixing ratip Then we have constituted a modified Oregonator model
between the two substrates of 1,4-CHD and 1,3-CHD in & the simulation of oscillatory behaviors of the mixed
flow system. We have used the FKN mechanism of the BZHp/Bro,/Ce"/H* oscillation reaction in the CSTR sys-
reaction with a small modification. The modified mecha-tem. The derivation process for three dimensional differen-
nism is introduced in Table 1. The rate constants of for theg equation used in the simulation is summarized in
reactions (R1)-(R6) are referred from the high values ofzppendix (A). The simulation was conducted by the pro-
Field-Forstering rate constants. The rate constants of th&ram of Scientistusing Episodeintegrator. A simulational
bromination reaction (R7) and oxidation reaction (RO-4) _fofresult for the oscillatory behaviors of the CHD/BHG&"/

the 1,4-CHD substrate are referred from the mechanistigy* reaction being varied by the flow rate and by the mixing
model in the CHD-Bromate-Acid oscillating system ratio is shown in (a) and (b) of Figure 5. The initial mixing

reported by Szalait al recently:® The competitive rate con-  ratig is varied from (r1) to (r4) and is biased for 1,3-CHD
stants in the 1,3-CHD substrate., (R8) and (RO-3) have

been estimated from the rate constants (R7) and (RO-4) nf

the 1,4-CHD substrate. A detailed mechanism for the 1,3 [Br]
CHD/BrO; /Ce*/H* oscillation reaction has not been known ~ (unit) ||
well and the rate constants of the bromination and oxidatiol |
reaction also have not been reported. We have consider
the structural differency between the two CHDs for the esti-
mation of the rate constants of 1,3-CHD. Only one enoliza

tion process is possible for the 1,4-CHD substrgf2 () sinc
four carbons which do not have a ketone groi g are in sarn
position,i.e., on , While two processe~ o ar“ou ,

are possible ¥ the 1,3-CHD substratt~~o ). TIQololiza

Table 1. The modified FKN mechanism for the simulation of
oscillatory behaviors of CHD/BrYCe&"*/H" oscillation reaction in
a mixed system of 1,4-CHD and 1,3-CHD as an organic reductant

Reaction Rate Constahts

R1) BF + HOBr + H - Br.+ H,0O ki=8x 10°M2s?
(R2) HBrG+ Br + H" - 2HOBr ko =2x10fM st !
(R3) BrQy + Br + 2H" — HBrO;+ HOBr ks =2M73s? i Lo W
(R4) 2HBrQ — BrOs; + HOBr + H' ke=4x 1M 7is? T ) ' (b)
(R5) BrQy” + HBrO+ H* = 2BrOy+ HO ks = 2x 1M %5 Time (min)

+ + - 21
(R6) BrOy + CE* + H" - HBrO, + Cé o k5: 6x 105% S,  Figure 5. The varying oscillatory behaviors obtained by
(R7)1,4-CHD + Bf ~ 1,4-BrCHD + Br + H' k7 =1.24<1 M™s simulation of the mixed CHD/BrEYCe'*/H* oscillation reaction i
(R8) 1,3-CHD + Bf - 1,3-BrCHD + Br + H" ks =4x10'M™'s the CSTR system. The used conditions for an initial mixing

(RO-4) 2C&" + 1,4-CHD + 1,4-BrCHD- f4Br ko =5x 10°M™'s™ are as follows: (r1)40.70, §=0.30 (r2) §=0.40, §=0.60. (r3
(RO-3) 2C&" + 1,3-CHD + 1,3-BrCHD- f3Br ks =5x 10°M's™ r;=0.25, 5=0.75 (r4) §=0.10, §=0.90. where s+ and & mean th
“The rate constants of (R1)-(R6) are referred from the “Hi" values ofinitial mixing ratio between 1,4-CHD and 1,3-CHL®,, r=[1,4-
Field-Forstering rate constants of the FKN mechanism, the rate constarCHD]o/[CHD]o, and [1,4-CHD§ and [CHD) mean the initic
of the bromination reaction (R7) and oxidation reaction (RO-4) for 1,4-concentration of 1,4-CHD and total CHD being injected intc
CHD substrate are referred from the report by Sealai* and the rate  reactorThe used total flow low rate in this simulationis+ 100.(
constants of (R8) and (RO-3) are estimated values. in case of (a) angkt= 73.5 min in case of (b).
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from (rl) to (r4). As shown in the simulational results, the 9. Kurin-Csorgei, K.; Zhabotinsky, A. M.; Orban, M.; Epstein,
oscillation patterns are affected much by the mixing ratio in  I. R.J. Phys. Chenl996 100, 5393.

the high flow rate condition as shown in (b) of Figure 5.10. Kurin-Csorgei, K.; Zhabotinsky, A. M.; Orban, M.; Epstein,
Unperiodic or bursting patterns have been obtained by the |- R.J. Phys. Chem. 2997101, 6827.

variations of an initial mixing ratio from (1) to (r4) in high 11. Farage, V. J.; Janjic, Bhem. Phys. Letl981, 88, 301.
flow rate as shown in (b) of Figure 5 while small patternlz' Iéimdl’ L.; Zvag V. React. Kinet. Catal. Letl983 22
yarla_ttlon has been shown in (_a_t). However_, in the case _of ( . Szalai, I.: Kéros, El. Phys. Chem. A998 102 6892.

i.e., in the low flow rate condition the pgrl_od of (_)S(_:lllat_lon 14. Jang, Y. J.; Shin, S. B.: Choe, S. J.; Huh, DB@I.
duration decreased greatly when the mixing ratio is biased  Korean Chem. So¢998 19, 743.

for 1,3-CHD from (r2) to (r4). This simulational result is 15, Field, R. J.; Kéros, E.; Noyes, R. L. Am. Chem. Soc.
similar with the previous experimental result in a batch 1972 94, 8649.

conditiont* in which the duration of oscillation in 1,3-CHD 16. Gray, P.; Scott, S. KChemical Oscillations and Instabili-
oscillation reaction is shorter than that in the 1,4-CHD reac- ties Oxford Univ. Press: New York, 1990; p 389.

tion. After all, the simulation results show qualitatively

depending oscillation patterns of the CHD/BYO&"/H* Appendix (A). The derivation of modified Oregonator
oscillation reaction on the two experimental paraméters model for the mixed CHD/BrOs/Ce*'/H" oscillation
initial mixing ratio and flow rate in a flow system. An accu- reaction in the CSTR system.

rate result being consistent with the experimental behaviors The Oregonator model for the modified FKN mechanism
have not been obtained by this simulational study since thi#@ the Table 1 is able to be simplified as followings:

used conditions for the simulational studies are not corre- o L v 4 o4, X+ P rate GGH?AY

nechanism ias not been known wel for e mixed feaction % £ ¥ *H = 2P rate kX

of CHD/BrOs/C&*/H*. However we expect some more A*X+H - 2X+2Z  rate 36HAX (A-1)

) : 2X - A+P rate =, X?
elaborate result for the oscillation reaction system of CHD/ _:k4
BrOs /C&/H" by adjusting the reaction mechanism in detail =2 ¥ £~ Y rate ZkoiBaZ
rOs y adjusting the reaction mechanism in detai Ba+Z & faY rate =koaBsZ

and by using an accurate rate constants for elementary

mechanistic reactions. whereA=[BrOs ], Y=[Br7], H=[H"], X=[HBrO], P=[HOBI],
Bs=[1,4-CHD+1,4-BrCHD], Bs=[1,3-CHD+1,3-BrCHD],
Conclusions andZ=[Ce*"], andke; andk.s equal to the oxidation reaction

rate constants of 1,4-CHD and 1,3-CHD including a bromi-
We have studied on varying oscillatory behaviors of CHD/nated and an unbrominated compound. fihendf; mean
BrO;/Ce*/H" oscillation reaction by a fine control of an the stoichiometric factors for the Biegeneration in the oxi-
initial mixing ratio between 1,4-CHD and 1,3-CHD and by adation reaction of 1,4-CHD and 1,3-CHD in the oscillation
variation of the flow rate in the CSTR system. Various oscil-reaction process.
lation patterns from a periodic to a chaotic are obtained by a The differential equation for this model with three vari-
change of an initial mixing ratio between 1,4-CHD and 1,3-ables in the CSTR system is written as followings:
CHD substrate. An attempt was also made to simulate the _
experimentally obtained results. AXIAT = keHAY — kHXY + ksHAX - 2kX* — kX
Acknowledgment This work was supported by the 1998  dY/dT=—ksH?AY = keHXY + fakoaBaZ + fakoaBaZ + ke(¥i-Y)

Inje University Research Grant. dZ/dT = ZHAX — koaBaZ — kozBsZ + ki(Zi-2) (A-2)
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4727y 07 TikokosB
p=Oks - 2kake

OoHO 97 ke
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0f2k2,B% 07
W= 4™o4

" TkoksH3AZD
_—kf k.. = kf k.. = kf
ksHA™ ™ k3H2A, 27 kkosB
Cob B

r_f4v or_ko4v 3 B

B = B4 + B3, ki = flow rate = 1/(residence time).




