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Chapter 7: Conclusions and Per spective

7.1 Conclusions

By employing an organic substrate which reagth bromine at a moderate rate, this
research constructed a chemical oscillator to egdlee importance of bromine removal
in bromate-based chemical oscillations. In Chagtezomplex oscillatory behavior was
indeed observed in the ferroin-bromate-metol reacttonducted in a batch reactor,
where the bromine removal was accomplished via lgiffipwing air or nitrogen gas
above the surface of the reaction solution [1].atidition, the bromine removal also
greatly shortened the induction time of those spoeus oscillations. The above results
highlight the significance of bromine concentrationthose bromate-based chemical
oscillations. During the oscillatory process periocblor changes between red and green
were observed, which allowed us to subsequentlgstigate the spatiotemporal behavior
of the ferroin-bromate-metol oscillator in spatfalextended media. Preliminary
exploration in a capillary tube led to the obsapratof pulse merging and propagation
failure phenomena at the conditions where the ehdse capillary tube were exposed to
air.

Another peculiar behavior observed in the feHmromate-metol system is that the
nonlinear behavior strongly also depends on theohgige metol stock solution. Through
mass spectroscopy study, our experiments suggest nietol decomposes in air,
presumably via reacting with oxygen, to producerbgdinone and then benzoquinone.
The above hypothesis was supported by the kingticly in which qualitatively the same

nonlinear phenomena were achieved by adding ceataounts of 1,4-hydroquinone into
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a freshly prepared metol solution. The influencexfgen on the nonlinear behavior was
further confirmed by using air to replace nitroggneam to remove bromine, where
sequential oscillations were observed. Consisteper@mental results were obtained
showing that increasing the amount of 1,4-hydrogmé in the system causes the
transition from simple to sequential oscillatioasd increasing oxygen concentration (i.e.
enhancing hydroquinone production) also resultedséguential oscillations. Since
complex behavior (i.e., sequential oscillations)eeged after the initial addition of
hydroquinone, their appearance is proposed to driz® the competition of two
autocatalytic cycles: (1) 1,4-hydroquinone and bnendioxide radicals reaction, and (2)
ferroin and bromine dioxide reaction. Mass specatbyn and NMR measurements
illustrate that the major products in the ferronoibate-metol systems are 1,4-
benzoquinone and bromobenzoquinones. The presehcBrommobenzoquinones is
particularly inspiring, which motivates us to usgl-benzoquinone or closely related
reagents to modulate bromine concentration in bterhased chemical oscillators.

Based on the hypothesis reached in Chapter 2eva type of minimal bromate
oscillator was successfully constructed in Chap8r which is ferroin-bromate-
benzoquinone reaction [2]. Different from other Bge of oscillators, this newly
developed bromate oscillator relies on the readbietween ferriin and bromide ions to
regenerate ferroin and the organic substrate bemzoge does not react with ferriin.
Beck and co-workers have attempted to utilize gakiction of ferriin by bromide ions to
construct a minimal ferroin-bromate oscillator. Hagr, spontaneous oscillations could
only be observed in a CSTR [3], where bromide iBse needed in a continuously fed

fashion. In this new minimal bromate oscillatore ttnodulation of bromide ions is
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achieved by the bromination of 1,4-benzoquinoné eitomine/HOBr, which makes it
feasible to achieve transient spontaneous osoitiatin a closed system. This research
also highlights that the reduction of ferriin byobride ions can become critical in
bromate-based chemical oscillators. For exampley spatially extended medium, the
high concentration of bromide ions in the tail leé foreceding pulse may interact with the
high concentration of ferriin in the front of thellbwing pulse, generating the
phenomena of merging pulses. Indeed, merging behhes been reported in the ferroin-
bromate-CHD medium [4], in which benzoquinone hasrbdetected as one of the final
products [5, 6].

The ferroin-bromate-1,4-benzoquinone oscillator ed@wped in chapter 3 exhibited
great photosensitivity, especially to light withine wavelength range 500 40 nm.
Experiments conducted in chapter 4 illustrate tdepending on the intensity, light could
enhance or quench the chemical oscillations [#c&ithe applied light intensity was
significantly lower than that used in the earligudées of bromate-benzoquinone
photochemical oscillator [8], the photo-reductiorf &,4-benzoquinone to 1,4-
hydroquinone is unlikely to be responsible for ttiemmatic photosensitivity. Mass
spectrometry and NMR measurements indicate lighaeoed bromination of
benzoquinone. Meanwhile, UV/Vis spectroscopy sutggdbat light accelerates the
reduction of ferriin by bromide ions, which consiwgriomide ions and supplies ferroin
for the autocatalytic cycle and therefore could tesponsible for the observed
constructive influences on the nonlinear behavidre constructive influences include
both increasing the oscillation frequency and thmiber of oscillation peaks. When light

intensity was increased monotonically, the inflteeo€ light underwent a transition from
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constructive to inhibitory, which may result fromhet autocatalytic feedback
overwhelming the production of inhibitor due to momtense illumination. More
systematic investigations are required to confinmdbove proposed mechanisms.

To gain further insight into the newly developednimal bromate oscillator, in the
experiments conducted in chapter 5 cerium was tgeplace ferroin as the metal
catalyst [9]. Cerium has a higher redox potenhahtferroin and thus is expected to form
a slower autocatalytic cycle, but a faster redactien with bromide ions. The cerium-
bromate-benzoquinone system exhibited transientpemoscillations (i.e., sequential
oscillations). In the presence of a rather wealtmlhation, those transient chemical
oscillations could last for a week! Similar to tfegroin-bromate-benzoquinone system,
the cerium system is also most sensitive to thHa ligth the wavelength of 500 + 40 nm.
However, the influences of light on the nonlineah&vior become richer, where as the
light intensity was increased gradually, the effettlight goes through constructive,
inhibitory and then constructive again. Numericahdations qualitatively reproduced
those spontaneous oscillations in the minimal brteroacillator.

Besides light-enhanced bromination of benzoquinané light-accelerated reaction
between the metal ions and bromide ions, we algesiigated the effect of light on the
stability of 2-bromo-1,4-benzoquinone (QBr), a dahse detected as the major
bromination product of 1,4-benzoquinone. Charazétions with UV/Vis spectroscopy
and a selective bromide ion electrode confirmedtdwirrence of photodecomposition of
QBr. NMR and GC/MS measurements suggest that tbéogatecomposition of QBr is
accompanied by bromide production, in which QBr tphdecomposes to hydroxy-

benzoquinone. Simulations with a core model of FKiechanism modified to



Chapter 7: Conclusions and Perspective 146

incorporate the production of bromobenzoquinone #weddecomposition of QBr have
successfully reproduced the influence of light be tscillatory behavior. This low cost
and long-lasting chemical oscillator provides a dyjomodel system for exploring
perturbed nonlinear dynamics that are frequentbpantered in nature.

A new kind of modified carbon electrode waseleped in chapter 6 for the detection
of hydroquinone in bromate-CHD and related chenusaillators. This low cost, easy to
fabricate electrode is stable and can simultangodstect 1,4-hydroquinone and 1,2-
hydroquinone [10], providing an alternative to thasarbon nanotube-based electrodes
for the sensitive detection of dihydroxybenzenamecs. In this study an easy two-step
protocol was developed to electrochemically motliky surface structure in a strong acid
solution and chemical compositions of the solidooar electrode in a strong alkaline
solution. By using differential pulse voltammet®RV), the modified electrode can
simultaneously determine dihydroxybenzene isomeats & low detection limit of 2.0
MM, which is as good as that obtained with carbanotubes or carbon nanofibers [11-
16]. When being used to monitor the concentratibrl,4-hydroquinone in the CHD-
bromate oscillator, the oscillation waveform restrabwhat was detected with a
platinum elctrode. It is the first time that a nfoetl carbon electrode can be employed as
a situ sensor for detecting hydroquinone.

7.2 Future Work

Understanding the reaction mechanisms of these yne@Veloped bromate-based
oscillators will be an important aspect of the fetwork:

(1) More detailed elementary reactions need to be ifteshtexperimentally and

theoretically, which include the light enhanced rbiation and photo-
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decomposed reactions. How the light wavelengthiatehsity affect the kinetics
of those reactions needs to be further quantified.

(2) We have attempted to detect radicals during tldlason with our department
electron paramagnetic resonance (EPR) machinefdietl to determine the
semiquinone radicals. The reason may be due ttothenagnetic field X band
or that the life time of the radicals is too sharaqueous solution. If the life time
of radicals is too short to be measured by EPRyréutvork may apply radical
trapping methods, in which the reactive radicalactewith radical trapping
agents, such as DMPO derivatives, to produce destabical with a longer life
time.

(3) Many controlling factors which have not been systecally explored during the
present experiments, such as temperature influetiferent kinds of metal
catalysts (manganese, ruthenium, etc) can be dawein the future.

(4) The study of pattern formation in the minimal bradenascillators. The key
challenges are the color change and life time o$ehoscillations. The ferroin-
based system has an obvious color change but wstiod oscillation window;
cerium-based system has a very long oscillationdain (> 1 week) in batch
conditions but with no visible color change. Futwerk may focus on the
combination of these two metal catalysts in orderget a long-lasting and
obvious color changing oscillation.

Another very exciting future project is the apptioa of bromate oscillators in facet-
controlled synthesis of nanoparticles. Recentljergists are becoming more and more

aware of the significant role of reaction and dfin control in nanoparticle synthesis.
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One representative example is bimetallic nanopesticsynthesized via directly
manipulating the nucleation reaction at varied terafure and growth rate with different
injection rates, resulting in new nano-structuiEéd.[Another way to control the structure
of nanoparticles such as gold, palladium, platinand rhodium is to use halide or
pseudo-halide anions [18-21]. The formation of aefiéht facets is determined by the
concentration of halide ions, which preferentialycupy one facet such as {001} of the
Pd. Such a static occupation by halide anions eareplaced by several bromate-based
oscillators in which bromide concentration evoluesn oscillatory fashion, such as the
CHD-bromate oscillator [22] and 1,4-benzoquinonenrtaite photochemical oscillator [8].
As a proof of concept that it is possible to apiplgse oscillators to modulate the shape
and structure of nanopatrticles, preliminary workswaarried out in the CHD-bromate
oscillator.

Reactions were run in a thermal-jacketed 50 mLsgl@sctor with the temperature
maintained constant at 25.0 + @Clby a circulation water bath (ThermoNesLab RTE 7).
The solution was stirred by a magnetic stirrer l{€rslsotemp) at around 600 round per
minute (rpm). A Teflon cap was placed on top ofdkindrical reactor to hold electrodes.
Volume of the reaction solution was fixed as 30.0 @scillatory profiles were
monitored with a platinum electrode coupled withHg| HgZSO4| K,SO, reference
electrode (Radiometer Analytical, XR200 and M233pt-All measurements were
recorded with a personal computer connected topthpotential meter (Radiometer
PHM220) through a PowerLab/4SP data logger. Reactixtures were prepared from
agueous stock solutions of analytical-grade soduomate (NaBr@ Aldrich, 99%), 1.0

M, and sulfuric acid (pBQ, Aldrich, 95-98%), 6.0 M. 1,4-cyclohexandione (CHD
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Aldrich, 98%) and Palladium oxide hydrate (PdO, rikdd) were directly dissolved in the
reaction mixture. Scanning electron microscopy ($Hkbhges were taken on a Quanta
200 FEG microscope (FEI, Inc.)

As shown in Figure 7.1, CHD-bromate reaction wasie@a under different conditions:
(a) without adding PdO in the reaction mixture, édodadding 20 mg PdO in the reaction
mixture at around 3,800 seconds. Compositions @frdaction solution were [CHD] =
0.1 M, [NaBrQ] = 0.1 M, [H,SOQy] = 0.8 M. In (a), spontaneous oscillations toddcp
after about 6,000 seconds. When 20 mg PdO was addegberiment (b), the oscillation
behavior was greatly influenced, in which the numifeoscillations was largely reduced
and the oscillatory frequency was decreased. Hsslr signifies PdO does interact with

CHD-bromate reaction, resulting in a slowdown & #utocatalytic cycle.
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Figure7.1 Time series of CHD-bromate system without or vidttO, [CHD] = 0.1 M,

[NaBrOs] = 0.1 M, [HSOy] = 0.8 M, (a) without adding PdO, (b) adding 20 RdQO at
around 3,800 s.
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In order to verify the factor of the reaction beéneCHD-PdO and 1,4-hydroquinone-
PdO, Figure 7.2 shows two kinds of elementary reast (a) adding 20 mg PdO in the
CHD solution at around 3,800 seconds, (b) addingng0PdO in the 1,4-hydroquinone
solution at around 3,800 seconds. As shown inafgr adding PdO, the potential almost
remained constant, but in (b), the potential slyag#creased after adding PdO. The

results indicate that the reaction between 1,4-éinone and PdO does occur in such

conditions.
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Figure 7.2 Time series of CHD andJQ system with PdO, (a) [CHD] = 0.1 M, {80O;]
= 0.8 M, adding 20 mg PdO at around 3800 s, (bQJH= 0.1 M, [HSO] = 0.8 M,
adding 20 mg PdO at around 3800 s.
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Figure 7.3 presents SEM images of the soliddyets collected: (a) right after
oscillation, (b) one day, (c) two days, (d) fouyglaAll other reaction conditions were the
same as in Figure 7.1b. The precipitates were etbdny diluted water and dried with
nitrogen steam. As the reaction time increasedstimtace of PdO became brighter and
the morphology becomes more porous, EDX data shiosvsatio of Pd/O increased from
around 1:1 to almost 1.7:1, which means PdO isaedilby 1,4-hydroquinone in the

CHD-bromate system.

Figure 7.3 SEM images of CHD-Bromate-PdO system with differaging time. (a)
right after oscillation, (b) one day, (c) two daysl) four days. All other reaction
conditions were the same as in Figure 7.1b.
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The above results lend positive support on the gee@ research of fabricating
palladium nanoparticles in the CHD-bromate osaHhatHowever, there still is much
work to do regarding the improvement of the chemamscillator. For example, the
oscillation window is too short to affectively innce the shape of Pd nanoparticles,
therefore, new types of oscillators need to begihesl to meet the requirements, which
have long-lasting oscillations with bromide ionsdad,4-hydroquinone as a key
intermediate.

7.3 References
1 J. LiandJ. Wang, Chem. Phys. Lett., 2011, 508, 32
2 J.Liand J. Wang, J. Phys. Chem. A, 2012, 116, 386
3 M. T. Beck, G. Bazsa, K. Hauck and Ber. BunsenBeys. Chem., 1980, 84, 408.

4 N. Manz and O. Steinbock, Chaos, 2006, 16, 037112.

(3]

I. Szalai, K. Kurin-Csérgei and M. Orban, Phys. @h€hem. Phys., 2002, 4,

1271.

»

I. Szalai, K. Kurin-Csoérgei, I. R. Epstein and Mib@n, J. Phys. Chem. A, 2003,

107, 10074.

\‘

J. Li and J. Wang, J. Phys. Chem. A, 2012, 1160813

8 B. Zhao and J. Wang, Chem. Phys. Lett., 2006, 4380,

9 J.LiandJ. Wang, Phys. Chem. Chem. Phys., 2(®,113539.

10 X. F. Hu, J. Li and J. Wang, Electrochem. Commg@12, 21, 73.
11 H. L. Qi and C. X. Zhang, Electroanalysis, 2005, 832.

12 Z. H. Wang, S. J. Liand Q. Z. Lv, Sens. Actua®r&£hem., 2007, 127, 420.



Chapter 7: Conclusions and Perspective 153

13 D. D. Zhang, Y. G. Peng, H. L. Qi, Q. Gao and CZKang, Sens. Actuators B,
2009, 136, 113.

14 Q. H. Guo, J. S. Huang, P. Q. Chen, Y. Liu, H. Quldnd T. Y. You, Sens.
Actuators B, 2012, 163, 179.

15 Y. P. Ding, W. L. Liu, Q. S. Wu and X. G. WangFElectroanal. Chem., 2005,
575, 275.

16 J. Bai, L. P. Guo, J. C. Ndamanisha and B. Qi,pplAElectrochem., 2009, 39,
2497.

17 K. Lee, M. Kim and H. Kim, J. Mater. Chem., 2010, 3791.

18 B. T. Sneed, C. H. Kuo, C. N. Brodsky, and C. Kufg, J. Am. Chem.
Soc., 2012, 134, 18417.

19 W. X. Niu, L. Zhang and G. B. Xu, ACS Nano, 2010]1987.

20 W. X. Niu and G. B. Xu, Nano Today, 2011, 6, 265.

21 J. G. Xu, A. R. Wilson, A. R. Rathmell, J. Howe, F.Chi and B. J. Wiley, ACS
Nano, 2011, 5, 6119.

22 B. Zhao and J. Wang, J. Phys. Chem. A, 2005, 16097.3



Appendix A Code of the Simulation in Chapter 2 154

Appendix A Code of the Simulation in Chapter 2

I solve coupled CHD-BZ reaction model
I with RK4 & eular method and 5-point & [®sint explicit finite difference method
I modified by JunLi
1'2009/10/09
[ —_—— — — _— - -
R the simulation_parameters--- -
module simulation_parameters
implicit none
integer, parameter :: Ix=1025,ly=1025 !Ix=5133¢3
integer, parameter :: nstep=200000
integer(kind=4) :: no_record=2000
real(kind=8) :: h=0.00005
character(len=8) time
end module

module system_parameters
implicit none
real(kind=8) :: €1=0.05
real(kind=8) :: e2=0.001
real(kind=8) :: e3=0.8
real(kind=8) :: q=0.04
real(kind=8) :: r=0.4
real(kind=8) :: s=0.4
real(kind=8) :: f1=1.0
real(kind=8) :: f2=1.0
real(kind=8) Du
parameter(Du=0.000001)
real(kind=8) Dv
parameter(Dv=0.00001)
real(kind=8) Dw
parameter(Dw=0.00001)
real(kind=8) Dz
parameter(Dz=0.00001)
end module
[ —_—— — — — - -
R e main program-- e
program main
use simulation_parameters
use system_parameters
implicit none

integer ix,iy,ncount
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real(kind=8):: u(0:Ix+1,0:ly+1),unew(Ix,ly)
real(kind=8):: v(0:Ix+1,0:ly+1),vnew(Ix,ly)
real(kind=8):: w(0:Ix+1,0:ly+1),wnew(lx,ly)
real(kind=8):: z(0:Ix+1,0:ly+1),znew(Ix,ly)
real(kind=8):: sitel(1:nstep)
real(kind=8):: site2(1:nstep)
real(kind=8):: site3(1:nstep)
real(kind=8):: site4(1:nstep)
real(kind=8):: dr,sldr

real(kind=8):: fu(1:4),fv(1:4),fw(1:4),fz(1:4)

real(kind=8),external :: funcu,funcv,funcw,funcz

dr=0.0002
sldr=h/(dr*dr)

call clock(time)
write(*,"(‘start time=",A10)") time

call initialize(u,v,w,z)
do ncount=1,nstep
call boundary_nonflux(u,v,w,z)

do ix=1,Ix
do iy=1,ly

fu(1)=funcu(u(ix,iy),v(ix,iy),w(ix,iy),z(ix,iy))
fv(1)=funcv(u(ix,iy),v(ix,iy),w(ix,iy),z(ix,iy))
fw(1)=funcw(u(ix,iy),v(ix,iy),w(ix,iy),z(ix,iy))
fz(1)=funcz(u(ix,iy),v(ix,iy),w(ix,iy),z(ix,iy))

fu(2)=funcu(u(ix,iy)+h/2*fu(L),v(ix,iy)+h/2*v (L) wix,iy)+h/2*fw(L),z(ix,iy) +h/2*fz(1))
fv(2)=funcv(u(ix,iy)+h/2*fu(L),v(ix,iy)+h/2*v(L) w(ix,iy)+h/2*fw(L),z(ix,iy) +h/2*fz(1))
fw(2)=funcw(u(ix,iy)+h/2*fu(L),v(ix,iy)+h/2*fv(L1),w(ix,iy)+h/2*w(L),z(ix.iy)+h/2*fz(1))
fz(2)=funcz(u(ix,iy)+h/2*fu(L),v(ix,iy)+h/2*v (1) Wix, iy)+h/2*fw(L),z(ix,iy) +h/2*fz(1))

fu(3)=funcu(u(ix,iy)+h/2*fu(2),v(ix,iy)+h/2*v(2) Wix,iy)+h/2*fw(2), z(ix, iy) +h/2*fz(2))
fu(3)=funcv(u(ix,iy)+h/2*fu(2),v(ix,iy)+h/2*v(2) wix,iy)+h/2*fw(2), z(ix, iy) +h/2*fz(2))
fw(3)=funcw(u(ix,iy)+h/2*fu(2),v(ix,iy)+h/2*fv(2),w(ix,iy)+h/2*w(2),z(ix.iy)+h/2*z(2))
fz(3)=funcz(u(ix,iy)+h/2*fu(2),v(ix,iy)+h/2*v(2) Wix, iy)+h/2*w(2) 2 ix,iy) +h/2*fz(2))

fu(4)=funcu(u(ix,iy)+h*fu(3),v(ix,iy)+h*fv(3),w(ixjy)+h*fw(3),z(ix,iy)+h*fz(3))
fv(4)=funcv(u(ix,iy)+h*fu(3),v(ix,iy)+h*fv(3),w(ix,iy)+h*fw(3),z(ix,iy) +h*fz(3))
fw(4)=funcw(u(ix,iy)+h*fu(3),v(ix,iy)+h*fv(3),w(ix,iy)+h*fw(3),z(ix,iy) +h*fz(3))
fz(4)=funcz(u(ix,iy)+h*fu(3),v(ix,iy)+h*fv(3),w(ixjy)+h*fw(3),z(ix,iy) +h*fz(3))
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unew(ix,iy)=u(ix,iy)+h*(fu(1)+2*fu(2)+2*fu(3)+fu(4)/6+Du*sldr*(u(ix+1,iy-1)+u(ix-
1,iy-1)+u(ix+1,iy+1)+u(ix-1,iy+1)+4*u(ix+1,iy)+4*uik-1,iy)+4*u(ix,iy+1)+4*u(ix,iy-
1)-20*u(ix,iy))
vnew(ix,iy)=v(ix,iy)+h*(fv(1)+2*fv(2)+2*fv(3)+fv(4))/6+Dv*sldr*(v(ix+1,iy-1)+v(ix-
1,iy-1)+v(ix+1,iy+1)+v(ix-1,iy+1)+4*v(ix+1,iy) +4*v(x-1,iy)+4*v(ix,iy+1)+4*v(ix,iy-
1)-20*v(ix,iy))

wnew(ix,iy)=w(ix,iy)+h*(fw(1)+2*fw(2)+2*fw(3)+fw(4))/6+Dw*sldr*(w(ix+1,iy-
1)+w(ix-1,iy-1)+w(ix+1,iy+1)+w(ix-1,iy+1)+4*w(ix+1iy)+4*w(ix-
1,iy)+4*w(ix,iy+1)+4*w(ix,iy-1)-20*w(ix,iy))
znew(ix,iy)=z(ix,iy)+h*(fz(1)+2*fz(2)+2*fz(3)+fz(4)/6+Dz*sldr*(z(ix+1,iy-1)+z(ix-
1,iy-1)+z(ix+1,iy+1)+z(ix-1,iy+1)+4*z(ix+1,iy)+4*zix-1,iy) +4*z(ix,iy+1)+4*z(ix,iy-1)-
20*z(ix,1y))

!
unew(ix,iy)=u(ix,iy)+h*(funcu(u(ix,iy),v(ix,iy),w(ix,iy),z(ix,iy)))+Du*sldr*(u(ix+1,iy)+u
(ix-1,iy)-2*u(ix,iy))+Du*sldr+(u(ix,iy+1)+u(ix,iy-1)-2*u(ix,iy))

I

;/new(ix,iy)=v(ix,iy)+h*(fu ncv(u(ix,iy),v(ix,iy),w(ix,iy),z(ix,iy)))+Dv*sldr*(v(ix+1,iy)+v
(ix-1,iy)-2*v(ix,iy))+Dv*sldr*(v(ix,iy+1)+v(ix,iy-1 )-2*v(ix,iy))
I

Wnew(ix,iy)=w(ix,iy)+h*(fu new(u(ix,iy),v(ix,iy),w(ix,iy),z(ix,iy)))+Dw*sldr*(w(ix+1,iy)
+W(ix-1,1y)-2*w(ix,iy))+Dw*sldr*(w(ix,iy+1)+w(ix,iy -1)-2*w(ix,iy))
I

znew(ix,iy)=z(ix,iy)+h*(funcz(u(ix,iy),v(ix,iy),w(x,iy),z(ix,iy)))+Dz*sldr*(z(ix+1,iy)+z(
iX-1,1y)-2*z(ix,1y))+Dz*sldr*(z(ix,iy+1)+z(ix,iy-1)-2*z(ix,1y))
enddo
enddo

do ix=1,Ix
do iy=1,ly
u(ix,iy)=unew(ix,iy)
v(ix,1ly)=vnew(ix,iy)
w(ix,iy)=wnew(ix,iy)
z(ix,iy)=znew(ix,iy)
enddo
enddo
site1l(ncount)=u(300,300)
site2(ncount)=v(300,300)
site3(ncount)=w(300,300)
site4(ncount)=z(300,300)
Isite1(ncount)=u(500,500)
Isite2(ncount)=v(500,500)
Isite3(ncount)=w(500,500)
Isite4(ncount)=z(500,500)
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call writfile(u,v,w,z,ncount)
enddo

lenddo
open(unit=60,file="C:\Documents and Settingg&t\Besktop\Jun

Li\breathing\results\site1.dat")

write(60,"(E20.8E4)") sitel

close(60)

open(unit=60,file="C:\Documents and Settings\U3esktop\Jun
Li\breathing\results\site2.dat")

write(60,"(E20.8E4)") site2

close(60)

open(unit=60,file="C:\Documents and Settings\U3esktop\Jun
Li\breathing\results\site3.dat")

write(60,"(E20.8E4)") site3

close(60)

open(unit=60,file="C:\Documents and Settings\U3esktop\Jun
Li\breathing\results\site4.dat")

write(60,"(E20.8E4)") site4

close(60)
lenddo

call clock(time)

write(*,"('end time=",A10)") time

end program main

subroutine boundary_nonflux(u,v,w,z)
use simulation_parameters

implicit none

integer ix,ly

real (kind=8) :: u(0:Ix+1,0:1y+1),v(0:Ix+1,0:ly+2y(0:Ix+1,0:ly+1),z(0:1x+1,0:ly+1)

(1) set boudary conditions: nonflux
do iy=1,ly
u(0,iy)=u(1,iy)
u(Ix+1,iy)=u(lx,iy)
enddo

do ix=0,Ix+1
u(ix,0)=u(ix,1)
u(ix,ly+1)=u(ix,ly)
enddo

do iy=1,ly
v(0,iy)=v(1,iy)
v(Ix+1,iy)=v(Ix,iy)
enddo

do ix=0,Ix+1
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v(ix,0)=v(ix,1)
V(ix,ly+1)=v(ix,ly)
enddo

do iy=1,ly
w(0,iy)=w(1,iy)
w(Ix+1,iy)=w(Ix,iy)
end do

do ix=0,Ix+1
w(ix,0)=w(ix,1)
w(ix,ly+1)=w(ix,ly)
end do

do iy=1,ly
z(0,iy)=z(1,iy)
z(Ix+1,iy)=z(Ix,iy)
end do

do ix=0,Ix+1
z(ix,0)=z(ix,1)
z(ix,ly+1)=z(ix,ly)
end do

Isetting over

end

(2) u=HBro3

real(kind=8) function funcu(x,y,m,n)
use system_parameters

implicit none

real(kind=8) :: x,y,m,n

funcu=(1/el)*(g*y-x*y+x-x*x+n*x)
end function

(3) v=Br-

real(kind=8) function funcv(x,y,m,n)
use system_parameters

implicit none

real(kind=8) :: x,y,m,n

funcv=(1/e2)*(-g*y-x*y+f1*m-+r*f2*n)
end function

@) w=Ce(lV)

real(kind=8) function funcw(x,y,m,n)
use system_parameters

implicit none

real(kind=8) :: x,y,m,n
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funcw=x-m-s*m
end function

(5) z=H2Q

real(kind=8) function funcz(x,y,m,n)
use system_parameters

implicit none

real(kind=8) :: x,y,m,n 'm=w, n=z

funcz=(1/e3)*(2*s*m-x*n-rn)
end function

(6) subroutine initialize(u,v,w,z)
use simulation_parameters
use system_parameters
implicit none

real(kind=8) :: u(0:Ix+1,0:ly+1),v(0:Ix+1,0:ly+1),(0:1x+1,0:ly+1),z(0:Ix+1,0:ly+1)

real(kind=8) uss,vss,wss,zss
integer ix,ly

uss=0.49011
vss=0.89780
wss=0.35008
2ss=0.31464

do ix=1,Ix
doiy=1ly

u(ix,iy)=uss*real(ix-513)/real(1025)+uss

v(ix,ly)=vss

w(ix,iy)=wss*real(iy-513)/real(1025)+wss

z(ix,ly)=zss

end do
end do

end subroutine

(7) subroutine writfile(u,v,w,z,ncount)
use simulation_parameters
implicit none

real(kind=8) ::

u(O:Ix+1,0:ly+1),v(0:Ix+1,0:ly+1),w(0:Ix+1,0:ly+13(0:Ix+1,0:ly+1)

integer :: ix,iy,ncount
real(kind=8) :: counter
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character:: namel,name2,name3,name4,cl,c2,c3
integer :: no,n1,n2,n3

counter=mod(ncount,no_record) !€?1??0??3wMbes==0

if (counter==0) then
no=int(ncount/no_record)
nl=int(no/100)
no=no-100*n1
n2=int(no/10)
n3=no-n2*10
namel="u"
name2="v"
name3="w"
name4="z"
n1=n1+48
n2=n2+48
n3=n3+48
cl=char(nl)
c2=char(n2)
c3=char(n3)

open (unit=90,file="C:\Documents and Settings\U3esktop\Jun
Li\breathing\results\"//namel//c1//c2//c3/I".dat")
write(90,"(1025E20.8E4)")((u(ix,iy),ix=1,Ix),iy=1y)
close(90)
open (unit=90,file="C:\Documents and Setting®tiDesktop\Jun
Li\breathing\results\"//name2//c1//c2//c3//".dat")
write(90,"(1025E20.8E4)")((v(ix,ly),ix=1,Ix),iy=1y)
close(90)
open (unit=90,file="C:\Documents and Settings\U3esktop\Jun
Li\breathing\results\"//name3//c1//c2//c3/I".dat")
write(90,"(1025E20.8E4)")((w(ix,iy),ix=1,Ix),iy=1y)
close(90)
open (unit=90,file="C:\Documents and Setting@tiDesktop\Jun
Li\breathing\results\"//name4//c1//c2//c3/I".dat")
write(90,"(1025E20.8E4)")((z(ix,iy),ix=1,Ix),iy=1y)
close(90)

endif
end
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Appredix B A Code of the Smulation in Table4.1

METHOD STIFF

STARTTIME =0
STOPTIME=10
DT =0.02

{1: Br+HOBr+H <--> Br2+H20 }
RXN1 = K1f*Br*HOBr*H - K1r*Br2*H20
K1f = 8e+007
K1r =90
INIT Br = 1e-008
INITBr2=0
INITH=0.2
INIT H20 =55
INIT HOBr=0
d/dt(Br) = -RXN1-RXN2-RXN3+RXN10-RXN12+RXN13
d/dt(Br2) = +RXN1-RXN10+RXN12
d/dt(H) = -RXN1-RXN2-2*RXN3-RXN4+2*RXN5-RXN6-RXN8+RXN10-2*RXN11-RXN13
d/dt(H20) = +RXN1+RXN6+RXN9+RXN11
d/dt(HOBr) = -RXN1+2*RXN2+RXN3+RXN5-RXN9

{ 2: Br+HBrO2+H <--> 2HOBr }
RXN2 = K2f*Br*HBrO2*H - K2r*HOBr"2
K2f = 2.5e+006
K2r = 2e-005
INIT HBrO2 =0
d/dt(HBrO2) = -RXN2+RXN3-RXN4-RXN5-RXN6+RXN8+RXN11

{3: Br+BrO3+2H <--> HOBr+HBrO2 }
RXN3 = K3f*Br*BrO3*H"2 - K3r*tHOBr*HBrO2
K3f=1.2
K3r=3.2
INIT BrO3 = 0.05
d/dt(BrO3) = -RXN3+RXN5-RXN6-RXN11

{4: HBrO2+H <--> H2BrO2 }
RXN4 = K4f*HBrO2*H - K4r*H2BrO2
K4f = 2e+006
K4r = 1e+008
INIT H2BrO2 =0
d/dt(H2BrO2) = +RXN4-RXN5

{ 5: HBrO2+H2BrO2 <--> BrO3+HOBr+2H }
RXN5 = K5f*HBrO2*H2BrO2 - K5r*BrO3*HOBr*H"2
K5f = 170000
K5r=0

{ 6: HBrO2+BrO3+H <--> Br204+H20 }
RXN6 = K6f*HBrO2*BrO3*H - K6r*Br204*H20
K6f =48



Appredix B A Code of the Simulation in Table 4.1

K6r = 3200
INIT Br204 =0
d/dt(Br204) = +RXN6-RXN7

{7: Br204 <--> 2BrO2 }
RXN7 = K7f*Br204 - K7r*BrO2/2
K7f = 75000
K7r = 1.4e+009
INIT BrO2 =0
d/dt(BrO2) = +2*RXN7-RXN8

{ 8: Fe2+BrO2+H <--> Fe3+HBrO2 }
RXN8 = K8f*Fe2*BrO2*H - K8r*Fe3*HBrO2
K8f = 1e+007
K8r=0
INIT Fe2 = 0.0001
INIT Fe3=0
d/dt(Fe2) = -RXN8-2*RXN11+RXN12+RXN13
d/dt(Fe3) = +RXN8+2*RXN11-RXN12-RXN13

{9: Q+HOBr <--> QBr+H20 }
RXN9 = K9f*Q*HOBr - K9r*QBr*H20
K9f=0

Kor =0
INIT Q = 0.035
INIT QBr =0

d/dt(Q) = -RXN9-RXN10+RXN13
d/dt(QBr) = +RXN9+RXN10-RXN13

{ 10: Q+Br2 <--> QBr+Br+H }
RXN10 = K10f*Q*Br2 - K10r*QBr*Br*H
K1of=1.5
K10r =0

{ 11: 2Fe2+BrO3+3H <--> 2Fe3+HBrO2+H20 }

RXN11 = K11f*Fe2/2*BrO3*H"2 - K11r*Fe3"2*HBrO2*H20

K11f =0.02
K11lr=0

{12: Fe3+Br <--> Fe2+1/2Br2 }
RXN12 = K12f*Fe3*Br - K12r*Fe2*Br2"0.5
K12f = 50
K12r=0

{13: QBr + H20<-->QOH+H+Br }
RXN13 = K13f*QBr - K13r*Q*Br
K13f =25
K13r=0
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Appredix C A Code of the Smulation in Table 5.1

METHOD STIFF

STARTTIME =0
STOPTIME=10
DT =0.02

{1: Br+HOBr+H <--> Br2+H20 }
RXN1 = K1f*Br*HOBr*H - K1r*Br2*H20
K1f = 8e+007
K1r =90
INIT Br = 1e-008
INITBr2=0
INITH=0.2
INIT H20 =55
INIT HOBr=0
d/dt(Br) = -RXN1-RXN2-RXN3+RXN10-RXN12+RXN13
d/dt(Br2) = +RXN1-RXN10+RXN12
d/dt(H) = -RXN1-RXN2-2*RXN3-RXN4+2*RXN5-RXN6-RXN8+RXN10-2*RXN11-RXN13
d/dt(H20) = +RXN1+RXN6+RXN9+RXN11
d/dt(HOBr) = -RXN1+2*RXN2+RXN3+RXN5-RXN9

{ 2: Br+HBrO2+H <--> 2HOBr }
RXN2 = K2f*Br*HBrO2*H - K2r*HOBr"2
K2f = 2.5e+006
K2r = 2e-005
INIT HBrO2 =0
d/dt(HBrO2) = -RXN2+RXN3-RXN4-RXN5-RXN6+RXN8+RXN11

{ 3: Br+BrO3+2H <--> HOBr+HBrO2 }
RXN3 = K3f*Br*BrO3*H"2 - K3r*tHOBr*HBrO2
K3f=1.2
K3r=3.2
INIT BrO3 = 0.05
d/dt(BrO3) = -RXN3+RXN5-RXN6-RXN11

{4: HBrO2+H <--> H2BrO2 }
RXN4 = K4f*HBrO2*H - K4r*H2BrO2
K4f = 2e+006
K4r = 1e+008
INIT H2BrO2 =0
d/dt(H2BrO2) = +RXN4-RXN5

{ 5: HBrO2+H2BrO2 <--> BrO3+HOBr+2H }
RXN5 = K5f*HBrO2*H2BrO2 - K5r*BrO3*HOBr*H"2
K5f = 170000
K5r=0

{ 6: HBrO2+BrO3+H <--> Br204+H20 }
RXN6 = K6f*HBrO2*BrO3*H - K6r*Br204*H20
K6f =48
K6r = 3200
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INIT Br204 = 0
d/dt(Br204) = +RXN6-RXN7

{7: Br204 <--> 2BrO2 }
RXN7 = K7f*Br204 - K7r*BrO2/2
K7f = 75000
K7r = 1.4e+009
INIT BrO2 =0
d/dt(BrO2) = +2*RXN7-RXN8

{8: Ce3+BrO2+H <--> Ce4+HBrO2 }
RXN8 = K8f*Ce3*BrO2*H - K8r*Ce4*HBrO2
K8f = 6.2e+004
K8r = 1.2e+004
INIT Ce3 = 0.0001
INITCed =0
d/dt(Ce3) = -RXN8-2*RXN11+RXN12+RXN13
d/dt(Ce4) = +RXN8+2*RXN11-RXN12-RXN13

{9: Q+HOBr <--> QBr+H20 }
RXN9 = K9f*Q*HOBr - K9r*QBr*H20

K9f =0
K9r=0

INIT Q =0.035
INITQBr=0

d/dt(Q) = -RXN9-RXN10+RXN13
d/dt(QBr) = +RXN9+RXN10-RXN13

{ 10: Q+Br2 <--> QBr+Br+H }
RXN10 = K10f*Q*Br2 - K10r*QBr*Br*H
K10f = 40
K10r =0

{11: 2Ce3+BrO3+3H <--> 2Ce4+HBrO2+H20 }
RXN11 = K11f*Ce3"2*BrO3*H"2 - K11r*Ce4”"2*HBrO2*H20
K11f=0
K1ir=0

{12: Ce4+Br <--> Ce3+1/2Br2 }
RXN12 = K12f*Ce4*Br - K12r*Ce3*Br2"0.5
K12f = 10000
K12r=0

{13: QBr + H20<-->QOH+H+Br }
RXN13 = K13f*QBr - K13r*Q*Br
K13f =60
K13r=0
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