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Experimental evidence (Cerium)

* Malonic acid oxidation by bromate in acidic solution, catalyzed by a
metal ion (Ce**)

* Long series of oscillations in the concentration of the intermediate
species (with a chromatic effect)

* The main reactants are irreversibly consumed (but very slowly)

* Finally, the oscillations vanish and chemical equilibrium is
monotonically approached
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Initial concentrations were [CH.(COOH),], = 0.032 M, [KBrQ;), =
0.063 M, [KBr]o = 1.5 X 1075 M, [Ce(NH,)«(NOs)sJo = 0.001 M,
[H:SO,)s = 0.8 M,



Chemistry

The main reaction driving the Belousov-Zhabotinsky
system forward is given by the following equation:

2Br + BrOs + 3CH,(COOH), + 3H @ 3BrCH(COOH), + 3H,0

The cerium indicator

ce™ Ce*

Colourless Yellow

— L

The ferroin-ferriin indicator

Fe?*(o-phen)s Fe**(o-phen)s

Blue
predominant if
system isin its
oxidising state.

Purple-red
predominant if
system isin its
reducing state.




Experimental evidence (ferroin)
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Detailed mechanism

TAULE 1: Mechanistic Mudel of the Delousar=%dabotimskii Reaction {H,0] = 55 M Included in the Rate Constants)

rate constaat refcrence
1. lnorganic Subset
1 HQBr + 8" + H* = Bry + H,O 2IEHY Mgt b3
2 By + H,O — HOB¢ + Be* + H* : 2057 3]
3 Be* + HBrO, + H* — JHOOr 20E+6 M-t b d
4 IHOBr — B + HBrO; + H* 2.06-5 o B
b 0e* + BrO," + IH* — HOBe + HE:Q, 2
5 HOBr + HBIO, = Br" + BrO," + 1H" 2
7 2H8O, ~ B¢0," + HOBr + H* 2
N 8c0," + HOBr + H™ — ‘HB:O- b3
9 8:0y" + HBO; + H* — Br.0, + H,0 Frg
0 8:,0, + H,0 — B¢O," + HBrO +H" 22
13} Br-O. - ‘8:0. 22
12 180Q;" - 8¢,0, 2
i3 Ce'* + 800, + H® = HBeQ, + Cc'* 1

14 H30; + Ce™ = Cel® + 860" + H* T0E+3 Mt 5

Reactions [nvaiviag Organic Species
a Ku<uqnx Not Consuming o Preducing Radicals

5 MA = ENOL
18 ENOL — MA
17 ENOL + Bry = BrMA + 8 + H™
13 MA + HOBr = BrMA + H,0
19 BrMA + HOBr — Br.MA + H.O
20 TTA + HOBr — 8¢TTA + H,0
H 8r0:MA + H.0 = HBO, + TTA
b T 30 MA ~ HOBr + MOA
B3] 3:0.TTA = HBO, + M X
N BeTTA = 8" + MOA + H® 1.0
Reactions Producing Radicals
2 Ce™* + BrMA — Cel* + BrMA® + H* 0.09 M g 39,48
% Ce'™ 4 MA = Ce?* + MA* + H* 39, 57
n Ce'™ + TTA = Ce?* + TTA* + H* 3957
pe) HOBr + MOA — 8¢ + OA + 'COOH o
29 Ce' # MOA + H,0 — C* + QA + "COOH + H* d 30
0 HOBr + QA =~ 8¢* + "COOH + CO, + H,0 30
3 Ce'® + OA = Cel* + *COOH + CO, + H* 10.0 M~ 5 3
n 8:0;"+ OA + H™ = 8r0;" + "COOH + CO, + H,0 LEE=5 M2 bl
< Reaciions Consuming Radicals
28e* — Be, LOE+3 Me! g b1
Br* + BrMA® — 8e,MA LOE+9 M~ 5 f
2BEMA” + Hi0 ~ BeMA + BeTTA LOE#S M~ ¢
BeMAT + MA® + H,0 — MA + 8eTTA LOE+9 M~ ¢t
BeMA® + TTA + H,O TTA + 8¢TTA LOE+9 M~ 5t
BeMA® + Ce'* + H,0 — Ce* + BeTTA + H™ LOE+T M~ 5t plgd
BeMA® + 800, + H,0 — HBrO, + 8,TTA S.OE+9 M~ 5 13
BeMA® + "COOH =— BeMa + CO S.OE+S M-t 5
2MAT + H0 = MA + TTA .2E+9 M 5 13
MAT# TTA + H,0 — 2TTA LOE+9 M~ s
MA* + 'COOH — MA + CO, LOE+9 M~ 5 -
MA® + Be* — BeMA 1LOE+9 M~ gt
MAT # Cel* + H™ = MA + Ce'* LIE#3 M2 gt 57
%4 MA® + 80, — BeOMA - S.0E+9 M g 14
47 ITTA® — TTA + MOA 1.OE+9 M1 3
3 TTA" + “COOH ~ TTA + co,
49 TTA" & Be' — BeTTA
50 TTA* + Ce* + H™ — TTA + Ce** 57
H TTA + s:oz- —~ 80, TTA SOE+9 M~ |* lae
52 2°COOH — FIE+9 M~ 5 30
53 “COOH + C:“ ~ Ce!” + CO, + H* LOE+T M~ 570 plog
< ‘COOH + B¢ = 8¢* « CO, + H" LOE+9 M~ 571
5 *COCH + 8¢0," —~ HBrO; + CO, SOE+9 M~ g 14
d. Reactions Preserving Radiczls
6 MA® + Bey — BeMA + Br 1.SE+3 M tae
57 MA® + HO8r — TTA = 8¢ LOE=7 M= 5 tar
a MA" + BrO;" 4+ H® — TTA + 8:0," [
59 MA® # TTA = MA + TTA*
50 TTA' # MA = TTA + MA® Mg
&1 MA® # BEMA — MA + BrMA® 1LOE=S$ M g ]
82 BrMA® = MA = BeMA + MA® - S.OE#2 M~ s
83 TTA® + BeMA = TTA + BeMA® 1
e BrMA® + TTA = 3eMA + TTA®
45 TTA" = e, — BeTTA + 3¢
b4 TTA"  HO8r — \(OA = Be* « H.0
67 TTA® = BeO;" = H* — MOA + 80" + H,0 140
83 BeMA® = Bry = Be,MA = B 1344
59 BrMA® + HOBr ~ B:TTA + 8¢ 130
e BrMA® + 860," + H™ — BO," + 8rTTA 3 s
T *COOH + 3:MA = 307 + MA* & CO, = H~ 10E«? \|" 5
7 ‘COOH + 8r, — 8¢* + Be” + CO, = H* LIy M g 14
73 ‘COOH + HOBr — 8¢ + CO, ~ K-O JOEFT Mo g o
T4 “COOH + BrO," + H* — 8:0." + CO. + H, .0 3 LIESS Mt gt io
5 Bt + MA = B¢+ MA* # H* T LOE#S M g
% B+ TTA —= 8" # TTA* + H*
7 o Br" 4+ BrMA = Be” » BeMA® + H*
78 Br* # MOA + H,0 — 8¢ + OA + "COOH + H* Jo*
9 Be' + 0A = 8 +°COOH + CO, + H* 30
30 8¢0;" + OA — HBrO, + "COOH + CO, LOE+2 M i



Detailed mechanism —
Inorganic subset

Mechaairiic Mudel af the Uelousar=Zhabatimkii Reaction ([H,Of = 55 M Included in the Rate Constants)’

rate constant

I. Inorganic Subset

| HOBr + Br° + H* = Bry + H.O ) -2 gt
) B¢y + H.O — HOBe + Be~ + N+ 5'35;39 e
} " Be” + HBeO, + H* — IHOD: 20E+6 M-t g
: IHOBr — Be* + HB(O, + H* 20C-5 M ¢+
$ 0c* + B2O," + IH" = HOBe + HB:O. 2.0 M g
: HOBr + HBrO, — Br" + BrO," + 1H* 3.3 Mot gt
i IHBO, -~ BrO, + HOBr + H’ JOE+) M=t ¢
s 8¢0," + HOBr + H* — 2HBO, TSE=9 M=t ¢
9 8r0y" + HBrO, + H* — 86,0, + H. 0 13,0 Mg
10 8:,0, + H,0 — B8¢Q," + HB:O * H" 1200 s
' 8¢,0, = 28:0.* TAE+s g
13 '9:0 * - Br. 0 L2E+F M ¢
] Ce!* # 80" + H* — HBO, + Ce* §.2E 4+ M-t g
4 HBO; + Ce* ~— Cel* + 8¢0." + H* TOE+] M ¢



Detailed mechanism — Radicals and
organic species

2. Reactions Iavalviag Orzasic Specics
a. R::cxwas Not Coasuming oc Preducm; Radicals

1 MA = ENOL J.0E-3 s~
18 ENOL — MA 200.0 s
17 ENOL + Br, = BrMA + 8¢ + H* LILE+G M 5
13 MA + HOBr = BrMA + H,0 3.2 M g
19 BrMA + HOBr — Br,MA + H.0 0.1 Mt gt
3 TTA + HOBr — 8¢TTA + H,0 5.0 M g
] 8r0:MA + H.0 = HBrO. + TTA 105
b ; 510-\!:\ ~ HOBr + MOA 105
23 8:Q, TTA - HB8/0, + MOA 1.0
: BeTTA = B + MOA + H* 1.0 5%
b. Reactions Producing Radicals
25 Ca'" + 8rMA — Ce* + BrMA* + H* 0.09 M =t
2% Ce*™ + MA = Ce?* + MA* + H* 0.23 M 5™
m Ce'" # TTA = Ce’* + TTA* + H* 0.66 M= ™
n HOBr + MOA = Be* + QA + 'COOH 120.0 M“ N
9 Ce'* + MOA + H,0 — Ce¥* + OA + "COOH + H* 10.0 M s
0 HOBr + OA = 8¢ + "COOQH = CO, + H.0 120.0 M~ s“
i Ce'* # 0A = Cel” = “COOH + CO, + H* 10.0 M= 5
n 8¢0,"+ OA + H" = 8¢Q;" + ‘COOH + CO, + H,0 1.6E=5 M2 g™
<. Reactions Consuming Radicals
33 28r = Br, LOE+8 M ¢
1 Br* 4 Br.\lc\' = Be,MA LOE+9 M= 5
3¢ I1BeMA* + HO - BeMA = BeTTA LOE+S M~ ¢
i6 BeMAT + MA® + H,0 — MA + 8(TTA LOE+9 M~ ¢
3 BeMA® + TTA® + H,0 — TTA + 8¢TTA LOE+9 M~ 5~
38 BeMA® 4 Ce'* + H,0 — Ce?* + BeTTA + H” LOE+T M~ g
39 BeMA® + 800, + H,0 = HBrO, + 8, TTA SOE+9 M~
<0 BEMA® + "COOH — BeMA + CO. SOE+S Mt 5
41 IMA® 4+ HiO — MA + TTA . J.2E+9 M 5
<1 MA®# TTA® + H,0 — 2TTA LOE+9 M- 5t
a3 MA® +*COOH — MA + CO, LOE+9 M~ 5~
a2 MA® + Br* — BeMA 1OE+9 M~ ¢
N MA® # Ce’™ + H™ = MA + Ce** 1.7E#3 M2 gt
4 MA® + 8:0," — BrO,MA A S.OE+9 M ¢t
47 ITTA® — TTA + MOA LOE+9 M g~
< TTA* + "COOH ~ TTA + co, 20E+9 M~ 5
49 TTA® + Be — BeTTA LOE+9 M~ 5+
50 TTA + C&* # H™ — TTA + Ce** LIE®S Mt gt
st TTA® + Br0," —~ 8¢0,TTA S.0E+9 M~ 5
52 ICOOH = 0A LIE+9 M= g
53 *COOH + Ce'* ~ Ce!* + CO, + H* LOE+T M~ 5
5 “COOH + 8¢" = 8¢" = CO, + H* LOE+9 M~ 5=
55 ‘COOH + BrQ," ~ HBrO, + CO, SOE49 M~ 5
d. Reactions Preserving Radicsls
58 MA® + Bey — BeMA + Be* LSE+3 M~ s
57 MA* + HO8r — TTA = 8¢ LOE+T M 5
3 MA® + BrQy" + H® — TTA + 8:0," 20.0 Mg
59 MA® = TTA — MA + TTA* LOE+S M= g
40 TTA" + MA = TTA + MA* LOE+S M= ¢
&1 MA® # BeMA = MA + BrMA® LOE=S M~ ¢
62 BrMA® = MA ~ BeMA + MA® - S.OE+2 M™ s
83 TTA® + BeMA = TTA + BeMA 20E=5 M
42 BrMA® + TTA = 8eMA » TTAS SQE+) M~ g
83 TTA" = 86, — 8¢TTA + 3¢° 1.OE+3 M~ ¢
46 TTA" » HOBr — \(OA = B¢* « H.O LOE+T M 5™
67 TTA® = 8,0," « H* — MOA = BQ," + H,0 40.0 M*F gt
83 BeMA® = Bry = e, MA = 3¢ 10E+6 M~ 3™
59 BrMA® + HOBr ~ B:TTA + B¢ LOE+5 M-t ¢ 1
i BrMA® + 8:0,° + H™ — BrO," + 8rTTA 400 M7F 1
T ‘COOH + 3:MA — 3:° & MA* + CQO, = H~ LOE«T M~ 5
7 “COOH + 8r, — 8¢* + Be~ = CO, +~ H* LIE+Y M~ I
3] "COOH + HOBr — B¢ + CO, ~ H.0 J0E+T M g i
I ‘COOH + Br0;" + H* — 8:0;" + CO, + H.0 L LIESI Mot 3
7 Be® + MA = B¢" + MA® + H* ! LOE+S M~ 5
% Br"+ TTA = B + TTA* + H* 1OE+6 M~ 4
77 ~ Br" 4+ BrMA = Be" + BrMA* + H* SQE+6 M 4
7 B¢ + MOA + H;0 — 8¢ + OA + "COOH + H* 20E+3 M™ gt b
9 Be* + OA = 8¢ +°COOH + CO, + H* 20E+) M 4 3

10 8¢0;* + OA — HBrO, + "COOH = CO, LOE+2 M~ 4 b1



Mechanism of the oscillations

Process A dominant
( reduced state)

Condition : [Br7] > B,

net effect : [Br7] \

Process C dominant Process B dominant -

(reducing stage) (pulse of oxidstion)
Condition : (Ce**] high <p———| Cendition : [B¢7] <(Br],

! 4"';-‘ H —
net effect : Ce . Cee net effect : Br?z 24H8r02
. [Br] Vd ' Ce?*—=Ce'*




Mechanism of the oscillations

HBrOgj
>~ (2) Bros N
— HBroO»
| A |
. /
\ o"f/ N\
Cel+t Celdt
A
\. J
o'/ N\ )
‘Y/
C;;HBI’(COOH)z HBr
J

(
S~ 5 (2) HOBr

BrO3 + Br~ — HBrO,; + HBrO
HBrO, + Br~ — 2 HBrO

BrO; + HBrO, — 2 HBrO; + 2 Ce'*

2 HBrOy — BrO3 + HBrO

CHy(COOH); + Ce** — f/2 Br~ + prodotti




Mechanism of the oscillations

7, = k2 -H+- _HBrOz_ -Br—] BrO3 + Br~ — HBrO,; + HBrO

- - —k HBrO,; + Br~ — 2 HB:rO

I, = k3 -H+- -I‘ 1’02- -BI’O;] BrO3 + HBrO, — 2 HBrO, + 2 Cett

- ) 2 HBrO; — BrOj + HBrO |
r, = k,[HBrO, | CHy(COOH), + Ce** — £/2 Br~ + prodotti

rs =k :Ce4+][MA]



Kinetic scheme: Oregonator

BrO3 + Br~ — HBrO,; + HBrO

HBrO; + Br~ — 2 HBrO |

BrO;7 + HBrO, — 2 HBrO; + 2 Ce'*

2 HBrO, — BrO3 + HBrO | -
CHz(COOH); + Ce** — f/2 Br~ + prodotti

d[H§;O2] = ki [H*]}[BrO3][Br~] — ko[HT|[HBrOo][Br] +
+ks[HF)[BrO7 1[HBrOy] — 2k4[HBrOo*
BT -k [HPBrOF}Br™] — kalEJ(EBrO][B ] +

+hks[CH(COOH),}{Ce™]
d[Ce**] '

2ky[H*)[BrO3][HBrOy] - ks[CHz(COOH),][Ce*]

_dt



Kinetic scheme: Oregonator

A =B:0j ; B =CEy(COOH); ; P =HBrO ; X =HB:O; ; ¥ =Br™ ;
Z =Cett | |

(01) A+Y—=X+P
(02) X+Ya2P

- (03) A+X~2X+2Z
(04) 2X—A+P

(05) = B+7Z— hY + prodotti



Oregonator (dimensionless, pool
chemical approximation)

dx 5
E—=qgay—-XxXy+ax—Xx
dt
d
§—y=—qay—xy+ﬂ?z
dt
£=ax—bz
dt

£=0.12 0 =0.0006 g =0.0008

J = varying parameter = 1 a,b = constant



Reduced Oregonator

¢ Pseudo-steady-state approximation for y

= y(z,2) = fbz
y=y(z,z =itq’
e Two-variable reduced Oregonator:
dz _ 2 T —qa
g = ar —x --szx-i-qa
g}:— = azx—bz.
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Reduced Oregonator

Small f

Intermediate f

Large f




