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The cerium-catalyzed Belousov-Zhabotinsky oscillating reaction 
[1-4] and its variants (Fe [5,6], Ru [7,8], Mn [9-11]) are inherently 
connected to the chemistry of bromine oxoacids HBrOx. The 
growing interest in nonlinear chemical systems [12-14] has provided 
strong incentives to study bromine chemistry, and especially the 
disproportionation of bromous acid has been studied in great detail 
[15-29]. The bromine chemistry of the Belousov-Zhabotinsky reaction 
(BZR) involves hypobromous acid HOBr (1), bromous acid HOBrO 
(2) and bromic acid HBrO3 (3), and the disproportionation reaction of
bromous acid (R4) is a key step.

H+ + Br- + HOBrO ⇄ 2 HOBr			   (R2) 

2 H+ + Br- + BrO3
- ⇄ HOBr + HOBrO   (R3) 

2 HOBrO ⇄ HOBr + H+ + BrO3
-   (R4) 

It is generally agreed that hypobromous acid (pKa(HOBr)=8.59 
[30,31]) and bromous acid (pKa (HOBrO)=3.43 [29]) are not dissociated 
at pH values typical for the BZR. In contrast, it has been assumed that 
bromic acid is dissociated under BZR conditions even though the 
acidity of bromic acid has not been well established. Experimental 
pKa(3) values of 1.87 [30], 0.7 [31], and -0.29 [32] were reported and, 
most recently, Cortes and Faria concluded that pKa(3) < -0.5 [33]. We 
wrote recently [34] that it will be important to firmly establish pKa(3) 
because this value decides whether reactions R3 and R4 should be 
replaced by reactions R3’ and R4’, respectively, or whether reactions R3’ 
and R4’ need to be considered in addition to reactions R3 and R4. 

HOBrO2 ⇄ H+ + BrO3
-                (A(3)) 

H+ + Br- + HOBrO2 ⇄ HOBr + HOBrO          (R3’) = (R3) + (A(3)) 

2 HOBrO ⇄ HOBr + HOBrO2 (R4’) = (R4) – (A(3)) 

To explore the consequences of the acidity of bromic acid in 
Belousov-Zhabotinsky reactions, we considered four cases with greatly 
different concentrations and/or ratios of sulfuric acid and bromate. In 
Case 1, molar concentrations of H2SO4 and of KBrO3 were used as a 
simple case of R0 = [H2SO4]0/[BrO3

-]0 = 1. In Case 2, we simulated the 
situation with 0.5 M H2SO4 and 0.1 M KBrO3 (R0=5). This case models 
the concentrations (0.567 M H2SO4, 0.089 M KBrO3) we used in our 
studies of a variant of the ferroin-catalyzed BZR described by Keusch 
[6,38]. In Case 3, we studied the situation with 1.0 M H2SO4 and 0.1 
M KBrO3 (R0 = 10), which closely mimics the Ce-catalyzed BZR [39] 
reported by Shakhashiri (0.9 M H2SO4, 0.075 M KBrO3). Case 4 with 1.5 
M H2SO4 and 0.05 M KBrO3 (R0 = 30) closely mimics the Mn-catalyzed 
BZR [37] reported by Shakhashiri (1.6 M H2SO4, 0.06 M KBrO3). 

H2O ⇄ H+ + OH-, Kw   (1) 

H2A ⇄ H+ + HA-, Ka1,1   (2) 

HA- ⇄ H+ + A2-, Ka1,2   (3)

HB ⇄ H+ + B-, Ka2              (4)

We evaluated the system of differential equations describing the 
equilibria of equations 1-4 with Mathematica [41,42]. Kw denotes the 

ion product of water (Kw=10-14). H2A denotes the diprotic sulfuric acid 
H2SO4 and we employed acidity constants pKa1,1=-3 (a lower bound) 
and pKa1,2=+2 for the first and second dissociations of sulfuric acid 
[43,44]. HB denotes the monoprotic acid HBrO3 and we evaluated the 
four cases for integer values of pKa2 between +3 and -3 to cover the 
entire range of reported experimental pKa2 values (vide supra). The 
most pertinent results of the simulations are summarized in table 1. 
In supporting information we provide more extensive tables (Tables 
S1 – S4) and these also include the results of the simulations without 
consideration of the second dissociation of sulfuric acid. In the present 
context it suffices to state that the protonation state of bromate is 
essentially the same irrespective as to whether the second dissociation 
of sulfuric acid is considered or neglected. 

We begin our analysis of the data in table 1 by examination of the 
ratio RP = [HBrO3]/[BrO3

-]. The measurements of the acidity of bromic 
acid gave values in the range pKa(3)=0.5 ± 1.5, and we find that the RP 
values fall between 1.5 and 0.5 for pka(3)=0 and they fall between 2.9 
and 14.6 for pKa(3)=1. For all cases, neither bromic acid nor bromate is 
the dominant species (95%, RP > 19, RP < 0.05) over a range of at least 
three pKa(3) units. This result leads to the important conclusion that 
reactions R3’ and R4’ must be considered in addition to reactions R3 
and R4 in kinetic models of the BZ reaction with bromate. 

It is qualitatively clear that the equilibrium pH value will be more 
sensitive to the value of pKa(3) the lower one selects the ratio R0 = 
[H2SO4]0/[BrO3

-]0. The quantitative data in table 1 support this notion 
in that the values ∆pH = pH[pKa(3)=+3] – pH[pKa(3)=-3] decrease as 
R0 increases. For Case 1 with R0=1 the ∆pH value is as large as one full 
pH unit. As with Case 1, Case 5 is characterized by R0=1 but in Case 5 
this ratio is realized with much lower (one tenth) initial concentrations 
of sulfuric acid and bromate. Detailed results for Case 5 are listed in 
table S5 and the most pertinent data appear in table 1. While ∆pH ≈ 
0.6 is significantly reduced in Case 5 as compared to Case 1, the ∆pH 
value remains large and of a magnitude that allows for experimental 
approaches to the determination of pKa(3) via pH measurements as a 
function of R0. We explored this notion for pKa(3)=0 and two scenarios: 
In Scenario 1 the initial concentration of sulfuric acid is fixed to 
[H2SO4]0 = 1.0 M while [BrO3

-]0 is allowed to vary between 0.0005 and 4 
M. In Scenario 2 the initial bromate concentration is fixed to [BrO3

-]0 =
0.1 M and [H2SO4]0 varies from 0.1 M to 5 M. The numerical results are
summarized in tables S6 and S7, respectively, and they are illustrated
in figure 1. The figure shows in a compelling fashion that variations
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of R0 in Scenario 1 result in large pH  variations Scenario 1 presents a 
promising approach to measure pKa(3). We hope that this editorial will 
encourage such measurements by suitably equipped research groups, 
and we will be happy to perform the mathematical modeling necessary 
to extract the value of pKa(3) from such experimental data sets. 
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Figure 1:  Simulations of pH as a function of log(R0) for Scenario 1 (1.0 M 
H2SO4, variation of KBrO3) and Scenario 2 (variation of H2SO4, 0.1 M KBrO3) 
for pKa(3) = 0.  

http://www.nature.com/nature/journal/v225/n5232/abs/225535b0.html
http://www.nature.com/nature/journal/v225/n5232/abs/225535b0.html
http://books.google.co.in/books?id=AsxnQgAACAAJ&dq=Zhabotinskii+AM+%281985%29+The+early+period+of+systematic+studies+of+oscillations+and+waves+in+chemical+systems.+in+Oscillations+Traveling+Waves+Chem.+Syst.,+%28Eds:+R.+J.+Field,+M.+Burger%29,+Wiley,+New+Y
http://books.google.co.in/books?id=AsxnQgAACAAJ&dq=Zhabotinskii+AM+%281985%29+The+early+period+of+systematic+studies+of+oscillations+and+waves+in+chemical+systems.+in+Oscillations+Traveling+Waves+Chem.+Syst.,+%28Eds:+R.+J.+Field,+M.+Burger%29,+Wiley,+New+Y
http://books.google.co.in/books?id=AsxnQgAACAAJ&dq=Zhabotinskii+AM+%281985%29+The+early+period+of+systematic+studies+of+oscillations+and+waves+in+chemical+systems.+in+Oscillations+Traveling+Waves+Chem.+Syst.,+%28Eds:+R.+J.+Field,+M.+Burger%29,+Wiley,+New+Y
http://pubs.acs.org/doi/abs/10.1021/jp056098r
http://pubs.acs.org/doi/abs/10.1021/jp056098r
http://citeseerx.ist.psu.edu/viewdoc/summary?doi=10.1.1.169.8038
http://pubs.acs.org/doi/abs/10.1021/jp111724t
http://pubs.acs.org/doi/abs/10.1021/jp111724t
http://pubs.acs.org/doi/abs/10.1021/jp111724t
http://pubs.acs.org/doi/abs/10.1021/j100018a021
http://pubs.acs.org/doi/abs/10.1021/j100018a021
http://www.researchgate.net/publication/231432033_Systematic_design_of_chemical_oscillators._74._Newly_designed_permanganate-reductant_chemical_oscillators
http://www.researchgate.net/publication/231432033_Systematic_design_of_chemical_oscillators._74._Newly_designed_permanganate-reductant_chemical_oscillators
http://www.researchgate.net/publication/231432033_Systematic_design_of_chemical_oscillators._74._Newly_designed_permanganate-reductant_chemical_oscillators
http://www.researchgate.net/publication/230872847_Oscillation_in_chemical_systems_part_2._thorough_analysis_of_temporal_oscillations_in_the_bromate-cerium-malonic_acid_system
http://www.researchgate.net/publication/230872847_Oscillation_in_chemical_systems_part_2._thorough_analysis_of_temporal_oscillations_in_the_bromate-cerium-malonic_acid_system
http://www.researchgate.net/publication/230872847_Oscillation_in_chemical_systems_part_2._thorough_analysis_of_temporal_oscillations_in_the_bromate-cerium-malonic_acid_system
http://pubs.acs.org/doi/abs/10.1021/ja00814a003
http://pubs.acs.org/doi/abs/10.1021/ja00814a003
http://pubs.acs.org/doi/abs/10.1021/ja00814a003
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1979.tb29475.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1749-6632.1979.tb29475.x/abstract
http://pubs.acs.org/doi/abs/10.1021/j100212a039
http://pubs.acs.org/doi/abs/10.1021/j100212a039
http://chaos.aip.org/resource/1/chaoeh/v7/i2/p350_s1?isAuthorized=no
http://chaos.aip.org/resource/1/chaoeh/v7/i2/p350_s1?isAuthorized=no
http://www.nature.com/nature/journal/v355/n6363/abs/355808a0.html
http://www.nature.com/nature/journal/v355/n6363/abs/355808a0.html
http://pubs.acs.org/doi/abs/10.1021/j100170a041
http://pubs.acs.org/doi/abs/10.1021/j100170a041
http://www.ncbi.nlm.nih.gov/pubmed/11901675
http://www.ncbi.nlm.nih.gov/pubmed/11901675
http://www.ncbi.nlm.nih.gov/pubmed/11901675
http://www.ncbi.nlm.nih.gov/pubmed/11901675
http://www.researchgate.net/publication/231360241_Kinetic_study_of_the_cerium%28IV%29-bromous_acid_reaction_in_acid_sulfate_solution._Implications_for_the_Belousov-Zhabotinskii_oscillating_reaction
http://www.researchgate.net/publication/231360241_Kinetic_study_of_the_cerium%28IV%29-bromous_acid_reaction_in_acid_sulfate_solution._Implications_for_the_Belousov-Zhabotinskii_oscillating_reaction
http://www.researchgate.net/publication/231360241_Kinetic_study_of_the_cerium%28IV%29-bromous_acid_reaction_in_acid_sulfate_solution._Implications_for_the_Belousov-Zhabotinskii_oscillating_reaction
http://pubs.acs.org/doi/abs/10.1021/j100226a027
http://pubs.acs.org/doi/abs/10.1021/j100226a027
http://pubs.acs.org/doi/abs/10.1021/j100226a027
http://pubs.acs.org/doi/abs/10.1021/j100226a027
http://pubs.acs.org/doi/abs/10.1021/j100226a027
http://pubs.acs.org/doi/abs/10.1021/j100132a022
http://pubs.acs.org/doi/abs/10.1021/j100132a022
http://pubs.acs.org/doi/abs/10.1021/j100132a022
http://pubs.acs.org/doi/abs/10.1021/j100055a051
http://pubs.acs.org/doi/abs/10.1021/j100055a051
http://www.ncbi.nlm.nih.gov/pubmed/16789774
http://www.ncbi.nlm.nih.gov/pubmed/16789774
http://www.ncbi.nlm.nih.gov/pubmed/16789774
http://pubs.acs.org/doi/abs/10.1021/ja0737218
http://pubs.acs.org/doi/abs/10.1021/ja0737218
http://pubs.acs.org/doi/abs/10.1021/ja0737218
http://pubs.acs.org/doi/abs/10.1021/j100196a003
http://pubs.acs.org/doi/abs/10.1021/j100196a003
http://pubs.acs.org/doi/abs/10.1021/j100196a003
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291097-4601%281996%2928:9%3C673::AID-KIN5%3E3.0.CO;2-S/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291097-4601%281996%2928:9%3C673::AID-KIN5%3E3.0.CO;2-S/abstract
http://onlinelibrary.wiley.com/doi/10.1002/%28SICI%291097-4601%281996%2928:9%3C673::AID-KIN5%3E3.0.CO;2-S/abstract
http://books.google.co.in/books/about/Atlas_of_electrochemical_equilibria_in_a.html?id=QjxRAAAAMAAJ
http://books.google.co.in/books/about/Atlas_of_electrochemical_equilibria_in_a.html?id=QjxRAAAAMAAJ
http://books.google.co.in/books/about/Atlas_of_electrochemical_equilibria_in_a.html?id=QjxRAAAAMAAJ
http://www.scielo.br/scielo.php?pid=S0103-50532001000600014&script=sci_arttext
http://www.scielo.br/scielo.php?pid=S0103-50532001000600014&script=sci_arttext
http://www.ncbi.nlm.nih.gov/pubmed/22871057
http://www.ncbi.nlm.nih.gov/pubmed/22871057
http://www.ncbi.nlm.nih.gov/pubmed/22871057
http://www.ncbi.nlm.nih.gov/pubmed/22871057
http://www.rose-hulman.edu/mathjournal/archives/2002/vol3-n1/paper1/v3n1-1pd.pdf
http://www.rose-hulman.edu/mathjournal/archives/2002/vol3-n1/paper1/v3n1-1pd.pdf


Citation: Glaser R, Delarosa M, Salau AO (2013) Why the Acidity of Bromic Acid Really Matters for Kinetic Models of Belousov-Zhabotinsky Oscillating 
Chemical Reactions. J Thermodyn Catal 4: e115. doi:10.4172/2157-7544.1000e115

Page 3 of 3

Volume 4 • Issue 1 • 1000e115
J Thermodyn Catal
ISSN: 2157-7544 JTC, an open access journal 

40.	Manganese-Catalyzed Bromate-Malonic Acid Reaction.  Chapter 7.6 in 
Shakhashiri, B.  Chemical Demonstrations, Vol. 2.  The University of Wisconsin 
Press:  Madison, WI, 1985: 273-275.

41.	Wolfram Mathematica 7.0, Wolfram Research Inc.

42.	Shakhashiri BM (1989) Chemical Demonstrations. Volume 3, The University of 
Wisconsin Press: Madison, WI.

43.	Suea K, Uchidaa M, Adschirib T, Arai K (2004) Determination of sulfuric 
acid first dissociation constants to 400 ºC and 32 MPa by potentiometric pH 
measurements. J Supercritical Fluids 31: 295-299.

44.	Sippola, H (2012) Critical evaluation of the 2nd dissociation constants for 
aqueous sulfuric acid. Thermochimica Acta 532: 65-77. 

http://books.google.co.in/books?id=vWXFm1TcpGkC&dq=in+Shakhashiri+B+Chemical+Demonstrations,+Vol.+2&source=gbs_navlinks_s
http://books.google.co.in/books?id=vWXFm1TcpGkC&dq=in+Shakhashiri+B+Chemical+Demonstrations,+Vol.+2&source=gbs_navlinks_s
http://www.sciencedirect.com/science/article/pii/S0896844603002985
http://www.sciencedirect.com/science/article/pii/S0896844603002985
http://www.sciencedirect.com/science/article/pii/S0896844603002985
http://www.sciencedirect.com/science/article/pii/S0040603111002590
http://www.sciencedirect.com/science/article/pii/S0040603111002590

	Title
	Corresponding author
	Figure 1
	References

