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Inventory of improper reversible steps and illegal loops
An extensive survey of publications on the mechanism of iron-catalyzed decomposition 

of H2O2, the Fenton reaction, and related processes has revealed a host of different mechanisms 
having various improper reversible steps and illegal loops. Here we provide descriptions of each 
of these, summarize the publications where they occur, and analyze their significance. Suitable 
corrections are provided for many of these violations based on the specifics described in section 
2. For convenience here we often denote reversible steps as "loops", even though they do not 
really consist of multiple steps. In many cases we used numerical methods to simulate the loops 
or mechanisms in order to assess the quantitative effects of modifications to comply with the 
principle of detailed balancing. These simulations were performed with COPASI.1

Many of the mechanisms proposed in the literature are incomplete in that they lack 
certain essential acid/base reactions. We have taken the liberty of assuming that the authors 
implicitly recognized the participation of three specific reactions: the acid dissociation of HO2

• 
and H2O2 (steps 1.1 and 1.2 in Table 1) and the acid dissociation of H2O. Inclusion of these steps 
is required in order for DETBAL to identify loops properly.

Non-mass-action kinetics is used in many of the publications discussed below. One of the 
ways this can occur is for a species to be a reactant in the balanced stoichiometry but not to be 
included in the rate law. This situation is indicated in many of the loops below by including the 
species within brackets, e.g. [+ H+].
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1. Improper reversible steps

Loop 1

Fe3+ + H2O2  Fe2+ + HO2
• + H+

Fe2+ + HO2
• [+ H+]  Fe3++ H2O2

There are many publications that include this pair of reactions in the proposed 
mechanism, assigning second-order kinetics to both steps.2–44 The H+ in the second step is 
bracketed to indicate that it is required for the stoichiometry but does not appear in the rate law. 
This reaction pair corresponds to a reversible equilibrium, but it violates the principle of detailed 
balancing because the rate expressions in the forward and reverse directions are second order, 
which disagrees with the form of the equilibrium expression. As discussed in section 2.2, the first 
step has an inverse acid dependence. The use of second-order kinetics would be acceptable only 
if conditional kinetics were used, but the nomenclature implies that conditional kinetics is not 
being used. 

Simulations show the serious effect of this violation. These simulations use the brief 
mechanism in Zhou et al. 2021 (their eqs 1 - 8),40 supplemented with the acid dissociation 
equilibria of H2O2 and HO2

• and with a rapid OH• scavenger step. Under initial conditions of 1 
mM Fe2+, 1 mM Fe3+, 10 mM H2O2, and 1 M scavenger the half life for consumption of H2O2 is 
the same at pH 1 and pH 2. When the rate constant for the reaction of Fe3+ with H2O2 is 
increased by a factor of 10 on going from pH 1 to pH 2 as required by the known inverse acid 
dependence of this step and the principle of detailed balancing, the half life for H2O2 
consumption decreases by a factor of 10.

Conditional kinetics is used in several publications that have mechanisms including the 
above pair of reactions. 1) In one of these Gubler et al. 2011 used conditional kinetics for both 
steps at pH 0, so the results could be acceptable at pH 0.25 Unfortunately this paper used the 
kinetics of Walling and Goosen, so its conditional forward rate constant at pH 0 of k = 4  10–5 
M–1 s–1 disagrees with the value discussed above (section 2.2). 2) The mechanism of Zhang et al. 
2018 includes the above two reactions if the stoichiometry of the second step is corrected as 
shown. It uses conditional kinetics at pH 2, which could be acceptable. However, the ratio of the 
forward and reverse rate constants disagrees by a factor of 14 with the conditional equilibrium 
constant given in section 2.5.32

Conditional kinetics is also used in several publications where the above pair of reactions 
are modified by replacing Fe3+ and Fe2+ by Fe(III) and Fe(II). In one of these Farias et al. 2009 
used conditional kinetics for both steps, even though the second step was shown as having H+ as 
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a reactant.45 In another, Qiu et al. 2015 used conditional kinetics at pH 3, but the ratio of the two 
rate constants disagrees with the conditional equilibrium constant by a factor of 17.46 In a third, 
Wong and Kjeang 2015 used conditional kinetics with the rate constants of Gubler et al. at pH 0. 
However, there is no indication that the experiments were performed at pH 0.47 In a fourth 
publication Cui et al. 2017 used conditional kinetics but with rate constants at an unspecified pH. 
The actual pH ranged from 2.75 to 7.5 in the experiments, which is clearly inconsistent with their 
use of rate constants at a specific pH.48 In a fifth publication, Pan et al. 2021 used conditional 
kinetics at pH 6 to model the reaction in the presence of humic acid, which is acceptable in 
principle.49 However, they used rate constants from a prior study that was conducted at pH 3 
without humic acid, and they assumed that the rate constants were the same at pH 6. Moreover, 
the reaction mixtures were iron-containing suspensions, but the model did not include any steps 
involving the colloid particles. 

Chang & Chern 2010 assigned mass-action rate constants for both of the above 
reactions.50 Although this assignment does not violate the principle of detailed balancing, it does 
disagree with the known inverse-acid dependence of the first step and the known second-order 
rate law for the second step.

Loop 2

Fe(III) + H2O2  Fe(II) + HO2
•/O2

•– + H+

Fe(II) + HO2
•/O2

•–  Fe(III) + H2O2

The nomenclature of this reversible pair is a mixture of conditional and non-conditional 
kinetics because of the inclusion of H+ in the first step. This pair of steps would be in compliance 
with the principle of detailed balancing if the H+ produced in the first step is removed, the rate 
constants are conditional, and the rate constant ratio agrees with the conditional equilibrium 
constant. The loop has its origin in a publication by Kwan and Voelker, where the second 
reaction contained a typographical error showing the product as HO2 rather than H2O2; this 
publication provided values for the conditional rate constants at pH 3, 4 and 5.51 This pair of 
reactions appears in the mechanisms of several subsequent publications with the rate constants of 
Kwan and Voelker.52–59 It also appears in Oueslati et al. 2018 for experiments at pH 6 with rate 
constants from an unknown source;60 this raises a serious question about how rates could be 
specified for Fe(III) at pH 6 given its insolubility. In all cases the ratio of the forward and reverse 
rate constants disagrees with the conditional equilibrium constant calculated from eq 34.

Loop 3
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Fe(III) + H2O2 ⇌ Fe(II) + O2
•– + 2H+

Stoichiometrically this reversible step is consistent with the principle of detailed 
balancing, but the conditional kinetics implied by the use of Fe(III) and Fe(II) in this loop is not 
consistent with the designation of O2

•– + 2H+ as products. The loop appears in Zong et al. 2020, 
where conditional kinetics was used for both the forward and reverse steps.61 The model was 
applied to experiments at pH 8 at which the conditional equilibrium constant is 2.2  10–12 as 
calculated by eq 34. The ratio of the rate constants used by Zong et al. is 2.5  10–10, which is in 
poor agreement with the conditional thermodynamic value. Of greater concern is that the model 
was used with no consideration of the high insolubility of Fe(III) at this pH. This step may be 
irrelevant to the results of the model because the model includes rapid and irreversible binding of 
Fe(II) and Fe(III) by an excess of the ligand TPP.

This step also appears in the model of Wang et al. 2021, which was applied at pH 3, 5, 
and 7.62 pH-independent second-order rate constants were used in both the forward and reverse 
directions. This description is thus in contradicton with both conditional and non-conditional 
kinetics.

Loop 4

Fe3+ + H2O2  Fe2+ + HO2
• + H+

Fe2+
(pyrite) + HO2

• [+ H+]  Fe3+ + H2O2

This pair of steps appears in Farshchi et al. 2019 and is a loop if Fe2+
(pyrite) is taken to 

mean aqueous Fe2+ originating from pyrite.63 The rate constants assigned are second-order and 
thus must refer to aqueous species. Since both rate equations are second order they disagree with 
the form of the equilibrium expression A further concern is that the mechanism includes the 
thermal oxidation of water by Fe3+ as discussed in section 2.6.

Loop 5

FeIII + H2O2  FeII + HO2
• + H+

FeII + HO2
•/O2

•–  FeIII + H2O2

This pair of reactions appears in Miller et al. 2018.64 The first step is ambiguous in that 
FeIII implies conditional kinetics whereas the specification of HO2

• + H+ as products implies non-
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conditional kinetics. No rate eqs are provided. Nevertheless, the stoichiometries of the two steps 
imply different paths for the two steps, which violates the principle of detailed balancing.

Loop 6

Fe3+ + H2O2  Fe2+ + HO2
• + H+

Fe2+ + O2
•–/HO2

•  Fe3+ + H2O2

These two reactions appear in the model of He & Zhou 2017 for the electro-Fenton 
process.65 Despite the charge designations of the iron species and the designation of HO2

• and H+ 
as products in the first step, the rate equations are conditional at pH 2.5, 3, and 4 and come from 
Kwan and Voelker 2002.51 The ratio of these forward and reverse rate constants disagrees quite 
significantly with the thermodynamic conditional equilibrium constants calculated from eq 34.

Loop 7

FeIIIEDDS + H2O2  FeIIEDDS + HO2
•/O2

•– + H+

FeIIEDDS + HO2
•/O2

•–  FeIIIEDDS + H2O2

Here EDDS refers to the ligand ethylenediamine-N,N'-disuccinic acid. This pair of steps 
appears in Zhang et al. 2016 and in Checa-Fernandez et al. 2021.66, 67 The nomenclature is a 
mixture of conditional and non-conditional terms, and as no rate equations are provided it is 
unclear whether the authors intended conditional kinetics or not. As written these two steps are 
inconsistent with the principle of detailed balancing.

2. Illegal loops not involving peroxo-Fe complexes

Loop 8

Fe3+ + H2O2  Fe2+ + HO2
• + H+

Fe2+ + HO2
•  Fe3+ + HO2

−

H2O2 ⇌ H+ + HO2
−

This illegal loop is the one that occurs most widely, originating in the highly influential 
publication of Barb et al. 1951.68 It is illegal because H2O2 is reduced directly to HO2

• but HO2
• 

is oxidized via HO2
– to H2O2. As is shown below, if mass-action kinetics is used, correcting it to 

conform with the principle of detailed balancing can lead to qualitative changes in simulations of 
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mechanisms where it occurs. Even though the loop is conceptually incorrect, if non-mass-action 
kinetics is used it is possible to obtain quantitatively accurate results with this loop. The loop 
appears as shown in a few publications.68–70 If the acid dissociation of H2O2 is included it 
appears in at least 49 publications.71–121 There are two publications where it appears if the 
stoichiometry of the first step in the loop is corrected as shown above and the acid dissociation of 
H2O2 is included.122, 123 If the second step is corrected as shown above and the third step is added 
it appears in two other publications.124, 125 

If Fe3+ is replaced by Fe(III) and Fe2+ by Fe(II) the loop appears in ten other 
publications.126–135 Although conditional nomenclature is used in these papers, only one of them 
actually uses conditional kinetics.127

Mechanisms using mass-action kinetics in this loop are incorrect because the first step 
has an inverse acid dependence as discussed in section 2.2. If we disregard this concern, the 
consequences of this illegal loop in a mass-action mechanism can be explored by performing 
simulations of the loop based on the mechanism and parameters of a publication by Lin and 
Gurol 1998.78 These simulations used Ka(H2O2) = 2.2  10–12 M and initial conditions of 10 µM 
Fe3+, 10 µM Fe2+, pH 2, 10 mM H2O2. Simulation of just the illegal loop yields a half-rise time 
for HO2

• of 0.06 s and [HO2
•]ss = 1.7  10–11 M. With K° = 2.2  10–12 M for step 1 from Table 1, 

a value of 9.3  108 M–2 s–1 is obtained for the reverse rate constant of the first step in the loop. 
Combination with the other rate constant in the loop yields a value of 9.9  105 M–1 s–1 for the 
reverse rate constant of the second step. Simulation with these two reverse rate constants 
included yields a half-rise time for HO2

• of 8 ms and [HO2] = 2.1  10–12 M. Simulation of the 
unmodified original whole mechanism of the Fe3+-initiated decomposition of H2O2 with the 
above parameters show a zero-order decay of H2O2 with a first half-life of 40 s. When the above 
reverse rate constants in the loop are included the decay of H2O2 becomes approximately pseudo-
first order and the first half life increases to 60 s. These results show that inclusion of the above 
illegal loop in mass-action mechanisms can be quantitatively significant. At least 34 publications 
have mechanisms using mass-action kinetics in this loop.75, 78, 80, 81, 83, 86–89, 91, 93, 94, 96, 98, 100–102, 106, 

107, 110, 111, 114, 117, 120, 122, 123, 126–128, 130–133, 136 One of these shows the steps in the loop but then 
excludes them from the final model.96

There are a few publications that use the inverse acid dependence in the first step of the 
loop (non-mass-action kinetics).68, 71–74 The principle of detailed balancing with this inverse acid 
dependence in the forward direction requires an acid-independent rate law for the reverse, which 
is the same as the second step. Simulations with the rate constants of Barb et al. and under a 
variety of conditions show that there is no significant change in the final concentration of HO2

• 
when the loop is corrected by including the reverse rate constants for the first two steps. This 
unusual result arises because the rate law and rate constant for the reverse of the first step are the 
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same as for the forward second step and the third step is much faster than the others. The 
apparent illegality of the loop could have been avoided if the authors had simply made the first 
step reversible with non-mass-action kinetics in both directions; with this adjustment the second 
step could have been omitted.

There are two publications that use conditional kinetics in this loop. In principle this 
method could lead to acceptable quantitative results because the conditional rate constants could 
reflect the non-mass-action kinetics described above. One of these publications uses the rate 
constants in a lumped empirical expression, so it is not possible to determine whether the 
outcome is affected.80 The other publication uses rate constants for the first two steps of the loop 
that have a ratio that disagrees with the conditional equilibrium constant by a factor of 17, which 
is clearly an unacceptable deviation.127

Loop 9

Fe3+ + H2O2 ⇌ Fe2+ + HO2
• [+ H+]

Fe2+ + HO2
•  Fe3+ + HO2

−

H2O2 ⇌ H+ + HO2
−

This variation on Loop 8 differs by having the first step reversible. It appears in Chi et al. 
2011 if the last step is added.23 A confusing set of possibly conditional rate constants is provided 
in Table 1 of that publication. The second step is redundant because it is essentially the same as 
the reverse of the first step. The fitted rate constants in later tables are conditional and refer to 
iron complexes.

Loop 10

Fe3+ + H2O2  Fe2+ + HO2
•/O2

•– + H+

Fe2+ + HO2
•  Fe3+ + HO2

–

HO2
– + H+ ⇌ H2O2

This is another variation of Loop 8, differing by specifying the products of the first step 
as HO2•/O2

•– rather than HO2
•. It appears in Wang et al. 2018 if the acid dissociation of H2O2 is 

added;137 the source of the two rate constants is not indicated, nor is a pH specified. It is unclear 
whether conditional kinetics is being applied.

Loop 11
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Fe3+ + H2O2    Fe2+ + H+ + HO2
• 

Fe2+ + HO2
• + H2O   Fe3+ + H2O2 + OH–

H2O ⇌ H+ + OH–

This loop violates the principle of detailed balancing because the oxidation of H2O2 
produces H+ whereas the reverse consumes H2O. The loop appears in several publications.138–141 
These four papers use mass-action kinetics despite the known inverse acid dependence of the 
first step. The rate constants in two of these publications have rate constants in the unusual 
dimensions of m3, not L.140, 141

If Fe3+ and Fe2+ are replaced by Fe(III) and Fe(II) respectively, the loop appears in 
Gholami et al. 2020 if the second reaction is corrected as shown and the acid dissociation of 
water is added.142 This paper uses conditional kinetics with the incorrect rate constants of Kwan 
and Voelker 2002 (see section 2.4).

Loop 12

Fe3+ + H2O2 ⇌ Fe2+ [+ H+] + HO2
•

O2
•– + Fe2+ [+ 2H+]  Fe3+ + H2O2

HO2
• ⇌ O2

•– + H+

This is the first of several illegal loops in which O2
•– is oxidized to H2O2 but H2O2 is 

reduced to HO2
•. The loop appears in many publications.3, 4, 6–8, 10, 11, 13, 14, 16, 17, 19, 20, 23, 24, 34, 35, 38, 

39, 44 If the acid dissociation of HO2
• is added it also appears in two other publications.15, 31 

Since this loop has H+ as a bracketed reactant, none of the papers using this loop use 
mass-action kinetics. All of the papers cited above provide rate constants for the steps in the loop. 
Unless conditional kinetics is used, the first step must incorporate the acid dependence properly 
in the rate equations. Of the above papers, only two of them explicitly use conditional kinetics.11, 

23 All of the other papers cited use second-order kinetics for the forward and reverse of the first 
step and thus they violate the principle of detailed balancing.

Apart from the problems with the first step in the loop, a partial solution to the illegality 
of the loop could be the elimination of the second step. Simulations of the loop with the rate 
constants in Herrmann et al. 2000,4 10 mM H2O2, 1 mM Fe2+, 1 mM Fe3+, and pH 1 - 3 show that 
the steady-state HO2 concentration is the same whether step 2 is included or not. At pH 5 the 
steady-state HO2 concentration increases by a factor of 10 when the second step is omitted. 
These results show that the second step cannot be neglected at high pH. To bring the loop into 
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compliance with the principle of detailed balancing the second step would need to be made 
reversible; this could be achieved relatively easily by rewriting the second step as in eq 22 and 
including the hydrolysis of Fe3+.

The experiments of Rivas et al. 2001 were all performed at pH 3.2 and the pH remained 
constant during the kinetic runs.6 It is conceivable that the authors intended to use conditional 
kinetics; if this is the case then the ratio of their forward and reverse rate constants for the first 
step in the loop deviates from the conditional equilibrium constant by a factor of 18. This 
deviation could, in part, explain the failure of their model to fit some of the experimental results.

Loop 12 appears in Chi et al. 2011 with conditional kinetics at pH 3.4 for the first step.23 
Two sets of rate constants for the mechanism were developed: in Model A the ratio of the 
forward and reverse rate constants of the first step in the loop is 1.7  10–8 and in Model B it is 
5.0  10–8, neither of which is in acceptable agreement with the conditional equilibrium constant 
calculated from eq 34 as 4.8  10–11. 

Loop 13

Fe3+ + H2O2 ⇌ Fe2+ + H+ + HO2
•

O2
•– + Fe2+ + 2H+  Fe3+ + H2O2

HO2
• ⇌ O2

•– + H+

This illegal loop differs from Loop 12 by including 2H+ as a reactant for the second step, 
leading to a 4th-order rate law. This loop appears in only one publication, with mass-action 
kinetics for the whole mechanism.50 However, some of the rate constants taken from the 
literature have incorrect dimensions: the reverse rate constant for the first step is assigned third-
order dimensions whereas the source143 provides the same numerical value for a second-order 
rate law; the rate constant for the second step is given as 4th-order whereas the source144 
provides the same numerical value but as a second-order rate constant.

Loop 14

Fe3+ + H2O2   Fe2+ + H+ + HO2
•

Fe2+ + O2
•− [+ 2H+]  Fe3+ + H2O2

HO2
•  ⇌  O2

•− + H+

This illegal loop differs from Loop 12 by having the first step irreversible. It appears in at 
least 14 publications.2, 12, 43, 87, 99, 101, 145–152 Despite its known inverse acid dependence, the first 
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step is assigned mass-action kinetics in all of the above publications except for one,101 which 
does not provide rate eqs. Two of these publications are also marred by having mechanisms that 
include the thermal one-electron oxidation of water by Fe3+ (see section 2.6).150, 152 Resolution of 
the illegality of this loop could be achieved by including the reverse of the first two steps, the 
rate constants being calculated from the forward rate constants and the equilibrium constants in 
Table 1.

Loop 15

Fe3+ + H2O2   Fe2+ + H+ + HO2
•

Fe2+ + O2
•− + 2H2O  Fe3+ + H2O2 + 2OH–

HO2
•  ⇌  O2

•− + H+

H+ + OH– ⇌ H2O

Two publications have mechanisms that include this illegal loop if the last step is 
added.140, 141 Both papers use mass-action kinetics for the first step despite its known inverse acid 
dependence. The second step seems rather unlikely and might be better written as in eq 16. The 
loop could then be made legal by including the hydrolysis of Fe3+ and the reverse of the first two 
steps. Note that the rate constants are provided in units of moles/m3 rather than the usual moles/l.

Loop 16

Fe(III) + H2O2  Fe(II) + HO2
• + H+

O2
•– + Fe(II) + H+  Fe(III) + HO2

–

HO2
• ⇌ H+ + O2

•–

H2O2 ⇌ H+ + HO2
–

Illegal Loop 16 appears in Yu et al. 2018 if the last step is added.130 It also appears in two 
other publications if Fe(III) and Fe(II) are replaced by Fe3+ and Fe2+;90, 153 neither of these two 
publications provides rate equations.

Yu et al. 2018 assign second-order rate constants to the 1st and 2nd steps, which is 
possible only if conditional kinetics is being used.130 With the conditional equilibrium constant 
for the first step at pH 3 of 9.3  10–11 as calculated from eq 34, the conditional forward rate 
constant of Yu et al. requires a conditional reverse rate constant of 2.2  107 M–1 s–1. Simulations 
of this loop at pH 3 with 1 mM Fe(III), 1 mM Fe(II) and 10 mM H2O2 with the rate constants of 
Yu et al. show that the steady-state HO2 concentration decreases from 4 µM to 0.03 µM when 
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the reverse of the first step is included. These results show that illegal loops involving 
conditional kinetics can lead to highly incorrect outcomes.

Loop 17

Fe(III) + H2O2 ⇌ Fe(II) + HO2
• + H+

O2
•– + Fe(II) + H+  Fe(III) + HO2

–

HO2
• ⇌ H+ + O2

•–

H2O2 ⇌ H+ + HO2
–

Loop 17 differs from Loop 16 by having the first step reversible. It appears in the heavily 
cited review of Pignatello et al. 2006 if the last two steps are added (pages 3 and 13)154 and in 
Cui et al. 2017 if the last step is added.48 The paper of Cui et al. uses second-order rate constants 
for the forward and reverse of the first step, which can only be correct if conditional kinetics is 
used. However, no specific pH is specified; furthermore, the ratio of these two rate constants is 
1.7  10–8, which is much larger than the thermodynamic conditional equilibrium constant at any 
pH. 

If Fe(III) and Fe(II) are replaced by Fe3+ and Fe2+ and the last two steps are added, this 
loop appears in three publications.22, 26, 40 All three papers use the same second-order rate 
constants for the first two steps. The ratio of the forward and reverse rate constants for the first 
step is 8.3  10–9, which is at least 50-fold greater than the thermodynamic conditional 
equilibrium constant at any pH. This disagreement renders moot any efforts to repair the illegal 
loop by adding the reverse of the second step.

Loop 18

Fe(III) + H2O2   Fe(II) + H+ + HO2
•

Fe(II) + O2
•− [+ 2H+]  Fe(III) + H2O2

HO2
•  ⇌  O2

•− + H+

This loop is a puzzling blend of conditional and non-conditional nomenclature. 
Nevertheless, it violates the principle of detailed balancing by having a path from H2O2 to O2

•– 
via HO2

• whereas the path from O2
•– to H2O2 bypasses HO2

•. It appears in five publications. 131, 

155–158  Ouyang et al. 2020 provides no kinetics.158 Zimbron & Reardon 2009 use conditional 
kinetics for the first step but differentiate between HO2

• and O2
•– for the second step;156 this 

raises difficulties in formulating a suitable rate expression for the reverse of the second step. The 
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same difficulties are raised by the mechanism of Yang et al. 2019.131 Although Fang et al. 2020 
use oxidation-state nomenclature, the sources of their rate constants are consistent with Fe3+ and 
Fe2+ as reactants;157 their experiments were performed over the pH range 2.5 - 4, but they used 
an acid-independent rate law for the first step in the loop. Because of these complications there is 
no simple way to correct this illegal loop in these publications.

With Fe(II) replaced by Fe2+ and omission of H+ in the first two steps the loop appears in 
Möller & Mauersberger 1992; it is not clear what rate constants were used.159

Loop 19

Fe(III) + H2O2  Fe(II) + HO2
• + H+

Fe(II) + O2
•– [+ 2H+] ⇌ Fe(III) + H2O2

HO2
• ⇌ H+ + O2

•–

This illegal loop appears in Wang et al. 2021.62 Although conditional kinetics was used in 
portions of the mechanism it was not used for the steps in this loop. This disagrees with the 
known inverse acid dependence of the first step, and as noted for Loop 3 this also makes the 
second step incorrect.

Loop 20

Fe(OH)2+ + H2O2  Fe2+ + HO2
• + H2O

Fe2+ + O2
•– [+ 2H+]  Fe3+ + H2O2

HO2
• ⇌ H+ + O2

•–

Fe3+ + H2O ⇌ Fe(OH)2+ + H+

This loop is the first of several that explicitly involve hydrolyzed forms of Fe(III). It 
appears in Hermann et al. 1999 and Herrmann et al., 2000. 3, 4 It also appears in Deguillaume et 
al. 2004 if the acid dissociation of HO2

• is addeed.13 The first step has a calculated equilibrium 
constant of 3.1  10–10, and the forward rate constant used by Herrmann et al. is 2  10–3 M–1 s–1. 
These quantities require a reverse rate constant of 6.5  106 M–1 s–1. Simulations of the loop were 
performed with the rate constants of Herrmann et al. at pH 3 with 1 mM Fe2+, 1 mM Fe3+, 10 
mM H2O2, and they showed that HO2

• is produced with a half life of 7.2 ms and a steady-state 
concentration of 1.3  10–10 M. When the requisite first step rate constant was added the HO2 
half life decreased to 0.13 ms and the steady-state concentration decreased to 1.9  10–12 M. 
These results are sufficient to show that including the reverse of the first step has large 
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consequences, but a full correction of the loop would also require adding the reverse of the 
second step.

Loop 21

[Fe(OH)]2+ + H2O2   Fe2+ + HO2
• + H2O

Fe2+ + HO2
• [+ H+] ⇌ H2O2 + Fe3+

Fe3+ + H2O ⇌ [Fe(OH)]2+ + H+

This loop appears in three publications on atmospheric chemistry.3, 4, 13 In addition to 
being an illegal loop because of the irreversibility of the first step, the second step violates the 
principle of detailed balancing by having non-conditional forward and reverse rate expressions 
that disagree with the equilibrium expression.

Loop 22

FeIIIOH + H2O2  FeII + HO2
• + H2O

FeII + HO2
•  FeIII + HO2

–

FeIII + H2O ⇌ FeIIIOH + H+

H+ + HO2
– ⇌ H2O2

Loop 22 appears in Vorontsov 2019 and uses mass-action kinetics.160 The significance of 
the FeIIIOH nomenclature in the first step is unclear. The "mechanism" provided in Scheme 1 of 
Vorontsov 2019 includes oxidation of H2O2 by direct oxidation as in the first step in this loop 
and also via a peroxo-iron complex as in Loop 41; inclusion of these parallel paths and a large 
array of rate constants for the various steps is an indication that the "mechanism" is actually an 
uncritical compilation of various reported steps.

Loop 23

FeIIIOH + H2O2  FeII + HO2
• + H2O

FeII + O2
•– [+ H+]  FeIII + HO2

–

HO2
• ⇌ H+ + O2

•–

H+ + HO2
– ⇌ H2O2

FeIII + H2O ⇌ FeIIIOH + H+
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Loop 23 appears in Vorontsov 2019.160 The comments regarding Loop 22 apply here as 
well and indicate that Loop 23 should not be taken seriously.

Loop 24

Fe(OH)2
+ + H2O2  HO2

• + OH– + Fe2+ + H2O
HO2

• [+ H+] + Fe2+ ⇌ H2O2 + Fe3+

H2O ⇌ H+ + OH–

Fe3+ + H2O ⇌ Fe(OH)2+ + H+

Fe(OH)2+ + H2O ⇌ Fe(OH)2
+ + H+

This loop appears in three publications.3, 4, 13 In addition to being illegal because of the 
irreversibility of the first step, the second step in all three papers uses second-order non-
conditional kinetics for the forward and reverse directions and thus is incompatible with its 
equilibrium expression.

Loop 25

Fe3+ + H2O2  Fe2+ + H2O2
•+

H2O2
•+  H+ + HO2

•

Fe2+ + HO2
• + H2O  Fe3+ + H2O2 + OH–

H+ + OH–  ⇌ H2O

This loop appears in Graedel et al. 1986.161 The steps in the loop obey mass-action 
kinetics although the first step should have an inverse aid dependence. It is clear that H2O2

+ is a 
strong acid, and hence its pKa has not been measured. This requires E°(H2O2

+/H2O2) > 1.46 V 
and thus Keq < 2.2  10–12 for the first step. These authors use a rate constant of 600 M–1 s–1 for 
the first step, which requires a reverse rate constant greater than 2.7  1014 M–1 s–1. There is 
clearly an error in the mechanism as this greatly exceeds the diffusion limit. The production of 
H2O2

•+ in the first step is a concept that has not achieved wide acceptance and probably should 
be disregarded or modified. The review of Sychev and Isak 1995 reports a Ka value for H2O2

•+, 
but this must be an error because this species is not mentioned in the cited sources.162

Loop 26

Fe3+ + H2O2  Fe2+ + H2O2
•+
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H2O2
•+  H+ + HO2

•

Fe2+ + O2
•– + 2H2O  Fe3+ + H2O2 + 2OH–

H+ + OH–  ⇌ H2O
HO2

• ⇌ H+ + O2
•–

This loop appears in Graedel et al. 1986.161 As noted for Loop 25, the participation of 
H2O2

•+ suggests that the first step in this loop should be disregarded or modified.
3. Illegal loops involving peroxo-Fe complexes
As noted above, the kinetics of oxidation of H2O2 by Fe(III) has an inverse acid 

dependence, which means that mass-action kinetics is unable to simulate the rates properly for 
mechanisms that include eq 1. This difficulty is removed by including the formation of 
[FeIII(HO2)]2+ along the H2O2 oxidation pathway as is characteristic of many of the loops in this 
section. Although this is an improvement, the many illegal loops in this section show that 
adherence to the principle of detailed balancing is still important.

Loop 27

Fe3+ + H2O2 ⇌ [FeII(HO2)]2+ + H+

[FeII(HO2)]2+  Fe2+ + HOO•

Fe2+ + HOO•  Fe3+ + HOO−

H+ + HOO– ⇌ H2O2

This loop is illegal because it converts H2O2 to HOO• via a peroxo-Fe complex but the 
reverse bypasses the complex. It is the most commonly encountered illegal loop involving a 
peroxo-Fe complex, appearing in four publications as shown162–165 and in another 22 publications 
if the acid dissociation of H2O2 is added.79, 166–186 The loop also appears in De Laat & Le 2005 if 
their species Ia is understood to be [FeII(HO2)]2+ and if Fe(II) in the third step is replaced by 
Fe2+.187 It appears in Shen et al. 2021 if Fe(II) in the third step is replaced by Fe2+.188 It appears in 
Arts et al. 2021 if the first two eqs are corrected as shown, the acid dissociation of H2O2 is 
included, and Fe3+ and Fe2+ are replaced by Fe(III) and Fe(II);134 although this loop appears in 
the tabular description of the mechanism, it was not used in their simulation models. Siedlecka 
and Stepnowski 2006 mistakenly assign the forward rate constant for the first step to the 
equilibrium constant for that reaction.178

The principle of detailed balancing enables the reverse rate constant of the third step to be 
calculated from its forward rate constant and its equilibrium constant given in Table 1. This 
equilibrium constant, in combination with the other rate and equilibrium constants in the loop 
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enables the reverse rate constant for the second step to be calculated. Simulations of the 
mechanisms of Kozlov et al. 1974 and of Kiwi et al. 2000 show that the half-life for 
decomposition of H2O2 is not significantly affected by including the reverse rate constants for the 
second and third steps.163, 165 This outcome is similar to that seen for Loop 8 and has an 
analogous explanation: the rate constant for the third step is almost identical to the calculated 
reverse rate constant for the second step. A legal and more economical presentation of the 
mechanism would have been to omit the third step in the loop and to assign its rate constant to 
the reverse of the second step.

A very different outcome is revealed by simulations of the photochemical mechanism of 
Herrera et al. 1999 for the oxidation of reactive dyes.164 Here, the simulated rate of oxidation of 
the dyes is unaffected by inclusion of the reverse rate constants for the second and third steps, 
but the rate is also unaffected by the presence of H2O2! In this mechanism the steps involving 
H2O2 can be omitted because the rate of consumption of the dyes is simply the rate of the 
photochemical reduction of Fe3+ by the dyes.

Loop 28

Fe3+ + H2O2  [Fe(O2H)]2+ + H+

[Fe(O2H)]2+  HO2
• + Fe2+

HO2
• + Fe2+  Fe3+ + HO2

–

H+ + HO2
– ⇌ H2O2

This illegal loop is the same as Loop 27 except that the first step is irreversible. It 
provides an example of the substantial quantitative changes that can occur when the illegalities in 
a loop involving a peroxo-Fe complex are corrected. The complete loop appears in Lunar et al. 
2000.189 If the acid dissociation of H2O2 is added it also appears in 9 other publications.105, 107, 

190–196 Of the two publications that provide rate constants for the first three steps, one mistakenly 
transcribed the equilibrium constant for the first step as a rate constant.107 The other illustrates 
the serious consequences of violating the principle of detailed balancing.192 Simulations of the 
loop with the parameters of this latter publication at pH 2.8, 1 mM Fe3+ and 7.5 mM H2O2 
generate a steady-state H2O2 concentration of 1.3 µM. When the reverse rate constant for the 
third step is included as required by the thermodynamic equilibrium constant in Table 1 and the 
reverse rate constants for the first and second step are included as required by the loop, the final 
HO2 concentration decreases by a factor of 13 to 98 nM. 

Loop 29
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Fe(HO2)2+ + H+ ⇌ FeIII + H2O2

FeIII + H2O2  FeII + HO2
• + H+

FeII + HO2
• ⇌ Fe(HO2)2+

This illegal loop appears in Andreozzi et al. 2000.197 Although these authors use 
oxidation-state nomenclature, it is clear from the rate constants used that FeIII and FeII in their 
mechanism are actually Fe3+ and Fe2+ and that conditional kinetics is not being used. The 
constants provided in Andreozzi et al. require a value of 2.4  108 M–2 s–1 for the reverse of the 
second step. In simulating just the three steps in the loop, the effect of including this reverse rate 
constant depends on the rate constants selected for the first step; the ratio of these rate constants 
must yield the specified equilibrium constant. Under the initial conditions of 1 M H+, 1 µM 
Fe(III), 1 mM H2O2 the concentration of HO2

• reaches a steady state at about 200 s. The steady-
state concentration is 1.7  10–10 M with a rate constant of 365 M–1 s–1 for the reverse of the first 
step and with the reverse of the second step set to zero; the equilibrium concentration decreases 
to 9  10–11 M when the required reverse of the second step is included. This choice of the rate 
constant for the reverse of the first step is based on typical rates of substitution at Fe3+. The small 
effect of including the reverse of the second step arises because the other steps are reversible and 
considerably faster. The same small effect is seen when the second step is excluded entirely, 
showing that the loop arises because of the inclusion of this unnecessary step.

Loop 30

Fe3+ + H2O2 ⇌ Fe(OOH)2+ + H+

Fe(OOH)2+  Fe2+ + HO2
•

HO2
• + Fe2+ [+ H+]  Fe3+ + H2O2

This illegal loop appears in Wiegand et al. 2017 if FeIII and FeII in the original last eq are 
replaced by Fe3+ and Fe2+.198 This paper uses non-mass-action kinetics, the third step in the loop 
being independent of [H+]. A simple correction to make the loop legal would be to make the 
second step reversible, assign its reverse rate constant the value of the rate constant for the third 
step, and delete the third step. This correction should not introduce any significant numerical 
differences and it would make the mechanism simpler.

Loop 31
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Fe3+ + H2O2 ⇌ Fe(HO2)2+ + H+

Fe(HO2)2+  Fe2+ + HO2
•

HO2
• + Fe2+ + H2O  Fe3+ + H2O2 + OH–

H+ + OH– ⇌ H2O

This loop appears in Table 3 of Gasmi et al. 2020 and Table 1 of Kerboua et al. 2021 if 
the acid dissociation of water is added.140, 199 The mechanism in these two papers uses mass-
action kinetics. The forward rate constant provided by Gasmi et al. for the third step is 1.2  103 
mol–1 m3 s–1 (1.2  106 mol–1 l s–1), which requires a reverse rate constant of 2.7  108 mol–2 l2 s–1 
when combined with the equilibrium constant in Table 1. The other parameters in the loop then 
require a reverse rate constant for the second step of 3.5  106 mol–1 l s–1. Simulations of the loop 
with initial conditions of pH 3, 0.35 mM H2O2, 2 µM Fe3+ and 2 µM Fe2+ and excluding the 
reverse of steps 2 and 3 yields a 0.36 s rise time for attaining a steady-state HO2 concentration of 
2   10–12 mol. Including the reverse steps reduces the rise time to 0.1 s and the final 
concentration decreases by a factor of 3. This small effect arises because the third step is 
essentially the same as the reverse of the second step and the rate constants are quite similar. As 
with Loop 30, Loop 31 could be made legal without introducing any significant numerical 
changes by making the second step reversible and removing the third step.

Loop 32

Fe3+ + H2O2  Fe(OOH)2+ + H+

Fe(OOH)2+  Fe2+ + HO2
•

HO2
• + Fe2+ [+ H+]  Fe3+ + H2O2

This loop appears in Qin et al. New J. Chem. 2020 and uses non-mass-action kinetics.200 
These authors mistakenly regarded the first step to be irreversible and assigned it a rate constant 
that is numerically equal to the equilibrium constant. The loop also appears in Ghiselli et al. 2004 
but with no kinetics.201 Even if the first step is corrected to be reversible the loop is still illegal 
because the other two steps are irreversible. A complete solution would be to have the first two 
steps reversible and delete the third step.

Loop 33

Fe(III) + H2O2 ⇌ FeII(OOH) + H+

FeII(OOH)  Fe(II) + HO2
•
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HO2
• + Fe(II)  H2O2 + Fe(III)

This loop appears in Kang & Hua 2005 and is a perplexing mixture of conditional and 
non-conditional nomenclature.202 The third step appears to be unbalanced with respect to protons, 
but the use of oxidation-state nomenclature (Fe(III)) allows for Fe to be a proton donor. Rate 
constants are provided, but even if conditional kinetics is used there is still the violation that 
oxidation of H2O2 proceeds via an iron complex but the reverse does not. It is difficult to assess 
the quantitative implications of this illegal loop because of the wide range of rate constants 
specified by the authors for the second step.

Loop 34

Fe(III) + H2O2 ⇌ FeII(OOH) + H+

FeII(OOH)  Fe(II) + HO2
•

HO2
• ⇌ O2

•– + H+

O2
•– + Fe(II) [+ 2H+]  H2O2 + Fe(III)

This illegal loop also appears in Kang & Hua 2005, has the same steps for reduction of 
Fe(III), but differs in the path of oxidation of Fe(II).202 As with Loop 33, it violates the principle 
of detailed balancing by having an irreversible path from Fe(III) and H2O2 to Fe(II) and HO2

• via 
a peroxo-iron complex but a reverse path that does not. 

Loop 35

Fe3+ + H2O2 ⇌ [Fe(O2H)]2+ + H+

[Fe(O2H)]2+  Fe2+ + HO2
•/O2

•–

Fe2+ + HO2
•/O2

•–  Fe3+ + H2O2

This is not exactly a stoichiometric loop because H+ occurs only in the first step. It is 
virtually a loop because the use of HO2

•/O2
•– nomenclature obscures the participation of H+. 

Nevertheless, it is illegal because the route from H2O2 to HO2
•/O2

•– passes through [Fe(O2H)]2+ 
but the reverse does not. This loop appears in Chen et al. 2021 (Table S2). 203 It could yield 
acceptable numerical results, since the third step is essentially the same as the reverse of the 
second step, but this would require the pH dependence of the second and third steps to be 
compatible. These authors specify a pH-dependent rate constant for the third step, corresponding 
to reaction via HO2

• or O2
•–. However, the two rate constants differ by only a factor of 10 while 
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the pKa of HO2
• is –4.8. This difference requires the rate constant for the second step to be pH-

dependent also, but it was specified to be pH-independent.

Loop 36

Fe3+ + H2O2 ⇌ Ia + H+

Ia  Fe2+ + HO2
•

HO2
• ⇌ O2

•– + H+

Fe(II) + O2
•–  Fe3+ + O2

2–

O2
2– + H+  HO2

–

H+ + HO2
– ⇌ H2O2

Loop 36 is a loop if Fe(II) in the fourth reaction is understood to be Fe2+. This loop 
appears in De Laat & Le 2005187 and De Laat & Le, 2006.204 It appears in Shen et al. 2021 if Ia is 
understood to be Fe(HO2)2+ and Fe(II) in the last step is written as Fe2.188 It also appears in Rojas 
et al. 2010 if the last two eqs are added, Ia is written as Fe(HO2)2+, and Fe(II) is written as 
Fe2+.185 As is discussed above (section 2.4), the fourth step (formation of O2

2–) can be ruled out 
in view of its high estimated endothermicity. This difficulty could be eliminated by replacing the 
fourth step with formation of a peroxo-Fe complex as discussed in section 2.2:

Fe2+ + O2
•– + H2O  [Fe(OH)(HO2]+

Loop 37

Fe3+ + H2O2  Fe-OOH2+ + H+

Fe-OOH2+  HO2
• + Fe2+

Fe2+ + O2
•–  Fe3+ + O2

2–

O2
2– + H+ ⇌ HO2

–

HO2
– + H+ ⇌ H2O2

HO2
• ⇌ H+ + O2

•–

Loop 37 appears in Benitez et al. 2007 if the last three steps are added.205 It differs from 
Loop 36 by having the first step irreversible, which is clearly an error. Moreover, the third step 
can be ruled out as noted for Loop 36.

Loop 38
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Fe3+ + H2O2 ⇌ Fe(HO2)2+ + H+

Fe(HO2)2+  Fe2+ + HO2
•

HO2
• ⇌ H+ + O2

•–

Fe2+ + O2
•– + 2H2O  Fe3+ + H2O2 + 2OH–

2(H+ + OH– ⇌ H2O)

This illegal loop can be repaired by including the reverse of the second and fourth steps. The 
reverse of the second step is described in section 2.3. The reverse rate constant of the fourth step 
can be calculated from the other rate and equilibrium constants. As noted in section 2.4, the 
fourth step in this illegal loop is not an elementary step. This illegal loop appears in Gasmi et al. 
2020 and in Kerboua et al. 2021 if the acid dissociation of water is included.140, 199

Loop 39

Fe3+ + H2O ⇌ [Fe(OH)]2+ + H+

H2O2 + [Fe(OH)]2+ ⇌ Ib + H+

Ib  Fe2+ + HO2
• + HO–

HO2
• + Fe2+  HO2

– + Fe3+

H2O2 ⇌ H+ + HO2
–

H+ + HO– ⇌ H2O

The loop appears in De Laat & Le 2005 and in De Laat and Le 2006 if Fe(II) is replaced 
by Fe2+ in the 4th step.187, 204 It also appears in Rojas et al. 2010 if the species Ib is understood to 
be Fe(OH)(HO2)+ and the last two steps are added.185 It appears in Shen et al. 2021 if Ib is 
understood to be Fe(OH)(HO2)+ and Fe(II) is replaced by Fe2+ in the 4th step.188

Simulation of this loop with the parameters of De Laat and Le 2006, 1 mM Fe3+, 50 mM 
H2O2 and pH 2 yields a steady-state HO2

• concentration of 19 nM. The reverse of the 4th step has 
a rate constant of 1.2  106 M–1 s–1 as required by its equilibrium constant in Table 1; with this 
equilibrium constant and the other parameters in the loop a value of 8.5  1016 M–2 s–1 is 
calculated for the reverse rate constant of the third step. With these two additional rate constants 
the loop becomes legal and the simulated final HO2

• concentration increases from 19 to 71 nM. 
An alternative solution could be to remove the fourth step and replace the third step by eq 13 and 
its reverse.

Loop 40
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Fe3+ + H2O ⇌ FeOH2+ + H+

FeIII(HO2)2+ + H+ ⇌ Fe3+ + H2O2

FeOH2+ + H2O2 ⇌ FeIII(OH)(HO2)+ + H+

Fe2+ + HO2
• ⇌ FeIII(HO2)2+ 

FeIII(OH)(HO2)+  Fe2+ + HO2
• + OH–

H+ + OH– ⇌ H2O

This illegal loop appears in De Laat & Gallard 1999, Gallard and De Laat 2000, and in 
Giannakis et al. 2016 if the acid dissociation of water is included.206–208 It appears in Giannakis et 
al. 2017 if the first and last steps are added.209 The simplest repair of this loop would be to make 
the penultimate step reversible with a reverse rate constant as discussed in section 2.2.

Loop 41

FeIIIOH + H2O2 ⇌ FeIIIOH(OOH) + H+

FeIIIOH(OOH)  FeII + OH– + HO2
•

FeII + O2
•– + H+  FeIII + HO2

–

HO2
• ⇌ H+ + O2

•–

H+ + HO2
– ⇌ H2O2

FeIII + H2O ⇌ FeIIIOH + H+

H+ + OH– ⇌ H2O

Loop 41 appears in Vorontsov 2019 if the acid dissociation of water is added.160 As noted 
for Loops 22 and 23, Loop 41 should not be taken seriously.

Loop 42

Fe3+ + H2O ⇌ FeOH2+ + H+

FeOH2+ + H2O2 ⇌ Fe(OH)HO2
+ + H+

Fe(OH)HO2
+  Fe2+ + HO2

• + OH–

O2
•– + Fe2+ + 2H2O  Fe3+ + H2O2 + 2OH–

HO2
• ⇌ H+ + O2

•–

H+ + OH– ⇌ H2O
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This illegal loop appears in Gasmi et al. 2020 if the last step is added; the mechanism 
uses mass-action kinetics.140 The rate constants are in units of m3 rather than the usual l. As 
noted in Table 1 the equilibrium constant for the fourth step is 2.9  10–12 M2, and this requires 
its reverse rate constant to be 3.4  1018 M–3 s–1 when combined with the forward rate constant. 
A value of 6.1  1016 M–2 s–1 can then be derived for the reverse rate constant for the third step. 
Simulations of the loop are significantly affected by inclusion of these two reverse rate constants: 
with 1 mM Fe2+, 1 mM Fe3+, 0.35 mM H2O2 at pH 3 the final HO2

• concentration decreases from 
6.5  10–13 M to 1.7  10–13 M upon inclusion of the reverse rate constants.

Loop 43

FeOH2+ + H2O2 ⇌ Fe(OH)(OOH)+ + H+

Fe(OH)(OOH)+  FeOH+ + HO2
•

HO2
• + Fe2+ [+ H+]  Fe3+ + H2O2

Fe3+ + H2O ⇌ FeOH2+ + H+

FeOH+ + H+ ⇌ Fe2+ + H2O

Loop 43 appears in Wiegand et al. 2017 if FeII and FeIII in the original third step are 
replaced by Fe2+ and Fe3+ and the last two steps are added.198 The parameters provided by 
Wiegand et al. in combination with the equilibrium constants in Table 1 require a reverse rate 
constant of 6  1011 M–1 s–1 for the second step, which greatly exceeds the plausible substitution 
rate at [Fe(OH)]+.

Loop 44

Fe3+ + H2O ⇌ FeOH2+ + H+

Fe(HO2)2+ + H+ ⇌ Fe3+ + H2O2

[Fe(OH)]2+ + H2O2 ⇌ Fe(OH)(HO2)+ + H+

Fe(OH)(HO2)+  Fe2+ + HO2
• + OH–

Fe2+ + O2
•– [+ H+]  Fe(HO2)2+

HO2
• ⇌ O2

•– + H+

H+ + OH– ⇌ H2O

This loop appears in Giannakis et al. 2016 (their Table 3) if the acid dissociation of water 
is added.208 A proper resolution of this loop should await redetermination of the rate constant for 
the fourth step as discussed in section 2.2.
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Loop 45

H2O2 + Fe3+  Fe2+ + H+ + HO2
•

HO2
• + Fe2+  FeOOH2+

FeOOH2+ + H2O  H2O2 + FeOH2+

FeOH2+ + H+ ⇌ Fe3+ + H2O

Loop 45 appears in Martin et al. 1989 if the last step is added.210 It violates the principle 
of detailed balancing by oxidizing H2O2 directly to HO2

• but reducing HO2
• via a peroxo-iron 

complex. Moreover, this paper assigns a second-order rate law to the first step despite the known 
inverse acid dependence. 

Loop 46

Fe3+ + H2O ⇌ [Fe(OH)]2+ + H+

H2O2 + [Fe(OH)]2+  Fe(OH)(HO2)+ + H+

Fe(OH)(HO2)+  Fe2+ + HO2
• + HO–

HO2
• + Fe2+  HO2

– + Fe3+

H2O2 ⇌ H+ + HO2
–

H+ + HO– ⇌ H2O

This illegal loop appears in Velo-Gala et al. 2014 if the first and last two steps are 
added.107 It also appears in Siedlicka & Stepnowski, Water Environ. Res., 2007 if the 
stoichiometry of the second step is corrected and the first step and last two steps are added.192 
Both of these papers mistakenly assigned a rate constant rather than an equilibrium constant to 
the second step.

Loop 47

Fe3+ + H2O2 ⇌ Fe(OOH)2+ + H+

Fe(OOH)2+ + H2O ⇌ Fe(OH)(HO2)+ + H+

Fe(OH)(HO2)+  Fe2+ + HO2
• + OH–

Fe2+ + HO2
•  Fe3+ + HO2

–

H2O2 ⇌ H+ + HO2
–

H2O ⇌ H+ + OH–
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Loop 47 occurs in Siedlecka & Stepnowski 2006 and in Siedlecka et al. J. Haz. Mater. 
2007 if the first and second reactions are corrected as shown and the last two reactions are 
added.178 179 In view of the confusion regarding the first two reactions it is not clear whether the 
loop actually represents the authors' intentions.

Loop 48

Fe3+ + H2O ⇌ Fe(OH)2+ + H+

Fe(OH)2+ + H2O2 ⇌ Fe(OH)(HO2)+ + H+

Fe(OH)(HO2)+  Fe2+ + HO2
• + OH–

Fe2+ + HO2
• + H2O  Fe3+ + H2O2 + OH–

2(H+ + OH– ⇌ H2O)

This illegal loop appears in Gasmi et al. 2020 and in Kerboua et al. 2021 if the acid 
dissociation of water is included.140, 199 The reverse rate constant for the third step can be 
calculated as described in section 2.2, and the reverse of the fourth step is defined by the other 
rate constants and equilibrium constants in the loop.

Loop 49

Fe(III) + H2O2  [Fe(III)(OH)(HO2)]+ + H+

[Fe(III)(OH)(HO2)]+  Fe(II) + HO2
•

Fe(II) + HO2
• [+ H+]   Fe(III) + H2O2

With three irreversible steps it is difficult to suggest a simple repair for this illegal loop. 
Amme et al. 2005 used this loop in a kinetic model of UO2 dissolution;211 because of the use of 
this and illegal Loop 50 the derived rate constants must be deemed questionable.

Loop 50

Fe(III) + H2O2  [Fe(III)(OH)(HO2)]+ + H+

[Fe(III)(OH)(HO2)]+  Fe(II) + HO2
•

Fe(II) + O2
•– [+ 2H+]  Fe(III) + H2O2

HO2
• ⇌ H+ + O2

•–
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As with Loop 49, this illegal loop is part of a mechanism proposed by Amme et al. 2005 
to describe the dissolution of UO2.211 

Loop 51

Fe(HO2)2+ ⇌ Fe2+ + HO2
•

Fe2+ + O2
•– [+ H+]  Fe(HO2)2+

HO2
• ⇌ O2

•– + H+

This loop is not strictly within the scope of this Perspective because it does not include 
the oxidation of H2O2 by Fe(III). Nevertheless it is illegal, and it appears in several 
publications.197, 206–208, 212, 213 It also appears in two other publications if the acid dissociation of 
HO2 is included.209, 214 

Simulation of the loop with the parameters of De Laat & Gallard 1999 and using [Fe2+]0 
and [Fe(HO2)2+]0 = 1  10–7 M showed no change in the final concentration of O2

•– if the second 
step was omitted. Likewise, in simulation of the whole mechanism of De Laat & Gallard 
(supplemented with the acid dissociation of H2O), omission of the second step in this loop had 
no effect on the half-life of H2O2 at pH 2 and the conditions of their Figure 1. Evidently, the 
second step is unnecessary and should be omitted.

4. Illegal loops involving Fe-ligand complexes. There has been considerable interest in 
developing Fenton-type systems that can be used at neutral pH. A significant difficulty at neutral 
pH is the insolubility of Fe(III). This can be overcome by use of ligands that bind Fe(III) strongly, 
but these ligands generally require development of new mechanisms. Some examples of illegal 
loops arising in these new mechanisms are described here. In these examples the mechanisms are 
conditional in the sense that they refer to specific ligand concentrations.

Loop 52

Fe(III) + H2O2 ⇌ Fe(II) + HO2
• + H+

Fe(II) + HO2
•  Fe(III) + HO2

–

H2O2 ⇌ H+ + HO2
–

This illegal loop appears in Farinelli et al. 2021 if the last step is added.215 In Farinelli et 
al. the species Fe(III) and Fe(II) refer to chitosan complexes. A complication is that the reverse 
rate constant for the first step is stated to be second order. If pH-conditional kinetics is implied, 
the loop could be acceptable if the rate constant for the second step were the same as for the 
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reverse of the first step. However, they differ by about five orders of magnitude, so there is no 
possible interpretation that makes the loop acceptable.

Loop 53

Fe(III)L + H2O2  Fe(II)L + O2
•– + 2H+

O2
•– + Fe(II)L [+ H+]  Fe(III)L + HOO–

H+ + HOO– ⇌ H2O2

Here, L is the citrate ligand. This loop occurs in Attiogbe & Francis 2011 if the acid 
dissociation of H2O2 is included.216 It has formation of O2

– in the first step because the chemistry 
is performed in relatively nonacidic media, which is allowed by binding to L. This paper assigns 
second-order rate laws to the first two steps, but it does not assign rate constants in this loop. One 
might suppose that the second step could be written as the reverse of the first step, but this would 
lead to a ratio of rate constants that is dimensionally incompatible with the equilibrium constant.

Loop 54

FeIII(ox)+ + H2O2  FeII(ox) + HO2
• + H+

FeII(ox) + O2
•– [+ 2H+]  FeIII(ox)+ + H2O2

HO2
• ⇌ H+ + O2

•–

This illegal loop is the same as Loop 14 except that it involves oxalato-Fe complexes 
rather than aquo-Fe complexes. It appears in Fang et al. 2020 with second-order kinetics for the 
first two steps (Table S1).157 According to Park et al. 1997, E°(Fe(ox)+/0) = 0.43 V.217 This leads 
to K° = 4  10–18 M for the first step. Fang et al. state kf = 2  10–3 M–1 s–1 for the first step, so 
the reverse rate constant must be 5  1014 M–2 s–1. This considerably exceeds the upper limit for a 
diffusion-controlled termolecular rate constant (107 M–2 s–1),218 which implies that the first step 
must not be an elementary step. Because of the non-mass-action kinetics of the second step, its 
reverse would have an inverse-square dependence on [H+]. Inclusion of these two reverse steps 
would make the loop legal.

Loop 55

FeIIINTA + H2O2 ⇌ [FeIIINTAH2O2]
[FeIIINTAH2O2]  FeIINTA + HO2

•/O2
•–

27



FeIINTA + HO2
•/O2

•–  FeIIINTA + H2O2

This illegal loop appears in De Laat et al. 2011.219 A simple modification to resolve the 
illegality would be to rewrite the last step as the reverse of the second step.

Loop 56

Fe(II)-TPP + O2 ⇌ Fe(III)-TPP + O2
•–

Fe(III)-TPP + H2O2 ⇌ Fe(II)-TPP + O2
•– + 2H+

2O2
•– + 2H+  H2O2 + O2

(TPP = tetrapolyphosphate)

Although this loop is not strictly within the purview of this Perspective, it is included 
because it involves the oxidation of H2O2 and the reduction of O2

•–. This loop appears in Zong et 
al. 2020 if the last reaction is corrected as shown above.61 The rate equations are conditional at 
pH 8. They require a rate constant of 9.5  10–8 M–1 s–1 for the reverse of the last step (H2O2 + 
O2). It is difficult to understand how such a low rate constant could be significant, which 
suggests that some other step is unnecessary. The conditional equilibrium constant for the third 
step at pH 8 is 3  1016 as derived from conventional thermochemical data, but the rate constants 
provided by Zong et al. for the first two steps yield a conditional equilibrium constant of 4  1014. 

5. Heterogeneous violations. Because of the low solubility of Fe(III) in nonacidic media 
there has been considerable interest in the catalytic properties of precipitated Fe(III) (sludge). In 
some cases mechanisms have been proposed that include kinetics at the Fe(II) or Fe(III) surface, 
and in some cases these heterogeneous steps are components of illegal loops. A few examples 
are included here to illustrate that the principle of detailed balancing is not limited to 
homogeneous systems. One such example is consists of the following four steps:

Loop 57

H2O2,interface + FeIII  FeIII(O2H) + H+

FeIII(O2H)  FeII + HO2
•
interface/O2

•–
interface

FeII  FeII
interface

FeII
interface + HO2

•–
interface/O2

•–
interface [+ H+]  FeIII + H2O2,interface
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This loop appears in Chen et al. 2021 if the last step is balanced by including [+ H+] as 
shown. 203 Although rate constants are not provided for all of the steps in this loop, the only 
possible set of rate constants that would make the loop compatible with the principle of detailed 
balancing would be where one of the rate constants is zero.

Loop 58

FeIII + H2O2 FeIII-H2O2

FeIII-H2O2  FeII + OOHsurf + H+

FeII + OOHsurf + H+  FeIII + H2O2

This illegal loop appears in Wang and Tang 2021.38 It is presented in general terms for a 
variety of surfaces and without rate constants. Nevertheless, a scheme which includes these three 
irreversible steps is prohibited by the principle of detailed balancing.

Loop 59

Fe(III) + H2O2 ⇌ Fe(II) + O2
•– + 2H+

Stoichiometrically this reversible step is consistent with the principle of detailed 
balancing, but the conditional kinetics implied by the use of Fe(III) and Fe(II) in this loop is not 
consistent with the designation of O2

•– + 2H+ as products. 
This loop appears in Zhang & Yuan 2017,220 where Fe(II) refers to Fe(II) adsorbed on 

pyrite and Fe(III) is implied to be in solution. These authors use second-order conditional 
kinetics for the forward reaction at pH 7 despite the insolubility of Fe(III) at this pH. They also 
use a conditional rate constant for the reverse step expressed in terms of the concentration of 
Fe(II) despite it's being adsorbed on the pyrite. In principle the ratio of the rate constants would 
yield an equilibrium constant that is related to the conditional homogeneous equilibrium constant 
and the Fe(II) adsorption equilibrium constant; however, the above concerns prevent this 
analysis.

Wang et al. 2021 also used this step for Fe on pyrite, and they used it in simulations at pH 
3,5, and 7.62 They used pH-independent second-order rate constants in both the forward and 
reverse directions, which disagrees with the form of the equilibrium expression.
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