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Ferryl for real. The Fenton reaction near neutral pH

Willem H. Koppenol †

According to the literature, the Fenton reaction yields HO• and proceeds with 53 M−1 s−1 at 25 °C and low pH.

Above pH 5, the reaction becomes first-order in HO−, and oxygen atom transfer has been detected, which

indicates formation of oxidoiron(2+), FeO2+. These observations, and the assumption that the intermediate

[FeHOO]+ decays approximately iso-energetically to FeO2+, allow one to estimate an Gibbs energy of for-

mation FeO2+ of +15 ± 10 kJ mol−1, from which follows the one-electron E°’(FeO2+, H2O/[Fe(HO)2]
+) =

+2.5 ± 0.1 V and the two-electron E°’(FeO2+, 2H+/Fe2+, H2O) = +1.36 ± 0.05 V, both at pH 7. In the presence

of HCO3
−, formation of FeCO3(aq) occurs which may facilitate formation of the [FeHOO]+ intermediate, and

leads to CO3
•−. At pH 7, the product of the Fenton reaction is thus FeO2+, or CO3

•− if HCO3
− is present.

Introduction

“Die Zahl der Untersuchungen, die sich mit dem Einfluß von
Eisensalzen auf den Verlauf der durch Hydroperoxyd bewirk-
ten Oxydationen befaßt, ist nicht gering. Trotzdem kann man
mit Hilfe des vorliegenden Materials kein klares Bild von dem
Gegenstand gewinnen, der unser Interesse im Rahmen des
Oxydationsproblems in Anspruch nimmt.”

H. Wieland and W. Franke, Justus Liebigs Ann. Chem.,
1927, 457, 1–70.

(The number of investigations into the effect of iron salts
on the course of oxidations caused by hydrogen peroxide is
not small. Nevertheless, with the present information, we
cannot obtain a clear picture of the oxidation problem that
occupies our interest.)

The oxidation of Fe2+ by H2O2 is named after H. J. H.
Fenton (1854–1929). In 1876, he was inspired by a fellow
student who had produced a violet colour by mixing reagents
randomly. Fenton found that he could reproduce the colour by
the addition of H2O2 or HOCl to a mixture of tartaric acid and
FeSO4 or FeCl2, followed rapidly by the addition of a base.1 He
showed that Fe2+ and H2O2 oxidized a number of organic com-
pounds, and that Fe2+ was regenerated.2 In 1893, he identified
the product of the oxidation of tartaric acid as dihydroxymaleic
acid.3 Fenton did not study the mechanisms of the oxidations
he observed. Although Wieland and Franke praised Fenton’s
work in 1927,4 Haber and Weiss5,6 did not mention Fenton a
few years later when they proposed that the one-electron
reduction of H2O2 by Fe2+ yielded HO•. It took until 1946 for
Fenton’s paper to be cited. Baxendale and co-workers referred

to it in a publication on the initiation of a polymerization reac-
tion by HO• generated from the reaction of H2O2 with Fe2+.7

In 1927, Wieland and Franke wrote that the reaction of Fe2+

with H2O2 may yield a higher oxidation state of iron.4 In 1932,
Bray and Gorin8 proposed that the disproportionation of Fe3+

would yield Fe2+ and FeO2+ − “a reversible and fairly rapid reac-
tion” – which would limit E°(FeO2+, 2H+/Fe3+, H2O) to about, or
less than, E°(Fe3+/Fe2+), +0.77 V. Such a value is not compatible
with the notion that FeO2+ is a strong oxidant. Bray and Gorin
also proposed that FeO2+ would be produced by the reaction of
H2O2 with Fe2+.8 Numerous authors mentioned this proposal,
which led to the ongoing dispute whether HO• or FeO2+ is the
product of the Fenton reaction. As radical products are observed
at low pH, it is generally accepted that under that condition HO•

is formed. But not by all: Kremer, for instance, has claimed that
FeO2+ is formed9,10 because simulations involving HO• under
conditions of excess H2O2 over Fe

2+ did not yield experimentally
observed amounts of O2. However, this simulation has been
questioned.11 Thus, at low pH, there is no reason to invoke FeO2+

as a product of the Fenton reaction. FeO2+ is not an imaginary
species: it is the product of the reaction of Fe2+ with O3.

12,13

Although not stable, rate constants for several reactions have
been determined.14,15 The archaic name for FeO2+ is ferryl,‡ the
systematic name is oxidoiron(2+).16
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Given the importance of the Fenton reaction in physiology
and for the remediation of soils, it is not surprising that,
according to the Web of Science, there are close to 17 000 pub-
lications in which this reaction and its mechanism are dis-
cussed. Please note that none of the pre-1960 papers cited
above can be found in this expertly curated database with the
search term “Fenton reaction”. Thus, the true number is
larger. The authors of these papers often use rate constants
obtained at low pH to reaction schemes that pertain to neutral
pH, and HO• is thought to be the reactive species responsible
for physiological damage and destruction of organic com-
pounds in soils. Furthermore, the simulations themselves are
questionable.11 Indeed, as stated by Wieland and Franke 95
years ago, more information has been collected, but it has not
yet led to more insight. However, a better understanding of the
Fenton reaction can be obtained by exploring its energetics
and the increase of its rate constant with pH.

In this Review, I use the expression “Fenton reaction” for
the reaction of H2O2 with Fe2+, but that does not necessarily
imply that HO• is formed. I show here, based on thermo-
dynamics and kinetics, that, near neutral pH, FeO2+ or CO3

•−

is the active agent. Reactions of multidentate Fe2+-complexes
with H2O2 will not be discussed.

Thermodynamic data were obtained from literature
compilations.17–19

The Fenton reaction at low pH

For a discussion of the energetics of the Fenton reaction it is
important to take into account the hydrolysis of Fe3+ and Fe2+.
While the Fe3+-hexaquo complex loses two protons below pH
7, the Fe2+-complex does so at alkaline pH:

½FeðH2OÞ6�3þ ⇄ ½FeHOðH2OÞ5�2þ þHþ pKa ¼ 2:15 ð1Þ

½FeðHOÞðH2OÞ5�2þ ⇄ ½FeHO2ðH2OÞ4�þ þHþ pKa ¼ 4:8 ð2Þ

½FeðH2OÞ6�2þ ⇄ ½FeHOðH2OÞ5�þ þHþ pKa ¼ 9:1 ð3Þ
It must be emphasized that reactions (1) and (2) represent

metastable equilibria, as both [Fe(HO)(H2O)5]
2+ and

[FeHO2(H2O)4]
+ will form haematite, Fe2O3.

20

Generally, the Fenton reaction is written as in eqn (4).

Fe2þ þH2O2 þHþ ! Fe3þ þHO• þH2O ð4Þ
At pH 0, with E°(Fe3+/Fe2+) = +0.77 V and E°(H2O2, H

+/HO•,
H2O) = +0.80 V, Δrxn4G° = −nFΔE° = −F(+0.80 − 0.77) V =
−2.3 kJ mol−1 with n = 1 electron and F the Faraday. Given that
reaction (4) is an inner-sphere electron transfer, the first step
is an exchange of a water molecule in the hydration sphere of
Fe2+ for H2O2, which is probably slower than the H2O exchange
rate, followed by electron transfer:

½FeðH2OÞ6�2þ þH2O2 ! ½FeðH2OÞ5H2O2�2þ þH2O

kexchange < 4:4� 106 s�1 21 ð5Þ

½FeH2O2�2þ ! ½FeHO�2þ þHO• Δrxn5þ6G° ¼ þ10:0 kJ mol�1

ð6Þ

½FeHO�2þ þHþ ! Fe3þ þH2O Δrxn7G° ¼ �12:3 kJ mol�1

ð7Þ
Equation 1 is the reverse of equation 7. It is noteworthy that

the formation of HO•, reaction (6), is uphill. As E°(H2O2, H
+/

HO•, H2O) decreases with 59 mV per pH, and E°(Fe3+/Fe2+) is
constant, Δrxn4G°′ is 0 at pH 0.4, and at pH 1.0, the reaction is
endergonic by +3.4 kJ mol−1. Above pH 2.15, [FeHO]2+ will not
become protonated, and thus the Fenton reaction remains
unfavourable until pH 6.5 (Fig. 1). Nevertheless, the reaction
proceeds because HO• is removed from equilibrium by hydro-
gen transfer from a second Fe(H2O)6

2+,22 reaction (8):

HO• þ Fe2þ ! ½FeHO�2þ k8 ¼ 4:3� 108 M�1 s�1 23

Δrxn8G° ¼ �177 kJ mol�1 ð8Þ

Although the energetics are pH-dependent, Hardwick
found essentially the same rate constant at pH 0, 1.0, 1.9 and
2.8, at 20 °C.24 The average is 43 ± 2 M−1 s−1 which indicates
that reaction (4) is better represented as reaction (9):

Fe2þ þH2O2 ! ½FeHO�2þ þHO• ð9Þ
Depending on the pH, [FeHO]2+ may be stable, or proceed

to Fe3+ or [Fe(HO)2]
+. The rate constant as a function of temp-

erature is given by k4 = 4.5 × 108 e−39.5/RT M−1 s−1 (modified
from k4 = 5.4 × 108 e−39.5/RT M−1 s−1 24), which yields k4 = 54
M−1 s−1 at 25 °C, and 12 M−1 s−1at 0 °C, to be compared with
experimental values of 53 M−1 s−1 and 12 M−1 s−1,
respectively.25,26 At 37 °C, k4 would be 99 M−1 s−1. Over the same
range of temperature, but at 1 M ionic strength, Wells and Salam
obtained k4 = 1.4 × 107 e−30.5/RT M−1 s−1.27 When one analyses k4
= 4.5 × 108 e−39.5/RT M−1 s−1 by transition state theory (incorrect,
but defensible), one finds ΔH‡ = 35 kJ mol−1 and ΔS‡ = −96 J (K
mol)−1. While the activation enthalpy does not seem unusual,
the negative entropy of activation could indicate that a specific
orientation of Fe2+ to H2O2 is essential. This may reflect that a
single electron transfer needs to be transferred from an iron 3d
orbital into the empty σ* antibonding orbital of H2O2. Overlap
between these two orbitals is sterically difficult.28 As Δrxn9G° also
equals −RT ln k9/k−9, and k9 = 53 M−1 s−1, it follows that k−9 =
3.5 × 103 M−1 s−1 at 25 °C, in agreement with Stanbury.11 It is
difficult to experimentally verify k−9, given its relatively low value
and the fast reaction of HO• with itself, reaction (10).

2HO• ! H2O2 k10 ¼ 5:5� 109 M�1 s�1 29

Δrxn10G° ¼ �187 kJ mol�1 ð10Þ

Above pH 4.8, the Fenton reaction is given by reaction (11):

Fe2þ þH2O2 þH2O ! ½FeðHOÞ2�þ þHO• þHþ ð11Þ

To be complete, in H2SO4, the rate constant of reaction (4)
is slightly higher,24 probably because a FeSO4(aq) complex is
formed,27 log K = 2.4.18
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The catalytic function of iron in the disproportionation of
excess H2O2 will not be discussed here. The mechanisms and
rate constants involved have been reviewed by Stanbury.11

The Fenton reaction near neutral pH

More than 30 years ago, it was published that the Fenton reac-
tion is much faster in ocean water. Millero and Sotolongo,30 in
agreement with Moffett and Zika,31 reported that at pH 7 and
25 °C, the rate constant is 1.0 × 104 M−1 s−1, and at pH 8.0, 1.0
× 105 M−1 s−1, the present pH of ocean water. In that medium,
one might expect Fe2+–Cl− complexes to be formed. Although
such complexes are weak,27,32 85% of Fe2+ will be present as
FeCl+, given that the concentration of Cl− in ocean water is
0.55 M. For a physiological concentration of Cl− of 0.10 M this
number would be 50%. However, the rate constant of FeCl+ is
only slightly larger, 68 M−1 s−1, than that of [Fe(H2O)6]

2+ with
H2O2.

27 Thus, the presence of FeCl+ does not explain the kine-
tics seen at higher pH. There, the Fenton reaction is first-order
in [Fe2+], [H2O2], and [HO−].30 When one extrapolates this
dependence of the rate constant on pH, together with data
from Bataineh et al.,33 to lower pH values, the rate constant
would intersect with the one at low pH, 53 M−1 s−1, at or close
to pH 5.0, Fig. 2.

The dependence on [HO−], indicates a change in mecha-
nism. Moffett and Zika31 and Millero and Sotolongo30 hypoth-
esised that both Fe2+ and, to account for the dependence on
HO−, FeHO+ reduced H2O2, and that the latter did so 5 orders
of magnitude faster than Fe2+. The rate constants 60 M−1 s−1

and 2 × 106 M−1 s−1 allowed a reasonable fit to the experi-
mentally rate data.30,31 These authors also assumed that both
reactions yielded HO•. Bakac and co-workers33 studied the oxi-

dation of (CH3)2SO by the Fenton reaction as a function of pH.
At low pH, radical intermediates were formed as indicated by
the products CH3SO2H and C2H6. However, near pH 6, the
reaction was faster, and transfer of O, resulting in (CH3)2SO2,
was observed. Furthermore, Fe2+ was reformed. However,
with phosphate present, radical products continued to be
observed. Bakac and coworkers interpreted the O-transfer as
evidence for FeO2+, produced by the fast reaction of [FeHO]+

with H2O2.
33

FeO2+

Below, in agreement with the conclusion of Bakac et al.,33

thermodynamic arguments are made for FeO2+ as a product of
the Fenton reaction near neutral pH. FeO2+ has the same
charge as, but is larger than, Fe2+, that does not hydrolyse
until pH 9.1. Without experimental evidence to the contrary,
no hydrolysis of FeO2+ is assumed to occur below pH 9.

Why [FeHO]+ would generate FeO2+ rapidly and Fe2+ not at
all, is puzzling. I propose a different hypothesis that is kineti-
cally indistinguishable from the [FeHO]+ pathway, namely that
FeO2+ is formed from [FeHOO]+: given that the pKa of [Fe
(H2O)6]

2+ is 9.1,18 6.6 units less than that of water, it is not
unreasonable to assume that [Fe(H2O2)(H2O)5]

2+ has a pKa

value that is 6.6 units less than that of H2O2, or 5. If so, the
kinetics would change above pH 5, which is experimentally
observed as shown in Fig. 2. At this pH there is a change from
a homolytic to a heterolytic mechanism.34 The difference
between the pKa of H2O2, 11.6, and that of [Fe(H2O2)]

2+, 5,
results in Δrxn12G° = −38 kJ mol−1:

Fe2þ þHOO� ! ½FeHOO�þ ð12Þ
In cytochrome P-450, the intermediate [FeHOO]2+ decays to

FeO2+ and a porphyrin radical (compound I), in a reaction that

Fig. 1 Electrode potentials of three Fe(III)/Fe2+ couples (solid lines) and of the H2O2, H
+/HO•, H2O couple (dashed line) as a function of pH. The two

pKa values of Fe(H2O)6
3+, 2.15 and 4.80, cause the breaks in the Fe(III)/Fe2+ potentials. Where E°’(H2O2, H

+/HO•, H2O) > E°’(Fe(III)/Fe2+), indicated by
the light-gray shaded areas, the Fenton reaction is exergonic. The dark gray area shows where the Fenton reaction is endergonic. The species Fe
(HO)2+ and Fe(HO)2

+ are not stable with respect to haematite, Fe2O3. The pKa of Fe(H2O)6
2+ was thought to be 6.9,50 but is 9.1.18
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is thermoneutral or slightly exergonic.35 I make the assump-
tion that the energetics of reaction (13) are similar:

½FeHOO�þ þHþ ! FeO2þ þH2O Δrxn13G°′ � 0 at pH 5

ð13Þ
After addition of the ionisation of H2O2, and reactions (12)

and (13), one arrives at reaction (14):

Fe2þ þH2O2 ! FeO2þ þH2O Δrxn14G° � 0 kJ mol�1 ð14Þ
From Δrxn14G° follows ΔfG°(FeO

2+) ≤ +16 kJ mol−1. It is
more likely that Δrxn13G° is negative, which makes the value of
+16 kJ mol−1 an upper limit. One can also make the assump-
tion that, at pH 5, where the Fenton reaction produces equal
amounts of HO• and FeO2+, the Gibbs energies of these two
reactions are similar, or close to +8.5 kJ mol−1 (Fig. 1) which
would result in ΔfG°(FeO

2+) ≈ +21 kJ mol−1, somewhat above
the upper limit. At low pH, FeO2+ decays slowly to HO•, reac-
tion (15).12

FeO2þ þHþ ! Fe3þ þHO• ð15Þ
Assuming that Δrxn15G° ≤ 0, one arrives at ΔfG°(FeO

2+) ≥
+10 kJ mol−1. The lower limit of +10 kJ mol−1 eliminates from
consideration ab initio results36,37 that imply much lower stan-
dard Gibbs energies of formation. A value of ΔfG°(FeO

2+) =
+15 ± 10 kJ mol−1 seems reasonable and is adopted here. It
must allow formation of FeO2+ from the reaction of Fe2+ with
O3 (see Introduction), and it does: ΔrxnG° = −52 kJ mol−1.
Electrode potentials based on ΔfG°(FeO

2+) = +15 ± 10 are listed
in Table 1. They are in agreement with the estimate that E°
(FeO2+, H+/[Fe(HO)]2+) > 1.95 V.38 The value of +2.5 V for E°
(FeO2+, H2O/[Fe(HO)2]

+) is valid at pH > 4.8, which means that
at pH 7 it is larger than E°′(HO•, H+/H2O) = +2.31 V.39 FeO2+

can also transfer its oxygen, and thus the two-electron poten-
tials E°(FeO2+, 2H+/Fe2+, H2O), +1.78 V at pH 0, and +1.36 V at
pH 7, are relevant. FeO2+ has been partially characterised.12,40

CO2

There are conditions where the pCO2 can be appreciable: in
physiology, pCO2 ≈ 0.05 atm,41 and 0.1 atm is possible in
water-logged soils.42 HCO3

− accelerates the Fenton reaction.
Present day sea water contains 2 mM HCO3

−, and when
Millero and Sotolongo30 increased that concentration, the
Fenton reaction became faster. More recently, Meyerstein and
coworkers confirmed that HCO3

− accelerates the Fenton reac-
tion.43 They proposed that, instead of HO•, trioxidocarbonate
(·1−), CO3

•−, is formed. This proposal is not based on a direct
observation of this radical, but on the absence of oxidation
products – from either 1e− or 2e− oxidation – of dimethyl-
sulfoxide when HCO3

− was present.43 How could HCO3
− cata-

lyse the Fenton reaction? The formation of FeO2+, reaction

Fig. 2 Rate constants of the Fenton reaction as a function of pH. At low pH, data from Hardwick24 adjusted to 25 °C was used (triangles). Data
between pH 6.75 and 8.25 are from Moffett and Zika,31 and Millero and Sotolongo30 (heavy bar) and were obtained in ocean water. The two points
are from Bataineh et al.33 (black circles) and lie below the bar because these rate constants were not influenced by HCO3

−. The extrapolations
(dashed lines) intersect at pH 5.0.

Table 1 Electrode potentials involving FeO2+, CO3
•−, and HO•

n pH Electrode potential Volt

1 0 E°(FeO2+, 2H+, Fe3+/H2O) +2.8
0 E°(HO•, H+/H2O) +2.7319

>4.8 E°′(FeO2+, H2O/Fe(HO)2
+) +2.5

7 E°′(HO•, H+/H2O) +2.3149

7 E°′(CO3
•−, H+/HCO3

−) +1.77
>10.3 E°(CO3

•−/CO3
2−) +1.5719

2 0 E°(FeO2+, 2H+/Fe2+, H2O) +1.78
7 E°′(FeO2+, 2H+/Fe2+, H2O) +1.36

The Fe-potentials are based on ΔfG°(FeO
2+) = +15 ± 10 kJ mol−1. n is

the number of electrons. The error in the 1e− potentials is therefore
0.10 V, and 0.05 V in the 2e− potentials.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2022 Dalton Trans., 2022, 51, 17496–17502 | 17499

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
ot

to
br

e 
20

22
. D

ow
nl

oa
de

d 
on

 0
1/

04
/2

02
6 

18
:0

3:
35

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt03168j


(14), is, overall, pH-independent but it involves a deprotona-
tion and a protonation. A compound that can take up a proton
and then give it back at little or no cost would catalyse the
Fenton reaction. HCO3

− fulfills that role, as with Fe2+ it forms
FeCO3(aq):

18

Fe2þ þHCO3
� ! FeCO3ðaqÞ þHþ

Δrxn16G°′ ¼ �11 kJ mol�1; K ′16 ¼ 87 ðpH 7Þ ð16Þ

As the physiological concentration of HCO3
− is ≈25 mM,

nearly 2/3 of any uncomplexed Fe2+ would be present as
FeCO3(aq). CO3

2−, being a bidentate ligand, would leave 4 H2O
molecules in the inner solvation sphere of Fe2+, of which 1 or
2 could be replaced by one H2O2. One can then imagine the
following inner-sphere reaction sequence:

½FeðH2O2ÞðCO3Þ�0 ! ½FeðOOHÞðHCO3Þ�0

! ½FeðHOÞ2�þ þ CO3
•� ð17Þ

CO3
•− is a strong oxidant, E°(CO3

•−/CO3
2−) = +1.57 V,19 but

less so than HO• or FeO2+ (Table 1). The energetics of the
overall reaction at pH 7 can be calculated:

Fe2þ þH2O2 þHCO3
� ! CO3

•� þ ½FeðHOÞ2�þ þHþ

Δrxn18G°′ ¼ �68 kJ mol�1 ð18Þ

As the conditions in soil are not very different, it is reason-
able to assume that soil remediation involves the same
reactions.

HOCl

As mentioned in the Introduction, Fenton noted that HOCl
can substitute for H2O2 to obtain the purple colour.1 However,
HOCl is a poor one-electron oxidant, E°′(HOCl/HO•, Cl−) =
+0.26 V,44 a value that is not pH dependent. It would be identi-
cal to the pH-dependent E°′(H2O2, H+/HO•, H2O) at pH 9
(Fig. 1). Instead, it is a powerful two-electron oxidant, E°
(HOCl, H+/Cl−, H2O) = +1.50 V, and +1.28 V at pH 7 45 (the
value of +1.08 V I published in 1994 44 was based on an incor-
rect pH dependence). Given the pKa values of tartaric acid of
2.9 and 4.4, and concentrations between 10 and 100 mM, the

pH during Fenton’s experiment is estimated at between 2 and
3. There the energetics to generate HO• are not favourable:

Fe2þ þHOClþH2O ! HO• þ ½FeHO�2þ þ Cl� þHþ

Δrxn19G°′ ðpH 2:5Þ ¼ þ47 kJ mol�1 ð19Þ

But could FeO2+ be formed? Conocchioli et al.46 oxidised
Fe2+ with H2O2, Cl2, HOCl, and O3, with Fe2+ present in large
excess. Only the latter two oxidants generated [Fe(μ-HO)2Fe]

4+,
the transient product of Fe2+ and FeO2+. As the authors46

wrote: “… it suggests that iron(IV) is an intermediate in these
reactions.” It is therefore likely that the reaction of Fe2+ with
HOCl yields FeO2+;

Fe2þ þHOCl ! FeO2þ þHþ þ Cl�

Δrxn20G°′ ðpH 2:5Þ ¼ þ40 kJ mol�1 ð20Þ

Although the ΔrxnG°′ values of reactions (19) and (20) are
positive, formation of FeO2+ is energetically less costly than
formation of HO•. Both oxidants would seem oxidising
enough47 to abstract the C-2 hydrogen from tartaric acid and
to form the transient deep purple colour, presumably from the
charge-transfer complex of the tartaric acid radical with Fe3+.
Thus, Fenton may have produced both HO• and FeO2+ in 1876.
Indeed, that these species mimick each other led to the nearly
90 years old question as to what the product of the Fenton
reaction is.

Conclusions

Up to about pH 5, the Fenton reaction produces HO•. Above
that pH, it is FeO2+ (except in the presence of phosphate). The
mechanisms of the reaction of Fe2+ with H2O2 are summarised
in Scheme 1. The proposal for formation of FeO2+ from Fe2+

and H2O2 near neutral pH is based on two observations and
one assumption. The observations are that, above pH 5, the
rate of the reaction is first-order in HO− and that non-radical
products are formed. From the first observation followed a pKa

of 5 of the Fe2+–H2O2 complex. The assumption is that that
complex decays to FeO2+ thermoneutrally or with a slightly

Scheme 1
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negative Gibbs energy change. Interestingly, Fenton may have
produced HO• with H2O2, and FeO2+ with HOCl.

In many Fenton studies, or simulations thereof, carried out
at or near neutral pH, the reactive product is thought to be
HO•. Instead, it is likely to be FeO2+, or, in the presence of
HCO3

−, CO3
•−. Most certainly, one should not use k4 = 53 M−1

s−1, but a value closer to 1.0 × 104 M−1 s−1 (Fig. 2).
Additionally, the simulations should not violate the principle
of detailed balancing.11 The role of phosphate in redirecting
the product of the Fenton reaction to HO• needs to be experi-
mentally investigated.33,48

Conflicts of interest

There is no conflict of interest.

Acknowledgements

I thank Prof. D. Stanbury, Dr. T. Nauser and Dr. R. Kissner for
helpful advice. I am grateful to Dr. P. L. Bounds for discus-
sions and drawing the figures.

References

1 H. J. H. Fenton, Chem. News, 1876, 33, 190.
2 W. H. Koppenol, Free Radical Biol. Med., 1993, 15, 645–

651.
3 H. J. H. Fenton, Proc. Chem. Soc., 1893, 9, 113.
4 H. Wieland and W. Franke, Justus Liebigs Ann. Chem., 1927,

457, 1–70.
5 F. Haber and J. Weiss, Naturwissenschaften, 1932, 20, 948–

950.
6 F. Haber and J. Weiss, Proc. R. Soc. London, Ser. A, 1934,

147, 332–351.
7 J. H. Baxendale, M. G. Evans and G. S. Park, Trans. Faraday

Soc., 1946, 42, 155–169.
8 W. C. Bray and M. H. Gorin, J. Am. Chem. Soc., 1932, 54,

2124–2125.
9 M. L. Kremer, Prog. React. Kinet. Mech., 2017, 42, 397–413.
10 M. L. Kremer, Reactions, 2021, 2, 301–311.
11 D. M. Stanbury, Dalton Trans., 2022, 51, 2135–2157.
12 T. Løgager, J. Holcman, K. Sehested and T. Pedersen, Inorg.

Chem., 1992, 31, 3523–3529.
13 O. Pestovsky and A. Bakac, Inorg. Chem., 2006, 45, 814–

820.
14 F. Jacobsen, J. Holcman and K. Sehested, Int. J. Chem.

Kinet., 1997, 29, 17–24.
15 F. Jacobsen, J. Holcman and K. Sehested, Int. J. Chem.

Kinet., 1998, 30, 215–221.
16 N. G. Connelly, T. Damhus, R. M. Hartshorn and

A. T. Hutton, Nomenclature of Inorganic Chemistry. IUPAC
Recommendations 2005, Royal Society of Chemistry,
Cambridge, 2005.

17 D. D. Wagman, W. H. Evans, V. B. Parker, R. H. Schumm,
I. Halow, S. M. Bailey, K. L. Churney and R. L. Nuttall,
J. Phys. Chem. Ref. Data, 1982, 11(Suppl. 2), 37–38.

18 R. J. Lemire, U. Berner, C. Musikas, D. A. Palmer, P. Taylor
and O. Tochiyama, Chemical Thermodynamics of Iron, OECD
Nuclear Energy Agency, Issy-les-Moulineaux, 2013.

19 D. A. Armstrong, R. E. Huie, W. H. Koppenol, S. V. Lymar,
G. Merényi, P. Neta, B. Ruscic, D. M. Stanbury and
S. Steenken, Pure Appl. Chem., 2015, 87, 1139–1150.

20 R. M. Garrels and C. L. Christ, Solutions, Minerals and
Equilibria, Harper and Row, New York, 1965.

21 Y. Ducommun, K. E. Newman and A. Merbach, Inorg.
Chem., 1980, 19, 3696–3703.

22 Z. Stuglik and Z. P. Zagórski, Radiat. Phys. Chem., 1981, 17,
229–233.

23 H. Christensen and K. Sehested, Radiat. Phys. Chem., 1981,
18, 723–731.

24 T. J. Hardwick, Can. J. Chem., 1957, 35, 428–436.
25 W. G. Barb, J. H. Baxendale, P. George and K. R. Hargrave,

Trans. Faraday Soc., 1951, 47, 462–500.
26 M. L. Kremer, J. Phys. Chem. A, 2003, 107, 1734–

1741.
27 C. F. Wells and M. A. Salam, Trans. Faraday Soc., 1967, 63,

620–629.
28 W. H. Koppenol and J. Butler, FEBS Lett., 1977, 83,

1–6.
29 National Institute of Science and Technology, NIST

Chemical Kinetics Database, Standard Reference Database 17,
Version 7.0, Release 1.4.3, 2009, https://kinetics.nist.gov/
kinetics/index.jsp.

30 F. J. Millero and S. Sotolongo, Geochim. Cosmochim. Acta,
1989, 53, 1867–1873.

31 J. W. Moffett and R. G. Zika, Environ. Sci. Technol., 1987, 21,
804–810.

32 H. N. Po and N. Sutin, Inorg. Chem., 1968, 7, 621–624.
33 H. Bataineh, O. Pestovsky and A. Bakac, Chem. Sci., 2012, 3,

1594–1599.
34 J. T. Groves, J. Inorg. Biochem., 2006, 100, 447.
35 W. H. Koppenol, J. Am. Chem. Soc., 2007, 129, 9686–9690.
36 N. Yamamoto, N. Koga and M. Nagaoka, J. Phys. Chem. B,

2012, 116, 14178–14182.
37 H. Kornweitz, A. Burg and D. Meyerstein, J. Phys. Chem. A,

2015, 119, 4200–4206.
38 H. Bataineh, O. Pestovsky and A. Bakac, Inorg. Chem., 2016,

55, 6719–6724.
39 W. H. Koppenol, D. M. Stanbury and P. L. Bounds, Free

Radical Biol. Med., 2010, 49, 317–322.
40 O. Pestovsky, S. Stoian, E. L. Bominaar, X. P. Shan,

E. Münck, L. Que, Jr. and A. Bakac, Angew. Chem., Int. Ed.,
2005, 44, 6871–6874.

41 P. Astrup, Scand. J. Clin. Lab. Invest., 1956, 8, 33–43.
42 W. L. Lindsay, Chemical Equilibria in Soils, John Wiley &

Sons, New York, 1979, p. 84.
43 E. Illés, A. Mizrahi, V. Marks and D. Meyerstein, Free

Radical Biol. Med., 2019, 131, 1–6.
44 W. H. Koppenol, FEBS Lett., 1994, 347, 5–8.

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2022 Dalton Trans., 2022, 51, 17496–17502 | 17501

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
ot

to
br

e 
20

22
. D

ow
nl

oa
de

d 
on

 0
1/

04
/2

02
6 

18
:0

3:
35

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://kinetics.nist.gov/kinetics/index.jsp
https://kinetics.nist.gov/kinetics/index.jsp
https://kinetics.nist.gov/kinetics/index.jsp
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt03168j


45 J. Arnhold, E. Monzani, P. G. Furtmüller, M. Zederbauer,
L. Casella and C. Obinger, Eur. J. Inorg. Chem., 2006, 2006,
3801–3811.

46 T. J. Conocchioli, E. J. Hamilton, Jr. and N. Sutin, J. Am.
Chem. Soc., 1965, 87, 926–927.

47 W. H. Koppenol, FEBS Lett., 1990, 264, 165–167.

48 I. Yamazaki and L. H. Piette, J. Biol. Chem., 1990, 265,
13589–13594.

49 W. H. Koppenol, D. M. Stanbury and P. L. Bounds, Free
Radical Biol. Med., 2010, 49, 317–322.

50 W. H. Koppenol and R. C. Hider, Free Radical Biol. Med.,
2019, 133, 3–10.

Paper Dalton Transactions

17502 | Dalton Trans., 2022, 51, 17496–17502 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
ot

to
br

e 
20

22
. D

ow
nl

oa
de

d 
on

 0
1/

04
/2

02
6 

18
:0

3:
35

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2dt03168j

	Button 1: 


