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Abstract

The Fenton reaction is of considerable interest due to the fact that it can be applied in chemical, biochemical and biomedical
research. The Fenton reaction makes it possible to estimate the content of hydroperoxides. Hydroperoxides in a large number
of cases are the trace that remains after the occurrence of redox reactions. To perform such studies, it is necessary to know
the characteristics of the reaction at different ratios between the concentrations of hydroperoxides and ferrous iron. The
reaction yield is determined by registering chemiluminescence. The number of oxidation events of ferrous iron N(Fe?* — Fe3*)
in the Fenton reaction is calculated in this work for the cases [Fe**] > [H,0,] and [Fe*] < [H,0,] at concentrations of Fe*" and
H,0, ranging from 10 to 10”7 mol/L. It is shown that the peroxide concentration can be unambiguously determined only for
the case [Fe*’] > [H,0,]. In the case of [Fe?*] < [H,0_], due to a strong decrease in the reaction rate, it is not always possible to
register the total chemiluminescence yield. The kinetics of the formation of luminous products in the Fenton reaction after the
introduction of luminol has been calculated. Conditions are considered when chemiluminescence with luminol is proportional
to the concentration of hydroperoxides. The considered features of the Fenton reaction must be taken into account when

performing specific research work.
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Introduction

The Fenton reaction has been known for over 100 years.
Despite this, it turned out that there are difficulties in its
description and understanding. The nature of the active
species obtained in the Fenton reaction and their properties
are still the subject of discussion. In a detailed review [1],
published in 2021, on the Fenton reaction in biophysical,
biochemical, and biomedical research, 347 papers are
analyzed and cited. This overview provides comprehensive
information related to the basics of the Fenton reaction,
including the Fenton reaction itself and Fenton-like reactions.

Features of the Kinetics of the Fenton Reaction

There is no need to return to these works, therefore, below
we will consider only aspects that were not covered by the
review [1], and part of the work performed after 2021. The
Fenton reaction attracts researchers from various points
of view, including calculations of the reaction mechanism
and alternative approaches [2- 4]. Its advantage is that it
is simply implemented and serves as a source of various
chemically active species, one of which is hydroxyl radicals.
The interaction of hydroxyl radicals leads to the formation of
all types of reactive oxygen species [5]. The possibilities of
using the Fenton reaction attract the attention of specialists
in various fields of knowledge.
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The observed quantity in the Fenton reaction is the
number of N(Fe** — Fe®) oxidation events. One of the
methods for detecting oxidation events in the Fenton reaction
is chemiluminescence [6]. The mechanism of the appearance
of luminescence arising in the Fenton reaction upon the
interaction of hydroxyl radicals with organic substances
both without additional additives and after the introduction
of luminol, which enhances luminescence, was considered in
Ivanova IP, et al. [7]. In this work, a scheme of the process of
interactions in Fenton’s solution with both active species and
various substances introduced into the solution is proposed.
The channels for the formation of luminous products are
analyzed, which are recorded by a chemiluminometer.
The channels for the formation of luminous products are
analyzed, which are recorded by a chemiluminometer. Within
the framework of the proposed scheme, the possibility of
studying the properties of antioxidants and prooxidants is
discussed. It has been established that the main luminous
agent is singlet oxygen.

The use of chemiluminescence in the Fenton reaction
for biomedical research is analyzed in Ivanova IP and
Piskarev IM [8,9]. The possibilities of assessing the oxidative
and antioxidant capacity of the substrate are considered
in Piskarev IM and Trofimova SV, et al. [10,11]. In Lin HC
[12], when studying super weak luminescence in a mixture
of Fenton with ortho-chlorophenol, the result of work [7]
was confirmed that singlet oxygen is luminescent agent.
In Romodin LA [13], chemiluminescence was considered
in the study of free radical reactions, kinds of luminescent
additives were discussed to increase the quantum yield
of chemiluminescence. Research continues on Fenton like
reactions [14] and new methods of chemiluminescence
analysis in the Fenton reaction [15].

This work is devoted to modeling the Fenton reaction,
calculations of time characteristics, recommendations for
choosing the ratio between the concentrations of reagents
(hydrogen peroxide and ferrous iron), dependence on the
acidity of the solution, calculations of the chemiluminescence
kinetics with the introduction of luminol.

Theoretical Background

Kinetic Model of Processes in Fenton’s Solution

It was further assumed that the number of N(Fe?* —
Fe®*) oxidation events in the Fenton reaction is determined
by registering the luminescence that accompanies the
reaction. The mechanism of chemiluminescence in the
Fenton reaction was considered in Ivanova IP, et al. [7].
The scheme of chemical reactions describing the process
of interaction in an acidic medium between active species
arising in the Fenton reaction, reaction (1 - 17), is shown
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in Table 1. The interaction of luminol (Lum) with hydroxyl
radicals is described by reactions 15, 16. The concentrations
of OH and H* ions (solution pH) were set as coefficients. The
model includes the interaction of ferrous iron with hydrogen
peroxide and the subsequent formation of radicals OH-,
HO,, 0, and singlet oxygen O,(S), dissociation of hydrogen
peroxide H,0, <+ HO,” + H*, pKa = 11.5 (reactions 12, 13),
and equilibrium HO," < H* + 0., pKa = 4.8 (reactions 7, 8).
Singlet oxygen, reaction 17, is included in the scheme due to
the fact that active species are consumed for its formation.
Further transformations of singlet oxygen leading to the
appearance of luminescence are considered in Ivanova IP, et
al. [7]. The values of the reaction rate constants were taken
from Handbook of Chemistry and Physics [16]. The solution
of the system of differential equations of chemical kinetics
was carried out using the MathCad 11 package.

NeNe Reaction Ra(t;:)(l) 151; ’t?;l;'] L/
1 [Fe* + H,0, > Fe* + OH- + OH- K, =56
2 | OH-+H,0,>HO, +H,0 k, = 3x10’
3 HO,- + HO, > H,0, +0, k, = 8,3 x10°
4 Fe? + OH- > Fe** + OH- k, =3 x10°
5 | OH-+OH-->H,0+1/20, k.= 5,5 x10°
6 OH-+HO,- > H,0 +0, k, =7,110°
7 HO, > H'+0,~ k, =7,5x10°
8 H*+ 0, > HO,- k,=1,2 10°pK_= 4.8
9 HO,- +0,~ > HO, +0, k,=9,7 107
10 | HO,-+OH > 0,-+H,0 k,, = 101
11 0, +Fe¥* > Fe* + 0, k, = 1,9 x10°
12 H,0, HO, + H" k,, =2 x107?
13 HO, + H*> H,0, k., =10"pK =11.5
14 | OH-+HO, > HO, + OH- k,, =7,5x10°
15 bum + OIf +1/20, K k, =87 10°[6]
16 LumOOH: + 0,~ > L k,=1
17 |0, +OH-+H"-> H,0+0,(s) k. =10"

Table 1: Rate constants of reactions in Fenton’s solution.

The number of acts of oxidation of ferrous iron N(Fe? —
Fe®*) was calculated. It included both the amount of initially
oxidized Fe?* molecules introduced with the reagent and Fe?*
molecules reduced in reaction (11) from Fe3* ions interaction
with the O, ion-radical. The interaction of ferric iron with
hydrogen peroxide was not taken into account, since the
rate constant of this reaction is five orders of magnitude
smaller than the rate constant of reaction (1) [1]. It was
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assumed that in a neutral and alkaline medium ferric iron
precipitates after the reaction Fe** + 30H™ - Fe(OH),". The
calculation took into account the lifetime of ferric ions in
solution. Observing the time for the appearance of a colored
precipitate in a neutral medium after mixing the reagents,
the authors concluded that the lifetime of the Fe®* ion is
about 1 second. Then, assuming that the rate of formation of
Fe(OH), is proportional to the concentration of OH™ ions, the
lifetime of Fe®* ions at pH = 12 will be 10° times less and will
be approximately 10-¢ seconds.

Results and Discussion

Fe?* Oxidation Kinetics for the Case [Fe**] >
[H,0,]

The calculated dependence of the number of oxidation
events N(Fe?* — Fe?*) in an acidic medium (pH = 2) for the
case of [Fe’] > [H,0,] at [H,0,] = 10° mol/L and different
concentrations of Fe?* on time after the mixing of the
reagents and the beginning reactions are shown in Figure
1. It can be seen from the graph that for all concentrations
of Fe?* from 102 to 10 mol/L, the value of N(Fe** — Fe®*)
reaches the limit value of 2 x 10 mol/L. The value of the
limiting concentration is determined by the fact that one
molecule of hydrogen peroxide decomposes into two
hydroxyl radicals, each of which oxidizes one molecule of
ferrous iron. The oxidation process stops when the hydrogen
peroxide is completely consumed, and the maximum number
of oxidation events is N = 2[H,0,].

Physical Science & Biophysics Journal

In the reaction scheme, the limiting stage is the
interaction of ferrous iron with peroxide (reaction 1), since
the rate constant of this reaction is minimal. The remaining
reactions have large rate constants and reactions occur
almost instantaneously. The interaction of peroxide with OH*
radicals (reaction 2) could shorten the reaction time. The
rate constant of this reaction is large, but the concentration
of radicals is low, [OH"]<<[Fe*], so the reaction of hydrogen
peroxide with iron still remains decisive. Let us qualitatively
estimate the reaction time until complete termination of
reaction at [Fe*"] > [H,02]. The rate of reaction (1) is equal
to:

w =k, [F62+][H202] (1)

The time of this reaction will be determined by the
consumption of peroxide:

. mog 1
k- [Fe’']-[H,0,] k,-[Fe’']

(2)

Those, the reaction time at [Fe*] > [H,0,] does not
depend on the peroxide concentration and is determined
by the ferrous iron concentration. Figure 1 shows that the
reaction time increases with decreasing Fe?* concentration,
while the reaction yield, the number of ferrous iron oxidation
events, remains constant and is determined by the peroxide
concentration. Thus, the Fenton reaction makes it possible to
determine the concentration of hydroperoxides in a sample.

2,0E-06 A

1,5E-06

1,0E-06

5,0E-07 4

0,0E+00

-1 0

Figure 1: Kinetics of Fe?* oxidation in the Fenton reaction at [Fe*] > [H,0,]. N(mol/L) — number of oxidation events (Fe** —
Fe3*) at pH = 2 and different concentrations of Fe?*, depending on the time t(s) after mixing the reagents. Peroxide concentration
[H,0,] = 10® mol/L; [Fe*"] concentration: 1 - 10% 2 - 103 3 - 10%; 4 - 10° mol /L.

Igt, s

The kinetics of Fe** oxidation at [Fe*] > [H,0,] and
different peroxide concentrations for [Fe?*] = 10 mol/L
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is shown in Figure 2. It can be seen that at all peroxide
concentrations from 10* to 10® mol/L in 60 seconds, the
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number of oxidation events occurs, equal to the number
of hydroxyl radicals formed during the decomposition

of peroxide, i.e. 2x[H,0,]. The reaction time in all cases
considered is the same.

.3 - 1gN, moliL

0 10 20 30 40 t,s 50 60

Figure 2: Kinetics of Fe?* oxidation in the Fenton reaction at [Fe**] > [H,0_]. N(mol/L) - the number of oxidation events (Fe*"
® Fe’*) depending on the time after mixing the reagents t(s) at pH = 2 and different concentrations of [H,0,]. Concentration
[Fe**] = 10" mol/L; [H,0,] concentrations: 1 -10*,2-10%,3-10%4-107,5-10® mol/L.

Fe?* Oxidation Kinetics for the Case of [Fe**] <
[H,0,]

At [Fe*'] < [H,0,], the contribution of other reactions,
except for reaction (1), cannot be neglected. The initially
introduced divalent iron is quickly consumed. Trivalent iron
will be reduced back to ferrous (reaction 11), and the process
will continue until the peroxide is completely consumed, and
its rate is determined by the Fe** reduction rate.

Dependence of the number of N(Fe?* — Fe®") oxidation

events in an acidic medium (pH = 2) at [Fe**] = 10-° mol/L for
the case of [Fe*"] <[H,0,] at different peroxide concentrations
on time after mixing the reagents, after which the Fenton
reaction begins, shown in Figure 3. Figure 3 shows that the
number of oxidation events significantly exceeds the number
of Fe?* molecules initially introduced into the solution. This is
due to the occurrence of chain reactions, on the maintenance
of which consumes hydrogen peroxide. The time during
which the number of oxidation reactions could approach the
number of hydrogen peroxide molecules under all conditions
is more than 5000 seconds.
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Figure 3: Kinetics of Fe** oxidation in the Fenton reaction at [Fe**] < [H,0,]. N(mol/L) - the number of oxidation events (Fe*"
— Fe*") depending on the time after mixing the reagents t(s) at pH = 2 and different concentrations of [H,0,]. Concentration
[Fe**] = 10°mol/L; [H,0,] concentrations: 1 - 102 2 - 103, 3 - 10* 4 - 10° mol /L.
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Comparing Figures 1-3, one can understand that it is
possible to determine the concentration of accumulated
hydroperoxides in an acidic medium only for the case [Fe?*]
> [H,0,], when it is possible to register all the radiation
accompanying the reaction. An important practical
conclusion follows from these data. The radiation that
directly accompanies the reaction should be recorded at
[Fe?*] = 10 mol/L within 60 seconds after the preparation
of the mixture and introduction of iron into the solution. The
calculation showed that under the condition [Fe*] > [H,0,],
the reaction time is determined by the iron concentration in
accordance with the qualitative assessment (ratio 2) and is 6
seconds, 60, 600 and 6000 seconds for [Fe?*] =102 103, 10*
and 10-° mol/L, respectively.

Active Species Concentration

The concentrations of active species that appear in
Fenton’s solution at concentrations of [Fe?*] = 103, and
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[H,0,] = 10* mol/L, pH = 2 for up to 60 seconds from the
start of the reaction are shown in Figure 4. It can be seen
that the main active species are hydroxyl radicals, however,
at the beginning of the reaction, when Fe3* ions have not
yet been produced, the concentration of O, superoxide
radicals is much higher. Ferric iron ions consume superoxide
radicals, and when there is no Fe** yet, 0, radicals quickly
accumulate. With the advent of ferric iron, the concentration
of superoxide radicals drops sharply.

Inaneutral environment (pH = 6), the oxidation of ferrous
iron with oxygen dissolved in water and the precipitation
of ferric iron begin to play a role. However, for times up to
600 seconds, the effect of these processes is not significant,
and the estimates made for an acidic medium are valid. In
a strongly alkaline medium (pH = 12), these processes are
accelerated; however, at the initial stage of the reaction, the
proposed model can be used to assess the kinetics.

Figure 4: The dependence of the concentration of active species Ig R (mol/L) at time t (s) after the start of the Fenton reaction
at [Fe?] = 10 mol/L and [H,0,] = 10* mol/L, pH = 2. The numbers indicate: 1 - OH*; 2 -0, ; 3-HO, ; 4 - HO,".

Luminol-dependent Luminescence

To enhance the luminescence of the solution in the Fenton
reaction, luminol is introduced into it. Let us consider the
case of determining the peroxide concentration by detecting
the radiation that occurs during the reaction when luminol is
added to the solution. In principle, it is desirable to register
the total luminescence yield. This value is determined by the
intensity of the radiation and the duration of the process. It
is impossible to evaluate the peroxide concentration by the
radiation intensity alone, since the radiation duration is an
independent parameter [7]. It is experimentally possible to
determine the number of emitted photons in a limited time,
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butifthe reaction time is long, it will be practically impossible
to count all the emitted photons.

The mechanism of formation of excited states emitting
photons was considered in Vladimirov YA, et al. [6]. At the
first stage, luminol Lum interacts with hydroxyl radicals
(reaction 15, Table 1), forming LumOOH" radicals in the
presence of atmospheric oxygen. Further transformations of
the LumOOH-" radicals can lead to the formation of products
that directly emit photons. The mechanisms of luminescence
reactions are analyzed in Ivanova IP, et al. [7]. Let us consider
the kinetics of LumOOH* formation. If the emission occurs
instantaneously, then the intensity of the emission will be
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proportional to the rate of formation of LumOOH", and the
total number of emitted photons will be proportional to the
number of formed LumOOH" radicals.

Take the case [Fe*] > [H,0,]. In this case, the reaction
time will be determined by the concentration of ferrous iron.

Physical Science & Biophysics Journal

Let us estimate the concentrations of iron and luminol that
are convenient for the experimenter. The rate of formation
of active species varies with the time of the reaction. The
dependence of the LumOOH"* formation rate for up to 1000
seconds after the start of the reaction for [Fe*] = 1073, 10*
and 10 mol/L is shown in Figure 5.

Figure 5: Dependence of the rate of formation of luminol radicals LumOOH", 1gdN, mol/(L s) at pH = 2 and different
concentrations of ferrous iron on time since the start of the reaction, t, s. Numbers indicate: 1 - [Fe?*] = 103 mol/L, 2 - [Fe?'] =
10*mol/L, 3 - [Fe*"] = 10°mol/L. In all cases, the concentration of [H,0,] = 10 mol/L, the concentration of luminol 10* mol /L.

Based on the fact that the luminescence must be
recorded during the entire reaction time, it is not a problem
to measure the light emission at [Fe**] = 102 mol/L of 60
seconds. At [Fe?*] = 10* mol/L it is also possible to register
luminescence during the reaction time of 600 seconds,
however, the luminescence intensity will decrease by 10
times. In this case, the measurement time during which the
effect + background will be recorded will also increase by
10 times, i.e. in the resulting light sum, the signal-to-noise
ratio will be much worse. It is already difficult to register
radiation during the reaction time of 6000 seconds at [Fe?']
=10% mol/L, the signal-to-noise ratio will worsen even more.

The calculation shows that at [Fe?*] = 105, 10* and 103
mol/L, the amount of LumOOH" radicals formed during the
total reaction time will be the same. However, if the radiation
is registered for a limited time, for example, 60 seconds,
then at [Fe?*] = 10 mol/l, we can register the entire glow, in
other cases, only a part of it. It is impossible to say from the
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experiment what part of the radiation was registered, since
the reaction time depends not only on [Fe?'], as for [Fe?'] >
[H,0,], but also on [H,0,], if [H,0,] > [Fe**]. We do not know
the value of the peroxide concentration to be found, so the
result may be ambiguous.

The dependence of the concentration of [LumOOH*] radicals
formed during the observation time of 120 seconds (NL) on
the concentration of peroxide for different concentrations of
luminol is shown in Figure 6. The concentration of [Fe?] is
chosen equal to 10”° mol/L, the concentration of luminol is
from 107 to 107 mol/L. Such concentrations of reagents are
often used in practical analyzes [6,12]. It turned out that the
values of NL do not depend on the concentration of luminol
in the range [Lum] from 10-* to 10~ mol/L (the values at
these concentrations coincide and lie on the same curve (1).
For curve (2), at peroxide concentrations from 10~ to 10-°
mol/L, almost all luminol (its concentration is 10 mol/L) is
consumed, so the dependence of NL on [H,0,] is weak within
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these limits. Similarly for curve (3) at [H,0,] from 107 to 10
mol/L.

The complex and non-linear nature of the dependencies
in Figure 6 indicates that the measured concentration of
[LumOOH"] at one set of concentrations of[Fe?*] and [Lum]
does not allow one to unambiguously determine not only the

Physical Science & Biophysics Journal

absolute value of [H,0,], but also the ratio of concentrations
for different solutions. In particular, for curve 3 it can be
seen that at [Lum] = 107 mol/L and [Fe*] = 10° mol/L,
the dependence of [LumOOH*] on [H,0.] is very weak, and
the concentration of [LumOOH] can even decrease with
increasing [H,0,] (curve 3).

Ig NL, mollL

Figure 6: The total concentration of LumOOH" radicals (NL, mol/L) formed during the first 120 seconds of the Fenton reaction
at a concentration of [Fe**] = 10° mol/l depending on the concentration of hydrogen peroxide [H,0,], mol/L for luminol
concentrations: 1 - from 10 to 10 mol/L; 2 - 10 and 3 - 107 mol/L.

-5 -4 -3
Ig [H202], mol'L

One of the possible ways of further transformations
of LumOOH" is the interaction with the superoxide radical
0, (reaction 16). The result is an excited molecule L". The
photon emission time, according to Vladimirov YA, et al. [6],
is much less than 1 second. Impurity molecules can increase
this time, but there are no such impurities in pure Fenton'’s
solution. Therefore, in what follows, we assume that the
luminescence L* occurs instantaneously, and the reaction
rate constant 16 is set equal to 1. The resulting product L
can emit photons in the blue region of the spectrum [7]. The
formation rate L’ is determined by the relation:

dL > =k,e-[LOOH"]-[031. (3)

The dependence of the rate of formation of L" (dL") at
[Fe**] = 107 mol/L, pH = 2, [H,0,] = 10* mol/L and [Lum] =
10*mol/L on time for the first 12 seconds from the beginning
of the reaction is shown in Figure 7 (curve 1).
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A strong decrease in the rate with time is due to a
decrease in the [0,] concentration (see Figure 4, curve 2).
It can be seen from Figure 7 that at pH=2, in the first 0.7
seconds, the rate of formation of dL" decreases by more
than 1000 times. This is due to the rate of formation of the
superoxide radical, which is maximal at the beginning of the
reaction. The total concentration of formed molecules dL" for
the first 0.7 seconds is 5.15 10-'* mol/L, and for 12 seconds -
5.39 10" mol/L. If the emission occurs instantaneously, then,
starting registration after 2 seconds, we lose information
about almost all emitted photons.

The situation is different at pH = 12 (see Figure 7, curve
2), when the trivalent iron formed in the reaction and almost
instantly precipitates. In this case, trivalent iron does not
have time to appreciably consume superoxide radicals,
superoxide radicals concentration does not decrease much,
and the amount of L" products that decompose with the
emission of photons increases greatly.

Copyright© Ivanova and Piskarev IM.
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Ig dL*, moliL
15
18
A7 1
1
-18 T T
0 2 4

Figure 7: The rate of formation of the product L', dL", mol/(L s), decaying with the emission of photons. Numbers indicate
cases:1-pH=2;2-pH=12.

Conclusion

The number of oxidation events in the Fenton
reaction N(Fe?* — Fe®") is measured by registering the
chemiluminescence that accompanies the reaction.

For [Fe**] >[H,0,], the Fenton reaction time is determined
by the ferrous iron concentration and does not depend
on the hydroperoxide concentration. The number of
N(Fe?* — Fe?*) oxidation events is determined by the
hydroperoxide concentration.

At [Fe*] < [H,0,], the reaction continues until the
hydroperoxide is completely consumed. The number of
N(Fe** — Fe3*) oxidation events is also determined by
the concentration of hydroperoxide, but not all of the
luminescence accompanying the Fenton reaction can be
recorded due to the fact that the reaction is slow. The
duration of the reaction can significantly exceed the
registration time.

The concentrations of iron and luminol convenient
for the experimenter were estimated. If the choice
of concentrations of ferrous iron and luminol is
unsuccessful, chemiluminescence will not depend on the
concentration of hydroperoxides.
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