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Chapter 3 

Electrochemically assisted Fenton reaction: The 

reaction of hydroxyl radicals with xenobiotics 

followed by on–line analysis with HPLC/MS/MS 

 
Oxygen radicals are generated in vivo by various processes, often as toxic intermediates in 
different metabolic transformations, and have been shown to play an important role for a 
large number of diseases. In this chapter we introduce an electrochemical flow through 
system that allows generation of hydroxyl radicals for reaction with xenobiotics and 
subsequent detection of the oxidation products on–line with HPLC/MS/MS. The system is 
based on the Fenton reaction and is predominantly aimed at the generation of hydroxyl 
radicals, but by minor variations to the system, a broad range of other radicals can be 
produced. Optimization of the system was performed with the radical scavenger 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO). Under the same physical conditions, one injection 
through the electrochemical cell gave a higher yield of the oxidation product N-hydroxy-
5,5-dimethyl-pyrrolidin-2-one than what was attained after 60 minutes with a chemical 
Fenton system catalyzed by ascorbic acid. Since the iron is added as Fe3+, the initial 
mixture is “inactive” until it reaches the electrochemical cell. This makes it very suitable 
for on–line analysis of the generated compounds, since the whole reaction mixture, 
including substrate, can be kept in a vial in an autosampler. The system described provides 
a useful tool for investigation of new radical scavengers and antioxidants. Since the 
hydroxyl radical adds readily to unsaturated π–systems, the technique is also suitable for 
on–line generation and characterization of potential drug metabolites resulting from 
hydroxylation of double bonds and aromatic systems.  

 
3.1 Introduction 

Oxygen radicals in the body are reactive, short lived and play a role in most major health 
problems.1 A number of radicals are formed in biological systems via a range of different 
processes. The oxygen containing radicals involved in “oxidative stress” together with 
some non radical species are collectively called Reactive Oxygen Species (ROS) and are 
often toxic intermediates in different metabolic processes. Examples of ROS known to 
induce damage in vivo are H2O2, organic hydroperoxides, HOCl, NO⋅, O2

.-, alkoxyl 
radicals and the hydroxyl radical. ROS can be derived from numerous sources in vivo 
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including normal respiration, photochemical reactions and enzymatic reactions. A large 
number of enzymes have been shown to be capable to generate ROS and include the 
cytochromes P450, various oxidases, peroxidases, lipogenases and dehydrogenases.2  

One of the most hazardous radicals is the extremely reactive hydroxyl radical, with 
an almost diffusion limited half life of about one nanosecond. It has been shown to play a 
major role in a number of diseases. Oxidative stress induced by hydroxyl radicals is for 
example believed to be the main cause of damage to the neurons in Parkinson’s disease3,4. 
Oxidation of proteins and enzymes may contribute to the build–up of glutamate in stroke. 
The reaction of hydroxyl radicals with nucleic acids causes strand breaks and alters bases 
and thereby contributes to carcinogenesis.5 Accumulation of oxidized proteins and 
enzymes has also been observed during the process of aging.6 

The main source of hydroxyl radicals in vivo is probably the so called Haber–
Weiss reaction, where O2

.- reduces Fe3+ to Fe2+ and in that way initiates the Fenton reaction 
between Fe2+ and hydrogen peroxide.2  
 

Fe 2+Fe3+ +

OH
-

H2O2

+ O2

+ +Fe 2+ + Fe3+

O2

-.
O2

-. -.

OH. OH.
 

 
Other metal ions such as Cu+, Ti3+, Cr2+ and Co2+ can replace Fe2+ in the reaction.7 In vivo, 
only iron and copper are present in high enough concentrations to be relevant in the 
Haber–Weiss reaction. Iron is the most abundant and consequently the most important 
transition state metal, but because of its high abundance in the mammalian cell nucleus 
copper is probably more important than iron for oxidative damage to DNA.8 The reaction 
can also be initiated by reduction of Fe3+ by other reducing agents present in the body, as 
for example ascorbic acid.9 Ironically, the antioxidant property of ascorbic acid also 
enables it to catalyze the Fenton reaction and thereby increase the oxidative damage to the 
surrounding tissue.  

In order to gain information about how radicals interact with endogenous 
compounds as well as drugs and xenobiotics and to allow the study of new radical 
scavengers and antioxidants, the generation of radicals followed by accurate measurement 
of the oxidation products is of great importance.  

In vitro, hydroxyl radicals can be generated in a number of ways, for example via 
radiolysis of water10, photolysis of hydrogen peroxide11, chemical systems based on 
Fenton chemistry7 and from enzymatic sources such as xanthine/xanthine oxidase.12 
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Figure 3.1 Principle of the Fenton reaction. Regeneration of Fe2+ from Fe3+ is done by chemical 
reduction with L(+) ascorbic acid, or by electrochemical reduction at the working electrode. 
 
The overall Fenton reaction presented in Figure 3.1 is a simplification of a much more 
complicated mechanism still under debate, but a more thorough mechanistic discussion lies 
beyond the scope of this article.13,14 Hydroxyl radicals are generated as Fe2+ donates an 
electron to hydrogen peroxide. The iron is oxidized to Fe3+ and becomes inactive for 
further reaction. In a chemical Fenton system, a reducing agent, such as ascorbic acid, is 
usually added to regenerate Fe2+.15 

The system presented in this article is based on electrochemically assisted Fenton 
chemistry, where the regeneration of Fe2+ is achieved by reduction of Fe3+ at the working 
electrode.16 Since the iron is added as Fe3+, the mixture will be “inactive” until it reaches 
the electrochemical cell. This makes it very suitable for on–line analysis of the generated 
compounds with a number of analysis techniques, such as ESR or UV–detection. In our 
experiments, the electrochemical cell has been connected on–line with an HPLC column 
connected to a triple quadrupole mass spectrometer. Although the focus has been on the 
generation of hydroxyl radicals, the system presented can be applied for the generation of a 
large range of radicals. 

 

3.2 Experimental 

 
Chemicals 
The following chemicals were obtained commercially: 5,5-dimethyl-1-pyrroline-N-oxide 
(DMPO), Sigma; Iron(III)chloride hexahydrate, 98 %, Aldrich; ethylenediaminetetraacetic 
acid disodium salt (EDTA), 99 %, Merck; L(+) ascorbic acid, 99.7 %, Merck; 
dimethylsulfoxide, 99.9 %, Aldrich; dibutylsulfoxide, 96 %, Aldrich; Methanol, gradient 
grade, Merck; hydrogen peroxide, 35 % solution in water, Aldrich. The water used in the 
experiments was purified in a Maxima Ultrapure water system (ELGA, High Wycombe, 
Bucks, U.K.) and was sonicated for about 15 minutes before use. 
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Description of the EC/LC/MS system 
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Figure 3.2 The EC/LC/MS system 

 
A schematic overview of the EC/LC/MS system used for the electrochemically assisted 
Fenton experiments is given in Figure 3.2. A Brownlee microgradient system (Brownlee 
labs, Santa Clara, CA, USA) delivered a flow of 1-50 µl/min. The analytes were injected 
with a 0.5 ml injection loop and passed through an ESA Coulochem 5020 guard cell (ESA 
Inc., Bedford, Massachusetts, USA) connected to a home made potentiostat. The ESA 
5020 guard cell has a porous graphite working electrode and all reported cell potentials are 
vs. a palladium reference electrode. A MacLab system with Chart 3.5.7 software (AD 
Instruments, Castle Hill, NSW, Australia) was used to control the potentiostat and to apply 
the desired potential over the electrochemical cell. The cell current was continuously 
registered by Chart. To dilute the sample and to adjust the acetonitrile content to fit the 
start of the gradient, a make up liquid containing 10 % acetonitrile and 0.1 % formic acid 
was added at a flow rate of 50 µl/min from a KDS100 syringe pump (KD Scientific, 
Boston, Massachusetts, USA). The diluted sample was collected on–line in a 20 µl 
injection loop, and injected onto a reverse phase HPLC column (Alltech Alltima, C18, 5 
µm, 150 x 2.1 mm, Alltech Associates, Deerfield, IL, USA). Two Series 200 micro LC 
pumps (Perkin Elmer, Norwalk, CT, USA) were programmed to deliver a gradient from 
water and acetonitrile at a total flow rate of 200 µl/min. Both phases contained 0.1 % 
formic acid. The first two minutes, the acetonitrile concentration was kept at 15 %, and 
was then linearly increased to 75 % over a period of 10 minutes. The mobile phase 
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composition was linearly brought back to 15 % acetonitrile in 2 minutes. The system was 
allowed to equilibrate for at least 10 minutes between the injections. Full–scan spectra or 
product ion spectra were acquired continuously with an API 3000 triple quadrupole mass 
spectrometer (MDS–Sciex, Concord, Ontario, Canada) equipped with a TurboIonSpray 
interface. The interface was operated at room temperature and a splitter was introduced 
between the HPLC–column and the mass spectrometer to reduce the flow to approximately 
40 µl/min. The MS was operated at such a low orifice voltage that “up front” collision 
induced dissociation did not take place.  
 

The electrochemically assisted Fenton system (EC-Fenton system), general 

conditions 
Unless otherwise mentioned, the sample solutions injected through the electrochemical cell 
contained 1 mM substrate, 1 mM FeCl3, 1.02 mM EDTA (to prevent precipitation of ferric 
hydroxide) and 10 mM hydrogen peroxide. The final concentration of acetonitrile in the 
sample solution was 21 %. The hydrogen peroxide was kept in the refrigerator and was 
added just before the injection. The “inactive” Fenton mixture was injected at a flow of 50 
µl/min. After 1 minute, the flow was lowered to 2 µl/min (the efficiency of the 
electrochemically assisted Fenton reaction increases at low flow rates). 20 Minutes after 
the first injection, the diluted sample was injected with the second injection loop onto the 
HPLC column. The potential over the electrochemical cell was kept at –0.5 V. 
 

Comparison between the electrochemically assisted Fenton system and a 

chemical Fenton system. 
To a glass vial was added: FeCl3 (200 µl, 10 mM in acetonitrile), EDTA (200 µl, 10.2 mM 
in water) and 1380 µl water. The solution was vortexed for 10 s in a MS1 Minishaker (IKA 
WORKS, Inc., Wilmington, NC, USA) and then DMPO (200 µl, 10 mM in acetonitrile) 
was added. After another 10 s vortex, the solution was split equally between two glass 
vials. To the vial destined for the chemical Fenton reaction, ascorbic acid (5 µl, 1 M in 
water) was added. At t=0, hydrogen peroxide (10 µl, 1 M in 90 % acetonitrile, 10 % water) 
was added to both vials. The sample without ascorbic acid was injected onto the 
EC/LC/MS system as described in the section above. The vial containing ascorbic acid was 
vortexed at 1000 rpm. Samples were taken at 1, 15, 30, 60 and 120 minutes and were kept 
in the freezer until they were analyzed the same day using identical HPLC/MS conditions 
as those used in the EC/LC/MS system. Both experiments were performed at room 
temperature.   
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Formation of methyl, butyl, and hydroxymethyl radicals 
The samples were prepared as described in the section “general conditions”. For the 
formation of methyl radicals, dimethylsulfoxide (2 %, 0.26 M) was added to the sample 
before injection. Butyl radicals were obtained by addition of dibutylsulfoxide (2 %, 0.12 
M), and hydroxymethyl radicals were generated by addition of methanol (2 %, 0.63 M). 
 
3.3 Results and discussion 
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Figure 3.3 a) Reaction of the hydroxyl radical with DMPO b) Formation of hydroxymethyl radical 
c) Reaction of the hydroxymethyl radical with DMPO 
 
 
Scavenging of the hydroxyl radical with the spin trap DMPO 
In Figure 3.3a, the scavenging of hydroxyl radical by DMPO is shown. The radical product 
is stabilized by delocalization of the unpaired electron spin density over nitrogen and 
oxygen in the aminoxy group. However, in the case of the hydroxyl radical, the stability of 
the spin adduct formed is rather low and the radical loses a hydrogen atom to give 2–
hydroxy–DMPO. The product ion spectrum given in Figure 3.4 and the suggested 
fragmentation pathway described in Figure 3.5 suggest that the product has been 
rearranged to N-hydroxy-5,5-dimethyl-pyrrolidin-2-one.  
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 QuickTime™ and aGraphics decompressorare needed to see this picture. 
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Figure 3.4 Product ion spectrum of the DMPO adduct with m/z 130 
  

m/z 130

- H2O

m/z 112 m/z 84

- HNCO

N C O
H

+ +

m/z 69

C2H4-

+N C O

H

+ N C O

H

+N

HOH

O

+

N O
+

m/z 41

m/z 112

- HNCO

m/z 130

N C O

H
+

+

N O

OH
H

H - H2NOH

m/z 97

+- CO

m/z 69

m/z 130

N O

OH
H +

N O
+

N O

OH
H

H
+

N OH
H

HH2C=C=O- +

N

H

OH
H

+

N O

OH
H +

- H2NOH

m/z 88

+

m/z 55

N O
+

m/z 112

N
O

+

O+

H2C=C=O-

N
+N +

m/z 70

 

Figure 3.5 Suggested fragmentation pathways for the protonated N-hydroxy-5,5-dimethyl-
pyrrolidin-2-one 
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It has been debated that the DMPO–OH radical can be formed by a non–radical 
mechanism.13,17 A simple method to test if the adduct is formed via addition of hydroxyl 
radical or by a different mechanism is to add a second radical scavenger, such as methanol, 
ethanol or dimethyl sulfoxide (DMSO). Figure 3.3b shows the reaction between hydroxyl 
radical and methanol. The hydroxyl radical abstracts a hydrogen atom from methanol to 
yield a hydroxymethyl radical which then in turn reacts with DMPO (Figure 3.3c).18 
Subsequent loss of a hydrogen atom results in a new nitrone. The detection of 2–
hydroxymethyl–DMPO was taken as indirect evidence that hydroxyl radicals were formed 
in the electrochemical system. Other mechanisms can not be entirely excluded but 
hydroxyl radicals are clearly generated in the system.  
  QuickTime™ and aGraphics decompressorare needed to see this picture. 

a) -0.5 V

b) Cell turned off

-

+N

O

CH2OH

 
 
Figure 3.6 Mass chromatograms of m/z 144, corresponding to the protonated 2–hydroxymethyl–
DMPO obtained by electrochemically assisted Fenton reaction a) The cell potential was kept at –0.5 
V b) No potential was applied over the electrochemical cell. 
 
The mass chromatogram of the [M+H]+ ion of 2–hydroxymethyl–DMPO is shown in 
Figure 3.6. The same reaction mixture was injected in both experiments. In Figure 3.6a, the 
potential over the cell was kept at –0.5 V, a potential where the Fe3+ ions are readily 
reduced to Fe2+ and thereby initiating the production of hydroxyl radicals. In Figure 3.6b 
no potential was applied over the cell, and as a consequence, no 2–hydroxymethyl–DMPO 
was formed.  

It is important to realize that the electrochemical reaction is limited to a thin layer 
next to the electrode surface and the ions in the bulk solution do not take part in the 
electrochemical reaction.19 In principle, direct electrochemical reduction of hydrogen 
peroxide could give one hydroxyl radical and one hydroxyl ion. Since this reaction takes 
place at the electrode surface, the produced hydroxyl radicals are immediately reduced to 
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hydroxyl ions at a reductive potential. In contrast, Fe2+ ions produced at the working 
electrode are free to diffuse into the solvent phase and become available for reaction with 
hydrogen peroxide. If the substrate used to trap the radicals is added in high enough 
concentration, a large part of the hydroxyl radicals will be trapped without a substantial 
loss of hydroxyl radicals to the working electrode. 
 

Comparison between the electrochemically assisted Fenton system and a 

chemical Fenton system. 
Under the conditions used in these experiments, one injection through the electrochemical 
cell gave a higher yield of N-hydroxy-5,5-dimethyl-pyrrolidin-2-one than what was 
obtained after 60 minutes with a chemical Fenton system catalyzed by ascorbic acid. The 
calculated cell volume of the ESA Coulochem 5020 guard cell is 40 µl. At a flow rate of 2 
µl/min, the Fenton mixture stays 20 minutes in the electrochemical cell. The 
electrochemical regeneration of Fe2+ provided by the ESA 5020 guard cell is thus more 
efficient than the chemical regeneration by ascorbic acid. 
 

Generation of radicals other than hydroxyl radicals in the EC Fenton system 
Hydroxyl radical generation was the main goal in these experiments, but the 
electrochemically assisted Fenton system can also be used to generate a range of other 
radicals. Because of the extreme reactivity of the hydroxyl radical, it will react with most 
compounds added to the system and generate new radicals. One example is the formation 
of hydroxymethyl radical by addition of methanol to the system described above. Another 
example of how radicals can be derived from the hydroxyl radical is the reaction with 
dialkylsulfoxides.  
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Figure 3.7 Products from reaction of DMPO with radicals derived from the hydroxyl radical. a) 2-
methyl-DMPO from addition of dimethylsulfoxide. b) 2-butyl-DMPO from addition of 
dibutylsulfoxide. 
 
The hydroxyl radical adds to the sulfur and an alkyl radical is released. Figures 3.7a and 
3.7b show the full–scan spectra of 2–methyl–DMPO and 2–butyl–DMPO generated by 
addition of dimethylsulfoxide and dibutylsulfoxide respectively. When DMSO was added 
to the system, DMPO was almost completely converted to 2–methyl–DMPO, suggesting 
that the initial formation of hydroxyl radicals is larger than indicated by scavenging and 
formation of N-hydroxy-5,5-dimethyl-pyrrolidin-2-one. DMPO has to compete with 
several other reactions of the hydroxyl radical, such as reduction to hydroxide ions at the 
electrode or by Fe2+, reaction with EDTA and reaction with another hydroxyl radical to 
form hydrogen peroxide. The relative stability of the methyl radical compared to the 
hydroxyl radical provides a longer time to encounter and react with DMPO. 
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Effect of Fe(III)/EDTA concentration on the formation of N-hydroxy-5,5-

dimethyl-pyrrolidin-2-one  
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Figure 3.8 Effect of the Fe(III)/EDTA concentration on the formation of N-hydroxy-5,5-dimethyl-
pyrrolidin-2-one given as percent of the sum of the integrated peaks of the protonated DMPO and 
N-hydroxy-5,5-dimethyl-pyrrolidin-2-one in the mass chromatograms. 
 
The effect of Fe(III)/EDTA concentration on the formation of N-hydroxy-5,5-dimethyl-
pyrrolidin-2-one is illustrated in Figure 3.8. The electrochemical regeneration of Fe2+, 
shown in Figure 3.1 theoretically allows Fe3+ to be added in catalytic amounts. In an 
electrochemical system where the ferric ions have constant access to the working 
electrode, as described by Oturan and Pinson, the ferrous ions will be continuously 
regenerated, and can thus be added in small amounts.16 In the flow through system 
described here, the Fenton reaction mixture will stay 20 minutes in the electrochemical cell 
at a flow rate of 2 µl/min. In this period, the Fenton chemistry does not proceed at a high 
enough rate to allow addition of catalytic amounts of Fe3+ for a high formation of N-
hydroxy-5,5-dimethyl-pyrrolidin-2-one. 
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Effect of the flow rate on the formation of N-hydroxy-5,5-dimethyl-pyrrolidin-

2-one  
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Figure 3.9 Effect of the flow rate on the formation of N-hydroxy-5,5-dimethyl-pyrrolidin-2-one 
given as percent of the sum of the integrated peaks of the protonated DMPO and N-hydroxy-5,5-
dimethyl-pyrrolidin-2-one in the mass chromatograms. 
 
The electrochemical regeneration of Fe2+, illustrated in Figure 3.1 is only active as long as 
the ferric ions can be reduced at the working electrode. The efficiency of the 
electrochemically assisted Fenton reaction is thus dependent on the time that the reaction 
mixture spends in the electrochemical cell. The cell volume and the flow rate therefore 
have a large influence on the radical formation. The ESA Coulochem 5020 guard cell has a 
calculated volume of 40 µl. At a flow of 1 µl/min, the reaction mixture spends 40 minutes 
in the electrochemical cell. In Figure 9, the effect of flow rate on the formation of N-
hydroxy-5,5-dimethyl-pyrrolidin-2-one is shown. It is clear that the efficiency of the 
electrochemically assisted Fenton reaction goes down as the flow goes up. For obvious 
reasons, high flow rates would be preferred in order to save time when the system is 
connected on–line. A larger electrochemical cell would probably increase the efficiency 
and allow the use of higher flow rates. On the other hand, the larger the cell volume, the 
longer it takes to get through the electrochemical cell. 
 
3.4 Conclusions 

An electrochemically assisted Fenton system for generation of radicals on–line with 
HPLC/MS/MS has been developed. The fact that the “inactive” reagent is activated upon 
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passage through the electrochemical cell makes it very suitable for on–line analysis of the 
products, since the whole reaction mixture including substrate can be kept in a vial in an 
autosampler. The described system provides a useful tool for the investigation of new 
radical scavengers and antioxidants. In our previous work, we described how 
electrochemistry on–line with mass spectrometry can be used to mimic a number of 
cytochrome P450 catalyzed oxidations.20,21 The electrochemically assisted Fenton system 
provides a different type of oxidation and is able to insert an oxygen on organic molecules 
in cases where pure electrochemistry fails to mimic the enzymatic oxidation. It is important 
to realize that the EC–Fenton system requires the use of significantly lower flow rates than 
pure electrochemical oxidation. 
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