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1 Introduction

Degradation and post-treatment reaction cascade
of acetaminophen after electro-Fenton treatment
on heterogeneous catalyst active sites

Fee Kaufer @*2 and Heike Kahlert ®°

Pharmaceuticals are not effectively removed from wastewater by traditional three step water purification
methods, posing significant environmental and public health concerns. A heterogeneous electro-Fenton
process was investigated as a promising treatment candidate and revealed a degradation mechanism with
two stages for the common pharmaceutical acetaminophen. First, a traditional Fenton reaction occurs in
situ at active sites of catalytic iron at the cathode. Hydroxyl radicals which are produced from hydrogen
peroxide via the Fenton reaction lead to hydroxylation of acetaminophen. This primary degradation
initialises a post-treatment reaction cascade leading to degradation ex situ over time. Without further
energy input, continuous degradation of acetaminophen can be achieved. The main products of
acetaminophen degradation caused by the Fenton reaction and other advanced oxidation processes
(AOPs) as described in the literature are p-benzoquinone (BQ) and hydroquinone (HQ). Their occurrence is
also likely in the described setup. Both can lead to formation of quinone anion radicals (QRs) by
comproportionation. When QRs react with the weak oxidising agents present, hydrogen peroxide and
oxygen, hydroxyl radicals and superoxide radicals are produced. These lead to further degradation
processes towards the mineralisation of the remaining acetaminophen and its products. As BQ and HQ are
degradation products of several aromatic pollutants, it is possible that the revealed mechanism is
transferable to other pollutants and their degradation through the Fenton reaction. This emphasizes the
importance of studying Fenton systems not only in batch or circular reactors, but also in continuous flow-
through systems, allowing differentiation between effects caused by the two degradation stages.

wastewater is the use of advanced oxidation processes (AOPs).
These processes use the production of highly reactive

Pharmaceuticals are contaminants of emerging concern
(CECs) because they have potential harmful effects on
humans or the environment. Pharmaceuticals are of
increasing importance in the context of water quality,
especially as conventional wastewater treatment technologies
are not designed to degrade them, making the challenge of
effectively removing these pollutants from water sources
increasingly critical." In effluents from state-of-the-art
wastewater treatment plants, pharmaceuticals are still present
in concentrations in the range of ng L™ to pg L™.> An
extensive global study of surface waters detected
pharmaceuticals in 134 of 137 sampling sites demonstrating
the significance of the issue of pharmaceuticals in water
systems.”

One promising treatment option for the removal of
organic pollutants, including pharmaceuticals, from
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oxidising agents, particularly hydroxyl radicals, which are
known for their ability to effectively mineralise and break
down complex organic compounds.” Among the various
AOPs, the Fenton process is one of the most extensively
studied. It utilises a reaction between hydrogen peroxide and
iron(n) to generate hydroxyl radicals. The hydroxyl radicals
produced in this process are highly reactive. They have a
standard reduction potential E® (OH/H,O vs. SHE) of 2.8 V.’
Therefore, they can initiate rapid oxidative degradation
of organic compounds, ultimately leading to complete
mineralisation. However, conventional homogeneous Fenton
processes operate under acidic conditions, requiring a low
pH environment, typically around 3. This can be problematic
for practical applications, as acidification and subsequent
neutralisation cause additional costs. In addition, iron
pollution of treated water leads to further measures needed.
To overcome these drawbacks, a heterogeneous system with
the use of solid iron catalysts may be applied. This approach
not only stabilises the catalyst, but also allows operation at a
neutral pH, thereby improving the overall applicability of the
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treatment process.® Moreover, the implementation of an
electro-Fenton process presents a significant advancement in
the field. In the electro-Fenton process, hydrogen peroxide is
generated electrochemically through the two-electron oxygen
reduction reaction, leading to in situ production of the
oxidant. This not only enhances the efficiency of hydroxyl
radical generation, but also avoids the logistical challenges
associated with the storage, transportation, and handling of
liquid hydrogen peroxide that are typical with traditional
Fenton processes.”

Such electro-Fenton processes are usually operated in
batch reactors. Here, the entire volume of the solution is
treated simultaneously, and the reactants are thoroughly
mixed with the untreated solution.® However, this
approach has a significant limitation: it does not allow for
differentiation of treatment processes on a temporal scale.
As untreated solution is continuously mixed with the
treated one, it becomes increasingly challenging to assess
the distinct effects of the treatment in situ at the
heterogeneous Fenton catalyst and its initiated reactions
which occur post-treatment. To overcome this limitation,
the present study employs a flow-through electro-Fenton
system. In this approach, the flow originating from the
cell's outlet is directed away from the original vessel
containing untreated solution, thus creating a more
controlled experimental environment. By maintaining this
separation, the flow-through system enables a clearer
assessment of how pollutants react over time at the
catalyst not only in situ but also ex situ. This temporal
analysis is critical to wunderstanding the kinetics of
pollutant removal and provides insight into how much
degradation is caused by the energy-dependent electro-
Fenton process and how much by a posttreatment
reaction cascade. The possibility of such distinction is the
novelty of the present study.

Outlet

Platinum wire as
counter electrode

Inlet for
rubber rings

Carbon felt
counter electrode

Inlet for /

electrolyte bridge

..

Fig. 1 Flow-through reaction cell with coated carbon felt as a
working electrode, in contact circularly all around. The counter
electrode is a platinum wire and a reference Ag/AgCl electrode is
connected via an electrolyte bridge inserted through an inlet. Rubber
rings are included for sealing.
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2 Methods

2.1 System setup

A self-designed flow-through reaction cell was used for the
investigated electro-Fenton setup (Fig. 1). It was designed
using computer aided design (CAD) software (Autodesk
Inventor Professional, Autodesk) and fabricated from resin
(Clear, Formlabs) using a 3D printer (Form 2, Formlabs). To
remove the residual liquid resin, the parts were placed in an
isopropanol bath for 10 min in a Form Wash device
(Formlabs). The material was cured for 15 min at 60 °C under
405 nm light in a Form Cure device (Formlabs).

Coated carbon felt H23C6 (Freudenberg) was applied as a
working electrode and brought into contact with a platinum
wire that encircled the carbon felt. It was coated with iron
oxides via magnetron sputtering to provide a heterogeneous
Fenton catalyst. Reactive sputtering was used for deposition
by creating an atmosphere with a volumetric Ar: O, ratio of
5:8. At 6.5 Pa, 100 W was applied to an iron target. The
process ran for 60 min. The catalytic material produced
consisted of amorphous magnetite with a small proportion of
low-crystalline hematite. Further details on the deposited
iron oxide material and its characterisation can be found in a
previous publication.”

The three-electrode setup was completed with a spiral of
platinum wire as the counter electrode and Metrohm Ag/AgCl
(saturated KCl(Honeywell, p.a.), E = 0.208 V vs. SHE) as a
reference electrode which was connected via an electrolyte
bridge to the reaction cell. The salt bridge contained an agar
gel produced with saturated potassium chloride. Rubber
rings were used above and below the working electrode to
provide sealing.

2.2 System operation

The model pollutant acetaminophen (Sigma Aldrich, 98%)
was added to a pH 6 50 mM sodium sulphate solution
(Honeywell, =>99%) to obtain an eluent containing
31.25 mg L acetaminophen. It was pumped through the
reaction cell using a peristaltic pump (IPC, Ismatec) at a flow
rate of 1.5 mL min™'. A potentiostatic approach was used.
Once all electrodes were immersed in the eluent, a potential
of -0.7 V was applied using a pAutolab Type II potentiostat
(Metrohm) and controlled via Nova software (Metrohm Nova,
version 2.0). Initially, the solution at the outlet was discarded
to guarantee that the actual sample collected was
homogeneous and that all of it interacted with the working
electrode during application of the potential. The system was
operated at room temperature with no observed changes
during operation.

2.3 Sample analysis

The acetaminophen content of the collected samples was
analysed by HPLC (1260 Infinity II LC System, Agilent
Technologies) with a diode array detector and a Luna C18(2)
5 um column (Phenomenex). The sample tray was
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maintained at a temperature of 25 °C, and an injection of
50 pL from the sample was made for analysis. The mobile
phase consisted of a mixture of methanol (>99.8%, Fischer
Chemical) and 0.1% phosphoric acid (obtained from 85%
phosphoric acid, Merck), which was pumped through the
system at a rate of 1 mL min™". Initially the composition was
set at 10% methanol and 90% phosphoric acid. Over the first
14 min, this ratio was gradually adjusted to 100% methanol
which was held for one minute. Afterwards, the mixture was
slowly switched back to the starting ratio over three minutes
and maintained for an additional two minutes. Meanwhile,
the diode array detector monitored acetaminophen at
254 nm and collected the UV spectra for all emerging
degradation products. The analysis of a sample by HPLC was
conducted immediately following a run through the electro-
Fenton reaction cell and further measurements followed
continuously after for real-time analysis of the sample.

The degradation was calculated by taking the peak areas
of acetaminophen from the chromatogram. The area for the
initial untreated solution A, and the value for measured
treated sample A; were related as follows:

A
Degradation [%] = (1 - A—l) -100 (1)
0
The presence of hydrogen peroxide was confirmed via the
Ghormley triiodide method as described by Klassen et al.® It
is based on the production of triiodide with hydrogen
peroxide via the following two reactions:*°

H,0, + 21 + 2H' = I, + H,0O (2)
L+ =13 (3)

Triiodide strongly absorbs at 351 nm and therefore can be
detected by UV-vis spectroscopy. Two solutions are required:
one with 0.1 mol L' potassium hydrogen phthalate (Carl
Roth) and a second one with a mixture of 0.4 mol L™
potassium iodide (Carl Roth), 0.6 mol L™" sodium hydroxide
(Fisher Chemical), and 0.1 mmol L™" ammonium molybdate
tetrahydrate (Sigma Aldrich). Sodium hydroxide
potassium hydrogen phthalate were used to buffer the

and
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Fig. 2 Initial chromatogram recorded for the acetaminophen solution.

7192 | Catal Sci. Technol.,, 2025, 15, 7190-7199

View Article Online

Catalysis Science & Technology

DADIAS=254.4 Ref=360.100

8
Y5

mAl
&

#1845

{5,092

46,001

L 2
45 50 55

lea2rt
o] 3583
a3 745
e 10

00 05 10 15 20 25 30 3

40 65 70 15 80
Time [min]

Fig. 3 Chromatogram of the acetaminophen solution treated by the
described heterogeneous electro-Fenton system recorded at t = 0 min
after treatment.

solution. Added ammonium molybdate catalyses the reaction
of potassium iodide with hydrogen peroxide. A total of
750 uL of each solution was added to a cuvette (UV-Cuvette
Marco, Brand), which contained 500 uL of the sample and
1000 pL of deionised water. After a 10 min reaction period, a
UV-vis photometer (SPECORD 50, Analytik Jena AG)
measured the spectrum from 200 nm to 500 nm, with a peak
at 351 nm.

3 Results and discussion

3.1 Acetaminophen degradation

With the described HPLC procedure, the as-prepared
acetaminophen solution's chromatogram showed a peak at a
retention time of 4.45 min (Fig. 2). Immediately after
treatment of the acetaminophen solution by the described
heterogeneous electro-Fenton system, an initial degradation
of 10.5(+1.6)% was observed as calculated by eqn (1). It should
be noted that this immediate measurement is set as t = 0 even
though approximately 5 min passed between sample
extraction and beginning of the HPLC run. This time can be
considered marginally small compared to measurement
times. Additional peaks appeared in the corresponding
chromatogram at ¢ = 0, which must be due to degradation
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Fig. 4 Chromatogram of the acetaminophen solution treated by the
described heterogeneous electro-Fenton system recorded at t = 1068
min after treatment.

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cy00784d

Open Access Article. Published on 17 Ekim 2025. Downloaded on 2.02.2026 01:56:08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Catalysis Science & Technology

DADIASg=254.4 Ref=360.100

7

Fig. 5 Chromatogram of the acetaminophen solution treated by
the described heterogeneous electro-Fenton system recorded at
t = 1372 min after treatment.

products (Fig. 3). Measurements of the same sample at
1068 min and 1372 min after ¢ = 0 showed a development in
the observed chromatograms (Fig. 4 and 5). The peak of
acetaminophen decreased further while others increased.
Following this observation, a detailed analysis of
acetaminophen development over time after an initial
treatment was performed. Keeping the sample at 25 °C and
continuously analysing it using HPLC, an increase in
degradation values was observed with each measurement.
Plotting these values over time produces an S-shaped curve
(Fig. 6). Its progression can be divided into three phases.
Up to 100 min, during phase one a slight increase in
acetaminophen degradation is detected. After this, the
change in degradation increases dramatically and leads to
an almost exponential progression in phase two. A plateau
is reached in phase three. After about 12.5 h, the final
degradation is 99.6% for repetition I, 99.7% for repetition
II and 97.7% for repetition III. This suggests that only a
small part of the degradation takes place in situ on the
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Fig. 6 Change in detected acetaminophen degradation over time for
three samples which were treated by the electro-Fenton process and
continuously kept at 25 °C for measurement by HPLC.
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catalyst. The majority takes place ex situ as a result of a
post-treatment reaction cascade.

3.2 Mechanism for the reaction Cascade

This cascade must be driven by emerging
degradation products. Various studies in batch reactors have
detected similar products of acetaminophen from the
reaction with hydroxyl radicals."®"* Vogna et al.'® were the
first to describe a detailed reaction pathway of
acetaminophen treated by an AOP. The initial step in the
degradation sequence always involves hydroxylation, which
can occur at the ortho, meta, or para positions of the aromatic
ring. However, investigations suggest that hydroxylation
mainly takes place at ortho- and para-positions. During the
operation of an electro-Fenton process, benzoquinone (BQ)
has been identified as the primary degradation product.'**®
BQ can result from hydroxylation at all positions on the
aromatic ring. Only direct substitution at the para-position
yields hydroquinone (HQ) instead of BQ (Fig. 7, path A). Both
BQ and HQ are formed simultaneously along with
acetamide, which is ultimately degraded to ammonium and
small amounts of nitrate. Additional products identified in
degradation of acetaminophen are 2-hydroxy-4-(N-acetyl)
aminophenol (HAP), benzoic acid, and benzaldehyde. HAP
is produced through hydroxylation at the ortho-position
(Fig. 7, path B), while benzoic acid and benzaldehyde are
derived from transformations of both HQ and BQ (Fig. 7).

observed

"
Benz-  Benzoic ¢

aldehyde acid
o _n oo

N &S

A

NH,* + NO, co, + H,0

Fig. 7 Degradation pathway for acetaminophen as suggested in the
literature.
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Furthermore, aromatic ring cleavage facilitated by hydroxyl
radicals is a viable mechanism, enabling the degradation of
aromatic compounds into various carboxylic acids,
including oxalic, maleic, oxamic, formic, acetic, and
fumaric acids through AOPs. The subsequent oxidative
processes ultimately convert these compounds into water
and carbon dioxide completing full mineralisation of
acetaminophen.'’

None of the mentioned degradation products of
acetaminophen seem to be suitable to initiate a post-
treatment reaction cascade that explains the observed
continuous ex situ degradation. Oxidising agents must be
involved, which are neglected in the described pathway.

Within this study, effluent samples of the applied
Fenton system contain at least two initial oxidising agents.
For one, hydrogen peroxide is present in samples when not
all of it reacts at catalytically active sites in a Fenton
reaction. This was proven by detecting hydrogen peroxide
photometrically in samples via the Ghormley triiodide
method as described by Klassen et al.® The other oxidising
agents present in the samples are oxygen molecules, which
did not undergo the two-electron oxygen reduction reaction
(ORR). Hydrogen peroxide is considered a weak oxidising
agent, having a standard reduction potential E® (H,0,/H,O
vs. SHE) of 1.763 V. As a result, it can only oxidise specific
organic compounds, such as aldehydes and formic acid.>'®
In comparison, molecular oxygen has an even lower
standard reduction potential E® (O,/H,O vs. SHE) of 0.804
V' (Fig. 8). Therefore, while both oxygen and hydrogen
peroxide may contribute to the degradation of the final
organic products resulting from acetaminophen toward
complete mineralisation, the persistent degradation of
acetaminophen cannot be solely attributed to direct
oxidation by hydrogen peroxide or oxygen. This was
confirmed by adding hydrogen peroxide to the
acetaminophen solution and monitoring its amount. Over
10 h, a variation in acetaminophen concentration of only
0.32(+0.10)% was observed.

2.8 + E*°(OH+/H20 vs. SHE)

+ E® (H,0,/H,0 vs. SHE)

+ E°(0,/H,0 vs. SHE)

02 o E® (HCOOH/CO, vs. SHE)

Fig. 8 Comparison of standard reduction potentials of the present
oxidising agents (molecular oxygen, hydrogen peroxide and hydroxyl
radicals) (+) with standard reduction potentials of certain organic
compounds (O).
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Fig. 9 Quinone anion radicals (QRs) as a redox intermediate of
hydroquinone (HQ) and p-benzoquinone (BQ).

The post-treatment reaction cascade is likely driven by
more reactive oxidising agents, most probably in the form of
free radicals. One possible candidate is quinone anion
radicals (QRs), which can be derived from the primary
degradation products BQ and HQ. They can result from two
different mechanisms. They are intermediates in the redox
chemistry of BQ and HQ (Fig. 9)."® During oxidation, HQ
releases electrons, leading to the formation of QRs. This
reaction is initiated by oxidising agents. Both molecular
oxygen and hydrogen peroxide can act as such oxidising
agents and lead to the formation of QRs by oxidation of
HQ."”?° The other mechanism is the comproportionation of
BQ and HQ, which leads to QRs (Fig. 10).>' In this case, the
occurrence of QRs depends on a reaction equilibrium
between  comproportionation and  disproportionation
(Fig. 10).

QRs, which can be generated by two distinct mechanisms,
are highly reactive intermediates that are capable for further
reactions. These radicals have the ability to activate both
hydrogen peroxide and molecular oxygen, and convert them
into highly reactive oxygen radicals.*” In a so-called organic
Fenton reaction, QRs facilitate the generation of reactive
hydroxyl radicals in the presence of hydrogen peroxide
(reaction (4)). When QRs interact with molecular oxygen, they
form superoxide anion radicals (reaction (5)).* Due to their
reactivity, QRs are gradually consumed in these processes,
which shifts the equilibrium of comproportionation and
disproportionation reactions toward the formation of
additional QRs. This results in a steady production of QRs
which provide a source of highly reactive radical species via
reactions (4) and (5). These reactive species can interact not
only with acetaminophen, but also with its degradation
products, which initiates a post-treatment reaction cascade.
Therefore, the formation of QRs from the primary
degradation products BQ and HQ contributes to an ongoing
degradation process that continues even after acetaminophen
has left the electro-Fenton system and its reaction sites at the
cathode. This process is limited by the availability of

OH o o~

+ - 2 + 2H?t

OH o o*

Fig. 10 Hydroquinone (HQ) and  p-benzoquinone
comproportionate to quinone anion radicals (QRs).

(BQ)
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hydrogen peroxide, molecular oxygen, and HQ. Nevertheless,
the hydroxylation of acetaminophen at the para-position can
continue to form HQ for some time while QRs react with
hydrogen peroxide, maintaining the cycle of oxidation and
degradation within the system.

QR + H,0, + H' = BQ + OH + H,0 + OH (4)

QR+ 0, = BQ+0," (5)

3.3 Degradation products

Previous studies have detailed the degradation pathway of
acetaminophen in batch experiments, so it is important to
compare whether the post-treatment reaction cascade leads
to any variation of it.

Analysing samples using HPLC enables the detection of
degradation products. The instrumentation used in this study
includes a UV detector that offers three approaches for
identifying the detected degradation products. Firstly,
analysing the progression of product concentrations in
relation to the proposed degradation pathway can provide
valuable insight into the reaction dynamics. In addition, UV
spectra are recorded for each product as it elutes from the
column, allowing direct comparison with known UV
absorption bands and full spectra of expected substances.
Finally, the retention time provides additional information
about the polarity of the products. The HPLC column used in
this analysis is a Luna C18(2) column, which operates in
reversed-phase mode. The stationary phase is therefore non-
polar. Consequently, polar substances have shorter retention
times compared to non-polar substances when using this
instrument. This combination of techniques enables
assumptions about arising degradation products. For certain
identification, a mass spectrometer would be preferable
which was not available for the present study.

For the samples whose acetaminophen degradation is
described in section 3.1, the occurring degradation products
were investigated. These are illustrated below using a
representative sample. A total of 23 degradation products
were detected, which occur at different times after treatment
with the electro-Fenton system. They each show different
concentration trends. The main products observed which are
discussed in more detail below, are named according to their
retention time P1 to P6 (Table 1). Their relative changes are
plotted by normalising the peak areas to the largest peak area
detected, which was set to 1. This leads to graphs showing
the progression over time of these products during the post-
treatment reaction cascade. All other detected products are
analogously named S1 to S17 (Table 1).

The main degradation product, called P4, has the
largest peak areas and has a retention time of 3.58 min.
It is detected in every measurement from the first to the
last measurement. Its progression is  particularly
remarkable when the three phases of acetaminophen
degradation are considered. In phase one, P4 increases
linearly, while its concentration increases exponentially in

This journal is © The Royal Society of Chemistry 2025
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Table 1 Retention times (RTs) for all 23 detected degradation products.

Substances P1 to P6 are the main products which are discussed further
within this article

RT [min] 1.05 1.15 1.61 1.86 2.03 2.25 2.37 2.84
Name S1 P1 S2 P2 P3 S3 S4 S5
Candidate — Acetamide — — — — — —
RT [min] 3.01 3.27 3.58 3.75 3.96 4.28 4.64 5.04
Name S6 S7 P4 P5 S8 S9 P6 S10
Candidate — — BQ HQ — —  NAPQI —
RT [min] 5.19 5.23 5.97 6.15 6.29 6.87 7.16

Name S11  S12 S13 S14 S15 S16 S17
Candidate — — — — — — —

phase two. In phase three, however, its amount decreases
rapidly (Fig. 11, dark blue). Thus, the production of P4
coincides with the phases of acetaminophen degradation,
except for its behaviour in phase three, where it does not
reach saturation but is degraded, leading to its removal.
P4 is most likely BQ, as it is recognised as the primary
degradation product of acetaminophen.'*'® The recorded
UV spectrum shows clear absorption bands, with a
significant band at around 248 nm (Fig. 12). The curve of
the overall spectrum correlates well with that for BQ.****
It is therefore assumed that P4 is BQ.

After P4, P5 has the second largest peak areas in
chromatographic analysis. Its quantity profile is similar to
that of BQ in phase two. Although P5 is present in the first
phase, its quantity increases only slightly. In the third phase,
P5 disappears almost completely (Fig. 11, light blue). The
chromatogram shows P5 as a shoulder on the peak
corresponding to BQ (P4), indicating the similar structure
and polarity of the two compounds. It occurs at a retention
time of 3.75 min.

= P4
= P5

1.0

1N o o
e () o)
1 1 1

Normalised peak area [a.u.]

o
N
1
e

0 200 400 600 800
Time [min]
Fig. 11 Occurrence and progression over time of normalised peak
areas of main degradation products P4 and PS5 detected after

treatment of the acetaminophen solution with the electro-Fenton
process.
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Fig. 12 UV spectrum recorded for P4.

The early detection of P5 in the initial measurement
indicates that it is probably a primary degradation
product. In addition to hydroxylation at the ortho-position,
which leads to the formation of BQ, hydroxylation at the
para-position is also possible, resulting in the generation
of two short-lived radicals. These radicals can convert to
BQ or HQ indirectly via pathway A (Fig. 7). As a result,
similar trends in HQ and BQ concentrations can be
expected. However, HQ is expected to be formed in lower
amounts as fewer metabolic pathways are available for its
production. The recorded UV spectrum for P5 shows an
absorption band near 282 nm (Fig. 13). This band is
known for HQ.>® Based on these results, it is assumed
that P5 is HQ.

Based on the considerations discussed in section 3.2, a
more detailed analysis of the dynamics of BQ and HQ was
performed. It is important to recognise that the observed
concentration profiles of these compounds reflect only the
final changes within the system. An increase in
concentration, while indicative of production processes, may
mask underlying removal mechanisms that occur at reduced
rates. Similarly, a decrease in concentration does not exclude
the possibility of simultaneous production of these
compounds at lower rates.

During phase one, the degradation of acetaminophen
shows only minimal changes (Fig. 6), and the
concentrations of HQ remain relatively stable. In contrast,
a more pronounced increase is observed for BQ (Fig. 11).
This relationship illustrates the dependence between the
degradation of acetaminophen and the formation of its
degradation products. If acetaminophen is not degraded,
no corresponding degradation products can be formed. In
phase two, the concentrations of BQ and HQ reach values
that must allow their comproportionation (Fig. 10), which
leads to the formation of QRs. These QRs can react via
reactions (4) and (5) to form new strong oxidising agents
OH" and O, in the sample. After the degradation of
acetaminophen molecules caused by these radicals,

Fig. 13 UV spectrum recorded for P5.
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additional BQ and HQ are produced, which can form
more QRs through further comproportionation. This
continuous production of BQ and HQ, coupled with the
removal of QRs via reactions (4) and (5), shifts the
equilibrium in favour of the comproportionation processes.
This leads to an exponential decay of acetaminophen and
simultaneously to an increase in the concentrations of BQ
and HQ. The beginning of phase three marks an
important turning point in the reaction dynamics. The
concentrations of BQ and HQ begin to decrease, while the
rate of acetaminophen degradation also slows down. As
fewer acetaminophen molecules are present in the system,
the likelihood of interactions producing these degradation
products decreases, leading to a predominant breakdown
of the existing degradation products. As a result, the
direct production of the primary degradation products BQ
and HQ by acetaminophen degradation decreases. At the
same time, they continue to be involved in
comproportionation reactions. HQ decreases during the
entire third phase, and disappears almost completely at
the end of this phase. This decrease is to be expected as
HQ serves as a limiting reactant in the suggested post-
treatment reaction cascade.

The two other degradation products that will be discussed
in detail are P1 and P6. P1 is present from the beginning and
is formed with increasing rate during phase two, and finally
reaches a steady state in phase three (Fig. 14, orange). The
very short retention time of 1.15 min indicates that P1 is very
polar. In addition, the recorded UV spectrum for P1 does not
exhibit any absorption bands (Fig. 15).

Acetamide is a degradation product formed from each
molecule of BQ and HQ. This indicates that acetamide must
also be present from the beginning, with its concentration
increasing during phase two. According to the literature, the
UV spectrum of acetamide shows no absorption bands.*’
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Fig. 14 Occurrence and progression over time of normalised peak
areas of degradation products P1 and P6 occurring right from the
beginning as detected after treatment of the acetaminophen solution
with the electro-Fenton process.
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Fig. 15 UV spectrum recorded for P1.

Furthermore, since acetamide is a polar molecule,”® its short
retention time fits well with P1. Therefore, it is assumed that
P1 is acetamide.

P6 has unique characteristics, as it is detected not only
in the initial measurements, but also in the
acetaminophen solution prior to treatment with the
electro-Fenton process. The concentration of P6 rises
gradually in phase one, increases sharply in phase two,
and then decreases rapidly. In phase three, only trace
amounts of P6 remain (Fig. 14, gold). In the
chromatograms, P6 appears as a peak shoulder at a
retention time of 4.64 min next to acetaminophen. This
close retention time suggests that P6 and acetaminophen
are structurally similar and have comparable polarities.
The UV spectrum further supports this, as it shows an
absorption band at 244 nm for P6 (Fig. 16), which is also
characteristic of acetaminophen.?

The presence of P6 in the untreated acetaminophen
solution indicates that this compound is not only a product
of acetaminophen oxidation by the Fenton reaction. One
possible explanation is that P6 can also be formed in the
presence of weak oxidising agents such as oxygen. A likely
candidate for P6 is therefore N-acetyl-p-benzoquinone imine
(NAPQI). It can be produced directly through the oxidation
of acetaminophen by various oxidising agents.’® Due to the
structural similarity between NAPQI and acetaminophen,
this also explains their analogous retention times and UV
spectra. It is therefore reasonable to assume that P6 is
NAPQL

The study of the progression shows that the
degradation of acetaminophen leads to a lower NAPQI
formation, while further oxidation processes seem to
degrade NAPQI. This is a positive indication for the
proposed electro-Fenton system and is essential as NAPQI
is a very toxic compound.’’ For a reasonable and useful
degradation process, it is necessary that the proposed
electro-Fenton system shows effective degradation not only
of acetaminophen, but also of its degradation products,

3 9 a0 w0 30 40 40 40 40 a0

Fig. 16 UV spectrum recorded for P6.
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especially the toxic ones. This is the case with the
proposed system, as shown by the degradation of NAPQI.

Products P2 and P3, with retention times of 1.86 min and
2.03 min, respectively, serve as representative examples of
other products detected in the study.

P2 is observed during phase one, and its concentration
increases throughout phase two before subsequently
decreasing in phase three (Fig. 17, light green). This
progression suggests that there is successful breakdown of
degradation products as part of the post-treatment reaction
cascade, highlighting the dynamic nature of the chemical
reactions occurring within the system.

In contrast, P3 only appears at the end of phase two
(Fig. 17, dark green), which indicates that this is a product
that is further down the degradation pathway. The
appearance of P3 is a promising indicator that not only the
oxidation of acetaminophen and its primary products takes
place, but also the degradation of secondary and tertiary
products. The concentrations of P3 remain stable at the end
of the observation period, suggesting that the post-treatment
reaction cascade may be approaching stagnation. This
stagnation could be due to the insufficient availability of key
reactants, such as HQ, hydrogen peroxide, or molecular
oxygen, which are essential for maintaining the ongoing
degradation processes.

If no hydrogen peroxide or molecular oxygen remains in
the sample, reactions (4) and (5) can no longer take place.
On the one hand, this not only shifts the equilibrium of
comproportionation and dissociation as no QRs are
removed, but also stops the production of new strong
oxidising agents OH' and O, ". At the same time, the lack
of HQ shifts the equilibrium towards dissociation and stops
the mechanism that drives the post-treatment reaction
cascade.
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Fig. 17 Occurrence and progression over time of normalised peak
areas of secondary and tertiary degradation products P2 and P3 as
detected after treatment of the acetaminophen solution with the
electro-Fenton process.
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Conclusions

The continuous analysis of samples treated in a flow-through
electro-Fenton system showed that the time elapsed between
sample production and its measurement by HPLC has a
significant influence on the degradation observed. This
suggests that the processes at the catalyst can be regarded as
an initiation step for a subsequent reaction cascade. This
behaviour is explained by the formation of radicals, and thus
a post-treatment reaction cascade involving BQ, HQ, QRs,
hydrogen peroxide, and molecular oxygen. To the best of our
knowledge, the occurrence of such a post-treatment reaction
cascade and its contribution to degradation in Fenton
systems have not been previously described in the literature.

This finding provides new insights into publications
studying electro-Fenton systems, especially since most
studies reported in the literature investigate an electro-
Fenton system using batch reactors.?” In these, the effects of
time cannot be separated as the effluent is mixed with the
Hence, degradation by secondary radicals is
neglected and attributed to the Fenton reaction in most
studies, although a large part of the observed degradation is
caused by a post-treatment reaction cascade independent of
the Fenton reaction sites. This indicates an alternative
degradation process that requires more time but less energy
input, as only an initial Fenton process may be required. If
faster decontamination is required, adding an additional
treatment step within the same system could introduce
additional strong oxidising species, thereby accelerating
overall degradation.

In addition, other organic pollutants that contain an
aromatic ring also have BQ and HQ as degradation
products.**® This leads to the assumption that the post-
treatment reaction cascade described is also relevant for
pollutants than acetaminophen. In further
investigations, an application of the described flow-through
system with different substances as well as their mixtures
would be interesting. Also, future measurements by HPLC-
MS would add to the described results to allow distinct
identification of all arising products and oxidising species.
Further suggested experimental series include the systematic
addition of radical scavengers to clarify the role of radical
intermediates in the degradation pathways, as well as
independent total organic carbon (TOC) analysis to quantify
the reaction cascade's capacity for complete mineralisation.
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