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Hydrogen peroxide-assisted photocatalytic water
treatment for the removal of anthropogenic trace
substances from the efﬂuent of wastewater treatment
plants
Tobias Schnabel, Simon Mehling, Jörg Londong

and Christian Springer

ABSTRACT
Supported titanium dioxide catalysts were used in a photocatalytic ﬂat cell reactor to remove organic
micropollutants from real wastewater. Catalysts based on stainless steel mesh with a porous coating
made of titanium dioxide nanoparticles with predominantly anatase modiﬁcation were used. The
inﬂuence of the retention time, and light output, and the effect of hydrogen peroxide on the
degradation were examined. The kinetics of the degradation of the parent substances was
determined by liquid chromatography-tandem mass spectrometry. As a result, ﬁrst-order
degradation kinetics could be conﬁrmed for all substances. The irradiance had no linear inﬂuence on
the degradation of the compounds. Hydrogen peroxides were added to the wastewater to be
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treated, as electron acceptors and boosters, and alone had no great oxidative effect on the parent
substances. The combination of photocatalysis with the addition of hydrogen peroxide as an electron
acceptor had great synergetic effects which can reduce the required energy of the process through a
short retention time. The process is suitable for the removal of micropollutants from wastewater.
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Advanced oxidation processes for the removal of micropollutants.
Photocatalytic reaction in combination with hydrogen peroxide.
Fixated photocatalyst out of titan dioxide.

INTRODUCTION
Organic micropollutants, such as pharmaceutical residues,
industrial chemicals, or pesticides, are only degraded partially and retained in conventional wastewater treatment
plants (Abegglen & Siegrist ). Thus, treated wastewater
from municipal wastewater treatment plants represents a
major input path for organic micropollutants, especially
pharmaceutical residues, into the environment (Bergmann
et al. ). For this reason, an additional (further) treatment
This is an Open Access article distributed under the terms of the Creative
Commons Attribution Licence (CC BY 4.0), which permits copying,
adaptation and redistribution, provided the original work is properly cited
(http://creativecommons.org/licenses/by/4.0/).
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stage at municipal wastewater treatment plants is necessary
to remove or degrade these micropollutants. This is usually
arranged following the biological treatment. For advanced
wastewater treatment, adsorptive processes using granulated
and powdered activated carbon (Salvestrini et al. ) and
oxidation by ozone are currently established as state of the
art (Gottschalk et al. ; Günthert & Rödel ).
Advanced oxidation processes (AOPs), which use hydroxyl
radicals at ambient temperature as oxidants (Wang & Xu
), are not yet used in technical systems as a further treatment stage. The advantage of AOPs is the high oxidation
strength of the hydroxyl radicals, which, in principle,
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enables complete mineralization of organic compounds to
water, carbon dioxide, and mineral salts (Kisch ).
During photocatalysis on titanium dioxide, charge separation
occurs on the semiconductor through UV-A light (320–
400 nm) (Pitre et al. ). Electron holes and free electrons
are formed in the valence band (Equation (1)). The electron
holes can form hydroxyl radicals with hydroxide ions or
water molecules (Gaya & Abdullah ) (Equation (2)):
TiO2 þ hγ ! TiO2 (hþ þ e )

(1)

hþ þ OH ! OH

(2)

When free electrons in the valence band fall back into
the electron holes, heat is released (Equation (3)):
hþ þ e ! Eheat

(3)

This reaction, described last, is called recombination. It
is undesirable when using photocatalysis because the recombined electron hole can no longer generate a hydroxyl
radical. Hydrogen peroxide is able to intercept the free
electrons from the valence band and thereby prevent recombination effects. The hydrogen peroxide reacts with the free
electrons to form hydroxide ions and hydroxyl radicals as
well (Equation (4)) (Bahnemann et al. ):
H2 O2 þ e ! OH þ OH

(4)

Combined application of photocatalysis and hydrogen
peroxide has shown synergetic degradation effects for various organic pollutants (Wei et al. ; Lu et al. ;
Doong & Chang ; Cornish et al. ; Matsuzawa
et al. ; Barakat et al. ). An application for wastewater puriﬁcation using a ﬂuidized bed reactor with
various combinations of TiO2 and hydrogen peroxide was
described by Kabir et al. (). However, the degradation
of one substance only (phenol) in ultrapure water was investigated experimentally in this study. A possible application
as a further treatment stage in wastewater treatment plants
would require proof of the degradation performance of a
broad spectrum of substances (Eggen et al. ; Metz &
Ingold ). In Germany, there are some recommendations
to assess the cleaning performance for the application of
further treatment stages (Competence Center for Trace
Substances NRW ; Competence Center for Trace Substances Baden-Württemberg ). Here, an 80% reduction
in the concentration of indicator substances in relation to
the raw wastewater is required. With regard to the selection
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of these indicator substances, there are various recommendations based on the Swiss methodology, which has been
legally valid since 2016 (GSchV ). Furthermore, recent
studies have shown a great inﬂuence of the contained
wastewater constituents, especially organic carbon, on the
photocatalytic treatment performance (Schnabel ). In
the scope of this work, the degradation performance of
a photocatalytic ﬂat cell reactor for a selection of 14 micropollutants was investigated using real wastewater samples.
The degradation of micropollutants by the combined
application of carrier-bound photocatalysis and hydrogen
peroxide has not yet been investigated in a real wastewater
matrix. Inside the reactor, a new type of folded carrierbound catalyst material was used, which allows a more
volume-efﬁcient arrangement of the catalyst surface. The
use of UV-A LEDs with a deﬁned energy ﬂux density on
the catalyst is also a novel approach. The experiments examined the inﬂuence of retention time and irradiation power
on substance degradation. In a further step, the combination
of photocatalysis and hydrogen peroxide was investigated
experimentally.

METHODS
Chemicals and materials
A titanium dioxide-coated stainless steel mesh was used as a
catalyst support. The mesh size of the stainless steel mesh was
200 μm with a wire thickness of 100 μm. The fabric is made of
V4A high-grade stainless steel (316 L/1.4404). An aqueous
nanoparticle suspension made from commercial fumed anatase-modiﬁed titanium dioxide nanoparticles between 10.4
and 50 nm in size was used as the coating. The anatase:
rutile ratio of the titanium dioxide was 92:8; the BET
(Brunauer–Emmett–Teller) surface area of the TiO2 particles
was 91 m2/g (Siah et al. ). The aqueous suspension was
sprayed onto the heated carrier material (100–200  C surface
temperature). The fast evaporation of the solvent creates a fractal coating structure with a high inner surface (Figure 1). The
catalyst material was folded to get a larger catalyst surface
area concerning the reactor geometry.
Hydrogen peroxide from the company Carl Roth with
a concentration of 90% was used for the experiments
with hydrogen peroxide. A terbutryn solution in methanol
with a concentration of 10 μg/l was used as the internal
standard for analysis. The terbutryn has a purity of 99.5%
and was provided by Sigma Aldrich. The following substances in purity for analysis were used: amisulpride,
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Scanning electron microscope image of the catalyst surface and non-coated support steel mesh.

benzotriazole, gabapentin, citalopram (Gentham Life
Science), carbamazepine, metformin, metoprolol (Sigma
Aldrich), 1-methylbenzotriazole, venlaﬂaxin (Chempure),
candesartan (BLD Pharma), diclofenac (Cayman Chemical
Company), iopromide (HPC Standards), iohexol (Bayer),
iomeprol (Ehrensdorfer).

Experimental set-up and procedure
All tests were performed with efﬂuent samples from the
Weimar-Tiefurt wastewater treatment plant. The samples
were collected in October 2019 and June 2020. Each wastewater batch was ﬁltered (0.45 μm) and analyzed afterward.
All experiments were performed in triplicate. The sole oxidation power of hydrogen peroxide was determined by
beaker tests (borosilicate glass). Hydrogen peroxide, 0.1,
0.2, and 0.3 mass-%, was dosed into a 300 ml wastewater solution. The medium was stirred magnetically for 60 minutes
at 300 rpm and then sampled.
Figure 2 shows the ﬂat cell reactor, consisting of carrierbound TiO2 catalysts and UV-A LEDs (365 nm), in which all
photocatalytic experiments were performed. The catalyst
was arranged in a stainless steel housing with glass windows
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Figure 2

|

Schematic representation of the photocatalytic stack reactor.

on the sides and a liquid volume of 200 ml. The catalyst
material was a folded stainless steel grid, which was
coated with 34 g TiO2 /m2. The installed catalyst base surface was 128 cm2. On both sides of the reactor four UV-A
LEDs (365 nm) were evenly distributed at a distance of
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be calculated using Equation (5):

8 cm. The power could be set via a controllable power
supply from 0 to 1.8 W.
The reactor was fed continuously by a peristaltic pump.
After an operation time of 10 minutes, which should ensure
a continuous operating condition, the reactor efﬂuent was
sampled and analyzed. In a ﬁrst investigation step, the retention time of the reactor at an electrical radiation power of
1.8 W was varied. Retention times of 6 (33.33 ml/min), 8.74
(22.88 ml/min), 11.05 (18.01 ml/min) and 16.71 minutes
(11.96 ml/min) were set by adjusting the feed rate accordingly. Subsequently, a series of tests with different
irradiation was performed. With a hydraulic retention time
of 12.1 minutes (16.43 ml/min), the electrical power of the
LEDs was set to 1.44, 1.08, 0.72, and 0.36 W. The combined
degradation of pharmaceuticals by photocatalysis and hydrogen peroxide was investigated by dosing hydrogen peroxide
to the inlet of the ﬂat cell reactor. Analogous to the degradation tests with H2 O2 only, dosages of 0.1, 0.2, and 0.3
mass-% were investigated. The ﬂat cell reactor was operated
with a residence time of 8.2 minutes (24.42 ml/min) and an
irradiation power of 1.8 W.

where Ki and Ci are the adsorption constant and concentration of every contained substance at any given time.
However, those cannot be measured in real wastewater
samples. At low substance concentration, which applies for
micropollutants in most wastewater treatment plant efﬂuents,
n
P
the term 1 þ KL Ceq þ
Ki Ci (i ¼ 1, n) can be neglected and

Analytical methods

the reaction follows a pseudo-ﬁrst-order decay rate as
described in Equation (7):

The chemical analysis of the trace substances was performed
using liquid chromatography tandem mass spectrometry. A
Dionex R3000 system with gradient pump and autosampler
was used for high-performance liquid chromatography
(HPLC). Ultrapure water with 1 mmol/l ammonium acetate
and acetonitrile with 0.1% acetic acid was used as the
HPLC eluent. A Phenomenex Synergy 2.5 μm hydro PP
column measuring 100 × 2 mm was used as the analytical separation column. The ﬂow was 0.25 ml/min and the gradient
was run from 4% acetonitrile to 96% acetonitrile in 28 minutes. The injection volume was 100 μl sample, which was
mixed with 10 μl internal standard. A Sciex API 4000 triple
quadrupole mass spectrometer with electrospray ionization
was used for detection. Two multiple reaction monitoring
mass transitions were evaluated for each compound. The following substances were analyzed: amisulpride, benzotriazole,
candesartan, carbamazepine, citalopram, diclofenac, gabapentin, iopromide, irbesartan, losartan, 1-methylbenzotriazole,
metformin, metoprolol, and venlafaxine.
Kinetics and modeling
According to Lin et al. () and Ansenjo et al. (), the
kinetics of photocatalytic degradation follows the Langmuir–
Hinshelwood (L-H) model. The L-H-model reaction rate can
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r¼

KL Ceq
dC
¼ kLH
dt
1 þ KL Ceq

(5)

where r is the reaction rate, kLH is the speciﬁc rate constant,
KL is the Langmuir constant, and Ceq the equilibrium
concentration. For the application of the L-H model in photocatalytic wastewater treatment, the presence of reaction
products and no related substances must be considered by
adding a modiﬁed adsorption term (Equation (6)):
r¼

KL Ceq
dC
P
¼ kLH
dt
1 þ KL Ceq þ ni¼1 Ki Ci (i ¼ 1, n)

(6)

i¼1

r¼

dC
¼ kLH KL Ceq ¼ kCeq
dt

(7)

As this is still the subject of ongoing debates, it is necessary to provide experimental evidence when using these
kinetics (Lazar et al. ). In this work, this was achieved
by ﬁtting measured normalized concentrations for different
hydraulic retention times using Equation (7).

RESULTS
The measured micropollutant concentrations of the efﬂuent
at wastewater treatment plant Weimar-Tiefurt are shown
in Figure 3. All measured substances were found in each
analyzed sample. In all measurements, benzotriazole was
present at high concentrations in the range of 6–10 μg/l.
Most of the substances were detected in concentrations
ranging from 0.5 to 4 μg/l. For some pharmaceuticals
(citalopram, irbesartan, losartan, metformin), lower concentration levels were detected. For corrosion inhibitors and
X-ray contrast agents (benzotriazole, 1-methylbenzotriazole,
iopromide) and some of the pharmaceuticals larger
ﬂuctuations in concentration were observed. These
pharmaceuticals showed the same patterns of variation.
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Concentrations of micropollutants in the sewage treatment plant efﬂuent of Weimar-Tiefurt.

For reasons of clarity, a selection of substances was made
for the further description of results. By considering
amisulpride, benzotriazole, candesartan, carbamazepine,
diclofenac, 1-methybenzotriazole, and metoprolol an assessment of the degradation performance can be made based on
existing Swiss legal requirements. As a representative of the
poorly degradable X-ray contrast media, iopromide was
also included in the further analysis. However, the other
substances showed similar behavior in all further experimental steps. A complete compilation of the measurement
results can be found in the Appendix.
Figure 4 summarizes the measured inﬂuent and efﬂuent
concentration of the photocatalytic reactor for different
retention times. It shows a signiﬁcant concentration drop
for all shown substances. An increase in retention time
was associated with an increase in the degradation rate for
all substances. Furthermore, it can be seen that the degree
of degradation occurs at a speciﬁc level for every micropollutant. Benzotriazole and 1-methylbenzotriazole could be

Figure 4

Water Science & Technology

Photocatalytic degradation with different retention times.
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degraded at a high level whereas iopromide was degraded
at the lowest rate.
Based on the measured degradation rates as a function
of the retention time, reaction constants of a ﬁrst-order
degradation were determined. In Figure 5, ﬁtting curves,
reaction constants, and correlation coefﬁcients of the
respective substance are summarized. For all micropollutants considered, a very good correlation was achieved
(>90%). For a retention time of 6 minutes, a slightly
increased degradation rate was measured for amisulpride,
benzotriazole, candesartan, carbamazepine, 1-methylbenzotriazole, and metoprolol. It is assumed that this is caused by
increased mass transfer caused by turbulence in the reactor
system. This shows that the degradation rate approaches a
pseudo-ﬁrst-order reaction rate.
As shown in Figure 6, a reduction in irradiance caused
an increase in the measured efﬂuent concentrations for all
substances considered. However, for the area-related irradiances of 56–112 W/m2, this effect was minimal. For
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Figure 5

|

Exponential degradation kinetics of the eight substances tested.

Figure 6

|

Measured concentrations (a) and exponential decay rates (b) for photocatalytic degradation with different electrical irradiation energy per base surface.

irradiances of 28 W/m2, a stronger effect was observed for
amisulpride, benzotriazole, candesartan, and carbamazepine. Surprisingly for 112.5 W/m2, iopromide showed a
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relatively low degradation rate. It is assumed that this
outlier is due to a delay in the continuous operating state
caused by comparably poor mass transfer of iopromide
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(Durán-Álvarez et al. ). The degradation constants show
a slow non-linear approach to zero with degreasing irradiances. For higher irradiances, the calculated degradation
constants approach a maximum value. Especially the degradation constant of diclofenac shows a lower decrease at
lower irradiances. The relationship between degradation
constant and irradiance is substance-speciﬁc. Furthermore,
it is shown that further experiments with lower irradiances
are necessary for more precise observations of these
curves. Exact knowledge of this correlation would enable
an energetic optimization of the reactor design. For suspended TiO2, degradation rates (Kanakaraju et al. ) of
0.015–0.36 1/min for diclofenac at irradiances of 221.2–
484.27 W/m2 and TiO2 loadings of 0.01–2.0 g/l in ultrapure
water were measured. The measured degradation rates for
diclofenac of 0.058–0.078 1/min approach these values
very closely at lower irradiances and in the real wastewater
matrix.
For the sole H2 O2 -treatment, all analyzed substances
showed little to no effects (Figure 7). For the highest
H2 O2 -dose benzotriazole, candesartan, diclofenac, and
1-methylbenzotriazole were degraded by about 20% of their
initial concentration. The other viewed micropollutants were
not oxidized at all. It can be concluded that H2 O2 -treatment
alone does not result in a signiﬁcant reduction in the micropollutant load of sewage treatment plant efﬂuents. Furthermore,
for a combined application, it is shown that the photocatalytic
reaction is the dominant reaction path. Therefore, according to
the shown solo-photocatalysis degradation, the evaluation is
made by using ﬁrst-order reaction kinetics.
By the combined use of hydrogen peroxide within the
photocatalytic ﬂat cell reactor, a signiﬁcant increase in the
degradation rate for all viewed substances was achieved
(Figure 8). At the lowest H2 O2 -dose tested, amisulpride,

Figure 7

|

Degradation of the micropollutants with hydrogen peroxide without photocatalysis.
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candesartan, diclofenac, and iopromide were no longer
detectable in the reactor efﬂuent. For the hydrogen peroxide
dose of 0.3%, only benzotriazole, 1-methylbenzotriazole and
metoprolol were detectable in a low concentration. A comparison of the calculated exponential degradation factors
showed a signiﬁcant increase when photocatalysis and
hydrogen peroxide were used in combination versus photocatalysis alone. Because of detection limits exponential
degradation factors only could not be calculated for all
experimental variants and substances. For amisulpride, carbamazepine, diclofenac, and metoprolol, an increase in the
degradation constant by a factor of 4 to 6 was measured. For
iopromide, which only showed moderate degradation for
sole photocatalytic treatment, a degradation below detection
limits was achieved. Benzotriazole and 1-methylbenzotriazole showed a lesser synergistic effect, with degradation
rates increasing 1.5 to 3 times. The determined degradation
constants of the combined application were only slightly
inﬂuenced by the dose of hydrogen peroxide used. For the
degradation of phenol, Kabir et al. () achieved a degradation of 24% after 1 hour by using 50 W/m2 of irradiation
energy and adding 1.07 mg/l of carrier-bound catalysts.
Using 1% H2O2, degradation could be increased to 33%
after 1 hour. For higher doses of hydrogen peroxide, a
decrease of phenol degradation was observed for the
catalyst concentration above. For a lower catalyst concentration of 0.21 g/l, a phenol degradation of 45% was
achieved after 1 hour by adding a 1% dose of H2O2. Using
suspended TiO2, a phenol degradation of 18% was
achieved at an irradiance of 17 W/m2 and a TiO2 concentration of 10 g/l by Barakat et al. (). By adding
0:5103 M hydrogen peroxide, the degradation was
increased to 78% after 1 hour. A further increase in the
hydrogen peroxide dose was accompanied by an increase
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Measured concentrations (a) and exponential decay rates (b) for combined micropollutant degradation by photocatalysis and hydrogen peroxide.

in phenol degradation. Within both papers, the test was performed using ultrapure water, so that inhibition effects due
to wastewater components were not considered. Furthermore, the extent of the measured compounds differs, so
that a direct comparison is not possible. In relation to the
results in Kabir et al. (), a signiﬁcantly better photocatalytic activity of the catalyst material used was found.

CONCLUSIONS
This work aimed to demonstrate the effectiveness of a
photocatalytic ﬂat cell reactor as a further treatment stage
in a real wastewater matrix. Furthermore, by varying the
irradiation power and adding hydrogen peroxide ﬁrst,
optimization approaches were investigated. It could be
shown that effective oxidation of micropollutants in a real
wastewater matrix can be achieved by carrier-bound photocatalysis. For all investigated substances, a signiﬁcant
reduction in concentration was achieved. A variation of
the irradiation power showed a non-linear inﬂuence of this
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parameter on the reaction rate. This offers the possibility
of energetic optimization of the reactor system by reducing
the area-related radiation power. The novel reactor conﬁguration investigated enables a volume-efﬁcient arrangement of
larger catalyst surfaces. By combining photocatalysis and
hydrogen peroxide, a strong synergetic effect on the reaction
rates of all investigated substances could be observed. For
this reaction system, further research is recommended
concerning the process parameters irradiation rate and
H2 O2 dose. Although H2 O2 alone showed a low oxidation
power for micropollutants in real wastewater, a consumption of hydrogen peroxide by wastewater constituents is to
be expected, especially at lower doses. This effect has to
be quantiﬁed by additional measurements. Accordingly,
appropriate adjustments of the reactor design using the
described synergy should be derived. The energy of the
methods described within the test series was 0.36–
2.5 kWh/m3. Ozonation in an application as an additional
treatment stage has an energy demand of 0.05–0.1 kWh/m3
(Abegglen & Siegrist ). It becomes clear that further
energetic optimizations are necessary. However, an exact
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calculation of the energy demand of an application of these
processes as an additional treatment stage has to be done
under consideration of degradation targets as well as the
substance-speciﬁc elimination rates of the biological treatment stage. There is still a need for research regarding the
long-term durability and performance of the catalyst
material used. Based on these ﬁndings, a ﬁnal process evaluation can be made on the basis of investment and operating
costs. It is known that photocatalytic treatment can achieve
complete mineralization of most micropollutants in ultrapure water, but also requires longer treatment times (Kisch
). For an application in wastewater, the degradation of
transformation products is further slowed by the competition with other wastewater components. Compared to
ozonation, photocatalytic applications are expected to
result in the reduced formation of transformation products.
To what extent harmful transformation products are produced in the application as further treatment stage has to
be investigated experimentally. For applications in real
wastewater matrices, the use of conventional target analysis
is not appropriate. Adapted methods based on non-target
and/or biological techniques must be used. Regardless of
the oxidative process combination, there is a need for
further research on the measurement and quantitative
evaluation of transformation products in real wastewater
matrices.
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