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Degradation of the cyanotoxin microcystin-LR using iron-based
photocatalysts under visible light illumination
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Abstract In this study, a simple and low-cost method to syn-
thesize iron(III) oxide nanopowders in large quantity was suc-
cessfully developed for the photocatalytic degradation of
microcystin-LR (MC-LR). Two visible light-active iron(III)
oxide samples (MG-9 calcined at 200 °C for 5 h and MG-11
calcined at 180 °C for 16 h) with a particle size of 5–20 nm
were prepared via thermal decomposition of ferrous oxalate
dihydrate in air without any other modifications such as dop-
ing. The synthesized samples were characterized by X-ray

powder diffraction, 57Fe Mössbauer spectroscopy, transmis-
sion electron microscopy, Brunauer–Emmett–Teller (BET)
specific surface area analysis, and UV–visible diffuse reflec-
tance spectroscopy. The samples exhibited similar phase com-
position (a mixture of α-Fe2O3 and γ-Fe2O3), particle size
distribution (5–20 nm), particle morphology, and degree of
agglomeration, but different specific surface areas
(234m2 g−1 forMG-9 and 207m2 g−1 forMG-11). The results
confirmed higher photocatalytic activity of the catalyst with
higher specific surface area. The highest photocatalytic activ-
ity of the sample to decompose MC-LR was observed at so-
lution pH of 3.0 and catalyst loading of 0.5 g L−1 due to large
amount of MC-LR adsorption, but a little iron dissolution of
0.0065 wt% was observed. However, no iron leaching was
observed at pH 5.8 even though the overall MC-LR removal
was slightly lower than at pH 3.0. Thus, the pH 5.8 could be
an appropriate operating condition for the catalyst to avoid
problems of iron contamination by the catalyst. Moreover,
magnetic behavior of γ-Fe2O3 gives a possibility for an easy
separation of the catalyst particles after their use.
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Introduction

Iron(III) oxides are known as ubiquitous, chemically stable,
cheap, and nontoxic compounds. Their low bandgap energy
(~2.2 eV) enables them to collect up to 40% of whole solar
spectrum, and they are thus used, among other applications, as
photocatalysts in water splitting and water treatment (Mishra
and Chun 2015). Many studies reported that α-Fe2O3 thin
films were successfully applied as semiconducting electrodes
for photocatalytic water splitting and hydrogen production (Le
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Formal et al., 2010; Sivula et al. 2010; Frydrych et al. 2012;
Le Formal et al. 2012; Lopes et al. 2014) and α-Fe2O3 nano-
particles or nanotubes effectively decomposed water contam-
inants, including dyes and 4-chlorophenol under visible light
illumination (Khedr et al. 2009; Zhou et al. 2010). The appli-
cation ofα-Fe2O3 in disinfection of environment using visible
light irradiation was reported as well (Akhavan et al. 2009;
Akhavan 2010).

Both α-Fe2O3 and γ-Fe2O3 have been widely used as
photocatalysts to degrade organic and inorganic pollutants
in the environment. In particular, α-Fe2O3 has been com-
monly used in many applications due to its higher stabil-
ity than other iron oxides under ambient conditions (Zhou
et al. 2010; Kato and Komatsu 2013). Moreover, it is of
great importance to recover used catalysts from water
treatment processes for saving resources as well as
avoiding additional water filtration causing extra expenses
during water treatment. Ferrimagnetic behavior of γ-
Fe2O3 or Fe3O4 gives a possibility to separate the cata-
lysts by applying external magnetic field, e.g., using a
permanent magnet. On the other hand, the photocatalytic
performance of iron oxides can be limited by low diffu-
sion lengths of holes, poor conductivity, and high rates of
electrons (e−) and hole (h+) recombination. These difficul-
ties can be significantly overcome by forming nanostruc-
tured iron oxides. Therefore, it is required to develop
nanostructured magnetic iron oxides for water treatment.

Microcystins (MCs) are the most common toxins produced
by harmful cyanobacteria, which can be present in natural
water. Microcystin-LR (MC-LR) is mostly found in different
water bodies among MCs. Up to now, several approaches of
photocatalytic degradation of MC-LR have been investigated
mostly based on the application of TiO2-based nanostructures,
such as highly ordered TiO2 nanotubes (Su et al. 2013), Ag/
AgCl/TiO2 nanotube arrays (Liao et al. 2013), nanostructured
nitrogen-doped TiO2 (Trantis et al. 2012), C-N-codoped TiO2

films (Liu et al. 2013), Bi-doped TiO2 (Yang et al. 2011), N-F-
codoped TiO2 films (Pelaez et al. 2010), and sulfur-doped
TiO2 films (Han et al. 2011). Generally, a shift of the bandgap
toward visible light was achieved by various kinds of doping
of TiO2. Besides TiO2-based nanomaterials, AgCl/iron oxide
composites were tested for MC-LR photocatalytic degrada-
tion (Zhang et al. 2013).

In our study, we used pure Fe2O3 nanopowder samples as
visible light-active photocatalysts, which have been easily syn-
thesized by thermal decomposition of ferrous oxalate dihydrate
without any further processing, for MC-LR degradation under
visible light irradiation. It is worth mentioning that such kind of
Fe2O3 nanopowder consisting of very small nanoparticles
(~5 nm) has been also tested in the past as a catalyst for hetero-
geneous catalysis of decomposition of hydrogen peroxide
(Hermanek et al. 2007; Gregor et al. 2010; Hermanek et al.
2010) or degradation of phenol (Prucek et al. 2009).

Material and methods

Ferrous oxalate dihydrate (FeC2O4·2H2O, Sigma-Aldrich)
was used as an iron precursor for thermal synthesis of ferric
oxide nanopowders. MC-LR standard (Calbiochem) was pur-
chased, and a MC-LR stock solution of 500 mg L−1 was pre-
pared using autoclavedMilli-Q-grade water. For photocatalyt-
ic degradation experiments, the stock solution was diluted to
500 μg L−1.

Two iron-containing nanopowder samples were prepared
by thermal decomposition of 4 g of ferrous oxalate dihydrate
(FeC2O4·2H2O) in a muffle furnace in air. The calcination at
200 °C for 5 h resulted in sample labeled MG-9, whereas the
calcination at 180 °C for 16 h led to sample labeled MG-11.

The as-prepared ferric oxide nanopowders were character-
ized using X-ray powder diffraction (XRD), 57Fe transmission
Mössbauer spectroscopy, transmission electron microscopy
(TEM), magnetrometry, UV–visible diffuse reflectance spec-
troscopy (DRS), and Brunauer–Emmett–Teller (BET) physi-
cal adsorption technique.

TEM (JEOL JEM-2010) was performed to investigate the
detailed morphology of synthesized catalysts at 160 kV with
1.9-Å point-to-point resolution. For TEM analysis, diluted
dispersion was fixed on holey carbon film copper grids (from
Emsdiasum Company) and then vacuum dried at room
temperature.

XRD patterns of the prepared samples were obtained using
PANalytical X’Pert PRO diffractometer in Bragg–Brentano
geometry with iron-filtered CoKα radiation source, an
X’Celerator detector, programmable divergence, and
diffracted beam anti-scatter slits. The samples were prepared
on a zero-background single crystal silicon slide andmeasured
in continuous mode with a resolution of 0.017° of 2θ. The
commercial standards SRM640 for Si and SRM660 for
LaB6 from NIST were used to evaluate line positions and
instrumental line broadening, respectively. The X’Pert
HighScore Plus software (PANalytical, The Netherlands),
combined with PDF-4+ and ICSD databases, was used to
analyze the obtained patterns.

A transmissionMS96Mössbauer spectrometer (Pechoušek
et al. 2012) with a 57Co(Rh) source of γ-rays was employed
for the zero-fieldMössbauer experiment at 300 K. The record-
ed spectra were fitted by the Lorentzian line shapes with the
MossWinn program (Klencsár et al. 1996) based on the least-
square method. The values of isomer shift were referred to α-
Fe foil samples at room temperature.

UV–vis absorption spectra of the iron oxide nanoparticle
dispersions were acquired in a quartz cuvette using a Specord
S 600 spectrophotometer (Analytic Jena AG, Germany) in a
range from 200 to 800 nm.

Surface areas of the prepared iron oxide nanopowders were
characterized with nitrogen adsorption–desorption measure-
ments. Adsorption–desorption isotherms were measured at
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temperature of liquid nitrogen (77.4 K). Experimental points
acquired by the statistic volumetric technique were obtained
by a Thermo Finnigan Sorptomatic 1990 analyzer. Before the
measurement, the surface of the nanopowders was degassed at
room temperature for at least 20 h. BET surface areas were
determined with the multipoint BET(3) model. The analysis
was performed using an ADP (Advanced Data Processing)
4.0 software package (CE Instruments). Samples were mea-
sured with identical settings of number adsorption and desorp-
tion points under the same analysis conditions.

Magnetic data were obtained with a Quantum Design
Physical Property Measurement System (PPMS DynaCool
system, Quantum Design) with the VSM option.
Diamagnetism of samples and a signal of the sample holder
were collected. The hysteresis loop was recorded at 300 K
with external magnetic fields in a range of −5 to +5 T.

Concentrations of metal ions within leaching tests were
measured by an atomic absorption spectroscopy (AAS) using
a ContrAA 300 flame ionizer (Analytik Jena AG, Germany)
with a high-resolution Echelle double monochromator (spec-
tral bandwidth of 2 pm at 200 nm) and a continuum radiation
source (xenon lamp). The absorption line used for the analyses
of Fe content was 248.3270 nm. Calibration standards of Fe
for performing AAS were of TraceCERT (1 g L−1) type, pur-
chased from Fluka. Solutions were prepared using deionized
water (18 MΩ cm−1, Millipore).

For the evaluation of the photocatalytic activity of the pre-
pared iron oxide nanopowders under visible light irradiation, a
reactor (glass petri dish, dia. 60 mm) was used. For visible
light irradiation (Zhao et al. 2013), two Cole-Parmer 15-W
fluorescent lamps were employedwith an actual light intensity
of 3.99 × 10−4 W cm−2 and a UV420 Opticology filter was
employed to eliminate UV component from the lamp spectra.
The spectra of visible light are available in Additional file 1:
Fig. S1 in a previous study (Han et al. 2014). A reactor con-
taining 10 mL total volume of the solution was used to eval-
uate the visible light-induced photocatalytic activity of the two
catalysts for MC-LR degradation.

The initial MC-LR concentration and catalyst loading were
500 μg L−1 and 0.5 g L−1, respectively. To investigate the
effects of catalyst loading on the MC-LR degradation, three
catalyst loadings (0.25, 0.5, and 1.0 g L−1) were tested. To
explore the effects of the initial pH of solution on the decom-
position of MC-LR, experiments were performed at four dif-
ferent pH values (3.0, 5.8, 7.0, and 10.0). To study MC-LR
degradation under visible light, the reactor was placed in the
dark for the initial 3 h to reach adsorption equilibrium since
the initial MC-LR concentration was very low, and then ex-
posed to visible light for 5 h. Aliquot samples of 200 μL were
taken at reaction times of 0, 1, and 3 h under dark condition
and 1, 2, 3, and 5 h under visible light illumination. A high-
performance liquid chromatograph (HPLC, Agilent Series
110) was used with the previously reported analytical method

to measure the concentration of MC-LR in the samples. A
Discovery HS C18 column (150 mm × 2.1 mm, 5-μm particle
size, Supelco, Bellefonte, PA, USA) was equipped in HPLC.
The flow rate of mobile phase was 0.2 mL min−1, the sample
injection volume was 20 μL, and the column temperature was
45 °C. For safety issue, all experiments were performed in an
advanced SterilchemGARD III Class II biological safety cab-
inet (Baker Company, Sanford, ME) (Pelaez et al. 2009; Han
et al. 2011). All experiments were performed three times to
confirm the reproducibility.

In order to confirm the stability of the Fe2O3 catalysts
in water under lower pH values, leaching tests were per-
formed. Catalyst concentrations equal to 0.5 g L−1 and pH
values equal to 3.0 and 5.8. The 50 mL of catalyst solu-
tion was shaken on a conventional multi-rotator shaker
(Multi RS-60, Biosan) in 60-mL vials. Aliquot samples
of 5 mL were taken at reaction times of 3, 8, and 24 h
and subsequently three times filtered through 0.2-μm sy-
ringe filters before Fe content in the filtered solution was
analyzed by AAS.

Results and discussions

Synthesis and characterization of ferric oxide
nanopowders

XRD patterns of both MG-9 and MG-11 samples (Fig. 1)
show the presence of two crystalline ferric oxide phases: γ-
Fe2O3 and α-Fe2O3. Relative weight contents, mean X-ray
coherence lengths, and cell parameters are summarized in
Table 1. In addition to crystalline γ-Fe2O3 and α-Fe2O3 with
the small X-ray coherence lengths 8 and 6 nm, respectively,
the XRD patterns indicate the presence of amorphous phase as
well.

Room-temperature Mössbauer spectra of both samples
(Fig. 2) were fitted by doublets corresponding to (super) para-
magnetic Fe(III) in an octahedral coordination and distribu-
tions of hyperfine magnetic fields originating from particles
with sizes, which are slightly above the limit for
superparamagnetism. The hyperfine parameters are summa-
rized in Table 2. Maghemite and hematite particles of ferric
oxide contribute to both superparamagnetic doublet and sextet
components in case of both studied samples. This overlap is
well demonstrated by the value of quadrupole shift of
−0.16 mm s−1 for the sextet of sample MG-9, which lies be-
tween the value of −0.21 mm s−1 for hematite and approxi-
mately zero for maghemite. Therefore, a quantification of the
phase composition was not possible to perform like in the case
of XRD analysis.

TEM images of MG-9 and MG-11 samples (Fig. 3) show
strongly agglomerated nanoparticles with size in the range
from 5 to 20 nm. Specific surface areas (BET) of MG-9 and
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MG-11 samples were determined as 234 and 207 m2 g−1, re-
spectively. Moreover, the light absorption of MG-9 and MG-
11 was measured with DRS. Both MG-9 and MG-11 effec-
tively absorbed a broad range of UV–visible light from 200 to
800 nm, and their light absorption properties were prettymuch
the same (Additional file 1: Fig. SI1). Zero point charges were
measured for the both MG-9 and MG-11 samples. The results
are summarized in Additional file 1: Table SI1.

Magnetic properties of sample MG-9 were investigated by
measuring of hysteresis loop at room temperature (Fig. 4). The
BS^ shape of the curve is typical for superparamagnetic

behavior of nanoparticles. There is no saturation of the curve
at the highest magnetic fields, which is due to the presence of

Fig. 2 Room-temperature Mössbauer spectra of MG-9 (a) and MG-11
(b) samples

Fig. 1 X-ray diffraction patterns of MG-9 (top) and MG-11 (bottom)
samples. The positions of Bragg reflection of each identified phase are
shown under the pattern. The quantification of identified phases is
presented on the right side

Table 1 The phases identified in
the XRD patterns with specified
parameters derived by Rietveld
refinement

Sample Phase JCPDS code Phase
content (wt%)

MCL (nm) Cell parameter (nm)

MG_9 Maghemite γ-Fe2O3 04-008-8146 35 8 0.8341

Hematite α-Fe2O3 01-089-0596 65 6 0.5039

1.3696

MG_11 Maghemite γ-Fe2O3 04-008-8146 28 8 0.8343

Hematite α-Fe2O3 01-089-0596 72 6 0.5036

1.3709

JCPDS code ID code of identified phase in PDF-4+ database, MCL mean X-ray coherence length
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hematite in the sample. The maximum measured magnetiza-
tion reached the value of 16.2 emu g−1, which is enough for
attracting the nanopowder iron oxides to a conventional per-
manent magnet. Remanent magnetization as well as coercivity
is almost zero. Similar magnetic behavior for sample MG-11
at room temperature is expected. In order to confirm possibil-
ity of magnetic separation of the samples in water, an ordinary
permanent magnet was placed into the vials with MG-9 and
MG-11 samples dispersed in water. Nanoparticles of both
samples were separated in the proximity of the magnet during
approx. 2 min. The experiment is illustrated by the photos in
Fig. 5.

Degradation of MC-LR using the ferric oxide
nanopowders

MG-9 ferric oxide sample showed higher photocatalytic ac-
tivity to decompose MC-LR in water under visible light irra-
diation in comparison with MG-11 sample at the given con-
ditions (i.e., pH 5.8, 500 μg L−1 of initial concentration of
MC-LR and 0.5 g L−1 of the catalyst loading). As seen in
Fig. 6, MG-9 and MG-11 adsorbed about 26 and 8% MC-
LR, respectively, under the dark condition for 3 h. After 5 h
of visible light illumination, total removal of MC-LR was
86% for MG-9 and 40% MC-LR for MG-11. Based on the
results, 60 and 32%MC-LRwas decomposed by visible light-
induced MG-9 and MG-11 photocatalysis, respectively. The
phase composition as well as morphology and degree of ag-
glomeration of nanoparticles is almost the same for both tested
samples as it is documented by practically the same shapes of
the BET isotherms (Additional file 1: Fig. SI2). Also, as men-
tioned in BSynthesis and characterization of ferric oxide

nanopowders^ section, the light absorption property of both
samples was similar in a range of wavelength from 200 to
800 nm. The nanopowder photocatalysts differ in specific
surface area (234 vs. 207 m2 g−1) that evidently contributed
to the difference in the extent of MC-LR removal. The MC-
LR removal per unit surface area was 3.72 μg m−2 for MG-9
and 2.03 μg m−2 for MG-11.

Further, different loadings of MG-9 sample were tested in
the decomposition of MC-LR under visible light irradiation
(Fig. 7) since this sample demonstrated higher photocatalytic
activity than MG-11 sample. The photocatalytic degradation
of MC-LR with MG-9 under visible light followed pseudo
first-order kinetics with the observed rate constant of
0.0359, 0.3289, and 0.0518 h−1 for 0.2, 0.5, and 1.0 g L−1 of
MG-9, respectively (see Additional file 1: Fig. SI3). At
0.5 g L−1 of MG-9 loading, the highest MC-LR removal
was observed. At lower loading of catalysts (<0.5 g L−1), low-
er number of active sites of the catalysts may be involved to
decompose MC-LR. Moreover, the degradation of MC-LR
decreased at higher loading (>0.5 g L−1) due to particle ag-
glomeration and the increase of turbidity of solution, associ-
ated with light penetration. Therefore, the optimal catalyst
loading (0.5 g L−1) was used to investigate the effect of initial
pH of solution on the degradation of MC-LR under visible
light irradiation.

To investigate the effect of initial pH of solution on the
degradation of MC-LR under visible light illumination,
the pH of solution was adjusted using nitric acid or 10% so-
dium hydroxide solution. Higher concentration of MC-LR
(750 μg L−1) was used for appropriate HPLC analysis. At
pH 3, MG-9 showed the highest removal of MC-LR along
with the highest adsorption of MC-LR due to high electrostatic

Fig. 3 TEM images of MG-9
(left) and MG-11 (right) samples

Table 2 Hyperfine parameters
and relative spectral areas
calculated from room-
temperature spectra of samples
MG-9 and MG-11

Sample Component δFe (mm s−1) ΔEQ (εQ) (mm s−1) Bav (T) RA (%)

MG-9 Doublet 0.34 0.77 – 63.2

Sextet (distribution) 0.31 −0.16 48 36.8

MG-11 Doublet 0.34 0.78 – 67.6

Sextet (distribution) 0.25 0 48 32.4

δFe isomer shift related to metallic iron,ΔEQ quadrupole splitting for doublets, εq quadrupole shift for sextets, Bav

most probable hyperfine field, RA relative spectral area
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attraction because MC-LR is negatively charged but iron ox-
ides are positively charged (Mustafa et al. 2004; Gao and
Chorover 2010; Pelaez et al. 2011). After 5 h of visible light
irradiation, 70.5% MC-LR was removed (Fig. 8). The total
removal of MC-LR was inversely proportional to the initial
pH of solutions (Fig. 8b). These results may also be caused
by Fenton reaction due to dissolution of iron at low pH (i.e.,
3.0). Fe2O3 produces pairs of electrons (e

−) and holes (h+) via
light absorption (Eq. (1)) (Kiwi andGrätzel 1987; Shelton et al.
2016) and hydroxyl radical (·OH) and superoxide anions
(O2·

−) form according to Eqs. (2) and (3). Also, hydrogen
peroxide (H2O2) could be produced according to Eqs. (4),
(5), (6), and (7) (Zhao et al. 2014; Khan et al. 2016). Formed
H2O2 reacts with dissolved iron (Eq. (8)) via Fenton reaction
(Ruppert et al. 1993; Winterbourn 1995), which improves the
efficiency of visible light-induced Fe2O3 photocatalysis to de-
compose MC-LR at pH 3.

Fe2O3 þ hν→hþ þ e− ð1Þ

hþ þ H2O→
•OHþ Hþ ð2Þ

e‐þO2→O2
•− ð3Þ

e‐þO2
•‐þ2Hþ→ H2O2 ð4Þ

O2
•‐þO2

•‐þ2Hþ→ H2O2þO2 ð5Þ
O2

−• þ Hþ→ HO2
• ð6Þ

2HO2
• þ 2Hþ→2H2O2þO2 ð7Þ

Fe2þ þ H2O2→ Fe3þOH−þ•OH ð8Þ

In order to confirm a stability of the Fe2O3 catalysts in
water under acidic solution conditions (i.e., pH 5.8 and
pH 3.0), leaching tests were performed since iron oxides
(i.e., lepidocrocite, ferrihydrite, hematite, goethite, ferrihy-
drite, and Bsoil-Fe^) show the minimal solubility at pH 7–8
(experimental details are mentioned in the BMaterial and
methods^ section) (Cornell and Schwertmann 2003). The re-
sults showed no leaching of Fe2O3 at pH = 5.8 even after 24 h
of the experiment within the detection limit of the method
(0.2 mg L−1 of Fe, which was determined as the end of the
calibration curve). Addition of Fe2O3 nanopowder to water
with pH = 3.0 led to dissolution of 0.065 wt% of Fe2O3 after
8 h of the experiment, and this value remained almost the
same after the subsequent 16 h. Iron (Fe2+) dissolved at

Fig. 4 Hysteresis loop for sample MG-9 at room temperature. The inset
shows that remanent magnetization as well as coercivity is almost zero

Fig. 5 Magnetic separation of the
catalysts by using of a permanent
magnet. Left: the samples before
application of the magnet; right:
the most of nanoparticles are
attracted to the magnet during
2 min
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Fig. 6 The removal of MC-LR for MG-9 and MG-11 samples at pH 5.8
with a 500 μg L−1 of MC-LR and the catalyst loading of 0.5 g L−1
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pH 3.0 reacted with formed H2O2 (Eq. (8)) during visible
light-induced Fe2O3 photocatalysis, resulting in the enhanced
removal of MC-LR. However, the observed rate constant of
pseudo first-order kinetics for the photocatalytic degradation
of MC-LR at different pH values was 0.0648, 0.0811, 0.0325,
and 0.0123 h−1 at pH 3.0, 5.8, 7.0, and 10.0, respectively (see
Additional file 1: Fig. SI4). It seems that the photocatalytic
degradation of MC-LR at pH 5.8 was higher than at pH 3.0,
but the actual removal ofMC-LR at pH 3.0 is still high. At that
pH value, MC-LR of ~35% was adsorbed on MG-9 and it
significantly contributed to the overall MC-LR removal.
Although the highest removal of MC-LR was obtained at
pH 3.0, pH 5.8 could be an appropriate operating condition
for the catalyst to avoid any iron contamination problems
(Kohgo et al. 2008).

Concerning the issue of using of a mixture of maghemite
and hematite as photocatalyst, it is expected that the mixture

can lead to the higher photocatalytic activity than maghemite
or hematite alone. The bandgaps for maghemite and hematite
are almost the same (2.02 eV), but they have different posi-
tions. Hematite has a conduction band level at −0.62 V and a
valence band level at +1.40 V; maghemite has the two band
levels at −0.08 and +1.94 V, respectively (Leland and Bard
1987). In the mixture, the excited electrons at the conduction
band of hematite would transfer to the conduction band of
maghemite easily. This leads to an effective electron separa-
tion and transformation within the iron oxides.

Conclusion

Pureα-Fe2O3/γ-Fe2O3 nanopowders were proved to be prom-
ising as photocatalysts in the removal of the cyanotoxin MC-
LR. Higher specific surface area of the photocatalysts led to a

Fig. 8 a The effect of initial pH forMG-9 on the removal ofMC-LR at 750 μg L−1 ofMC-LRwith 0.5 g L−1 ofMG-9. b The effect of initial pH forMG-
9 on the removal of MC-LR after 5 h of visible light illumination at 750 μg L−1 of MC-LR with 0.5 g L−1 of MG-9

Fig. 7 a The effect of catalyst loadings for MG-9 on the removal of MC-LR at pH 5.8 with 500 μg L−1 of MC-LR. b Total removal of MC-LR with
different loadings of MG-9 after 5 h of visible light irradiation at pH 5.8 with 500 μg L−1 of MC-LR

Environ Sci Pollut Res (2017) 24:19435–19443 19441



significant increase of the degradation efficiency. The catalyst
loading of 0.5 g L−1 was shown to be optimal; lower or higher
loadings resulted in a decrease of the efficiency under the
experimental conditions in this study. Solution pH proved to
be an important parameter for Fe2O3 photocatalysis for the
removal of MC-LR due to iron dissolution. The dissolved iron
could react with formed H2O2 during the photocatalysis pro-
cess, improving the efficiency of the photocatalysis process
via Fenton reaction. Even though the highest photocatalytic
degradation of MC-LR was achieved at pH 3, solution pH
needs to be carefully controlled to avoid iron contamination
problems by iron dissolution. These investigations could be
continued by a test of other Fe2O3 nanoparticulate systems,
like amorphous Fe2O3 or beta-Fe2O3, to improve the efficien-
cy of iron oxide photocatalysis for the degradation of contam-
inants in water. Also, in future, it would be interesting to
confirm whether the Fe2O3 catalysts could be regenerated
and reused for more than one photocatalytic test/cycle, e.g.,
by employing of magnetic separation.
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