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Photodegradation of microcystin-LR by pyridyl iron
porphyrin immobilized on NaY zeolite
Shulian Wang, Huiqin Zhang, Hongmei Ge, Yafei Shi and Zhu Li

ABSTRACT
A novel photocatalyst, FeTPyPY, was prepared by immobilizing water-soluble tetra(4-pyridyl)phenyl
iron-porphyrin (FeTPyP) on NaY zeolite to degrade microcystin-LR (MC-LR), one of the most toxic
microcystins (MCs). UV-Vis analysis, UV-Vis diffuse reﬂectance spectroscopy, infrared spectroscopy,
cyclic voltammetry and transmission electron microscopy were employed to characterize
immobilized FeTPyPY. Under visible light (λ  420 nm), MC-LR was degraded utilizing immobilized
FeTPyPY by activating molecular oxygen. The results showed that 85% of MC-LR was efﬁciently
degraded by FeTPyPY with loading amount 100:1 (mNaY:mFeTPyP) after 300 min of visible light
illumination. Moreover, FeTPyPY was stable in the degradation system with pH 7.0. The degradation
mechanism was evaluated using electron spin resonance, and the results demonstrated that highly
reactive oxygen species (•OH radical) were generated in the system to degrade MC-LR. Therefore,
immobilized FeTPyPY was available to break down the toxic groups within MC-LR by utilizing
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INTRODUCTION
Microcystin-LR (MC-LR) (Figure S1, Supplementary Information), a hepatotoxin produced from cyanobacteria in
eutrophic surface waters, is a serious threat to aquatic life
and humans (Brunberg & Blomqvist ; Holst et al.
). It targets the liver and inhibits phosphatase 1 and 2A
to strongly promote tumor (Yasmin et al. ). Because of
the potent toxicity, the International Agency for Research
on Cancer has classiﬁed MC-LR as possibly carcinogenic to
humans (Group 2B) and the guideline value set by the
World Health Organization for MC-LR in drinking water is
1 μg/L. MC-LR pollution in surface water has become
a global environmental problem and attracts increasing attention (Mantzouki et al. ; Hu & Rzymski ; Henao et al.
). Conventional water treatments such as coagulation and
activated carbon adsorption achieved limited success in
removing MC-LR effectively (Han et al. ; Phujomjai
et al. ). Advanced oxidation processes (AOPs) with the
generation of hydroxyl radical (•OH) is considered to be the
most promising method in the detoxiﬁcation of MC-LR in contaminated water (Krzywicka & Kwarciak-Kozłowska ).
The hydroxyl radical is an active species with high oxidation potential (E0 ¼ 2.76 V); thus, its oxidation activity is
strong and its effect on the transformation of harmful
doi: 10.2166/wst.2020.083
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substances in the natural environment is important (Li
et al. ). Therefore, signiﬁcantly increased research has
focused on the different ways in which •OH is produced,
and on how to produce •OH faster and more efﬁciently. However, almost all of these systems about MC-LR degradation
are dissolving MC-LR in pure water without considering
the presence of natural organic matter (NOM). The •OH
reacts more preferentially with high concentration of NOM
than with trace quantities of MC-LR. Therefore, these
methods are still difﬁcult to be used in the presence of
NOM. Generally, the concentration of MC-LR is lower
than 10 ppm in algae-bloom water, while the concentration
of NOM is normally in the range from 10 to 100 ppm
(Aschermann et al. ). In real scenarios, MC-LR
degradation by AOPs is inefﬁcient, and consequently,
environmentally friendly methods for MC-LR removal in
the existence of NOM are signiﬁcantly important.
In the studies about contaminant degradation in the
presence of NOM, researchers found that variable-valent
metal catalysts may be similar to speciﬁc enzymes with
high selectivity, which could provide special catalytic sites
for the degradation of pollutants in nature (Yanina &
Rosso ; Schreiner et al. ; Katz et al. ). Since
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Meunier and coworkers succeeded in the degradation of
2,4,6-trichloropenol utilizing water-soluble iron tetrasulfophthalocyanine (FePcS) as the catalyst in mixed solvent
with acetonitrile and H2O (Sorokin et al. ), the complexes of metal and organics used as photocatalyst for the
treatment of pollutants have received a lot of attention
(Kim et al. ; Tang et al. ). Due to the variable
valence state of metals or the interactions between metals
and molecular oxygen or other ligands, soluble or immobilized metal porphyrins have been widely applied as
selective oxidant of toxic pollutants (Peng et al. ;
Rahimi et al. ; Günay & Cimen ; Gamelas et al.
). Song and coworkers discussed the physicochemical
properties of homogeneous and heterogeneous high-valent
Fe(IV)-O species and proved that Fe(IV)-O compounds
had the characteristics of p450-like enzyme in the oxidation
reaction (Song et al. ). Iron porphyrin is a promising catalyst to remove organic pollutants in our environment, and
immobilization on inert carriers is an effective approach to
enhance stability and selectivity (Wang et al. ).
In this work, a green processing system consisting of
metalloporphyrins immobilized on an inert carrier in the
presence of visible irradiation and O2 was established.
Immobilized photocatalyst, FeTPyPY, was prepared and its
photocatalytic activity and the inﬂuence of operational
parameters on the degradation of MC-LR was investigated.

MATERIALS AND METHODS
Materials
Tetra(4-pyridyl)phenyl porphyrin (TPyP) (Figure S2, Supplementary Information) was obtained from J&K Scientiﬁc
Co. NaY zeolite was purchased from Tianjin Tianli Chemical Reagent Co. 5,5-Dimethyl-1-pyrroline-N-oxide (DMPO)
and N,N-diethyl-p-phenylenediamine (DPD) were provided
by Sigma-Aldrich Co. MC-LR (95%) was purchased from
Express Technology Co. Technical grade humic acid (HA)
was purchased from Sigma-Aldrich Co. Chromatographically pure grade methanol, acetonitrile and triﬂuoroacetic
acid (TFA) were obtained from Merck Co. Ultrapure water
was used throughout the experiment. The pH was adjusted
with either NaOH (1 mol/L) or HClO4 (1 mol/L).
Preparation of FeTPyP
FeTPyP was prepared according to a reported procedure (Li
et al. ). A three-neck ﬂask (25 mL) containing 10 mL of
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Fe(NO3)3 (2.5 × 103 mol/L) solution and 5 mg of TPyP
was heated with continual stirring. At different intervals,
10 mL of reaction solution was extracted to measure the
absorbance at 200–700 nm. Changes in absorbance and
appearance of new absorption bands were observed. The
reaction was stopped when changes in the Soret-band disappeared and new peaks appeared. After the reaction, excess
Fe3þ was removed using IRA200 cation exchange resin.
Preparation of FeTPyPY
NaY zeolite and FeTPyP (m/m 10:1, 20:1, 100:1, 200:1)
were stirred in a container for 24 h under ambient conditions. Immobilized FeTPyPY with different loadings
were separated by ﬁltration, rinsed with water until no
FeTPyP was detected, and ﬁnally dried at 50  C. The corresponding photocatalytic results (Figure S3) demonstrated
that FeTPyPY with loading amount 100:1 had the maximum
degradation rate. Therefore, all the other degradation
experiments were carried out with it.
Catalyst characterization
A Lambda 25 UV-Vis spectrophotometer (Perkin Elmer, USA)
was used to obtain UV-visible absorption spectra. UV-visible
diffuse reﬂectance spectroscopy (UV-Vis DRS) was carried
out using a U-3010 UV-Vis spectrophotometer (Hitachi,
Japan) using spectral grade BaSO4 as the reference material.
Infrared (IR) analysis was carried out with a Nicolet Nexus
FTIR spectrophotometer (Thermo Electron, USA). The cyclic
voltammetry (CV) curves were obtained on a CHI660E electrochemical workstation (Chenhua, China). The morphology was
characterized with transmission electron microscopy (TEM).
Photocatalytic procedures and analyses
The reaction was carried out in a Pyrex vessel containing
5 mL of MC-LR (2 mg/L) and 5 mg of FeTPyPY. The vessels
were put into an XPA series instrument using a 500-W halogen lamp (Institute of Electric Light Source, Beijing, China)
as the light source. To ensure visible illumination, a ﬁlter
was placed in the middle of the vessel and lamp to eliminate
any radiation at wavelength below 420 nm. Prior to illumination, a reaction suspension was continuously stirred in
the dark for half an hour to ensure establishment of
MC-LR adsorption/desorption equilibrium on the surface
of FeTPyPY. After the reaction started, 300 μL of the reaction suspension was obtained at given irradiation time
intervals, and then centrifuged (8,000 r/min) and ﬁltered
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through a Millipore ﬁlter (0.22 μm) to remove FeTPyPY
particles.
A Waters 600 high performance liquid chromatograph
(Waters, USA) equipped with a Waters 2998 photodiode
array detector and C18 reverse phase column (5 μm,
4.6 mm i.d. × 250 mm, Kromasil) was employed to determine the concentration of MC-LR at the wavelength of
238 nm. The mobile phase was methanol and 0.05% TFA
(v/v) (65:35). The injection volume of samples was 20 μL
and the ﬂow rate was 0.6 mL/min.
Liquid chromatography–mass spectrometry (LC/MS)
(Agilent, USA) was employed to monitor the degradation
intermediates with scanning range from m/z 300 to 1,200
in positive ion mode. Formic acid (pH 2.6) and acetonitrile
were used as the mobile phase. The gradient elution
program was 0–20% acetonitrile (10 min) followed by
increasing to 35% (10 min), 60% (15 min) and 80% (10 min).
The concentration of H2O2 was determined by DPD
method (Bader et al. ). The concentration of Fe was
detected using an atomic absorption spectrophotometer
(Varian, USA).
Electron spin resonance (ESR) analysis was performed
on a Bruker model EPR 300E spectrometer (Bruker,
Germany) equipped with a Quanta-Ray Nd:YAG laser
(355 and 532 nm) to measure oxygen radicals spintrapped by DMPO. Measurement conditions were center
ﬁeld 3,486.7 G, sweep width 100 G, microwave frequency
9.82 GHz, and power 5.05 mW.

RESULTS AND DISCUSSION
Characterization
UV-Vis analysis
From the UV-Vis spectra (Figure S4, Supplementary Information), pure TPyP in aqueous solution had a strong Soretband at 420 nm and three relatively weak Q-bands at 517,
585 and 640 nm. The characteristic absorption at the Soretband is mainly the transition of three electrons in the orbit
of the porphyrin to the low energy orbit, and are assigned
to the π ! π* (a2u ! eR*) of the porphyrin ring. Three peaks
at the Q-band are assigned to two relative N atoms among
the four N atoms on the TPyP ring connected to H, which
reduces molecular symmetry. Six hours after heating and
reﬂux, characteristic peaks at the Soret-band widened and differentiated into two peaks (398 and 465 nm), and peaks at the
Q-band reduced to only one peak at 525 nm, which indicated
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that the coordination between iron and central nitrogen of
TPyP completed and FeTPyP was formed.
UV-Vis DRS analysis
The UV-Vis DRS spectra of FeTPyPY and NaY/Fe3þ are
shown in Figure S5, indicating that UV-Vis absorption
band wavelength shifted to the visible range when FeTPyP
was supported on NaY. In the visible light region,
NaY/Fe3þ had little absorption, while FeTPyPY had strong
absorption, which demonstrated immobilized FeTPyPY
facilitated absorption of visible light and broadened the
response range (400–700 nm), evincing the visible catalytic
performance.
IR spectrum of FeTPyPY
The IR spectrum of FeTPyPY is shown in Figure S6. The
bands of 1,639 and 1,046 cm1 were attributed to stretching
vibration of C5
5N (pyridine). The band at 1,401 cm1
indicated -OH existing in NaY. The bands at 792 and
716 cm1 were assigned to bending vibration of C-H in the
benzene ring and Ar-H, respectively. Two bands at 576
and 459 cm1 were attributed to vibration of Fe-N, further
demonstrating the coordination between iron and central
nitrogen of TPyP.
Cyclic voltammetry of FeTPyPY
CV is an in situ technique to study the electrochemical properties of an electrode surface and its redox characteristics
(Liu et al. ). Thus, it can be used to not only judge
reversibility of electrode reaction, but also infer redox
characteristics of the catalytic reaction, which is one of the
most effective methods to explore the electrocatalytic mechanism. The CV of FeTPyPY was carried out in KOH solution
(1 mol/L) at room temperature at potential from 0.05 to
0.05 V (versus SCE, Figure S7), which exhibited an
oxidation peak at 0.403 V and reduction peak at 0.273 V,
indicating immobilization catalyst FeTPyPY produced high
redox peaks to improve the current efﬁciency and have
good Fenton-like reaction characteristics.
TEM images
The surface characteristic of a catalyst directly affects its
photocatalytic activity. Figure S8 shows TEM images of
NaY/Fe3þ and FeTPyPY. Obviously, NaY-loaded Fe3þ had
not dispersed successfully, which may be related to the
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114 and 11,552 min, respectively. Results indicated the presence of FeTPyPY remarkably reduced the half-life of MC-LR
by 99%.

Photodegradation of MC-LR by FeTPyPY
Effect of humic acid on the degradation of MC-LR
Effect of pH
The degradation of MC-LR was carried out at different pH
values. Results in Table 1 show that FeTPyPY has a high catalytic activity in a wide pH range (3.1–9.0), and the catalytic
activity under neutral and acidic conditions is much better
than that under alkaline condition. The Fenton-like catalyst
FeTPyPY broadened the pH range. It was unlike the traditional (photo) Fenton system which was only effective in
a medium of pH <3.0 (Zha et al. ). Furthermore, FeTPyPY was similar to the natural enzyme catalyzed reaction
and had a higher activity under circumneutral pH condition
(Song et al. ).
Kinetics of MC-LR photocatalytic degradation
The degradation kinetics of MC-LR by FeTPyPY and the
comparative experiment without FeTPyPY are shown in
Figure 1(a), which was treated as a pseudo-ﬁrst order for
plotting ln(ct/c0) against reaction time (t), displaying a
straight line (Figure 1(b)).
ln

ct
¼ kt
c0

(1)

ln 2
k

(2)

t1=2 ¼

where ct and c0 are the concentrations of MC-LR at time t
and zero, respectively; k is the rate constant; t1=2 is the
half-life of MC-LR.
In the reaction, the concentration of MC-LR at time t was
obtained from Equation (1). When the log of c(MC-LR) is
plotted as a function of t, k is given by the slope, and t1=2
of MC-LR can be calculated by Equation (2). For the degradation system in the presence and absence of FeTPyPY, k
values were 0.00608 and 0.00006 min1, and t1=2 values were
Table 1

|

Humic acid (HA), the primary NOM in natural waters (Fang
et al. ) and an important photosensitizer, can have a
signiﬁcant effect on the indirect photolysis of MC-LR (Caupos
et al. ). It may act as an inner ﬁlter to competitively
absorb light and photons, leading to inhibiting effect on MCLR removal (Zhou et al. ). Thus, the fate of MC-LR is greatly
affected by the background value of HA in natural water bodies.
In our research, the degradation potential of FeTPyPY
toward MC-LR in the presence of HA was investigated.
Different concentrations of HA were added and results
are shown in Figure 2. After 300 min of visible irradiation,
8% of MC-LR photolysis occurred, whereas with relatively
high concentration of HA (100 mg/L), photolysis of
MC-LR was inhibited. Due to the photosensitization of
HA, MC-LR photolysis under solar irradiation was slightly
enhanced at low HA concentration (<6.0 mg/L). However,
further increase in HA concentration inhibited photolysis
because of signiﬁcant light competition or reactive oxygen
species (ROS) quenching by HA (Niu et al. ). In the
existence of FeTPyPY, MC-LR was successfully degraded
even if the concentration of HA exceeded that of MC-LR
by a factor of 10, 20 and 50. The results indicated that the
photocatalytic degradation of MC-LR was not inhibited,
but increased, which was signiﬁcantly different to the previously reported phenomenon that the existence of HA
clearly retarded MC-LR degradation due to ROS quenching
(Li & Hu ). It strongly proved that MC-LR degradation
by the prepared FeTPyPY was not affected by NOM.
Catalyst recycling
The recycling performance is signiﬁcantly important for
application in environmental technology (Wang et al. ).
The reuse of FeTPyPY was evaluated for the degradation of
MC-LR over seven cycles. After each cycle, the collected

Effect of pH on the degradation of MC-LR

pH

Removal rate of MC-LR /%

3.1

5.3

7.0

9.0

11.2

62.5 ± 0.5

83.4 ± 0.8

92.7 ± 1.4

42.9 ± 0.3

15.2 ± 0.4

c(MC-LR) ¼ 2 mg/L; c(FeTPyPY) ¼ 1 g/L; reaction time ¼ 300 min. Values of removal rates are mean ± standard deviations (n ¼ 3).
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Degradation of MC-LR by FeTPyPY (a) and reaction kinetics assuming pseudo-ﬁrst order kinetics (b). c(MC-LR) ¼ 2 mg/L; pH ¼ 7.0; c(FeTPyPY) ¼ 1 g/L. Error bars represent
standard deviations of triplicate measurements (n ¼ 3).

Figure 2

|

The impact of HA on the degradation of MC-LR by FeTPyPY. c(MC-LR) ¼ 2 mg/L;

Figure 3

|

pH ¼ 7.0; c(FeTPyPY) ¼ 1 g/L. Error bars represent standard deviations of
triplicate measurements (n ¼ 3).

solution was ﬁltered to obtain solid FeTPyPY, which was
rinsed, dried and reused with identical experimental conditions. The results shown in Figure 3 demonstrated that
the photocatalytic activity of FeTPyPY was maintained.
Over seven consecutive cycles, FeTPyPY showed wonderful
stability without attenuation. In addition, the loss of Fe in
the solution was only 9.7% in continuous degradation of six
cycles and reached 19.6% after seven cycles, leading to
slight decrease of MC-LR degradation rate. At the end of
the seventh cycle, the solution probably contained free iron
ions and was used to degrade MC-LR under similar conditions, but no obvious degradation of MC-LR occurred,
indicating the trace free iron ion existing in the solution
was inactive. Moreover, the pH of the solution remained at
approximately 7.0 during the cycle experiment. Furthermore,
during the photoreaction process, no FeTPyP was found in
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Seven consecutive cycles of photodegradation with FeTPyPY and loss ratio of
Fe during the process. c(MC-LR) ¼ 2 mg/L; c(FeTPyPY) ¼ 1 g/L; pH ¼ 7.0. Error
bars represent standard deviations of triplicate measurements (n ¼ 3).

Figure 4

|

Concentration changes of H2O2. c(MC-LR) ¼ 2 mg/L; c(FeTPyPY) ¼ 1 g/L; pH ¼ 7.0.
Error bars represent standard deviations of triplicate measurements (n ¼ 3).
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Determination of H2O2 and •OH

Figure 5

|

ESR signals of the DMPO-•OH adducts in water. c(DMPO) ¼ 0.04 mol/L;
c(FeTPyPY) ¼ 0.20 g/L.

the bulk solution. Results demonstrated that FeTPyPY was
efﬁcient and rather stable for the degradation of MC-LR in
water under visible light irradiation.

Figure 6

|

The concentration of H2O2 was determined during the
photocatalytic degradation process and the results are
displayed in Figure 4. In the existence of FeTPyPY under
visible light, the concentration of H2O2 increased with
illumination time, indicating H2O2 was an intermediate
oxidant. It was noted that H2O2 was stable under acid
condition while easy to be decomposed under alkaline condition, leading to bad performance of FeTPyPY under
alkaline condition (Table 1). Control experiments that tracked
H2O2 change with time were also run with FeTPyPY in the
dark. Without FeTPyPY or visible light, the concentration of
H2O2 was negligible, consistent with the results of slow degradation of MC-LR under similar conditions.
The •OH formation was measured qualitatively by
ESR, which is an up-to-date analytical technique used
to determine short-lived free radicals and is useful for elucidating photocatalytic reaction mechanisms (Li et al. ). As
shown in Figure 5, no obvious ESR signals were observed in

Hydroxylation products of the conjugated double bonds on the Adda chain and the aromatic ring of MC-LR.
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the reaction without visible light, whereas under visible light
irradiation, characteristic quartet peaks of DMPO-•OH
adduct appeared with an intensity ratio of 1:2:2:1 and stabilized after 90 s of irradiation. The result indicated that the
degradation of MC-LR by FeTPyPY involved •OH, which is
an intermediate species in photocatalytic reactions.
Possible degradation pathway
In order to reveal the degradation pathway, reaction intermediates of MC-LR degradation by FeTPyPY under visible

Figure 7

|

Degradation pathway of m/z 1,029.6.
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light irradiation were analyzed utilizing LC/MS. Total ion
chromatogram results (Figure S9) showed that initial degradation products were primarily hydroxylated products m/z
1,029.6, m/z 1,011.7 and m/z 1,027.7 (Figure 6). There
were three isomers of m/z 1,029.6, two 1,2-addition
products (1 and 2) and a 1,4-addition product (3), corresponding to hydroxyl addition of the conjugated double
bonds on the Adda of MC-LR. Due to relative instability of
products 1 and 2, m/z 1,029.5 (1) was further oxidized to
ketone compound m/z 835.4 and aldehyde compound m/z
795.3, while m/z 1,029.5 (1) was directly oxidized to
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CONCLUSIONS

Figure 8

|

Proposed mechanism for the degradation of MC-LR illuminated by visible light.

aldehyde compound m/z 795.3. Hydroxyl radical attacked
the unsaturated C5
5C at m/z 795.3, and product m/z 854.4
was generated. With triplicate oxidative decarboxylation,
bond cleavage happened at product m/z 854.4 and product
m/z 768.4 was generated at last (Figure 7).

Highly toxic MC-LR has been shown to undergo photodecomposition in aqueous solution under visible light, using
a photocatalytic oxidation system consisting of FeTPyP
immobilized on NaY, by tracking oxygen species in the oxidation process. Under visible irradiation, 85% of MC-LR
was efﬁciently degraded by immobilized FeTPyPY after
300 min of visible light illumination. The immobilized
photocatalyst FeTPyPY can be easily collected from the
reaction solution by simple ﬁltration and reused for photocatalysis with scarce loss of activity. This photocatalytic system
provides an additional approach, with great potential, for
the oxidative removal of persistent organic pollutants.
In industrial water treatment, immobilized FeTPyPY is
expected to be used in ﬁxed bed reactors to continuously
degrade toxins besides MC-LR. Compared with other
methods, it would be cost-efﬁcient as no other oxidant is
needed and it has high sustained activity.

Proposed photodegradation mechanism

FUNDING
A remarkable feature is the enhanced photocatalytic efﬁciency of FeTPy after immobilizing onto NaY. The catalytic
activity of FeTPy in this heterogeneous system is remarkably
enhanced compared to that in a homogeneous system
(Figure 1(a)). On the basis of all experimental results, a possible mechanism for the photocatalytic system is proposed,
represented schematically in Figure 8, to explain the activity
enhancement of the immobilized FeTPyPY. On the surface of
hydrophobic FeTPyPY, H2O easily approaches the iron
center of FeTPyPY at the axial direction to give axial ligand
Y-(P)FeIIIOH (Equation (3) in Figure 8), which may contact
with dissolved oxygen in water to form a new ligand Y-(P)
FeIIIOOH at another axial direction (Equation (4)). Under
visible light irradiation, Y-(P)FeIIIOOH is activated to produce excited state Y-(P)FeIIIOOH* (Equation (5)). Electron
transfer between iron and ligand of FeTPyPY occurs and
transient species Y-(P)FeIV5
5O…OH (Equation (6)) forms.
However, Y-(P)FeIV5
5O…OH is unstable, resulting in the
O-O band of Y-(P)FeIV5
5O…OH easily undergoing rapid
cleavage to generate •OH and Y-(P)FeIII5
5O (Equation (7)).
Y-(P)FeIII5
5O can convert to Y-(P)FeIIIOH (Equation (8)). A
redox cycle is completed and the net result is generation of
•
OH, a highly active species that can degrade MC-LR
effectively (Equation (9)). In all, the degradation of MC-LR
relied on •OH generated during the redox cycle. Therefore,
FeTPyPY would be useful for degradation of other congeners
which usually co-occur in surface water.
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