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a b s t r a c t

Photocatalysis is becoming a popular method for the inactivation of algae cells. However, the previous
research has mainly focused on the destruction of algae cells by photocatalysis for control of harmful
blooms in natural waters. This study aims to investigate the effect of photocatalytic pretreatment on the
coagulation process for Microcystis aeruginosa removal. Photocatalytic pretreatment by recyclable
magnetic Zn-doped Fe3O4 particles under visible-light was indicated to enhance the algae removal ef-
ficiency from 10% to 96% with the catalyst dose of 0.05 g/L. The possible mechanism involved in the
enhancement was explored by analyzing variations in the algal suspension from the aspects of cell
integrity, superoxide dismutase (SOD) activity, cell morphology, and dissolved organic matter (DOM).
The photocatalytic process was proved to realize moderate pretreatment of algae cells by destabilization
of the algae cells without damaging cell integrity. The damaged cell ratios were all below 6% even after
360-min photocatalytic pretreatment, which could avoid the undesirable release of intracellular organic
matter (IOM). The increase in SOD activity with prolonged photocatalytic time indicated that algae cells
were stimulated to extensively activate SOD to resist the oxidative damage induced by the photocatalysis.
Electron paramagnetic resonance (EPR) measurements further revealed that superoxide radicals were
generated and involved in the photocatalytic pretreatment process. Additionally, increased DOC values in
the algal suspension were induced by the desorption of mucilage from algae cells. The desorbed mucilage
was proved to be mainly composed of large or medium MW rather than small MW compounds, which
could further enhance the coagulation. Therefore, the efficient coagulation of algal suspensions can be
realized by moderate pretreatment of M. aeruginosa via the magnetic Zn-doped Fe3O4 particle photo-
catalysis process.

© 2019 Published by Elsevier Ltd.
1. Introduction

Algae blooms in eutrophic water sources have already become
an issue of widespread concern for drinking water production. The
traditional Al coagulation process cannot realize the effective
removal of algae cells due to their intrinsic properties, including
diverse morphology, negatively charged surface, low specific den-
sity, and high motility (Ma et al., 2007; Pieterse and Cloot, 1997;
Takaara et al., 2010). The significant inhibition of coagulation and
sedimentation processes caused by these blooms can not only
result in the subsequent problem of shortened filtration cycles
inghua.edu.cn (H. Lan).
(Kwon et al., 2014), but also the deterioration of effluent water
quality (Al-Tebrineh et al., 2010; Chen et al., 2008a).

Preoxidation has beenwidely used for the enhancement of algae
removal by the traditional coagulation and sedimentation pro-
cesses (Chen and Yeh, 2005; Chen et al., 2008b; Naceradska et al.,
2017; Shi et al., 2019). The introduction of various chemical oxi-
dants, e.g., Cl2, ClO2, O3, KMnO4, has been proved to have an “algae
inactivation” effect during pretreatment (Liu et al., 2017; Shen et al.,
2011). However, the conventional preoxidation method requires
the consumption of chemical oxidants. Recently, photocatalytic
technology come to be widely used for algae cell inactivation (Gu
et al., 2016; Wang et al., 2018a, 2018b). The photocatalyst can
play the role of oxidizer under light irradiation without any dete-
rioration due to its highly stable properties. Therefore,
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photocatalysis is an ideal method for algae cell inactivation from
the aspects of environmental friendliness and economy.

The utilization of TiO2 has been reported to show good perfor-
mance in the oxidation ofM. aeruginosa cells under ultraviolet (UV)
irradiation (Chen et al., 2018; Pinho et al., 2015). However, the
application of TiO2 as photocatalyst is limited because it requires
UV irradiation and consumes a large amount of energy, as the UV
region only accounts for about 3% of the solar spectrum (Fu, 2003).
The application of NeTiO2, Cu2O, or g-C3N4 has been proposed for
visible-light photocatalytic inactivation of algae cells (Gu et al.,
2016; Jin et al., 2019; Song et al., 2018). However, similar to the
conventional chemical oxidation process, over-inactivation during
the photocatalytic process can result in severe damage to algae cells
and the undesirable release of intracellular organic matter (IOM)
(Daly et al., 2007; Gu et al., 2016; Li et al., 2014; Pinho et al., 2015;
Shi et al., 2019; Zhou et al., 2014). Therefore, an ideal preoxidation
process by photocatalysis should be “moderate” to achieve a bal-
ance between the avoidance of extensive algae cell damage and
improvement of the efficiency of the subsequent algae removal. The
mucilage on algae cells was found to not only protect the algae cells
from being damaged, but also to reduce the algae removal effi-
ciency. The desorption of mucilage without damaging the algae
cells was proven to be the key to achieving “moderate pretreat-
ment” (Qi et al., 2016a). To the best of our knowledge, the previous
research has mainly been related to the destruction of algae cells by
photocatalysis, while studies focused on the utilization of photo-
catalysis for the preoxidation of algae cells before coagulation have
been rare.

In addition, utilization of the aforementioned photocatalyst
presents difficulties in separation and recycling, which not only
causes waste but also has the possibility of inducing secondary
pollution. Thus, it is of great importance to find a recyclable pho-
tocatalyst to play the role of oxidant in the algae cell pretreatment
process. Fe3O4 particles have attracted considerable attention
owing to their magnetic properties (Laurent et al., 2008). Moreover,
Zn is the most commonly used element for particle modification
due to its good performance in enhancing photocatalytic activity
(Alonso Reynoso-Soto et al., 2013; Kang et al., 2013; Seo et al., 2016;
Thanh Binh et al., 2012). Therefore, magnetic Zn-doped Fe3O4
particles were synthesized in this study to play the role of photo-
catalyst in algae pretreatment, which can be recycled after realizing
the visible-light photocatalytic inactivation of algae cells.

Based on the above concerns, this study aims to: 1) investigate
the effect of Zn-doped Fe3O4 particles in visible-light photocatalytic
pretreatment on the enhancement of coagulation for algae
removal; 2) explore the possible mechanism involved in the
enhancement of algae removal from both cell integrity mainte-
nance and mucilage desorption aspects.

2. Materials and methods

2.1. Materials and reagents

The algae species used in this study was Microcystis aeruginosa
because of its prevalence in algae blooms and relevance to water
quality and treatment challenges in waterworks (Kemp and John,
2006; Sano et al., 2011). M. aeruginosa (strain FACHB-905), as a
cyanobacterium previously described by Shen et al. (Shen and Song,
2007), was obtained from Wuhan Institute of Hydrobiology, Chi-
nese Academy of Sciences, and cultured in BG-11 medium (Rippka
et al., 1979). The detailed algae growth conditions are presented in
Text S1. M. aeruginosa cultures were harvested at the exponential
growth phase and diluted to the cell density of 1.0 � 106 cells/mL
for all experiments. SYTOX green nucleic acid stain was purchased
from Invitrogen, USA. Source water was collected from the Miyun
reservoir located in Beijing, China. The basic qualities of the source
water were as follows: turbidity 1.8 NTU, pH 8.3, DOC 3.76 mg/L, TN
1.5 mg/L, TP 0.02 mg/L.

2.2. Experimental methods

2.2.1. Synthesis of Zn-doped Fe3O4

The Zn-doped Fe3O4 particles were synthesized by a sol-
vothermal method: 15 mL of FeCl3$6H2O (0.54 g) solution and
15mL of ZnCl2 (0.14 g) weremixed, and then CH3COONa (0.8 g) was
added slowly into the mixed solution under vigorous stirring. The
solvent used was composed of Milli-Q water and glycerol with
volume ratio of 1:1. The mixture was further stirred for 30 min to
ensure dissolution, and then transferred into a tightly sealed
Teflon-lined autoclave and heated at 200 �C for 12 h in an oven.
Subsequently, the obtained products were collected by centrifu-
gation after cooling down to room temperature. The solid samples
were washed with Milli-Q water and ethanol several times, and
then dried at 60 �C for 6 h in an oven.

2.2.2. Evaluation of photocatalytic properties
In order to study the photocatalytic effect of Zn-doped Fe3O4

particles on M. aeruginosa removal efficiency by coagulation, the
photocatalyst (0, 0.025, 0.05, 0.1 g/L) was added into the
M. aeruginosa suspension after ultrasonication to ensure a uniform
dispersion. Then, the photocatalysis was carried out by irradiation
of the suspension using a 300 W Xe lamp with an UV cutoff filter
(l > 420 nm, light intensity 50 mW/cm2). The solution was ho-
mogenized by stirring at a speed of 200 rpm throughout the pho-
tocatalysis procedure. Next, the Zn-doped Fe3O4 particles were
separated from the algal suspension by magnetic separation at
given time intervals (0, 60, 120, 240, 360 min). Thereafter, the algal
suspension was transferred into a 500 mL beaker and the coagu-
lation process was conducted on a programmable jar tester
(MY3000-6, MeiYu, China). Al2(SO4)3 solution at 20 mM was added,
and the samples were rapidly mixed at 200 rpm for 2 min followed
by slow mixing at 40 rpm for 15 min. Finally, samples were
quiescently settled for 30 min. The coagulation conditions were set
according to our previous study (Qi et al., 2016c). The supernatant
samples were siphoned from 2 cm below the water surface to test
for residual algae. The optical density at 680 nm (OD680) of
M. aeruginosa has been reported to be positively related to cell
density (Sorokin, 1973). The linear relationship indicated the sig-
nificant correlation between them (Fig. S1). Thus, the residual algae
was assessed by measuring OD680 with a U-3100 spectrophotom-
eter (Hitachi Co., Japan).In addition, samples were siphoned for cell
integrity detection and mucilage desorption tests after separation
of the Zn-doped Fe3O4 particles from the algal suspension. The
siphoned samples were divided into two subsamples: the first
sample was evaluated for cell integrity and density, superoxide
dismutase (SOD) activity, and TEM characterization. The remaining
sample was immediately filtered through a 0.45 mm glass fiber
filter for the analysis of DOC and molecular weight (MW)
distribution.

2.3. Analytical methods

2.3.1. Structure and magnetic property characterization
X-ray diffraction (XRD) results were analyzed using HighScore

Plus software (version 3.0e) and peaks were matched using the
ICDD PDF-4þ 2004 database. The surface morphologies of Zn-
doped Fe3O4 particles were observed under a transmission elec-
tron microscope (TEM, H-7500, Hitachi Co., Japan) coupled with an
energy dispersive spectrometer (EDS). The magnetic susceptibility
and M-H hysteresis loop of Zn-doped Fe3O4 particles were



J. Qi et al. / Water Research 171 (2020) 115448 3
investigated at room temperature (300 K) by a Physical Property
Measurement System (PPMS) equipped with a Vibrating Sample
Magnetometer (VSM) (Quantum Co., USA). Electron paramagnetic
resonance (EPR) spectra of trapping radicals were obtained by a
Bruker E500 EPR device.

2.3.2. OD680 of algal suspension
OD680 of the algal suspension was measured with a U-3100

spectrophotometer (Hitachi Co., Japan). The path length of the
quartz cell was 10 mm. Milli-Q water served as the control.

2.3.3. Cell integrity and density detection
Cell integrity was determined for individual cells using a flow

cytometer (FACSCalibur 4CLR, BD Biosciences, San Jose, USA)
equipped with an argon ion laser emitting at a fixed wavelength of
488 nm for fluorescence measurement. SYTOX green nucleic acid
stain was used to determine the cell integrity according to the
method of Daly (Daly et al., 2007). Cell density was analyzed for
algal suspension by Novocyte Flow Cytometer (Novocyte 1040,
ACEA Biosciences, California, USA). Full details of the cell integrity
and density analysis are presented in Text S2.

2.3.4. SOD activity
The SOD activity was tested by the EnzyChrom™ SOD Assay Kit

(ESOD-100, BioAssay Systems).

2.3.5. TEM characterization of algae cells
Samples were immediately pre-embedded with agarose after

centrifugation, fixed overnight in 2.5% glutaraldehyde at 4 �C, and
post-fixed with 1% osmic acid for 2 h after washing three times in
phosphate buffer solution (100mM, pH¼ 7.2). The dehydrationwas
performed with graded ethanol solutions. The dehydrated samples
were embedded in SPI-Pon 812, followed by polymerization at
60 �C for 48 h. Ultrathin sections (70 nm) were cut with a Leica EM
UC6 ultramicrotome, stained with 2% uranyl acetate for 15 min and
lead citrate for 5 min, and examined using TEM (Tecnai Spirit, FEI).

2.3.6. Analysis of DOC
The DOC concentration in the dissolved phase of algal suspen-

sions was measured with a Shimadzu TOC-VCPH analyzer.

2.3.7. MW distribution
The MW distribution in the dissolved phase of the algal sus-

pension was determined by gel permeation chromatography (GPC,
Agilent technologies, USA; TSK gel: G3000PWXL; Detector: UV;
Temperature: 25 �C).

3. Results and discussion

3.1. Structure and magnetic properties of the Zn-doped Fe3O4

particles

The morphology and microstructure of the Zn-doped Fe3O4
particles were investigated by TEM and HRTEM (Fig. 1a and Fig. 1b).
It can be seen in the figure that the particles were spherical, with
diameters in the range of 10e40 nm (Fig. 1a). The marked inter-
planar spacings of 2.54 Å and 1.49 Å in the lattice fringe high-
resolution TEM image (Fig. 1b) are consistent with the spacings of
the (311) and (440) lattice planes for Fe3O4, respectively.

The energy-dispersive X-ray spectroscopy (EDX) element
mappings of Zn-doped Fe3O4 particles (Fig. 1cee) clearly showed
a uniform distribution of Zn, Fe, and O elements in the particles.
XRD diffractograms of the as-synthesized Zn-doped Fe3O4 parti-
cles are shown in Fig. 1f. The phases present in Zn-doped Fe3O4
were identified using XRD (Fig. 1f), and the diffraction peaks
could be indexed to the cubic spinel structure with Fd-3m space
group (JCPDS. 82e1049). The characteristic peaks at 2q of 29.87�,
35.29�, 42.87�, 56.68�, and 62.26� could be readily indexed to the
(220), (311), (400), (333), and (440) reflections of spinel,
respectively.

Themagnetization curve in Fig.1g showed an obvious hysteresis
loop for the as-synthesized Zn-doped Fe3O4 particles, which is
typical for the ferromagnetic-type curves. The saturation magne-
tization (Ms) of the Zn-doped Fe3O4 was estimated to be 66.2 emu
g�1, which is lower than that of non-doped Fe3O4 particles (73.9
emu g�1) (Pan et al., 2012). The synthesis methods associated with
non-magnetic impurity addition were reported to decrease the
magnetization due to the disruption of the magnetic crystal
structure (Liu et al., 2012). In addition, the Ms value of 7.7 emu g�1

has been reported to be sufficient for the efficient capture of par-
ticles within 10 min using a 70.6 mT magnetic field (Qi et al., 2017).
Thus, the as-synthesized Zn-doped Fe3O4 particles can be easily
separated by magnetic separation, as a magnetic field greater than
1 T has been used for ferric suspension separation from water in
some high-gradient magnetic separation (HGMS) systems (Li et al.,
2012, 2015). The application of HGMS systems in separation was
reported to have the advantages of energy saving, easy handling,
low operating and investment cost, and so on (Li et al., 2012).
Therefore, the magnetic separation of as-synthesized Zn-doped
Fe3O4 particles from algal suspension can be realized with lower
investment and maintenance cost.
3.2. Effect of photocatalysis by magnetic Zn-doped Fe3O4 particles
on enhanced coagulation for M. aeruginosa removal

To illustrate the effects of photocatalysis by magnetic Zn-
doped Fe3O4 particles on the removal of directly diluted
M. aeruginosa in source water, the photocatalytic time was
controlled from 0 to 6 h, and the particle doses were 0, 0.025,
0.05, 0.1 g/L, respectively (Fig. 2). The removal of algae by Al
coagulation increased with prolonged photocatalytic time at all
fixed photocatalyst doses. When the catalyst dose was 0.05 g/L,
the algae removal was increased from 10% to 96% with the pro-
longing of photocatalytic time from 0 to 360 min. In addition, the
algae removal efficiency increased with elevated catalyst dose up
to 0.05 g/L but decreased at higher concentrations, especially for
the prolonged photocatalytic times of 120, 240, and 360 min. An
elevated catalyst dose can increase the number of photogenerated
electrons and holes, which is beneficial to the destabilization of
algae cells. However, the light absorption at the catalyst surface
might be hindered by the light-blocking effect with further
elevation of the catalyst dose from 0.05 to 0.1 g/L. On the other
hand, an elevated dose can also correspondingly increase the
recombination sites for photogenerated electrons and holes (Gu
et al., 2015). The separation and recombination of the carriers
on the catalyst surface are balanced, which is not conducive to the
photocatalytic effect. Therefore, the amount of catalyst should be
controlled in the proper range to utilize the materials economi-
cally and effectively. In addition, only a small decrease of algae
removal efficiency was observed with a catalyst subjected to
three regeneration cycles for the catalyst dose of 0.05 g/L (Fig. S2),
which indicated that the catalyst had good stability and could still
be efficient after recycling. Moreover, the pH value was almost
unchanged after photocatalytic pretreatment, and only a slight
decrease was observed after the followed Al coagulation (Fig. S3).
The photocatalyst can play a good role under the original pH
condition of algal suspension, which can further guarantee its
feasibility in practical application.



Fig. 1. (a) FETEM and (b) HRTEM images of as-synthesized Zn-doped Fe3O4 particles; (cee) EDX elemental mappings for Zn-doped Fe3O4 particles; (f) XRD pattern and (g)
Magnetization curve of the particles.
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3.3. Mechanisms in the removal of M. aeruginosa cells by
photocatalysis-enhanced coagulation with magnetic Zn-doped
Fe3O4 particles

3.3.1. Effects of photocatalysis on M. aeruginosa cell integrity and
SOD activity

Fig. 3 illustrates the effects of photocatalysis by magnetic Zn-
doped Fe3O4 particles on algae cell integrity for photocatalyst
doses from 0 to 0.1 g/L; the ratios of damaged cells were analyzed
by flow cytometry. SYTOX green nucleic acid stain was used to
determine the percentage of damaged cells in a sample according
to the method of Daly (Daly et al., 2007). SYTOX can permeate cells
with damaged cell membranes and further induce higher fluores-
cence due to the staining of nucleic acids. Hence, the algae cell
integrity can be evaluated according to the variation of fluorescence
after staining the cells.

The maintained cell integrity for the control without adding Zn-
doped Fe3O4 particles in Fig. 3 indicated that the sole irradiation by
visible-light used in this study could not induce the cell damage
due to the lower light intensity. In addition, almost all of the algae
cells maintained integrity even after 360-min photocatalysis, as the
ratios of damaged cells were all below 6%. These results indicate
that the photocatalytic effect of as-synthesized Zn-doped Fe3O4
particles did not damage the algae cells. This can be further proved
by the maintained algae cell density after photocatalysis in Fig. S4.
Photocatalysis has been utilized in many reported studies for the
inactivation of algae cells (Chen et al., 2018; Gu et al., 2016; Jin et al.,
2018; Pinho et al., 2015; Wang et al., 2018b). However, the mech-
anism of all these studies was based on the destruction of algae
cells, which would induce the release of algal organic matter
(AOM). The released AOM not only contains toxic substances but
also serves as precursors for disinfection byproducts (DBPs) (Fang
et al., 2010; Qi et al., 2016b). Compared with the previous studies,
the catalyst used here can realize the enhancement of algae
removal without causing cell rupture and AOM release problems.

SOD has been reported to play a key role in the physiological
process of resisting oxidation (Banci et al., 2005; Yang et al., 2011).
The dismutation of superoxide can be catalyzed by SOD and thus



Fig. 2. Effects of photocatalysis by magnetic Zn-doped Fe3O4 particles onM. aeruginosa
removal by coagulation. Cell density: 1.0 � 106 cells/mL. Al2(SO4)3 dose: 20 mM. The
results shown are mean data from triplicate experiments, and error bars indicate
standard deviations based on triplicate analyses.

Fig. 3. Effects of photocatalysis by magnetic Zn-doped Fe3O4 particles on cell integrity.
Cell density: 1.0 � 106 cells/mL. The results shown are mean data from triplicate ex-
periments, and error bars indicate standard deviations based on triplicate analyses.

Fig. 4. Variation of SOD activity of M. aeruginosa suspension after photocatalysis by
magnetic Zn-doped Fe3O4 particles. Cell density: 1.0 � 106 cells/mL. The results shown
are mean data from triplicate experiments, and error bars indicate standard deviations
based on triplicate analyses.

Fig. 5. TEM images illustrating desorption of the mucilage of M. aeruginosa cells after
photocatalysis by magnetic Zn-doped Fe3O4 particles. Cell density: 1.0 � 106 cells/mL.
Catalyst dose (if any): 0.05 g/L. (a) Without pretreatment; (b) After 360-min
photocatalysis.
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eliminate the oxidative species inside the cells (Banci et al., 2005).
As shown in Fig. 4, the SOD activity of the raw M. aeruginosa sus-
pension was about 0.37 � 10�6 U cells�1, whereas it increased
markedly after photocatalysis at all the catalyst doses. The highest
SOD activity value, 0.89 � 10�6 U cells�1, was achieved by the
0.05 g/L catalyst dose after 360-min photocatalysis. The increased
SOD activity indicated that the algae cells were stimulated to resist
the oxidative damage due to photocatalysis through the activation
of SOD. Similar results have also been reported for other treatment
methods for the activation ofM. aeruginosa (Li et al., 2011; Xu et al.,
2016). Therefore, the higher SOD activity value can directly prove
the presence of stronger oxidation induced by photocatalysis.
Notably, the upward trend of SOD activity at all the catalyst doses
can further demonstrate the maintained cell integrity after pho-
tocatalysis. Otherwise, the damage to cell integrity would induce a
decline in SOD activity due to the collapse of antioxidant defense
(Huang et al., 2012; Li et al., 2011; Xu et al., 2016). In addition, the
variation in SOD activity is consistent with the algae removal
shown in Fig. 2, which illustrates that the algae removal by sub-
sequent coagulation is determined by the oxidation capacity in the
photocatalytic process.

3.3.2. Effects of photocatalysis on mucilage desorption and
characteristics of DOM in M. aeruginosa suspension

Moreover, the mucilage on algae cells was found in our former
study to not only interfere with the algae removal efficiency, but
also protect the algae cells from being damaged (Qi et al., 2016a).
The mucilage includes all the surface-bound organic matter on
algae cells, which contains not only the extracellular organic matter
(EOM) but also natural organic matter (NOM). It has been reported
to interfere the hydrolysis of coagulant through the direct inter-
action of its hydrophilic content with cations originated from
coagulant (Takaara et al., 2010). In addition, the mucilage can serve
as a protective barrier against environmental stress and thus pro-
tect the algae cell membrane from being attacked (Gonz�alez et al.,
2010). The desorption of mucilage without damaging the algae cells
is the key to achieving “moderate pretreatment” by the photo-
catalytic process. Therefore, the morphology of M. aeruginosa cells
before and after photocatalysis was characterized by TEM to further
investigate the photocatalytic inactivation effect of magnetic Zn-
doped Fe3O4 particles (Fig. 5).

The catalyst dose of 0.05 g/L was chosen because it was themost
effective in improvingM. aeruginosa removal (Fig. 2). As we can see
from the images, the M. aeruginosa cells used in the experiment



Fig. 7. Effects of photocatalysis by magnetic Zn-doped Fe3O4 particles on the charac-
teristics of DOM in M. aeruginosa suspension. Cell density: 1.0 � 106 cells/mL. (a) DOC
value; (b) MW distribution.
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were of ovoid or spherical shape and around 4.0 mm in diameter. In
addition, the presence of mucilage in the outside of algae cells can
clearly be observed from Fig. 5a, which is consistent with previous
findings (Pinho et al., 2015). The desorption of mucilage can be
directly proved through the disappear of mucilaginous external
layer after 360-min photocatalytic pretreatment comparing with
the raw algae cell (Fig. 5b). The disappearance of mucilage in Fig. 5b
indicated the damage induced by photocatalysis, even though the
cell integrity was proved to be maintained as shown in Fig. 3. The
reactive oxygen species (ROS) generated by the photocatalyst were
measured by EPR to further investigate the mechanism of photo-
catalytic pretreatment (Fig. 6). Signals with an intensity ratio of
1:1:1:1 were clearly obtained in the as-synthesized Zn-doped
Fe3O4 suspension. This result indicated that the photocatalytic
pretreatment could effectively generate superoxide radicals, which
was responsible for the mucilage desorption. Therefore, the
improvement of algae removal in Fig. 2 can be explained by the
mucilage desorption effect on algae cells during the photocatalytic
process.

In addition, the morphology of algae cells could still be main-
tained even after 360-min photocatalytic pretreatment. Combined
with the results in Fig. 3, the catalyst used in this study can realize
the improvement of algae removal without damaging the cell
integrity, which is similar to the effects of moderate pretreatment
by chemical oxidants reported in our former study (Qi et al., 2016a).
Themucilage has been reported to consume ROS by redox reactions
and prevent them from reaching the cell wall. The highly func-
tionalized organic polymers with amides, carboxyl and hydroxyl
groups can serve as ROS scavengers (Planchon et al., 2013). More-
over, the oxidizing ability of superoxide radicals are relatively weak
comparing with hydroxyl radicals (Oh et al., 2016). Therefore,
moderate pretreatment of algae cells can be realized by photo-
catalytic process with the as-synthesized Zn-doped Fe3O4 particles.

Fig. 7a shows the variation of DOC values in the M. aeruginosa
suspension after photocatalysis by magnetic Zn-doped Fe3O4 par-
ticles. The elevation of catalyst dose from 0 to 0.05 g/L increased the
DOC value throughout the photocatalysis period. The DOC value in
the algal suspension increased, e.g., to 1.96 mg/L after the 360-min
photocatalysis by 0.05 g/L catalyst, even though the ratios of
damaged cells were below 6% (Fig. 3). The membranes of undam-
aged algae cells should be intact, otherwise the SYTOX green
nucleic acid stain would penetrate cells through the damaged cell
membranes and finally induce the variation of fluorescence after
staining the nucleic acids of cells (Daly et al., 2007). The intact cell
Fig. 6. EPR spectra of the photocatalytic system with magnetic Zn-doped Fe3O4 par-
ticles. Catalyst dose: 0.05 g/L.
membrane for undamaged algae cells can ensure the IOM not to be
released into water. Combined with the mucilage desorption re-
sults shown in Fig. 5, the increase in DOC after photocatalysis can be
inferred to be due to desorbed mucilage rather than released IOM.
Similar results were reported in our previous findings with mod-
erate preoxidation (Qi et al., 2016a). In addition, the decreased DOC
value with the further elevated catalyst dose from 0.05 to 0.1 g/L
can be explained by the light-blocking effect and the balance be-
tween separation and recombination of carriers (Gu et al., 2015).
EPR spectra for different doses of Zn-doped Fe3O4 particles was
analyzed to reflect the quantity variation of active species (Fig. S5).
The measurement was conducted for the photocatalytic system
without algae cells to eliminate the interference. The peak in-
tensities were found to increase with the elevated photocatalyst
doses. The highest peak intensity was achieved with the catalyst
dose of 0.1 g/L, which indicated the most quantity of active species.
However, the most effective mucilage desorbing result was realized
with the catalyst dose of 0.05 g/L. This inconsistent result can be
explained by the light-blocking effect of algae cells in the photo-
catalytic pretreatment system, which can hinder the light absorp-
tion at the catalyst surface. Therefore, there is no positive
correlation between amount of photocatalyst and degree of muci-
lage desorption. Furthermore, the peak intensities of EPR spectra
could also be enhanced by the increased light intensity with the
catalyst dose of 0.05 g/L (Fig. S6). This result indicated that the
quantity of superoxide radicals generated during the photocatalytic
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pretreatment could be increased through the enhancement of light
intensity. The light intensity used in this study was 50 mW/cm2,
which was at a relatively low level. Therefore, the photocatalysis
efficiency can be enhanced by the improved superoxide radical
production, which can finally shorten the illumination time needed
for photocatalytic pretreatment in practical applications.

To further illustrate the increase in DOC after the photocatalysis,
the MW distribution of DOM in M. aeruginosa suspension after
photocatalysis by the 0.05 g/L catalyst dose was also investigated as
a function of photocatalysis time from 0 to 360 min (Fig. 7b). The
MW distribution of DOM in theM. aeruginosa suspensionwas from
25422 Da to 645 Da. As shown in Fig. 7b, the response intensity of
DOM was enhanced with prolonged photocatalytic time over
almost the whole MW distribution, which is consistent with the
observed increase in the DOC value (Fig. 7a). Additionally, the re-
sults for samples after different photocatalytic time indicated that
the mucilage desorbed was mainly of large or medium MW rather
than small MW. This is consistent with the former findings that
mucilagewith large ormediumMWwas easier to desorb compared
to that with small MW (Ma et al., 2012; Qi et al., 2018). The EEM
spectral result in Fig. S7 shows that the main type of desorbed
mucilage was protein-like substances with large MW (peaks flu 3,
and 4). Organics with relatively large MW have been reported to
play the role of bridging between algae cells and hydrolysates of
coagulant, which can finally enhance the coagulation efficiency
(Bernhardt et al., 1985; Chen et al., 2009; Ma et al., 2012; Paralkar
and Edzwald, 1996). In addition, the interference of coagulant hy-
drolysis can be eliminated for the mucilage-free algae cells (Takaara
et al., 2010). Therefore, the efficient M. aeruginosa removal can be
achieved by moderate photocatalysis-enhanced coagulation with
magnetic Zn-doped Fe3O4 particles.

4. Conclusions

This study directly proved that the photocatalysis of algal sus-
pensions by magnetic Zn-doped Fe3O4 particles can effectively
improve the algae removal in the subsequent coagulation process
by causing mucilage desorption without damaging cell integrity.
The photocatalyst dose of 0.05 g/L could achieve moderate preox-
idation of M. aeruginosa cells, and the algae cells maintained
integrity even after 360-min photocatalysis. With moderate pre-
treatment, cell rupture and AOM release problems can be avoided.
The upward trend of SOD activity with prolonged photocatalytic
time can further demonstrate the oxidative function of photo-
catalysis along with maintaining cell integrity. Superoxide radicals
were proved to be generated and involved in the desorption of
mucilage from algae cells. The algae removal by the coagulation
process could be dramatically enhanced by the elevation of catalyst
doses from 0 to 0.05 g/L as more mucilage was desorbed from algae
cells during the photocatalytic process. Thus, the implementation
of photocatalysis by Zn-doped Fe3O4 particles may be practically
applicable for the enhancement of algae removal in the subsequent
coagulation process. Further verification needs to be conducted to
extend the technology to other algal species and use in natural
water bodies.
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