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ted coagulation for Microcystis
aeruginosa removal using Fe3O4-loaded carbon
nanotubes†
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Harmful cyanobacterial blooms are increasing environmental issues and require novel removal technology

since the required doses of algaecides may cause further environmental pollution or treatment facility

damage. Herein, we firstly introduce the combination of ultrasound and Fe3O4/CNTs as an alternative

strategy to enhance coagulation for the removal of Microcystis aeruginosa cells in water. It remarkably

enhanced cyanobacterial cell removal and microcystins control, compared with sonication alone (40

kHz ultrasonic bath, 4.2 mJ mL�1). 94.4% cyanobacterial cells were removed using 20 second sonication

with 20 mg L�1 Fe3O4/CNTs, Al2(SO4)3 coagulation (20 mM). Both sonication time and catalyst dose

significantly influenced the cyanobacterial removal. Ultrasound with Fe3O4/CNTs only induced a slight

increase of cell permeability, which may contribute to the effective control of DOC and microcystins'

release in water. The enhanced settlement of the cyanobacterial cells may result from the moderate

oxidation on the cell surface. This study suggested a novel ultrasound-Fe3O4/CNT process to promote

cyanobacteria removal with efficient DOC and microcystin release control, which is a green and safe

technology for drinking water treatment.
Introduction

Harmful cyanobacterial cells have been considered as a threat
to drinking water safety. In particular, lysis of cyanobacterial
cells may occur during cyanobacterial cell removal, leading to
the leakage of odor, cyanobacterial toxins and other organic
metabolites.1,2 An ideal treatment should be effective at
removing the intact cells without cell lysis.3,4 Traditional coag-
ulation and sedimentation employs coagulants to remove intact
cyanobacteria cells as well as the intracellular toxins within
cells.5 But the coagulation process could be interfered with by
algal organic matter.6 In fact, it is still challenging to achieve
high removal efficiency of cyanobacterial cells without signi-
cant cell lysis, and the overdosed coagulant may cause
secondary pollution for the subsequent mainstream
processes.7–9 Therefore, developing novel technologies to reduce
cyanobacterial cells' threat to drinking water quality is impor-
tant and necessary.
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Pre-oxidation has been widely considered as a pre-treatment
process to enhance the removal cyanobacterial cells.10 Free
radicals generated from advanced oxidation process can rapidly
react with organic compounds. In this regard, pre-oxidation is
capable of reducing the concentration of negative charge
organic matters, leading to a higher efficiency of coagulation on
cyanobacterial cells.7 Preoxidation processes using chlorine,8,11

ozone,11,12 Fenton agents7 and Fenton-like agents,13,14 have been
test whether they could increase the coagulation efficiency for
the removal of cyanobacterial cells. Pre-chlorination was found
to increase the Microcystis aeruginosa cells in water aer coag-
ulation–ltration, while pre-oxidation using ozone enhanced
the cyanobacterial removal.11 Recently, physical UV irradiation
is considered as a part of the preoxidation. For example, UV/
chlorine could change the surface conditions of cyanobacte-
rial cells and promote the coagulation efficiency.8 UV/H2O2 was
applied to enhance Fe(II) coagulation, and the total microcystins
could be reduced with the decreasing of cyanobacterial cells
and AOM.7 In order to improve cyanobacterial removal effi-
ciency and control the release of microcystins, the dosage of
oxidants, pre-oxidation time and settled period should be
carefully optimized.

Compared with UV irradiation, ultrasound is an alternative
technology less affected by turbidity of water and it has been
investigated for cyanobacteria cells removal via coagulation.15

Currently, iron based sonication is an advanced oxidation
process, which is widely investigated in water treatment.16 The
combination with Fe-based catalyst and ultrasound forms
RSC Adv., 2020, 10, 13525–13531 | 13525
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ultrasonic Fenton-like reactions, which could improve the
removal efficiency of organic pollutants and reduce the energy
cost. Furthermore, with the inhibition of Fe3O4 particle aggre-
gation, the Fe3O4/MWCNTs hybrid catalysts would be a prom-
ising preoxidation strategy.17 In this work, we synthesized
Fe3O4/CNTs by ultrasound and proved that it has an effective
catalytic effect on the removal of Microcystis aeruginosa via
coagulation. This study discussed the removal effect of Fe3O4/
CNTs on cyanobacteria cells, and the specic objectives are: (1)
to evaluate the removal effect of Fe3O4/CNTs on cyanobacteria
by coagulation–sedimentation method; (2) to analyze the
permeability of cyanobacteria cells treated with Fe3O4/CNTs; (3)
to evaluate the water quality aer Fe3O4/CNTs and Fe3O4

treatment, including concentration of algal toxin and dissolved
organic carbon. (4) To explore the removal mechanism using
ultrasound and Fe3O4/CNT. This study demonstrated that
ultrasound with Fe3O4/CNTs is effective on the cyanobacterial
removal as well as microcystins release control, which may
provide a green and promising strategy without negative effects
on drinking water quality.

Materials and methods
Material and reagents

Microcystis aeruginosa cells was purchased from Culture
Collection of Algae and Protozoa. It was cultured using BG11
medium. Algal suspensions were cultured at 25 �C under 12
hour light illumination every day. For catalyst fabrication, all
the reagents were purchased from Yangtai Company (Yangz-
hou, China), and they were at analytical reagent grade without
further purication. For the experiments, the aqueous solutions
were prepared using deionized water.

Ultrasonic fabrication and characterization of Fe3O4/CNTs

Fe3O4/CNTs were synthesized by ultrasonic oxidation and
modied precipitation method (Fig. 1a).18 Following the re-
ported method, 20 mg CNTs were sonicated in 40 mL water/
ethylene glycol (volume ratio 1 : 1) for 2 minutes. 40 mg FeCl3-
$6H2O and 1.52 g sodium acetate were then added into the
CNTs solution. The whole reaction system was sonicated for 1
hour using 20 kHz probe (VCX130, Sonics Vibra cell™, Stan-
ford, USA). The temperature during sonication was controlled to
be 40–45 �C using a cooling system. The nal products were
separated and washed by distilled water and ethanol. The ob-
tained Fe3O4/CNTs were dried at 60 �C for 24 hours. The
morphology of Fe3O4/CNTs were detected using a transmission
electron microscopy (TEM, JEM-200CX), which is equipped with
a FEI Tecnai G2 F30 S-TWIN electron microscope. X-ray
photoelectron spectroscopy (XPS) data were collected using an
ESCALAB 250Xi X-ray photoelectron spectrometer (Thermo
Fisher).

Pre-oxidation experiments

As shown in Fig. 1b, the experimental tests on the preoxidation
of Microcystis aeruginosa cells from water were performed in
200 mL glass beakers. For sonication–coagulation treatment,
13526 | RSC Adv., 2020, 10, 13525–13531
cyanobacterial cells were sonicated in the glass beaker using
a 40 kHz ultrasonic bath (3L, Ultrasonic Cleaner SB-200DTD,
Yimaneili Company, Nanjing, China). The ultrasonic intensity
of the 40 kHz ultrasonic system was 0.78 W mL�1, which was
determined by calorimetry.

The sonication time was set as 0, 5, 10, 20, 30, seconds
(corresponding to 0 mJ mL�1, 1.1 mJ mL�1, 2.1 mJ mL�1, 4.2 mJ
mL�1, 6.3 mJ mL�1) to evaluate the effects of ultrasound doses
on cyanobacterial removal. The dosage of Fe3O4/CNTs was
20 mg L�1 with the different sonication time during the treat-
ment. To investigate the effects of different Fe3O4/CNTs
concentrations on cyanobacterial removal, the 200 mL cyano-
bacterial cells without the addition of Fe3O4/CNTs were set as
control. 0, 10 mg L�1, 20 mg L�1, 30 mg L�1 and 50 mg L�1

Fe3O4/CNTs were added in the deoxygenated cyanobacterial
suspension, respectively. The treated cyanobacterial suspen-
sions were cultured in the incubator without stirring.

A coagulation process was performed on the obtained cya-
nobacterial suspension using a programmable jar tester with 20
mM Al2(SO4)3 solution, which was followed from Qi's work.19

Water samples were collected at 2 cm below the water surface.
The residual Microcystis aeruginosa samples were divided into
two subgroups, the rst group was assessed by cell density and
cell integrity. The second group was immediately ltered for
dissolved organic carbon (DOC) and microcystins analysis.

Analysis methods

For each sample, (i) the density of cyanobacterial cells was
counted using a haemocytometer. (ii) The membrane integrity
of the cyanobacterial cells remained in water suspension were
analyzed by the ow cytometry (Becton Dickinson, USA). A LIVE/
DEAD Baclight bacterial viability kit (L10316, Invitrogen, USA)
was used to measure the percentage of intact/viable (Syto-9
stained) to damage/nonviable (propidium iodide stained) cells
in a sample.20 (iii) K+ leaking from cyanobacterial were
measured following the reported methods of Gu et al., using an
inductively coupled plasma optical emission spectrometer (ICP-
OES, OPTIMA 8000, PerkinElmer, USA).21 (iv) The microcystins
concentration from water samples was measured using the
microcystins ELISA Kit (Beacon Analytical Systems Inc. USA).22

The detection limit of the ELISA kit was is 0.1 mg L�1. (v) The
DOC content was analyzed using a TOC-VCPN analyzer (Shi-
madzu, Japan).23

Statistical analysis

Each treatment was conducted with three replications. Statis-
tical analyses were performed using Microso Excel (Microso,
USA) and the results were presented as mean � SD (standard
deviation).

Results and discussion
Effect of 40 kHz sonication with Fe3O4/CNTs on enhanced
coagulation for cyanobacterial cells removal

Fe3O4/CNTs were ultrasonically fabricated following our
pervious method (data shown in ESI, Fig. S1†).18 Fig. 2
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 Illustration of ultrasonic fabrication of Fe3O4/CNTs and ultrasound-assisted coagulation for Microcystis aeruginosa removal (a) Fe3O4/
CNTs prepared using a 40 kHz ultrasonic bath. (b) The sonication–coagulation process for cyanobacterial cells removal.

Fig. 2 Change in cell count of M. aeruginosa in suspension using
ultrasound, and the combination of ultrasound and Fe3O4/CNTs. The
sonication was performed using a 40 kHz ultrasonic bath. The initial
cells number was 1.8 � 106 cells per mL. The dosage of Fe3O4/CNTs
was 20 mg L�1. The sonication time ranged from 0 to 30 seconds.
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demonstrates the effects of ultrasonic time from 0 to 30 seconds
to M. aeruginosa removal aer coagulation–sedimentation
process. The Fe3O4/CNTs dosage was 20 mg L�1, which was
added into the cyanobacterial suspension at the beginning of
sonication. The cyanobacterial cell number decreased from 1.25
� 106 cells per mL to 0.11� 106 cells per mL with the increasing
of sonication time from 0 to 20 seconds. Aer 30 second soni-
cation, the cyanobacterial cells number was slightly higher than
that of 20 second sonication. In contrast, only a small amount of
M. aeruginosa cells were settled using sonication alone. The
results suggested that the Fe3O4/CNTs catalyzed ultrasonic
effects on the removal of Microcystis aeruginosa cells. For the
ultrasound – Fe3O4/CNTs preoxidation process, the sonication
time play vital roles for cyanobacterial removal.
This journal is © The Royal Society of Chemistry 2020
Similar results were reported that different ultrasonic time
has different impact on cyanobacterial cells. Li et al. suggested
that in a short duration of ultrasonic irradiation, the increasing
of ultrasonic power input may result in a small amount of algal
organic matter (AOM) release, promoting coagulation (eqn (1)
and (2)).15 The formation of free radical was measured using
potassium iodide dosimetry (Fig. S3†).20 But in this work, the
effect of ultrasound was further catalyzed by iron(II, III) oxide
(Fe3O4) (eqn (3) and (4)),16 which could produce more free
radicals, to react with extracellular organic matter (EOM) on the
cell wall (eqn (5) and (6)).24 In fact, the EOM play critical roles on
coagulation since it could control the charge of cyanobacterial
cells, which is an essential factor for the electrostatic attraction
between cyanobacterial cells and coagulants.25,26 Furthermore,
Li et al. suggested sonication within 5 minutes could release
EOM to enhance the coagulation via adhesion bridging.15

Although the mechanism is unclear yet, our work also
conrmed that using moderate peroxidation, cells could be well
settled down aer the coagulation process.

H2O / H+ + HOc (1)

HOc + HOc / H2O2 (2)

Fe2+ + H2O2 / Fe3+ + OHc + OH� (3)

Fe3þ þH2O2/Fe2þ þHO
�

2 þHþ (4)

OHc + cell / cell** + AOM (5)

HO
�

2 þ cell/cell**þAOM (6)
RSC Adv., 2020, 10, 13525–13531 | 13527

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra01530j


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
A

pr
il 

20
20

. D
ow

nl
oa

de
d 

on
 7

/2
2/

20
25

 1
1:

23
:5

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
The preoxidation has been applied for cyanobacterial
removal, and the reaction time varies between a several minutes
and tens of minutes.5–9 Recently, a study reported a photo-
catalytic pretreatment by 0.05 g L�1 Zn-doped Fe3O4 particles
with 360 minutes visible-light irradiation, followed by 20 mM
Al2(SO4)3 for coagulation and sedimentation.19 The enhanced
coagulation efficiency was 96%, suggesting that a moderate
oxidation of cyanobacterial cells may provide great potential for
algae removal via coagulation. Jia et al. reported that 94.7%
algae cells were removed using 5 min UV/H2O2 pre-treatment,
followed with 125 mmol L�1 FeSO4 for coagulation and sedi-
mentation, and the 94.7% cyanobacterial cells were removed.7

In this work, 94.4% cyanobacterial cells were removed via pre-
oxidation (20 second sonication and 20 mg L�1 Fe3O4/CNTs),
followed by coagulation (20 mM Al2(SO4)3). It is suggested that
the combination of 40 kHz sonication and 20 mg L�1 Fe3O4/
CNTs on cyanobacterial removal is comparable to these re-
ported preoxidation–coagulation treatment.

To investigate the effects of sonocatalysis by Fe3O4/CNTs on
the removal of M. aeruginosa in water via sedimentation, the
catalysis dosage was controlled from 0 to 50 mg L�1. As shown
in Fig. 3, the addition of Fe3O4/CNTs without sonication barely
decreased the cyanobacterial cells number. The cyanobacterial
cell number decreased slightly from 1.25 � 106 cells per mL to
1.10 � 106 cells per mL with increasing Fe3O4/CNTs doses to
50 mg L�1. In the present of 20 second sonication, the cyano-
bacterial cell number decreased slightly from 1.18 � 106 cells
per mL to 0.11 � 106 cells per mL with increasing Fe3O4/CNTs
doses to 20 mg L�1. But the cells number of M. aeruginosa did
not further reduced when the Fe3O4/CNTs dosage increased to
30 mg L�1. It is observed that the optimum Fe3O4/CNTs dose
was 20 mg L�1 in this work.

Nano iron particles has received increasing considerations
for cyanobacterial removal since cells attached to magnetic
nanoparticles can be easily removed by followed sedimenta-
tion.25,27–29 Generally, magnetic nanoparticles remove algae cells
by electrostatic adsorption.27 However, the microalgae ocs
formed by adding Fe3O4 alone need high concentration of
coagulant, which may due to the agglomeration of magnetic
Fig. 3 Change in cell count of M. aeruginosa in suspension using
Fe3O4/CNTs, and the combination of ultrasound and Fe3O4/CNTs. The
sonication was performed using a 40 kHz ultrasonic bath within 20
second irradiation. The initial cells number was 1.8 � 106 cells per mL.
The concentration of Fe3O4/CNTs ranged from 0 to 50 mg L�1.

13528 | RSC Adv., 2020, 10, 13525–13531
particles.17 Thus, to increase the effective utilization of nano
Fe3O4 particles, carbon porous materials are usually used to
support the nanoparticles loading, which could avoid the
agglomeration of magnetic nanoparticles and improve the
dispersion of materials in water. In addition, carbon nanotubes
(CNTs) have effective absorption ability due their morphology
and surface chemistry.30–32 CNTs have been used for the removal
of contaminants in water, and they were found to have a strong
ability in the adsorption of MCs.33 However, no reported work
has involved in the application of cyanobacterial cells removal
using CNTs. In this work, the combination of Fe3O4 and CNTs
has been considered as a useful and effective strategy to over-
come the agglomeration of Fe3O4 particles. Therefore, it is
worth to develop a strategy using Fe3O4/CNTs for Microcystis
aeruginosa cells removal from water.
Cell permeability of M. aeruginosa cells aer sonication with
Fe3O4/CNTs

The cell permeability of M. aeruginosa cells remained in water
suspension was test aer sonication with Fe3O4/CNTs followed
with 3 hour cultivation. For ultrasonic treatment, the pop-
ulation of the cell intact cells was around 90.33% aer 20
second sonication (data shown in ESI†). The results are in
agreements of previous studies that 40 kHz ultrasound may
increase the algal cell permeability within 5 minute treatment.
But our work suggested that the cells could be recovered aer 3
hours. For the addition of Fe3O4/CNTs, most cells showed intact
cell integrity, indicating that the nano-material offers high
biocompatibility. For the combination of ultrasound and Fe3O4/
CNTs, no data were obtained for the percentage of intact cells
since there were no enough cells in water suspension to be
counted using ow cytometry. The superior removal efficiency
suggested that there seems low risk of intracellular toxin
releasing from cyanobacterial cells remained in water aer
sonication–coagulation treatment (Fig. 4).

The intact cell population of M. aeruginosa cells in the
sediment was also analyzed using microscopy. Neither sonica-
tion nor Fe3O4/CNTs addition enhanced the population of the
damaged cells. The pre-treatment of 20 second sonication and
20 mg L�1 Fe3O4/CNTs did not enhance the cyanobacterial cells'
permeability. These results indicated that the sonocatalytic
effect of Fe3O4/CNTs did not damage the cyanobacterial cells.
To remove cyanobacterial cells in water, sonication has been
applied in many reported works.34,35 But the removal mecha-
nism usually involved the destruction of algal cells, which may
lead to the release of microcystins as well as other algal organic
matter.15,36 It has been acknowledged that maintaining the
cellular integrity is important for the control of the toxin
releasing from harmful cyanobacterial cells. An ideal treatment
should be effective at removing the intact cells without cell
lysis.4 Compared with the previous ultrasonic studies, the cya-
nobacterial cells remained intact in water and in sediment,
suggesting this novel preoxidation strategy is safe for cyano-
bacterial cells removal.

K+ is a key indicator for the cell membrane integrity of M.
aeruginosa, since K+ could be released from cells if the cell
This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The change of the cell permeability of Microcystis aeruginosa cells in cyanobacterial suspension treated with 20 second sonication and
20 mg L�1 Fe3O4/CNTs, after coagulation–sedimentation.
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permeability is enhanced.7 In Fig. 5, the damage of cell
membrane by ultrasound, Fe3O4/CNTs and the combination of
ultrasound with Fe3O4/CNTs was indicated using K+ release.
Compared with the control sample, all the three methods
increased the K+ content in cyanobacterial suspension. The
highest damage to the cyanobacterial cells was caused by
sonication with Fe3O4/CNTs. It is reported that 62.0% K+

released using UV/H2O2 pre-treatment,7 which is in agreement
with this work (57.3% K+ released in water).
Effect of sonication with Fe3O4/CNTs on AOM release

DOC valve is an important parameter for water quality. Fig. 6
shows the DOC values in the water samples before and aer
coagulation. Aer pre-treatment, the lowest DOC value was
observed with Fe3O4/CNTs alone, suggested that the iron
nanoparticles did not release AOM. While ultrasound-Fe3O4/
CNTs increased the DOC valve slightly (8.7 mg L�1), showing the
AOM release is limited aer the ultrasonic Fenton-like treat-
ment. The results indicated this pre-oxidation could produce
limited damage on the surface of cyanobacterial cells. Aer
preoxidation and coagulation, ultrasound alone could not
effectively control the AOM level in water, meanwhile the DOC
values were 6.7 and 6.0 mg L�1 using Fe3O4/CNTs and ultra-
sound-Fe3O4/CNTs treatment, respectively.
Fig. 5 Percent of K+ release using different pre-treatments.

This journal is © The Royal Society of Chemistry 2020
Pre-oxidation has been reported to increase the DOC
concentration during cyanobacterial removal processes.10,23 It is
suggested that moderate pre-oxidation could oxidize and
remove the organic compounds attached on the surface of
Microcystis aeruginosa cells, leading to a reasonable enhance-
ment of DOC concentration in water.7 While stronger oxidation
could break up cyanobacterial cells, which could cause the
releasing of intracellular organic matters into the water and
lead to a concern on water quality.3 In this work, we did not
observe an obvious declining trend of DOC, which may due to
a relatively shorter sonication time (20 seconds). Considering
the Chinese standard level for DOC in drinking water
1.5 mg L�1 (GB5749-2006),37 further processes such as enhanced
coagulation, air oating and ltrating are required.

The concentration of microcystins in water before and aer
coagulation are shown in Fig. 7. Compared with the results from
preoxidation, it could be observed that the coagulation did not
promote the reduction of microcystins level in water. Aer
coagulation, the level of microcystins in cyanobacterial
suspension increased using sonication, while the addition of
Fe3O4/CNTs slightly reduced the MCs level in water. Further-
more, aer the co-treatment, microcystins were degraded or
settled down aer coagulation. Our results suggested that the
Fig. 6 The change of DOC valve using different pre-treatments
before and after coagulation.

RSC Adv., 2020, 10, 13525–13531 | 13529
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Fig. 7 The change of microcystins concentration using different pre-
treatments before and after coagulation.
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potential risks from microcystins in water could be prevented
using peroxidation–coagulation.

Microcystins are produced by M. aeruginosa cells, and they
could be released into water when the cyanobacterial cells were
damaged or dead.38 According to ow cytometry results, a few
cells were damaged in water suspension aer sonication, which
may lead to a releasing of microcystins (data shown in ESI†). It
was observed that the microcystins concentration with Fe3O4/
CNTs and sonication-Fe3O4/CNTs were lower than that of
sonication. It could be explained as that the system of ultra-
sound and Fe3O4/CNTs generated free radicals, which could
reduce the concentration of cyanobacterial toxins in water via
oxidation. The hypothesis is supported by pervious reports that
pre-oxidation could degrade microcystins.7

During the sonication with Fe3O4/CNTs, ultrasound accel-
erates the Fenton reaction by accelerating the H2O2 production.
The Fenton reaction may change the extracellular conditions of
cyanobacterial cells,22 leading to an enhanced the coagulation
efficiency. Meanwhile, the iron ions could be released from
Fe3O4 particles, leading to adsorption of iron ions onto the
surface of cyanobacterial cells, which also could promote the
removal efficiency via coagulation and sedimentation.29 The
sonication with Fe3O4/CNTs also removed theMCs and AOM via
degradation during Fenton reaction and/or adsorption using
Fe3O4 particles and CNTs due to their porosity structure.16 Our
work suggested that moderate preoxidation using sonication
with Fe3O4/CNTs could efficiently remove cyanobacterial cells
showing a small amount of damaged cells, and themicrocystins
valve t to the standard of drinking water without secondary
pollution.
Conclusion

The 40 kHz sonication with Fe3O4/CNTs is demonstrated to be
an effective strategy for the preoxidation on Microcystis aerugi-
nosa cells, and the cyanobacterial cells were removed via fol-
lowed coagulation without secondary pollution. The novel
moderate preoxidation process showed that a reduced sonica-
tion time combined with a relatively dosage of iron achieved to
90% removal rate of M. aeruginosa cells. At the same time,
13530 | RSC Adv., 2020, 10, 13525–13531
without harsh oxidation, the cyanobacterial cells were not
destroyed seriously, which prevented the release of algal organic
matter including microcystins. The enhanced settlement of the
cyanobacterial cells may due to the moderate oxidation on cell
surface. The work demonstrated that the combination of 40 kHz
sonication and Fe3O4/CNTs is a promising strategy for drinking
water treatment. Further investigation is needed to assess the
potential for scale-up application.
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