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ABSTRACT

Harmful algal blooms (HABs) can be mitigated by employing physical, chemical, and biological
control techniques to prevent eutrophication from pollution sources and restore environmental
conditions. In this study, polymerized mesoporous zeolites (pMZ) were prepared by simple acid
treatment and polymerization of ethylenediamine, then evaluated as adsorbents for the removal
of key HAB indicators (chlorophyll-a and microcystin-LR) from aqueous solutions. The effects of
treatment time on the pore structure of the pMZ were analyzed, as well as the effects of differ-
ent chemical treatments during synthesis. The pMZ samples were characterized using nitrogen
isotherms, X-ray fluorescence analysis, scanning electron microscopy and transmission electron
microscopy image analysis, and Fourier-transform infrared spectroscopy. In order to improve
the removal efficiency, amine functional groups were grafted onto mesoporous zeolite. The pMZ
prepared using ammonium hexafluorosilicate had a higher mesopore volume and surface area;
therefore, this method is preferred for graft polymerization. The pMZ adsorption ability was eval-
uated for chlorophyll-a and microcystin-LR using Langmuir, Freundlich, and Sips adsorption iso-
therms. The results showed that pMZ was able to remove both algae bloom indicators from an
aqueous solution. Specifically, pMZ exhibited a chlorophyll-a adsorption capacity of 26.76 mg/g and
removed 80% of microcystin-LR in 25 min.
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1. Introduction

Due to increasing water scarcity and water pollution
control efforts around the world, the treatment of munic-
ipal and industrial wastewater has become a practical and
economic method of augmenting the existing water sup-
ply, especially compared to expensive alternatives such
as desalination or the development of new water sources

* Corresponding author.

involving dams and reservoirs [1-4]. However, wastewa-
ter treatment plants are unable to remove certain pollut-
ants that can negatively impact humans and ecosystems
[5], such as pollutants containing organic compounds that
lead to eutrophication and harmful algal blooms (HABs).
HABs, which are caused by excess nitrogen (N) and phos-
phorus (P) inputs from industrial and agricultural sources
into the water, have been defined as toxic or harmful
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materials associated with microalgae that adversely affect
public health, fishing activities, aquaculture, or tourism
[6]. Moreover, toxic cyanobacteria of the genera Microcystis
and Anabaena pose a serious problem for freshwater
resources [7,8], leading to the common HAB known as
blue-green algae.

In order to minimize the adverse effects of harmful
algal blooms, governments and management agencies have
applied various treatment methods [9,10], which can be
divided into physical, physical-chemical, chemical, and
biological treatments [11,12]. The magnetic separation
of magnetized plankton-floc, centrifugal separation, and
hypolimnetic aeration are key physical treatment meth-
ods [13,14]. Depending on the hydrodynamic characteris-
tics, physical treatment methods may be the most practical
option for controlling HABs. However, such methods are
not preventative but merely control measures, and only
suitable for small-scale application. Chlorides [15], copper
sulfate [16], hydrogen peroxide [17], and sodium hypochlo-
rite fulfill oxidants [18] or disinfectants [19] are common
chemical treatment methods that are effective in freshwa-
ter at low concentrations. Notably, microcystin, which is
considered to be hepatotoxic, is conveniently eliminated
by oxidants. However, the action of four common algaeci-
des, including copper sulfate, hydrogen peroxide, diuron,
and ethyl 2-methylacetoacetate, affects the release of
microcystin-LR from toxins in Microcystis aeruginosa [20].
Moreover, disinfection and oxidation methods are limited
by their generation of by-products [21]. Biological control
methods are typically environmentally friendly and employ
a variety of target species, such as Cochlodinium polykrikoi-
des, Heterosigma akashiwo, Microcystis aeruginosa, M. flosauae,
O. borgei, and P. globosa [22]. However, biological treatment
processes have limited treatment targets for each treatment
process and are regionally limited and only suitable for
water and sewage facilities. In addition, they are restricted
in their direct application to lakes, dams, rivers, and
seas. An alternative method consists of flocculation and
subsequent sedimentation using flocculating agents [23].
In this control process, both coagulation—flocculation and
sedimentation must occur. Recently, research into coagu-
lation and adsorption has been actively conducted [24]. The
method of removing algae-generating areas such as rivers
and lakes is using clay or flocculant. Although it is a direct
treatment method, it has the disadvantage of generating
another water pollution. According to this study, the algae
treatment capacity of the modified zeolite is about 0.2 L
per 10 g of zeolite. The modified zeolite can be produced
in a column reactor to remove algae. It has the advantage
of being able to design according to the target processing
capacity in the form of a column. In particular, since this
study aims to remove algae on board after collecting algae
from rivers or lakes, a method of removing using modified
zeolite was considered. However, there are currently not
many studies using modified zeolite, and commercializa-
tion and application to the field require more studies.

Since 2012, the government of the Republic of Korea
has been installing dams on rivers for stream ecosys-
tem restoration. After the implementation of these proj-
ects, HAB outbreaks increased dramatically [25]; thus,
barges were employed to solve this problem. Recently, an

algae removal barge has been fabricated to treat contami-
nated water in the Nakdong River, Korea, which employs
adsorbents to rapidly remove algae in the barge [26]. In
this study, novel adsorbents are prepared by using acid to
transform natural zeolite into meso-zeolite. Graft polym-
erization is then performed to modify the surface of the
meso-zeolite in order to attach a functional group. Due
to the adsorption characteristics of zeolite and the elec-
tronic charge of the functional group, the resulting adsor-
bent can effectively remove microcystin-LR generated
from Microcystis aeruginosa and chlorophyll-a, both of
which are representative indicators of water cyanobacteria.

2. Materials and methods
2.1. Chemicals

Natural zeolite (clinoptilolite, Si/Al = 2.4, size: 3 mm)
in gravel form was purchased from Geumnong Industries.
0.1 N hydrochloric acid was purchased from Samchun
Pure Chemical Co., Ltd., and used without further purifi-
cation. Ammonium hexafluorosilicate (AHFS) was pur-
chased from Sigma-Aldrich (USA). The reagents used for
the graft polymerization of zeolite were purchased from
Sigma-Aldrich (USA); ethylenediamine (ED), sodium
persulfate (Na,5,0,), sodium metabisulfite (Na,S,0;,)
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (water-sol-
uble carbodiimide, WSC), and N-hydroxysuccinimide
(NHS) were used without further purification. Chlorophyll-a
and microcystin-LR were purchased from Sigma-
Aldrich (USA) and used without further purification.

2.2. Modification of mesoporous zeolite

To modify the zeolite, acid treatment was conducted
then followed by AHFS treatment.

2.2.1. Dealumination zeolite with acid treatment

The natural zeolite was washed and dried at 105°C for
1 d prior to use. Then, 1 g of natural zeolite was added to
10 mL of hydrochloric acid and mixed for 1, 2, 3, 6, and
10 h at 80°C [27]. The zeolite was subsequently washed
with distilled water. The remaining material was dried at
105°C for 2 h to yield mesoporous natural zeolite.

2.2.2. AHFS-treated zeolite

The solvent used for AHFS treatment was tested by
altering the concentration of the solution from 1 to 20 mM.
The remaining water was then removed using a vacuum
distiller. The detailed experimental conditions are shown
in Table 1. AHFS is typically used to reduce the amount
of aluminum in zeolites [28,29]. Dealumination was per-
formed as shown in Fig. 1. This treatment process changed
the structure of the zeolite and was used to produce
mesoporous zeolite (MZ).

2.3. Polymerized mesoporous zeolite

The polymerization of MZ was conducted as follows.
First, 0.05 g (0.01 M) WSC and 0.1 g (0.034 M) NHS were
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dissolved in 10 mL DI water. Then, the solution was added
to a beaker containing MZ. Ethylenediamine (40 mL, ED)
was added to the beaker followed by initiators (weight
ratio 5,0,/5,0, = 0.6). The ED, initiators, and MZ (5 g) were
mixed at room temperature. After 30 min, the products
were washed with deionized water. The obtained samples
were denoted polymerized mesoporous zeolites (pMZ)
(Fig. 1). As the zeolite post-treatment process is intended
to improve the physical removal efficiency, the redox reac-
tion improves the chemical removal efficiency. In this study,
an amine group was formed on the surface of the zeolite
through a redox reaction during the graft polymerization
process. Physical adsorption can be combined with a sec-
ondary adsorption mechanism to improve the removal
efficiency [30-32]. Such adsorption mechanisms typically
include covalent and ionic bonds. The purpose of this study
was to remove chlorophyll-a and microcystin-LR from
water by forming positively charged amine groups.

2.4. Bach sorption studies

Adsorption isotherms are typically employed to des-
cribe the interactions and nature of the reaction between
the adsorbent and the aqueous solution, which is important
for designing an adsorption system. Langmuir, Freundlich,
and Sips isotherm models are widely used to study adsorp-
tion processes and mechanisms. The Langmuir model is
based on the hypothesis that only one layer of adsorbates
are adsorbed at the adsorbent surface, where the adsorp-
tion potential is constant. The Freundlich model is an
empirical application suited to highly heterogeneous sur-
faces, which explains multi-molecular layer adsorption
at multiple homogeneous surface sites where the adsorp-
tion bonding force decreases exponentially with surface
coverage [33]. The Sips model is an empirical adsorption
isotherm that combines the Langmuir and Freundlich equa-
tions and is predictable over a relatively wide concentration
range. Eq. (1) describes the Langmuir model [34]:

q,bC,
7 10C, @
where g, is the amount of algal organic matter adsorbed
by the zeolite; C, is the equilibrium concentration in the
aqueous solution, g__ is the saturation capacity; K, denotes
the saturation constant. Eq. (2) describes the Freundlich
model [35]:

q,=K.C)" @)

where K, ((mg/g)(L/mg)"") is the Freundlich isotherm
constant and 1/n is the Freundlich isotherm intensity
constant. The value of K, and 1/n can be calculated from
the intercept and the slope of the straight line of the
linearized form of the Freundlich isotherm. The Sips iso-
therm model is obtained by introducing a power law
expression on the Freundlich isotherm into the Langmuir
isotherm [26]. Eq. (3) describes the Sips model [36]:
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where K, ((L/mg)") is the Sips isotherm constant, repre-
senting the energy of adsorption. The values of K, q,__, and
1/n can be obtained using the nonlinear regression method
and the equilibrium constant related to the adsorption
capacity (mg/g), the Sips maximum adsorption capacity
(mg/g), and the surface heterogeneity, respectively.

2.5. Analysis method

Nitrogen (N,) isotherms were measured at 77 K using
a Micromeritics ASAP 2020 analyzer. The surface area of
the sample was calculated using the Brunauer-Emmett-
Teller (BET) method, and the pore size distribution was
calculated using the non-local density functional theory
method. The organic functional groups were character-
ized by attenuated total reflection-Fourier-transform
infrared spectroscopy (ATR-FTIR; Nicolet 5700 spectro-
photometer, Thermo Electron Corp., MA) with a ZnSe
crystal at an incident angle of 45°. Sample chemistry was
determined by an X-ray fluorescence (XRF) spectrometer
(54 PIONEER, Germany) installed at the NICEM at Seoul
National University. The surface morphology of the zeolite
was confirmed by field-emission scanning electron micros-
copy (FE-SEM; Hitachi S-4700). Microcystin-LR was mea-
sured using LC/MS-MS (Agilent 6460 Triple Quadrupole,
USA) after pretreatment according to Environmental
Protection Agency EPA Method 544.27.

3. Results
3.1. Characterization of modified zeolite

The MZ was prepared using 0.1 N hydrochloric acid
(HCI) and AHFS. The materials were analyzed using N,
adsorption—-desorption  isotherms, XRF,  spectrometry,
FTIR spectroscopy, and FE-SEM in order to confirm the
order of synthesis and determine the adsorbent that exhib-
ited the best improvement in microcystin-LR and chloro-
phyll-a removal compared to natural zeolite. A schematic
of the overall modification procedure is shown in Fig. 1.

3.1.1. Structure of zeolite

Brunauer, Emmett, and Teller published the first
paper related to the BET theory in 1938 [37], which aims
to explain the mechanism of physical adsorption on a sur-
face and forms the basis for measuring the specific surface
area and pore size distribution of materials. Nitrogen iso-
therms were analyzed to determine the differences between
the surfaces of raw zeolite (RZ), MZ, and pMZ. Nitrogen
adsorption isotherms for the treated zeolite samples pre-
pared under different synthesis conditions are shown in
Table 1. The specific surface area is the most influential
factor in physical removal [38,39], and was analyzed using
the ASAP 2020 instrument after zeolite post-treatment (HCI
and AHFS treatment). As shown in Fig. 2 and Table 2, the
specific surface area increased from that of raw zeolite
(449.3 m?/g) to 469.13 m*g and 560.79 m?*g due to HCl
and AHFS treatment, respectively. After HCI treatment,
the micropores decreased slightly whereas the mesopores
increased. After AHFS treatment, both the micropores and
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mesopores increased. The surface area then decreased to
431.49 m*/g after graft polymerization, which represented
a reduction of 14.8%.

Acid treatment enabled the production of dealumi-
nated zeolites, which is indicated by the specific surface
area results. The AHFS-treated zeolites contained more
mesopores than the zeolites treated with hydrochloric acid.
This suggests that AHFS is more effective in generating
mesoporous zeolites, which are beneficial because meso-
pores can increase the removal efficiency of contaminants
in the water system.

3.1.2. Composition of zeolite

The Si/Al ratio was measured by XRF analysis to
determine the degree of dealumination due to zeolite mod-
ification. The contents of Si and Al in raw zeolite were 56.2%
and 23.4%, respectively, and the Si/Al ratio was 2.4. During
acid treatment, the ratio of Si increased and the ratio of
Al decreased with increasing reaction time. Therefore,
the ratio of Si/Al can be increased by either increasing
the concentration of HCI or increasing the reaction time.
As shown in Table 3, the micropores were destroyed
when the bonds between Si and Al were destroyed by
acid treatment. AHFS replaces the Al bonds formed in
raw zeolite by bonding with the Si functional groups.
Elemental changes were not observed at low concentra-
tions of 1 mM; however, at 20 mM, the Al content decreased

Table 1
Reagents and conditions for synthesis zeolite
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to 21.8% and the Si content increased to 65.7%, thereby
increasing the Si/Al ratio.

In order to confirm the functional group structure of
the zeolite, FTIR analysis was performed. Fig. 3 confirms
that the Si-OH functional group increased. AHFS treat-
ment on raw zeolites resulted in increases of 998 cm™
(Si-OH (Si)), 670 cm™ (Si-OH-Si), and 550 cm™ (OH-Si-
OH). The surface of the zeolite treated with HCI did not
show any significant change [40-42].
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Fig. 2. Results of BET and mesopore surface area.

Sorts Naming Temp. Reagents Reaction procedures Reaction time
Raw zeolite = RZ - - - - -
Mz Acid treated AT-zeolite 80°C 0.1 N HC1 1 g zeolite in 10 mL 1,2,3,6,and
zeolite solution 10h
AHEFS treated AHFS-zeolite 80°C 1,2,5, 10, and 20 mM 3 g zeolite in 250 mL 120 min
zeolite ammonium solution
hexafluorosilicate
pMZ Grafting ED-zeolite 80°C Ethylenediamine ED 40 mg + DI water 15, 30, 60, and
polymerized 10 mL 120 min
ED zeolite Water-soluble carbodiimide ¢ WSC 0.05 g + NHS
01g
N-hydroxysuccinimide, * Na,S,0,
sodium metabisulfite, 60 mg + Na,S,0,
sodium persulfate 40 mg
Table 2
Results of BET analysis of zeolite
Sorts BET surface Micropore surface Mesopore surface Volume of
area (m?%/g) area (m%/g) area (m%/g) pores (cm®/g)
RZ RAW - 449.3 414.82 34.48 0.2084
MZ AT 10h 469.13 409.11 60.01 0.2196
AHFS 20 mM 560.79 495.66 65.13 0.2482
pMZ ED 15 min 465 431.49 33.51 0.2168
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Table 3
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Results of XRF elemental analysis. Raw is natural zeolite which untreated zeolite. AT is 0.1 N hydrochloric acid-treated
zeolite according to reaction time (1, 3, 6, and 10 h). AHFS is ammonium hexafluorosilicate (AHFS) treated zeolite which
is fixed reaction time (2 h) and change the concentration (1, 5, and 20 mM)

Sorts Elements atomic (wt., %)
Na Mg Al Si K Ca Fe Si/Al
Raw 4.7 1.8 234 56.2 1.71 3.55 7.42 24
AT-1h 4.37 1.49 23.3 57.9 1.62 32 6.55 248
AT-3h 4.07 1.52 23.2 57.6 1.65 3.35 6.95 248
AT-6 h 3.86 1.58 22.8 58.8 1.55 3.19 6.63 2.57
AT-10h 3.25 1.55 22 59.5 1.54 3.18 6.57 2.70
AHFS-1 mM 4.23 1.52 23.5 57.4 1.62 3.42 6.92 2.44
AHFS-5 mM 4.01 1.5 23.3 57.9 1.69 3.66 6.48 2.48
AHFS-20 mM 3.63 1.46 21.8 65.7 1.54 3.46 6.95 3.01
(a) (b) 006
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Fig. 3. ATR-FTIR spectra for (a) dealumination and (b) grafting polymerization.

The surface functional groups of the modified zeo-
lite treated with AHFS (20 mM) were observed after graft
polymerization with ED. After AHFS treatment, amide
(1,660 cm™) formed on the zeolite surface due to the ED
reaction [43]. It was confirmed that the chain of the amine
group (amide) was longer than that of the standard zeolite
due to ED-graft polymerization. Moreover, the strength
of the amide increased with reaction time but not linearly;
therefore, little difference was observed between 15 and
120 min. This indicates that most of the functional groups
were grafted onto the surface of the zeolite within 15 min.

3.1.3. Morphology of zeolite

In order to confirm the surface changes caused by zeo-
lite modification, the three-dimensional structure was
directly observed by scanning the sample surface with an
electron beam via FTIR analysis. Fig. 4 shows images of
the zeolite surface at 5,000 times magnification measured
at 15 kV. The zeolite before treatment exhibited a rela-
tively homogeneous surface; however, the acid-treated zeo-
lite and AHFS-treated zeolite exhibited increased surface

roughness due to the dealumination process. In the case
of ED zeolite, there was no observable difference in sur-
face roughness from the dealuminated zeolite. Acid treat-
ment and grafting polymerization did not result in any
significant changes on the zeolite surface. Acid treatment
may have altered the internal structure of the zeolite, but
a minimal change in surface morphology was confirmed.
Even when the surface amine group was grafted, little
change was observed in the surface roughness or struc-
ture. Further research using transmission electron micros-
copy (TEM) images will be able to determine changes in the
zeolite structure.

3.2. Adsorption isotherms

The performance of RZ, MZ, and pMZ was evaluated
by isotherm experiments using 2.5 g/L of the adsorbent.
Synthetic water was reacted at 25°C and 200 rpm for 5 h.
The concentration was then measured and the adsorp-
tion amount was calculated using Eq. (4). Synthetic water
was prepared using spiked chlorophyll-a at concentrations
of 10, 20, 30, 40, 50, 70, 100, 150, 200, and 250 mg/L.
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Raw zeolite

Acid=treated zeolite

Fig. 4. FE-SEM image of mesoporous zeolite (MZ) and polymerized mesoporous zeolite (pMZ): (a) raw zeolite, (b) AT-zeolite,

(c) AHEFS zeolite, and (d) ED-treated zeolite.

)

where g, is the equilibrium adsorption capacity, that is,
the adsorbed amount per unit mass of zeolite (mg/g);
C, and C, are the initial concentration (mg/L) and equilib-
rium concentration (mg/L), respectively; V is the volume
of the solution (L); W is the weight of the zeolite used
(g). After surface modification, the removal performance
of the four adsorbents was evaluated: raw zeolite (raw),
acid-treated zeolite (acid), AHFS-treated zeolite, and pMZ.

In order to optimize the design of a sorption system
for adsorbing chlorophyll-a from an aqueous solution, it
is important to establish the most appropriate correlation
for the equilibrium curves. Characterization of the adsorp-
tion process is often performed using several isotherm

models. In order to evaluate the nature of adsorption,
the isotherm data were analyzed using three of the most
common equilibrium models, Langmuir, Freundlich, and
Langmuir-Freundlich (Sips). The Langmuir model is an
ideal model of more homogeneous monolayer adsorp-
tion whereas the Freundlich isotherm is more flexible and
assumes that the energy of adsorption decreases logarith-
mically as the fractional coverage increases. The Sips model
is obtained by introducing a power law expression and was
created by combining the pros and cons of the Langmuir
and Freundlich models.

The raw zeolite had a chlorophyll-a adsorption capac-
ity of 2.006 mg/g (Fig. 5). The best fit values of the model
parameters estimated from Egs. (1)-(3) by nonlinear regres-
sion analysis are listed in Table 4. According to the non-
linearity coefficients, R* and x? the Sips model showed
a better fit than the Langmuir and Freundlich models.
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Fig. 5. Adsorption isotherm of raw zeolite.

The acid-treated zeolite showed an adsorption capacity of
4.427 mg/g (Fig. 6a), which was best fit by the Sips model.
The adsorption capacities of AHFS-treated zeolite and pMZ
were 21.52 and 26.76 mg/g, respectively, both of which
were best fit by the Sips and Langmuir models (Figs. 6b
and c). The four types of zeolite are arranged according to
adsorption capacity in Table 4.

The concentration of chlorophyll-a in the test solu-
tion influenced positively the amount of adsorbed chloro-
phyll-a on the modified zeolites (Figs. 5 and 6). AT-zeolite
and pMZ followed the Langmuir and Sips isotherm
model rather than the Freundlich model implying that
modified zeolite shows applicability in a wide range of
contaminant concentrations. In addition Sips model indi-
cating that the adsorption of these media is character-
ized by a uniform distribution of binding energies [44]
obtained 0.882~0.977 of R? values in three modified zeo-
lites. This result convinces the media’s application and
consistent efficiency in treating contaminant by adsorption.

Among the modified zeolite s, the AHFS zeolite showed
the large adsorption. The dealumination treatment (AHFS
zeolite) enhanced the zeolite removal efficiency the most.
Through this study, zeolite pores were enlarged and func-
tional groups were attached to the zeolite surface. In the
zeolite pores, the removal mechanism acts greatly by adsorp-
tion. Functional groups, however, remove contaminants
in water systems through electrical coupling. In this study,
chlorophyll-a was found to be effective in adsorption.

Table 4

3.3. Adsorption of toxic materials

Microcystin-LR is a toxin present in relatively large
amounts in cyanobacteria. As such, it is the primary tar-
get for the removal of toxic substances from blue-green
algae. To verify pMZ removal efficiency under experimen-
tal conditions of cyanotoxin contamination, the sampled
waters were enriched with microcystin-LR (99% purity),
then mixed and stirred for 20 min to completely dissolve
the microcystin-LR prior to treatment. Removal experi-
ments were performed using the pMZ material developed
in this study. As shown in Fig. 7, 80% of the microcys-
tin-LR was removed within 25 min.

The results of this experiment indicate that the mod-
ified zeolite can be used to remove Microcystis, although
the removal efficiency was difficult to analyze because
Microcystis exists in small amounts in water. The conven-
tional process for removing Microcystis is oxidation, which
has disadvantages such as the generation of by-products
and difficulty of system configuration. It is particularly
difficult to install advanced oxidation equipment on small
barges. Thus, if Microcystis can be effectively treated with
zeolites, the process of algae removal on barges will be
substantially simplified.

4. Conclusions

In this study, natural zeolite was modified and used
to remove blue-green algae (chlorophyll-a) and toxic sub-
stances generated from blue-green algae (microcystin-LR)
from water. Natural zeolite was transformed into meso-
porous zeolite through a dealumination process, which
expanded the voids by removing aluminum. In addition,
the zeolite pores were controlled through AHFS treatment.
The AHFS-treated zeolite had a higher specific surface area
than the hydrochloric acid-treated zeolite. Thus, an amine
group was grafted onto the zeolite surface modified by
AHFS. This synthesis method resulted in improved zeolite
performance; specifically, high adsorption of chlorophyll-a
and the removal of more than 80% of microcystin-LR. Thus,
PMZ has substantial potential for the removal of blue-
green algae, which should be further tested at the pilot
scale for the simultaneous removal of blue-green algae by
polymerized mesoporous zeolite.

In the Republic of Korea, there is an urgent need to
control HABs that have become prevalent in rivers. In par-
ticular, HAB control technology should be appropriate for
use on barges with limited capacity and volume, which are
currently the best option for removing algae from rivers.

Isotherm parameters for the adsorption of chlorophyll-a onto zeolite and modified zeolite

Sorts Langmuir Freundlich Sips

q, (mg/g) B(Lm/g) R* x? K, 1/n x? /. (mg/g) K (L/mg®/m) 1/n5 R? x?
RZ 2.019 0.308 0.861 0.080 0938 0.166 0.725 0.157 2.006 0.009 1.082 0978 0.013
AT 4.641 0.159 0.975 0.071 1.131 0.298 0.885 0.331 4427 0.128 1.239 0977 0.0667
AHFS 22.140 0.989 0.812 11.897 11.650 0.149 0.768 14.686 21.520 0.836 4818 0.850 9.476
ED 26.76 1.034 0.895 10.673 14.089 0.147 0.876 12.596 26.56 1.049 1.151 0.882 12.002
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Fig. 6. Adsorption isotherm of mesoporous zeolite (MZ): (a) AT-zeolite, (b) AHFS-zeolite, and (c) polymerized mesoporous

zeolite (pMZ).
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Fig. 7. The removal efficiency of microcystin-LR using pMZ.

Therefore, the treatment method proposed in this study
will not only protect the river ecosystem but also reduce
the social costs of HAB response measures.
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