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Red tide is a kind of marine disaster caused by the accumulation or proliferation

of microalgae and other organisms in a short period of time, and utilizing

modified clay to control and inhibit red tide is the preferred method. Among

them, the application potential of organic-modified clay is high; unlike

inorganic and microbial modifications, it has a broad-spectrum removal

capacity on red tide algae at extremely low dosages. However, it has some

disadvantages such as severe toxicity and high residual turbidity, leading to

several limitations in its practical application. Therefore, it has become urgent

to select organic-modified reagents with higher efficiency, weaker toxicity and

lower residual turbidity. In this study, the typical red tide alga——Prorocentrum

donghaiense was selected to detect the removal capacity of Polydimethyl

diallyl ammonium chloride (PDMDAAC) modified clay (MP) by comparing with

the Hexadecyl trimethyl ammonium bromide (HDTMA) modified clay (MH). Not

only the physiological stress and flocculation effects of two modified clays on

microalgae had been discussed, but also the properties of the modified clays

had been characterized in this study. The results showed that the low degree of

oxidative stress and less damage to the cell membrane make MP more

environmentally friendly, PDMDAAC can remove microalgae at a low dose (2

mg/L) and quickly clarify the water by significantly enhancing the flocculation

capacity of clay. In addition to discussing the removal mechanism of two

modified clays on microalgae, schematic diagrams of the pathways were

drafted. This study will provide support for the development of organic-

modified clay.

KEYWORDS

poly dimethyl diallyl ammonium chloride, modified clay, flocculation performance,
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1 Introduction

Red tide is mainly caused by the proliferation of microalgae

and other organisms within a short period of time, which can

inhibit marine organisms, endanger ecosystems and

compromise human security (Anderson, 2009; Lee et al., 2013;

NOAA, 2016). Therefore, the effective prevention and

emergency control of red tide has become a hotspot.

Currently, utilizing clay minerals to control and inhibit red

tide is a common measure. Multinational scholars from China

(Cao et al., 2006; Liu et al., 2016; Yu et al., 2017; Wu et al., 2020),

Japan (Shirota, 1989), South Korea (Na et al., 1996; Seger et al.,

2017), the United States (Sengco and Anderson, 2004; Sengco

et al., 2005), Saudi Arabia (Alshahri et al., 2021) and other

countries have promoted the development of this method.

However, due to the disadvantages of poor sol properties and

low removal efficiency of clay minerals, in practical applications,

due to the large amount of clay, the amount of sludge is high (Na

et al., 1996). Therefore, scholars have developed inorganic or

organic reagents, such as polyaluminum chloride (PAC),

Aluminum sulfate, hexadecyl trimethyl ammonium bromide

(HDTMA), and ferrate, to modifyclay, which greatly improved

the removal efficiency of microalgae (Sengco et al., 2005; Cao

et al., 2006; Liu et al., 2016; Yu et al., 2017; Alshahri et al., 2021).

Through the above studies, we found that inorganic

modification can significantly improve the flocculation

capacity of clay, while organically modified reagents tend to

sterilize algae (Cao et al., 2006; Yu et al., 2017). Organically

modified reagents are widely used in the control of red tides, and

they always have a broad-spectrum removal capacity on

microalgae at extremely low dosages (Cao et al., 2006; Zhang,

2016; Wu et al., 2020). Generally, due to its severe sterilization,

organic-modified reagents always have a high toxicity, and the

48 h-LC50 of HDTMA on Penaeus japonicus was 1.482 mg/L

(Cao et al., 2006), so there are several limitations in practical

applications. Scholars have paid increasing attention to the

sterilization effect of organic reagents, but have ignored the

flocculation efficiency. Therefore, most organic-modified clays

have defects such as slow floc sedimentation and high turbidity.

Therefore, it has become an urgent demand to select organic-

modified reagents with environmental friendliness and well

promoted flocculation capacity. Polydimethyl diallyl

ammonium chloride (PDMDAAC) is a cationic surfactant,

that is widely used in water treatment (Li et al., 2018; Xin

et al., 2015; Zhang et al., 2019). In the previous experiments of

this study, it was found that PDMDAAC has a relatively high

synergistic effect on clay, which can effectively remove

Prorocentrum donghaiense in modified clay with a low dose

(≤2 mg/L), and can rapidly flocculate and sediment microalgae,

which can clarify the solution in 3 h. Different from that of the

organic-modified reagents utilized in previous researches, the

96h-LC50 of PDMDAAC on juveniles of Penaeus vannamei is as
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high as 364 mg/L, which means PDMDAAC is an

environmentally friendly algaecide.

This study speculates that the mechanism by which

PDMDAAC inhibits algae is different from that of algaecides

in previous researches. Therefore, this study utilized

PDMDAAC to modify kaolin, explored the removal

performance and mechanism of PDMDAAC modified clay, by

observing the physiological indicators of microalgae,

flocculation parameters and the property characterization of

modified clay. This study will provide support for the

development of organic-modified clay.
2 Materials and methods

2.1 Preparation of experimental reagents
and modified clay

The clay used in the experiment was kaolin, produced in

Indonesia. PDMDAAC was obtained from Aladdin, and the

relative molecular mass was 100, 000, in a 35% aqueous solution.

HDTMA was obtained from Aladdin, and was analytically pure.

In the experiment, the PDMDAAC-modified clay was recorded

as MP, HDTMA-modified clay was recorded as MH. Two kinds

of modified clays were manufactured according to the mass ratio

of clay: PDMDAAC or HDTMA of 200: 1, 2 or 5, recorded as

MP1 or MH1, MP2 or MH2, and MP5 or MH5, respectively.

The dose of modified clay was set to 0.2 g/L and the samples

were prepared as aqueous solutions before use.
2.2 Modified material safety assessment

In this study, P. vannamei (approximately 11.91 mm in

length and 26.28 mg in weight) was chosen as the test organism,

and a 96-h acute toxicity test was conducted to evaluate the

safety of PDMDAAC. PDMDAAC concentration gradients were

set to 0, 20, 40, 80, 120, 200, 400, 800 mg/L. After domestication

and cultivation, 20 P. vannamei were randomly selected and

placed in a 5 L beaker containing sterilized seawater.

PDMDAAC was added according to the dose above. Three

parallels experimental groups were conducted, and dead

individuals were counted and removed every 24 h, continuous

experiment for 96h. After plotting the viability table, 96h-LC50

was calculated by linear interpolation.
2.3 Microalgal culture and
treatment system

P. donghaiense was isolated from the Changjiang Estuary,

which was kindly provided by Key Laboratory of Marine Ecology
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https://doi.org/10.3389/fmars.2022.1013471
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Liu et al. 10.3389/fmars.2022.1013471
and Environmental Sciences, Institute of Oceanology, Chinese

Academy of Sciences. The natural seawater used in this

experiment was taken from the coastal waters of Qingdao,

filtered through a 0.45 mm cellulose acetate membrane

(Shanghai, Xinya) before the experiment, and used after

sterilization. The salinity and pH of seawater were 31 ± 1 and

8.00 ± 0.05 respectively. Inoculated an appropriate amount of P.

donghaiense into a 5 L conical flask containing L1 cultural

medium (Guillard and Hargraves, 1993), the initial density

was 1×104 cells/mL, the culture temperature was 20 ± 1°C, the

light intensity was 65 mmol photons m−2 s−1, and the light-dark

cycle was 12 h: 12 h. Experiments were performed when cultured

to the later stage of exponential growth.

1) The microalgae removal experiment was carried out in 50

mL colorimetric tubes. After adding the modifier or modified

clay according to the corresponding amount, the tubes were

inverted and mixed three times, until sampling after 3 h. Three

parallel experimental groups were conducted, and a blank

control group was used. A chlorophyll in vivo fluorescence

detector (Trilogy, Turner Designs, US) was used to measure

viable microalgae density after treatment and calculate the

removal rate of microalgae according to the following formula:

Microalgae removal rate %ð Þ
= 1 − Experimental data=Blank control datað Þ � 100

2) The determination of the reactive oxygen species (ROS)

was carried out in a 1 L beaker. The modified clay was added to

the algae solution according to the corresponding amount,

mixed well and sampled after 3 h. Three parallels experimental

groups were conducted, and a blank control group was set. The

microalgae in supernatant were collected by filtration through a

GF/D membrane. Then, a cell disruptor was used to crush the

cells (5.5 m/s, 30 s, 2 times) in an ice-bath environment, and the

supernatant was extracted by centrifugation (5000 rpm, 10 min),

which was the crude enzyme solution. Then use the crude

enzyme solution obtained by the above method to measure the

indicators including the protein content (BCA method),

superoxide dismutase (SOD, WST-1 method) activity, catalase

(CAT, ammonium molybdate method) activity, peroxidase

(POD, colorimetry method) activity and malondialdehyde

(MDA) content, which were determined with the assay kits

purchase from Jiancheng (Nanjing) by a microplate reader

(EnSight, Perkinelmer, US). Three parallel experimental

groups were conducted, and a blank control group was used.

3) Trypan blue (C34H24N6Na4O14S4) is a kind of nucleic acid

stain, that can be applied to detect the integrity of cell

membranes. In this part of experiment, the proportion of

modified clay reduced to clay: modified reagent of 200: 0.2,

0.5, 0.8 or 1 (mass ratio), the naming method of each group was

similar as section 2.1, due to the low density of residual

microalgae. The membrane stability test of microalgae was

carried out in a 50mL colorimetric tube. After adding the
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modified clay according to the corresponding amount, the

tube was inverted and mixed for three times. Three parallel

experimental groups were conducted, and a blank control group

was used. The supernatant was sampled at 3 h and stained and

unstained cells were counted under an inverted microscope. The

ratio of unstained cells was defined as cell activity in this study.
2.4 Modified clay
flocculation experiment

2.4.1 Static flocculation experiment
The flocculation process of P. donghaiense by the modified

clay under static conditions was observed by Particle Image

Velocimetry (PIV, Flow Master, LaVision, Germany) The laser

was used to illuminate a particular layer of flocs in the quartz

tank, and a high-resolution image was obtained with a high-

speed charge-coupled device (CCD) camera. The image was

analyzed by using Davis 8.40 software (LaVision, Germany) to

obtain the particle size and number of flocs. Experiments were

carried out in 50ml quartz tanks, modified clay were added into

algae according to the dose of 0.2 g/mL and mixed well. The

samples were photographed with a specific time gradient until

180 min. The main indicators were floc particle size (D50) and

the particle density. The surface morphology of the flocs was

carefully observed by scanning electron microscopy.

2.4.2 Coagulated flocculation experiments
The flocculation process of P. donghaiense with the modified

clays and the self- flocculation process of the modified clays

under coagulation conditions were observed by PIV. The

measurement protocol is described in Section 2.4.1.

Experiments were carried out in 100 ml quartz dishes;

modified clay were added into algae according to the dose and

mixed well. By adjusting the stirring speed, divide the

experimental process into the growth phase (50 rpm, 15 min)

- breakage phase (150 rpm, 10 min) - regrowth phase (50 rpm,

20 min). The main indicators (Wu et al., 2020): ①the floc particle

size (D50); ②particle density; ③fractal dimension; ④ flocculation

speed (sg): sg = dt1/tg; ⑤ floc recovery factor (Rf): Rf = 100% ×

(dt3 – dt2) / (dt2 – dt1); ⑤ floc strength (M):M = 100 × dt2 / dt1.

The M indicates the ability of flocs to resist rupture by a certain

velocity gradient and the capacity of flocs to regrow is evaluated

by the Rf (Jarvis et al., 2005; Zhao et al., 2011).
2.5 Characterization of modified clay

The zeta potentials of the samples were measured by a

Malvern nanoparticle potentiometer (Zetasizer, Malvern, UK).

The apparatus used for FTIR spectroscopy was a Nicolet FTIR-

740 spectrometer. The mineral sample ground to −5 mm was put

into a beaker with a certain amount of polymer agents according
frontiersin.org
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to the experimental conditions and the suspension was stirred

for 20 min. After washing and filtration, the filter cake was dried

at 50°C in a vacuum drying oven. Finally, the infrared spectra of

the mineral samples and these reagents were determined by this

spectrometer. Scanning electron microscopy (SEM) images were

taken by using a Japan Hitachi S-3400N. The powdered samples

were first affixed onto adhesive tapes supported on metallic disks

and then covered with a thin, electrically conductive gold film.

Images were recorded at different magnifications (200–7000×) at

an operating voltage of 5.0 kV. ①The flocs for SEM was collected

in the bottom of the vessel in microalgae removal experiment,

and freeze-dried for 48 h, the samples were obtained; ② The

modified clay samples were dried at 60°C for 12 h, and ground

into powder prior to SEM analysis.
2.6 Data statistics and analysis

Origin 2018 (OriginPro 2018C, Origin Lab, US) and

Microsoft Excel (Microsoft® Excel® 2019MSO, Microsoft, US)

were used to generate graphs, and data are expressed as the mean

± standard deviation (mean ± SD); Statistical analysis of the data

was performed using one-way ANOVA and the independent

samples T test in SPSS 19.0 (IBM SPSS Statistics 19, IBM, US),

P<0.05 indicated that the difference was significant, and P<0.01

indicated that the difference was extremely significant.
3 Results

3.1 Modified material safety assessment

A 96h-acute toxicity experiment of PDMDAAC on juveniles

of P. vannamei was carried out to evaluate its ecological safety

(Table 1). The 96 h-LC50 can be calculated by the linear

interpolation method to be approximately 364.96 mg/L. The

safe concentration of PDMDAAC was determined to be 36.45
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mg/L and subsequent experimental concentrations were based

on the above results.
3.2 Removal performance of modified
clay on microalgae

The removal ability of P. donghaiense by kaolin was weak,

and the removal rate was only approximately 20% when the dose

was 0.2 g/L (Figure 1). PDMDAA had a significant synergistic

effect on kaolin (P<0.05). MP can significantly reduce the algal

density rapidly (3 h), even the removal rate of the lowest

concentration group (MP1) reached approximately 50%, and

gradually surpassing 95% removal, the removal effect can be

maintained up to 24 h. The treatments of microalgae by

HDTMA modified clay had a similar trend to the MP group,

and the removal rate of each group was slightly improved

at 24 h.
3.3 Physiological stress of microalgae

After adding the two modified clays, the activities of the two

antioxidant enzymes (SOD and CAT) in microalgae were

significantly promoted (P<0.05), indicating that these two

modified clays could inhibit the microalgae by producing ROS

stress (Figure 2A). The activities of the three antioxidant

enzymes in the MH group were higher than those in the MP

group, and the enzyme activities showed a more significant

gradient growth. PDMDAAC had a weak induction of POD, and

only the highest concentration group (MP5) significantly

increased (P<0.05). The MDA content had a positive

correlation with the degree of lipid peroxidation, and both

modified clays can increase the MDA content of the

microalgae (Figure 2B). However, microalgae in the MH group

experienced higher lipid peroxidation than those in the control

group, and the MDA content in MP5 was only 68.8% of that in
TABLE 1 96h acute toxicity test results of Poly dimethyl diallyl ammonium chloride (PDMDAAC) on juveniles of P. vannamei.

PDMDAAC (mg/L) Death rate (%)

24 h 48 h 72 h 96 h

0 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

20 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00

40 0.00 ± 0.00 3.33 ± 4.71 6.67 ± 4.71 6.67 ± 4.71

80 0.00 ± 0.00 0.00 ± 0.00 10.00 ± 0.00 16.67 ± 4.71

120 6.67 ± 4.71 6.67 ± 4.71 20.00 ± 0.00 26.67 ± 4.71

200 0.00 ± 0.00 10.00 ± 8.16 26.67 ± 4.71 36.67 ± 4.71

400 6.67 ± 4.71 23.33 ± 4.71 43.33 ± 4.71 63.33 ± 4.71

600 3.33 ± 4.71 23.33 ± 4.71 63.33 ± 4.71 83.33 ± 4.71

800 10.00 ± 0.00 43.33 ± 9.42 80.00 ± 0.00 100.00 ± 0.00
fro
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MH2 (Figure 2B). In conclusion, MH led to severe peroxidative

stress of P. donghaiense and induce a higher degree of lipid

peroxidation than MP.

The removal ability of P. donghaiense by kaolin was slightly

increased after modification with a lower dose of PDMDAAC

and HDTMA (Figure 2C). The microalgae of the MP group were

almost unstained, and 94% of the MP5 cells were healthy. The

cell membranes of the MH group lacked integrity, and the cell

activity gradually decreased from 99% to 17%. The above results

indicated that MH caused a more severe damage to the

microalgal membrane, which was consistent with the change

in MDA content.
3.4 Discrepancies in the flocculation of
modified clays

3.4.1 Flocculation performance under
static conditions

The addition of modified clay resulted in a blurred view, and

evenly distributed microalgae could still be observed. It could be

observed that the microalgae in the MP group began to aggregate

at 15 min, and flocs were continuously generated in the

following 10 min; the D50 and particle density began to

decrease after 25 min (Figure 3), which indicated that the flocs

could sediment quickly. Until 90 min, the visual field was

dominated by small flocs. There was no significant change of

D50 in the MH group among the whole experimental process

(Figure 3), and the particles were evenly distributed in the view.

The tendency of the particle density in the MH group was
Frontiers in Marine Science 05
similar to that in the MP group, but caused a higher residual

turbidity because of the slower sedimentation speed of flocs. In

conclusion, MP had a higher flocculation capacity on P.

donghaiense, and the flocs hada higher D50 and faster

sedimentation speed.

3.4.2 The surface morphology of the
floc surface

To further explore the differences in flocculation, we

photographed the surface images of flocs in section 3.4.1. The

kaolin group was dominated by small flocs, and there were many

clustered structures attached to the surface of flocs (Figures 4A,

B). MP could flocculate microalgae well, even though the lowest

concentration group (MP1) mainly consisted of medium-sized

flocs (≥200 mm) (Figure 4C). The surface of the flocs was

dominated by square-shaped protrusions with rounded edges

(Figures 4D–F). These protrusions were arranged in an irregular

superimposed manner, causing the flocs to present a relatively

three-dimensional spatial structure. With the increase in

PDMDAAC addition, the density of such protrusions

gradually increased, and microalgae embedded in flocs

were observed in each group. The flocculation capacity

of MH was weaker, and MH5 was dominated by small flocs

with particle sizes between 100-200 mm (Figure 4G). After

adjusted the magnification to 7000×, the morphology

of the flocs was coated with clustered structures similar in

the kaolin group and a small amount of square protrusions;

only in the two relatively high concentration groups

(MH2&MH5) could embedded microalgae be observed

(Figures 4H–J).
FIGURE 1

Removal effects of two modified clays on P. Donghaiense.
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3.4.3 Flocculation process under
coagulation conditions

Similar to the static flocculation experiment, the vision

clarity gradually recovered after the addition of the modified

clay, and this process was significantly accelerated under

coagulated conditions. This phenomenon caused the particle

density of each group to first increase and then decrease from 0

to 15 min (Figure 5). Both modified clays showed a strong

flocculation effect, and the MP group clarified faster and had a

higher sg than the MH group (Table 2). The higher stirring rate

(150 rpm) in the breakage phase greatly improved the growth of

flocs, leading to a nearly double increase in D50. Afterwards, due

to the rapid sedimentation of large flocs from 25 to 27 min, the

particle density and D50 of each group were maintained at a low

degree (Figure 5). The M and Rf of the two modified clays were

high (Table 2), which indicated that the coagulation system

could significantly improve the flocculation capability.
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The self-flocculation experiment showed that, the D50 and

fractal dimension of the MH group were higher than those of the

MP group (Figure 6), which indicated that HDTMA could

combine with clay to generate large and compact flocs. The flocs

produced by self-flocculation had a low strength (Table 3), which

was reflected in the significant changes in the floc size and particle

density when the stirring speed increased to 150 rpm. After 35min,

the D50 and fractal dimension of the MH group decreased

significantly, which might be caused by floc sedimentation. The

self-flocculation capability of MP was slightly weaker, and MP was

greatly affected by high-speed stirring, causing the wild fluctuations

of the three parameters in Figure 6. However, the flocs formed by

MP had higher recovery rates between 100-181 (Table 3), which

helped the floc size to improve quickly.
3.5 Characterization of
modified materials

3.5.1 Zeta potential of modified clay in
different media

The results showed that Indonesian kaolin exhibited strong

electronegativity (-10 mV) in pure water (Figure 7). Both
FIGURE 3

Changes in D50 and particle density during the process of
flocculating microalgae with modified clay under static
conditions.
A

B

C

FIGURE 2

Effects of two modified clays on antioxidant enzyme activity,
MDA and cell activity in P. donghaiense (A–C).
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modification methods significantly increased the zeta potential

of kaolin, MP was more positive than MH, and the zeta potential

of the three concentration groups reached 26.30, 37.00, and

44.80 mV (Figure 7). The zeta potential elevating effect of MH

was weak, and the zeta potential of each concentration was lower

than that of the former samples.

Zeta potential can be applied to evaluate the physical

stability of the particle dispersion system. The lower the

absolute value of the zeta potential, the weaker the electrostatic

repulsion is between particles and the easier the aggregation or

agglomeration. The addition of kaolin to the microalgae would

reduce the potential to approximately -16.00 mV (Figure 7). The

repulsion between particles was strong under these conditions,

which proved the weak flocculation ability of kaolin to

microalgae. The PDMDAAC modified clay had a strong

positive charge, which could significantly increase the zeta

potential. The improvements in zeta potential of the MH

group were weak, and MH5 had no significant difference from

P. donghaiense, which could be one of the reasons for the

observed weaker flocculation of MH than of MP outlined in

Section 3.4.1. Aiming at self-flocculation, this study investigated

the zeta potential of two modified clays in seawater, and kaolin
Frontiers in Marine Science 07
could further reduce the zeta potential of seawater to -14.50 mV

(Figure 7). The potential of the two modified clays increased in

steps, and MP could turn the entire solution positively charged.

While HDTMA failed to change the electronegativity, however,

the absolute value of its zeta potential was low. which could

promote particle agglomeration.

3.5.2 The surface morphology of clay
As shown in the SEM images, a dense laminated structure

could be observed in Figure 8A, and the surface of the layered

structure was mostly covered with a large number of clustered

structures (Figure 8B).

Solid PDMDAAC was white and translucent crystalline

particles. We observed several holes and fragments attached to

the compound surface (Figure 8C). The protuberances were

distributed on the surface of the particles in a scale-like pattern,
A B

D

E F

G

I

H

J

C

FIGURE 4

SEM images of flocs in the kaolin, MP and MH group under static
conditions (A–J).
FIGURE 5

Changes in the D50, particle density and fractal dimension during
flocculation of microalgae with modified clay under coagulation
conditions.
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presenting a three-dimensional spatial network structure, and

there were rounded protrusions attached to the surface

(Figure 8D). PDMDAAC could significantly reduce the

clustered structures on the clay surface, and replace them with

rounded protrusions. Similar to PDMDAAC, the surface of MP

became compact (Figures 8E, F). The above phenomenon

showed that PDMDAAC had been successfully loaded on the

clay, and the density of such a flaky distribution gradually

increased, indicating that the loading of the modified reagents

increased gradually.
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The surface of HDTMA particles was free of voids and

depressions, and the structure was entirely compact and smooth

(Figure 8G). It could be observed (Figure 8H) that a large

number of sheet-like structures with smooth edges were

distributed on the surface of material. HDTMA modification

has a certain ability to modify the surface structure of clay. Two

high concentration groups (MH2&MH5) were accompanied by

a small number of sheet-like protrusions and a higher

proportion of clustered structures (Figures 8I, J).
3.5.3 Characterization of the surface functional
groups of clay and modified reagents

The surface functional groups of clay and modified reagents

were observed by FT-IR spectroscopy (Figure 9). As an inorganic

mineral, the characteristic peaks of kaolin are mainly distributed

in the far-infrared region (400-33 cm-1). Two weak absorption

peaks could be observed above 3000 cm-1, O-H at 3688.62 cm-1

and =C-H at 3619.09 cm-1. The absorption peaks below were all

located in the fingerprint region (1300-400 cm-1), 1050 ± 50 cm-1

was generally the stretching vibration peak of -C-O, 910.54 cm-1

was the bending vibration of -OH, and 660 ± 20 cm-1 was the

rocking vibration peak of -OH.

The infrared spectrum of PDMDAAC was investigated, and

we observed a strong N-H absorption peak at 3361.88 cm-1 and a

weaker stretching vibration absorption peak of unsaturated C

(sp2)-H at 3010.40 cm-1. The asymmetric stretching vibration

peak of -CH2 appeared at 2934.25 cm-1. Corresponding to the

two absorption peaks above 3000 cm-1, the bending vibration

peak of N-H appeared at 1630.20 cm-1and the out-of-plane twist

vibration peak of =CH2 appeared at 988.84 cm-1.

The infrared spectrum of HDTMA is shown in Figure 9. We

found that 3016.90 cm-1 is the weak stretching vibration peak of

C-H, 2915.52 cm-1 is the asymmetric stretching vibration peak of

-CH2, and 2848.09 cm-1 is the symmetric stretching vibration

peak of -CH2. The absorption peaks in the interval of 1500-1400

cm-1 were mostly the bending vibration region of the group,

such as the scissor vibration peak of -CH2 at 1462.05 cm-1, the

bending vibration peak of C-N at 1430.74 cm-1, and the

symmetric bending vibration peak of CH3 at 1382.50 cm-1.

In the fingerprint region, 1000-650 cm-1 was the out-of-

plane bending vibration region of unsaturated C-H, 910.97

and 829.75 cm-1 represented the C-N absorption peaks, and

the peak at 720 ± 10 cm-1 should be the rocking vibration

of -CH2.
FIGURE 6

Changes in the D50, particle density and fractal dimension
during self-flocculation of modified clay under
coagulation conditions.
TABLE 2 Changes in parameters during flocculation of microalgae with modified clay under coagulation conditions.

Group MP1 MP2 MP5 MH1 MH2 MH5

sg (mm/min) 16.69 17.93 21.98 11.11 8.77 6.11

M 332.83 250.76 187.84 129.27 160.64 403.28

Rf (%) 117.44 126.20 164.64 245.49 152.01 104.90
frontier
(sg, flocculation speed; Rf, floc recovery factor; M, floc strength).
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4 Discussion

Through microalgae removal experiments, this study found

that PDMDAAC has a significantly synergistic effect on kaolin

and can quickly remove P. donghaiense at a relatively low dose.

Considering the practical application, this study conducted

toxicological experiments and found that PDMDAAC is

environmentally friendly, which is contrary to the high toxicity

of the organic-modified reagents used in previous researches.

Therefore, this study hypothesized and explored the removal

mechanism of PDMDAAC, with the physiological indicators,

flocculation parameters and modified clay characterization.
4.1 The flocculation mechanism of
modified clay on microalgae

The sterilization ability of Indonesian kaolin clay against P.

donghaiense was weak, and the removal rate was approximately

20% when the dosage was 0.2 g/L, and no microalgae were

observed on flocs. The addition of clay reduced the zeta potential

of the microalgal solution from -12.7 mV to approximately -16.0
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mV. The repulsion between particles was intensive under this

condition, indicating that particles do not easily to agglomerate.

This should be one of the reasons why it is difficult for kaolin to

flocculate microalgae. The synergistic ability of PDMDAAC to

clay was remarkable, and the removal rate of microalgae in the

MP2 group reached 90% with a lower residual turbidity after

treatment. The flocculation experiment could intuitively explain

the above phenomenon. The MP could significantly reduce the

absolute value of the zeta potential in solution; that is, adding

MP to the algae liquid could provide a suitable environment for

particle aggregation and agglomeration, and promote

flocculation. The electron microscopic images showed that

PDMDAAC can be loaded on the surface of kaolin. The flocs

of the MP group also retained more sheet-like protrusions

similar to MP, which enabled the flocs to electrostatically tract

the microalgae, and the spatial net structure helped the flocs to

further sweep and capture microalgae. This prompted the

microalgae to aggregate and form flocs quickly, which

manifested as a rapid decrease in particle density and an

increase in D50 in the experimental parameters. The higher

agglomeration and sedimentation capacity of flocs jointly

accelerated the clarification of the solution.
TABLE 3 Changes in parameters during self-flocculation of modified clay under coagulation conditions.

Group MP1 MP2 MP5 MH1 MH2 MH5

sg (mm/min) 9.64 10.19 7.507 8.77 9.29 11.55

M 18.46 36.91 32.06 50.27 54.02 36.37

Rf (%) 100.85 129.77 181.06 72.48 130.89 140.47
frontier
(sg, flocculation speed; Rf, floc recovery factor; M, floc strength).
FIGURE 7

Effects of two modified clays on the zeta potential of pure water, P. donghaiense and natural seawater.
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Among the MH group, the average distribution of

microalgae and small flocs could be observed during the whole

experiment. Due to the low sedimentation speed, the solution

turbidity was still high until 180 min. This phenomenon could
Frontiers in Marine Science 10
be due to the inappropriate zeta potential of the solution, and the

intense repulsion between particles obstructs MH flocculation of

microalgae. Through SEM images, we found that HDTMA did

not modify the clay surface as much as PDMDAAC, which

weakened the electrostatic traction effect of modified clay. The

floc particle size of MH5 was approximately 50 mm, which was

consistent with the PIV observation (180 min-D50 = 43.8 mm).

The surface of the floc had no kaolin, and no attached modified

structure, which may be one of the reasons for its weak floc

growth, and only a small number of microalgae can be observed

in the two high concentration groups.

Red tides often break out in coastal areas, estuaries, etc.

Wind, ocean currents and thermal cycles maintain the

environmental dynamics, and these disturbances will

inevitably affect the flocculation. Appropriate physical

disturbance can increase the collision frequency of particles in

the dispersion system, thereby improving the flocculation

efficiency, making it obvious to identify differences in

flocculation characteristics. Therefore, the flocculation ability

of modified clay under coagulation conditions was observed in

this study. The flocculation efficiency of MP on microalgae

increased with increasing stirring speed, and D50 increased

significantly at 150 rpm. The coagulation conditions improved

the flocculation effect of MH on microalgae, and the flocs could

also resist the shear force caused by a high stirring speed, but the

flocculation parameters such as D50 and particle density

reduction rate were lower than those of MP. The binding force

between MP and microalgae was tough, and this force should be

related to the PDMDAAC loaded on the modified clay.

In addition to the flocculation of microalgae, there is also an

interaction between modified clay particles, called self-

flocculation. Studies have shown that powerful self-flocculation

impacts the algae removal efficiency of modified clays (Jiang

et al., 2021). In seawater under coagulation conditions, the D50
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FIGURE 8

Surface structure of kaolin, modified reagents, MP and MH under
SEM (A–J).
FIGURE 9

FT-IR spectra of kaolin, PDMDAAC and HDTMA.
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and fractal dimension of the MH group were both higher, which

indicated that there was a powerful binding force between

HDTMA and clay. Additionally, this study found that the zeta

potential of kaolin in seawater was -14.5 mV, and MH had an

appropriate prompt effect on the zeta potential, which could

significantly reduce the repulsion between particles in the

solution. The strong self-flocculation ability of MH should

be due to the moderate stirring rate and the zeta potential,

the former can significantly improve the collision efficiency

of particles, and the latter may reduce the repulsion

between particles.
4.2 Environmental friendliness
mechanism of PDMDAAC modified clay

Quaternary ammonium salts (QACs) are a kind of sterilant,

that are widely used in water disinfection, biofilm inhibition and

other fields (Andrzej et al., 2017; Pang et al., 2020; Zhang et al.,

2021), Some kinds of QACs can notably promote the

disinfectant properties of clay (Cao et al., 2006; Zhang, 2016;

Wu et al., 2020). It is well known that the sterilization

mechanisms of QACs include the following: ①The positively

charged nitrogen atom in the QAC molecule has a severe

electrostatic interaction with the negatively charged cell
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membrane, and the long-chain alkyl group binds to the cell

membrane, destroying the hydrophobic surface, resulting in

irreversible damage, which will force the cell contents to flow

out, killing cells by lysis (Huang and Kim, 2013; Wessels and

Ingmer, 2013; Gerba, 2015; Seo et al., 2016); ②inducing the

production of excess reactive oxygen species, including single

oxygen (1O2-), hydroxyl radicals (OH·), superoxide anion

radicals (O2·) and hydrogen peroxides (H2O2) could cause

oxidative stress and lead to cell injury (Mittler et al., 2011; Fu

et al., 2014); ③positively charged nitrogen atoms in QAC

molecules tend to replace Ca2+ on the cell membrane, which

can reduce the stability of the cell membrane and interfere with

the ion exchange between cells and outside (Chen and Cooper,

2002; Jellali et al., 2013; Das et al., 2014); and ④QACs can reduce

the chlorophyll content, weaken photochemical quenching,

break the chloroplast membrane structure, and inhibit the

photoreaction process (Cao et al., 2006; Pérez et al., 2009;

Sukenik et al., 2017). Based on the above mechanisms, this

study explored the stress effects of MP and MH on the

antioxidant defenced system and cell membrane of microalgae.

The results showed that both modified clays could induce

microalgae cells to produce excess reactive oxygen species,

resulting in peroxidative stress. MDA is an essential indicator

of peroxidative damage in addition to the antioxidant enzyme

system, and its content is positively correlated with the degree of

lipid peroxidation. The MDA content of the microalgae in the

MH group was higher than that in the MP group, which may

indicate that the cell membrane of the microalgae in the MH

group was more damaged. The results of trypan blue staining

showed that the microalgae in the MP group were almost

unstained, while the microalgae in the MH group suffered

strong damage to the cell membrane, and the cell viability

gradually decreased with increasing modifier concentration,

which was similar to lipid peroxidation.

Through the above process, this study found that the ability

of QACs to sterilize microalgae mainly originates from there

quaternary amino (C-N) functional groups. By exploring the

molecular configurations of the two organic agents, this study

found that the content of quaternary amino groups of

PDMDAAC should be 2.25 times that of HTDMA of the same

quality. According to the mechanism of action of QAC,

compounds with more C-N should be more toxic. However,

PDMDAAC is significantly safer than HDTMA, which is

contrary to the observed results. Through FT-IR, this study

found that a strong N-H absorption peak can be observed on

PDMDAAC, which might be due to the high level of

polymerization of this molecule. The stacking of long carbon

chains exposed the conjugated electrons on the quaternary

ammonium group and bound to H. The N-H bond might

weaken the sterilization effect of PDMDAAC by inhibiting the

activity of the quaternary ammonium group, thereby making

PDMDAAC environmentally friendly.
FIGURE 10

Schematic diagram of the algae removal pathway of two
modified clays (MP and MH).
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4.3 Overview of modified clay
removal pathways

In summary, the removal pathway of MP to microalgae was

shown in a schematic diagram (Figure 10): PDMDAAC can

exert an electric neutralization effect to increase the zeta

potential of the solution, reduce the repulsion between

particles, and promote agglomeration. The PDMDAAC

attached to the surface of MP and flocs can assist the clay in

capturing and sweeping the microalgae through electrostatic

traction and bridging, thereby promoting floc aggregation and

sedimentation, to achieve rapid water clarification. MP can also

reduce microalgal activity by inducing peroxidative stress,

making it easier to remove.

As shown in Figure 10, the inferior flocculation capacity of

MH on microalgae should be consistent with the following

points: Weak electric neutralization of MH made it difficult for

the particles in the solution to agglomerate. HDTMA had a weak

modification effect on the surface of clay, which undermined the

binding force between MH and microalgae, and the strong self-

flocculation ability jointly obstructed the flocculation of

microalgae. However, MH could induce microalgae to produce

excess reactive oxygen species, resulting in significant

peroxidative stress, forcing high degree of lipid peroxidation

and destroying the structure of microalgal membranes. The

intense cytotoxicity of HDTMA compensated for the lack of

flocculation, thereby sterilizing microalgae effectively.
5 Conclusions
Fron
1. The extremely low dose of PDMDAAC had a

significantly synergistic effect on kaolin, and the MP

could remove P. donghaiense effectively.

2. The flocculation effect of MH on microalgae was

negligible, which should be caused by its strong self-

flocculation ability, weak positive charge, and short

carbon chain. MH could increase the degree of

peroxidative stress and lipid peroxidation, and destroy

the structure of the cell membrane, thereby sterilizing

microalgae.

3. The low degree of oxidative stress and less damage to the

cell membrane made MP more environmentally

friendly, and the microalgae removal effect was mainly

due to flocculation. PDMDAAC could exert an electrical

neutralization effect to increase the zeta potential of algal

liquid and reduce the repulsion between particles in the

solution, and the PDMDAAC attached to the surface of

modified clay and flocs assisted clay in capturing and

sweeping microalgal cells through electrostatic traction

and bridging.
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of prymnesium parvum (haptophyceae) and its toxins using clay minerals.Harmful
Algae 4 (2), 261–274. doi: 10.1016/j.hal.2004.05.001

Seo, J. Y., Praveenkumar, R., Kim, B., Seo, J. C., and Oh, Y. K. (2016).
Downstream integration of microalgae harvesting and cell disruption by means
of cationic surfactant-decorated Fe3O4 nanoparticles. Green Chem. 18 (14), 3981–
3989. doi: 10.1039/C6GC00904B

Shirota, A. (1989). Red tide problem and countermeasures (2). Int.j.fish.technol.
1, 195–293.

Sukenik, A., Viner-Mozzini, Y., Tavassi, M., and Nir, S. (2005). Removal of
cyanobacteria and cyanotoxins from lake water by composites of bentonite with
micelles of the cation octadecyltrimethyl ammonium (ODTMA). Water Research
120 (Sept. 1), 165. doi: 10.1016/j.watres.2017.04.075

Wessels, S., and Ingmer, H. (2013). Modes of action of three disinfectant active
substances: a review. Regul. Toxicol. Pharmacol. 67 (3), 456–467. doi: 10.1016/
j.yrtph.2013.09.006

Wu, T., Cao, X., Yu, Z., Song, X., Jiang, W., Yuan, Y., et al. (2020). Study on the
flocculation behavior of DPQAC-PAC-MC composite modified clay in different
media. Oceanol Limnol Sin. 52 (1), 106–113. doi: 10.11693/hyhz20200400118

Xin, H., Gao, B., Rong, H., Yue, Q., Zhang, Y., and Teng, P. (2015). Effect of
using poly dimethyl diallyl ammonium chloride as coagulation aid on polytitanium
salt coagulation performance, floc properties and sludge reuse. Separation
Purification Technol. 143, 64–71. doi: 10.1016/j.seppur.2015.01.024

Yu, Z., Song, X., Cao, X., and Liu, Y. (2017). Mitigation of harmful algal blooms
using modified clays: Theory, mechanisms, and applications. Harmful Algae 69
(nov.), 48–64. doi: 10.1016/j.hal.2017.09.004

Yu, Z., Zou, J., Ma, X., and Li, Q. (1993). Chemical methods for red tide control.
Oceanol Limnol Sin. 24 (3), 314–318. doi: CNKI:SUN:HYFZ.0.1993-03-012

Zhang, Z. (2016). Preparation of quaternized organoclay minerals and their
algae-removing properties (Engineering University of Xian), Degree thesis. (in
Chinese).

Zhang, J., Tan, W., Li, Q., Liu, X., and Guo, Z. (2021). Preparation of cross-
linked chitosan quaternary ammonium salt hydrogel films loading drug of
gentamicin sulfate for antibacterial wound Dressing. Mar. Drugs 19 (9), 479.
doi: 10.3390/md19090479

Zhang, S., Zheng, H., Tang, X., Zhao, C., and Gao, B. (2019). Sterilization by
flocculants in drinking water treatment. Chem. Eng. J. 382, 122961. doi: 10.1016/
j.cej.2019.122961

Zhao, Y. X., Gao, B. Y., Rong, H. Y., Shon, H. K., Kim, J. H., Yue, Q. Y., et al.
(2011). The impacts of coagulant aid-polydimethyldiallylammonium chloride on
coagulation performances and floc characteristics in humic acid–kaolin synthetic
water treatment with titanium tetrachloride. Chem. Eng. J. 173 (2), 376–384.
doi: 10.1016/j.cej.2011.07.071
frontiersin.org

https://doi.org/10.1016/j.chemosphere.2021.129676
https://doi.org/10.1016/j.ocecoaman.2009.04.006
https://doi.org/10.1016/j.ocecoaman.2009.04.006
https://doi.org/10.1016/j.molliq.2017.09.074
https://doi.org/10.3321/j.issn:0250-3301.2006.08.009
https://doi.org/10.1016/S0142-9612(02)00036-4
https://doi.org/10.1016/S0142-9612(02)00036-4
https://doi.org/10.1371/journal.pone.0091935
https://doi.org/10.1016/j.jfda.2014.01.005
https://doi.org/10.1128/AEM.02633-14
https://doi.org/10.2216/i0031-8884-32-3-234.1
https://doi.org/10.1016/j.biortech.2013.09.095
https://doi.org/10.1016/j.watres.2005.05.022
https://doi.org/10.1016/j.watres.2005.05.022
https://doi.org/10.1021/es400161t
https://doi.org/10.1016/j.envpol.2021.117964
https://doi.org/10.1016/j.hal.2013.10.002
https://doi.org/10.1016/j.hal.2013.10.002
https://doi.org/10.1016/j.marpolbul.2015.12.017
https://doi.org/10.1016/j.jtice.2018.05.028
https://doi.org/10.1016/j.tplants.2011.03.007
http://www.noaa.gov/what-is-harmful-algal-bloom
https://doi.org/10.1016/j.ijfoodmicro.2020.108643
https://doi.org/10.1016/j.ijfoodmicro.2020.108643
https://doi.org/10.1007/s11270-008-9947-x
https://doi.org/10.1007/s11270-008-9947-x
https://doi.org/10.1016/j.hal.2016.11.014
https://doi.org/10.1016/j.hal.2016.11.014
https://doi.org/10.1111/j.1550-7408.2004.tb00541.x
https://doi.org/10.1111/j.1550-7408.2004.tb00541.x
https://doi.org/10.1016/j.hal.2004.05.001
https://doi.org/10.1039/C6GC00904B
https://doi.org/10.1016/j.watres.2017.04.075
https://doi.org/10.1016/j.yrtph.2013.09.006
https://doi.org/10.1016/j.yrtph.2013.09.006
https://doi.org/10.11693/hyhz20200400118
https://doi.org/10.1016/j.seppur.2015.01.024
https://doi.org/10.1016/j.hal.2017.09.004
https://doi.org/10.3390/md19090479
https://doi.org/10.1016/j.cej.2019.122961
https://doi.org/10.1016/j.cej.2019.122961
https://doi.org/10.1016/j.cej.2011.07.071
https://doi.org/10.3389/fmars.2022.1013471
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

	An environmentally friendly material for red tide algae removal: Performance and mechanism
	1 Introduction
	2 Materials and methods
	2.1 Preparation of experimental reagents and modified clay
	2.2 Modified material safety assessment
	2.3 Microalgal culture and treatment system
	2.4 Modified clay flocculation experiment
	2.4.1 Static flocculation experiment
	2.4.2 Coagulated flocculation experiments

	2.5 Characterization of modified clay
	2.6 Data statistics and analysis

	3 Results
	3.1 Modified material safety assessment
	3.2 Removal performance of modified clay on microalgae
	3.3 Physiological stress of microalgae
	3.4 Discrepancies in the flocculation of modified clays
	3.4.1 Flocculation performance under static&#146;conditions
	3.4.2 The surface morphology of the floc surface
	3.4.3 Flocculation process under coagulation conditions

	3.5 Characterization of modified&#146;materials
	3.5.1 Zeta potential of modified clay in different&#146;media
	3.5.2 The surface morphology of clay
	3.5.3 Characterization of the surface functional groups of clay and modified reagents


	4 Discussion
	4.1 The flocculation mechanism of modified clay on microalgae
	4.2 Environmental friendliness mechanism of PDMDAAC modified clay
	4.3 Overview of modified clay removal pathways

	5 Conclusions
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


