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ARTICLE INFO ABSTRACT

Keywords: Dinoflagellate requires a lower temperature and blooms frequently in the spring and autumn compared to regular

Peridinium 'j”"b""““im cyanobacteria. The outbreak of dinoflagellate bloom will also lead to the death of some aquatic organisms.

:Olsr/ Ch:iorme However, research on freshwater dinoflagellates is still lacking due to the challenges posed by classification and
nnance

culture in laboratory. The removal effect and mechanism of Peridinium umbonatum (P. umbonatum, a typical
dinoflagellate) were investigated using solar/chlorine in this study. The effect of simulated solar alone on the
removal of algae was negligible, and chlorine alone had only a slight effect in removing algae. However, solar/
chlorine showed a better removal efficiency with shoulder length reduction factor and kg enhancement factor of
2.80 and 3.8, respectively, indicating a shorter latency period and faster inactivation rate for solar/chlorine
compared to solar and chlorine alone. The removal efficiency of algae gradually increased with the chlorine
dosage, but it dropped as the cell density grew. When the experimental temperature was raised to 30 °C, algal
removal efficiency significantly increased, as the temperature was unsuitable for the survival of P. umbonatum.
Attacks on cell membranes by chlorine and hydroxyl radicals (¢OH) produced by solar/chlorine led to a decrease
in cell membrane integrity, leading to a rise in intracellular reactive oxygen species and an inhibition of
photosynthetic and antioxidant systems. Cell regeneration was not observed in either the chlorine or solar/
chlorine systems due to severe cell damage or cysts formation. In addition, natural solar radiation was
demonstrated to have the same enhancing effect as simulated solar radiation. However, the algal removal effi-
ciency of solar/chlorine in real water was reduced compared to 119 medium, mainly due to background material
in the real water substrate that consumed the oxidant or acted as shading agents.

Influencing factors
Apoptosis mechanism

production of enterprises, including odors, toxins, and water supply
security (Ginzburg et al., 1998; Oshima et al., 1987; Roset et al., 2002).

1. Introduction

Harmful algal blooms occur worldwide and pose potential risks to
human health and ecosystems. Cyanobacterial and chlorophyta are the
most frequently studied freshwater algae because they are more prev-
alent (Li et al., 2020; Wang et al., 2024; Yu et al., 2024; Zhang et al.,
2022). In fact, freshwater dinoflagellate blooms have been discovered to
be widespread in lakes and reservoirs with cell densities of 10°~107
cells/L, and they can cause a variety of ecological security and water
supply issues (Table S1). The blooms extend over time and location
scales, negatively affecting the lives of coastal residents and the
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Therefore, freshwater dinoflagellate blooms and their control should not
be overlooked.

The nucleus of the dinoflagellate has a unique structure in the
absence of histones and nucleosomes, and the terms mesokaryotic and
dinokaryotic have been used for this unique nucleus. The algal cells are
generally spherical, ovate and polygonal, with a cellulose plate-like wall
and two flagella (Carty and Parrow, 2015). Emergency control, which
includes physical, chemical and biological techniques, is mostly applied
for sudden algal bloom events. Mature control methods have been
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developed due to the regular occurrence of cyanobacterial blooms.
However, control techniques for dinoflagellates cannot be fully adapted
from those used for cyanobacterial because of their larger shape and
more complicated cellular structure. For instance, pressure and ultra-
sonic are less effective for dinoflagellate because they attack mainly on
the gas vacuoles of cyanobacteria, which are absent in dinoflagellate (Li
et al., 2022). Currently, ultraviolet (UV) and hydrodynamic controls
have been found to be effective in controlling dinoflagellate blooms. All
Peridinium bipes died after 48 and 6 h of continuous exposure to UV doses
greater than 80 and 2400 pW/cm?, respectively (Kawabata et al., 1990).
Based on the findings, Iseri et al. (1994) developed a boat with a UV-C
system, successfully eliminating a P.bipes bloom in a Japanese reser-
voir, and the radiation intensity was greater than 2400 pW/cm?2. Song
et al. (2021) analyzed the thresholds for flow velocities, Reynolds
numbers, and mixing layer depth/euphotic zone for the Zipingpu
Reservoir and noted that either accelerating horizontal flow or facili-
tating vertical mixing can prevent dinoflagellate blooms. The
water-lifting aerator has been successfully applied to the spring dino-
flagellate bloom control in Lijiahe Reservoir (Huang et al., 2022). The
concentration of oxidants required for controlling dinoflagellate is also
higher than that for cyanobacteria. Ichikawa et al. (1992) found that all
cysts of Alexandrium tamarense exposed to 30 mg/L hydrogen peroxide
(H202) for 48 h showed protoplasm contraction and decolorization.
After 48 h of treatment with 50.0 mg/L of Hy0, the cell density of
Alexandrium ostenfeldii in actual water bodies decreased by 99.8 %
(Burson et al., 2014). P. umbonatum did not exhibit a significant decrease
in photosynthetic activity following treatment with 8 mg/L KMnOj4 for
30 min (pH = 3.0) or 1.5 mg/L O3 (Gong, 2022). However, previous
studies have shown that 3 mg/L sodium percarbonate is effective in
controlling filamentous cyanobacteria throughout the water column (Xu
et al., 2021), and 10.0 mg/L Hy0, is effective in controlling cyano-
bacterial blooms (Zhou et al., 2020, 2018). Regarding biological
methods, it was shown that certain strains had substantial algicidal ac-
tivities against dinoflagellate (Hu et al., 2020; Kang et al., 2008). But
there are few successful applications of biological control in practice. In
summary, research on freshwater algal control techniques remains
insufficient.

In recent years, solar disinfection (SODIS) has gained popularity as a
water disinfection technique (Xia et al., 2022). Advanced oxidation
processes (AOPs) based on solar energy, such as solar/chlorine and
solar/H30,, have attracted a lot of interest in water treatment recently
(Rodriguez-Chueca et al., 2019). Photolysis of free chlorine by UV
wavelengths in solar produces hydroxyl radical (¢OH) and ozone (O3)
with equations as shown in Egs. (1)-(3) (Forsyth et al., 2013). Previous
studies have reported the higher inactivation of bacterial and fungal
spores by solar/chlorine due to the simultaneous attack by ¢OH and O3
(Forsyth et al., 2013; Wan et al., 2022; Zhou et al., 2014). Moreover,
solar-based AOPs have been applied to algae control processes. Ye et al.
(2023) reported that the solar/periodate system could inhibit Microcystis
aeruginosa by reducing photosynthetic activity and reduce the release of
intracellular microcystins due to its high selectivity to the cell mem-
brane. In direct sunlight, ¢OH is generated from H»05 and irreversibly
damages Pseudanabaena sp. (Wang et al., 2017a). Piel et al. (2019) re-
ported that even low HyO5 concentrations can be highly effective if
cyanobacteria are exposed to high light intensities and recommended
performing lake treatments during sunny days. However, relevant
studies have also been focused on cyanobacteria, and there were no
reports on the effectiveness of solar/chlorine in controlling freshwater
dinoflagellate.

HOCI/OCl +hy—HOe/0* +Cle @
OoCl'+hv—0(3P)+ CI (2)
0C’P)+0,-03 3

In this study, the predominant dinoflagellate, P. umbonatum, was
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chosen because it was the dominant algal species during the bloom
period in Feitsui Reservoir. (Wu and Chou, 1998). The study aimed to
(1) assess the removal efficiency of algae by solar/chlorine and compare
it with solar and chlorine alone treatment; (2) evaluate the effect of
different factors on the removal efficiency of solar/chlorine; (3) analyze
the enhancement mechanisms of solar/chlorine treatment; (4) evaluate
the regrowth of P. umbonatum after different treatments.

2. Materials and methods
2.1. Chemicals and materials

Sodium hypochlorite (NaOCl) was purchased from Sigma-Aldrich
and the HyO, was purchased from Slnopharm Chemical Reagent Co.,
Ltd. (China). Other reagents were purchased from Kermel Chemical
Reagent Co., Ltd. (China). Milli-Q water (Millipore, USA) was used to
prepare all of the solutions. The N, N-diethyl-p-phenylenediamine
(DPD) technique was used to measure the concentration of chlorine
(Wang et al., 2021). The concentration of HyO5 in the stock solution was
verified using potassium permanganate titration (Zhou et al., 2020).

2.2. Preparation of algal suspension

Peridinium umbonatum (FACHB-329) was cultured in improved 119
media after being purchased from the Institute of Hydrobiology, Chinese
Academy of Sciences. The cultures were incubated at 25 °C in an incu-
bator with 12 h light and 12 h dark cycles (2000 lux) (MGC-250P,
Bluepard instrument) (Xu et al., 2016). Algal cells were used in exper-
iments after being cultivated for 30-40 days.

2.3. Experimental procedure

Algal suspension with an initial scell density of (1.0 = 0.2) x 10*
cells/mL was added to the double-walled beaker and exposed to simu-
lated solar radiation with an intensity of 900 W/m? (300-800 nm) (HF-
X300DUV, China) (Fig. S1, S2). The solar/chlorine experiment was
initiated by adding NaOCI stock solution to the beaker under solar ra-
diation. The experimental temperature was controlled by a low constant
temperature water bath (DC0506, Hefan, China). The equipment was
turned on and warmed up for 30 min before the experiment. Samples
were collected at intervals and immediately quenched using 0.1 M
NayS03 (Wan et al., 2020). The chlorine dose (2.0, 3.0, 4.0 mg/L) and
temperature (20, 25, 30 °C) were adjusted to investigate the dependence
of the algal removal effect on the oxidant dose and temperature.
Different concentrations of P.umbonatum (1.0 x 104, 2.0 x 104, 3.0 x
10* cells/mL) were added to study the effect of initial concentration on
the algal control. Samples were collected for activity analysis and
counting. All experiments were carried out in triplicate.

2.4. Analytical methods

2.4.1. Cell integrity

The algal cells were enumerated using a hemocyte counting plate
and observed using a microscope. SYTOX was utilized to stain algae and
assess the integrity of the cell membrane via fluorescence microscopy
(BX51, Olympus, Japan) (Daly et al., 2007; Tian et al., 2021). A mixture
of 0.3 mL of algal solution and 5.0 pmol/L of SYTOX stain was prepared,
and the stained algal solution was incubated in the dark for 20-30 min.
The final concentration of SYTOX dye was adjusted to 0.1 pmol/L (Xie
et al., 2013). Subsequently, 100 pL algal solution was placed on a
counting plate, and the integrity of the algal membrane was detected
through blue fluorescence (488 nm) using a fluorescence microscope.

Algal cells were photographed with a scanning electron microscope
(SEM) (GeminiSEM500, ZEISS, Germany) to observe morphological
changes during the reaction. The detailed treatment followed previous
works (Tian et al., 2021; Wen et al., 2020).
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2.4.2. Photosynthetic activity

Chlorophyll-a (Chl-a), the maximum optical quantum yield (Fv/Fm),
effective quantum yield of photosynthetic system II (Y(II)) and relative
electron transport rate (ETR) were examined to assess the state of the
photosynthetic system. Chl-a, a significant pigment involved in photo-
synthetic processes, was extracted by absolute ethyl alcohol and ultra-
sonic treatment. The concentration was measured at 630, 645, 663, and
750 nm by a spectrophotometer and calculated with Eq. (4) (Holm--
Hansen and Riemann, 1978; Papista et al., 2002). Additionally, 1.5 mL
of algal solution was taken in a 1.5 mL centrifuge tube after the certain
reaction time. The centrifuge tubes were placed in black centrifuge tube
racks for 10-15 min in a dark environment, and then the photosynthetic
activity of algal cells was determined by the IMAGING-PAM chlorophyll
fluorescence imaging system (WALZ, Germany) (Xu et al., 2016).

Chla (kg /L) =

V1[1164 X (D663 — D750) —216 x (D645 — D750) +0.1 x
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Where Ny and N are the initial cell density of P.umbonatum (x 10*
cellsymL) and the cell density (x 10* cells/mL) at the time t (h),
respectively; Ny is the cell density in the trailing phase (x 10* cells/
mL); kmax is the maximum rate constant (h)) and SL is the shoulder
length (h). SLy and SL represent the shoulder length in chlorine and
solar/chlorine systems (h); kmaxo and kmax represent the maximum
inactivation rate constant in chlorine and solar/chlorine systems (.

The quality of fit for the models was evaluated using the root mean
sum of squared errors (RMSE) and the coefficient of determination (Rz).
A better fit is indicated by values of R closer to 1 and RMSE closer to 0.

3. Results and discussion

3.1. Effectiveness of solar, chlorine and solar/chlorine processes

(De3o — D7s0)] )

V-L

Where V; is volume of colorimetric tubes (mL), V is volume of sample
(L), L is optical path of cuvette (1 cm), Dg30, De4s, Des3 and Dysg are the
absorbance at 630 nm, 645 nm, 663 nm and 750 nm, respectively.

2.4.3. Antioxidant system

5 mL of algal solution was added to a sterilized centrifuge tube to
extract crude enzyme solution (Text S1) and determine the activity of
superoxide dismutase (SOD) with a total superoxide dismutase assay kit
(WST-1) (Zhang et al., 2022).

2.4.4. Determination of organic matter

Total organic carbon (TOC-L, Shimadzu, Japan) was used to examine
the dissolved organic carbon (DOC). The excitation-emission matrix
spectra (EEM) of samples were measured using a fluorescence spectro-
photometer (F-7000, Hitachi, Japan). The detailed procedures refer to
the previous works and are described in Text S2 (Han et al., 2022;
Jutaporn et al., 2020). All samples were filtered with a 0.22 pm mem-
brane before the measurement.

2.5. Inactivation kinetics

The effectiveness of algal control was evaluated by the removal ef-
ficiency, which was calculated as shown in Eq. (5). The Geeraerd and
Van Impe inactivation model-fitting tool (GInaFiT) was used to fit the
decay process of P.umbonatum (Geeraerd et al., 2005). The ‘log-linear
with a shoulder’ model and the ‘log-linear with a shoulder and a tail’
model were explained in Egs. (6)-(7). According to Forsyth et al. (2013),
the enhanced effect of solar radiation was assessed based on the SL
reduction factor and the k enhancement factor (Egs. (8)-(9)).

Ny — N
Removal efficiency = ON 5)
0
ot ekmax SL
N = Ny e 1 (el — 1) e ot (6)
(Kt ekmax-SL
N = (No—Nies)-e™ " 1 + (efmacSt — 1)-el o)t + Nies @
SL
SL reduction factor = S_LO ®
k
k enhancement factor = —= 9)
max0

Fig. 1 compared the control effect of P. umbonatum in solar/H,04 and
solar/chlorine systems with 900 W/m? of solar radiation. The initial
concentrations of HpOy and chlorine were 10.0 mg/L and 3.0 mg/L,
respectively. As shown in Fig. 1(a) and S3, exposure to HoO, alone and
solar radiation alone had negligible effects on P. umbonatum. The
enhancement of HyO5 by solar radiation was limited and the removal
efficiency was only 20 % after 8 h. HyO» is commonly used in the control
of blue-green algae blooms with favorable results due to its safety and
environmental friendliness (Chen et al., 2021; Zhou et al., 2020, 2018).
However, the efficiency of HyO, is impoverished in dinoflagellate
because of their complicated cellular structure: (1) the morphology of
algae cells is larger than that of cyanobacteria; (2) the cell wall is a
thicker and platelike structure composed of cellulose, which may
consume oxidizing chemicals and protect the cells from damage (Carty
and Parrow, 2015).

Chlorine is frequently used in microbial control as a powerful
oxidant and produces oxidizing reactive species under solar radiation.
Therefore, this study utilized chlorine to achieve emergency control of
P. umbonatum and explore the enhanced effects of solar. Images
depicting algal cell deterioration with solar/chlorine treatment were
shown in Fig. S4. The kinetic parameters fitted by GInaFiT for
P. umbonatum were shown in Table 1. The ‘log-linear with a shoulder’
and ‘log-linear with a shoulder and a tail’ models provided a suitable fit
for the inactivation of chlorine alone and the solar/chlorine treatment,
respectively. The primary explanation for the ‘lag phase’ (indicated by
SL) is that the algae cells exhibit a degree of tolerance to oxidative
damage (Cao et al., 2022). The SL and kp,ax in chlorine alone treatment
were 10.22 h and 0.29 h7, respectively. The SL and kpax of solar/-
chlorine treatment were 3.65 h and 1.11 h'}, respectively. According to
Egs. (3)-(4), the SL reduction factor and kp,x enhancement factor have
been calculated to be 2.80 and 3.8, respectively. The enhancement of
chlorine by solar was mainly due to a decrease in the lag phase and an
increase in the reaction rate.

3.2. Influencing factors

The effects of chlorine dose on the effectiveness of the solar/chlorine
system were summarized in Fig. 2(a) and S5(a). The removal efficiency
increased as the chlorine dose was raised from 2.0 mg/L to 4.0 mg/L.
After 8 h, the removal efficiency of P. umbonatum under 2.0 mg/L solar/
chlorine conditions was only 33 %. However, the removal efficiency
increased to 75 % and 85 % when the concentration was increased to 3.0
mg/L and 4.0 mg/L, respectively. With the concentration of chlorine
increased from 2.0 to 4.0 mg/L, the SL of P. umbonatum decreased from
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Fig. 1. The kinetic fitting curve of P. umbonatum in (a) solar/H,0- and (b) solar/Cl, treatments. Conditions: initial P. umbonatum concentration = (1.0 + 0.2)x10*
cells/mL; [HoO2]p = 10.0 mg/L; [chlorine]lg = 3.0 mg/L; solar irradiance = 900 W/m?% T = 2542 °C; pH = 6.8 £ 0.2.

Table 1
Inactivation kinetic parameters of the P. umbonatum.

Inactivation methods SL (h) Kmax(h™) R? RMSE k enhancement factor SL reduction factor
Chlorine 10.224+0.22 0.29+0.03 0.9850 0.0070
Solar/Chlorine 3.65+0.08 1.11+0.07 0.9972 0.0141 3.8 2.80
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Fig. 2. Effect of (a) chlorine concentration (b) initial algal concentration and (c) temperature on solar/chlorine inactivation of P. umbonatum. Conditions: solar

irradiance = 900 W/m? pH = 6.8 + 0.2.

9.37 h to 2.74 h, and the ky,,x increased from 0.19 h! to 1.47 h'l. The
increase in algal removal efficiency was mainly due to the higher con-
centration of oxidants, which produced more active species and pro-
moted algal cell decay with solar irradiance.

Differences in the cell density in the actual water would affect the
algal removal efficiency of the oxidant. Fig. 2(b) and S5(b,e) summa-
rized the effect of initial algal density on the removal efficiency of
P. umbonatum and chlorine decay. The removal efficiency gradually
decreased with the increase of initial cell density. Specifically, it was 75
%, 53 % and 28 % at the initial density of 1.0 x 10%, 2.0 x 10* and 3.0 x
10* cells/mL, respectively. The SL were 3.65 h, 3.70 h, and 3.62 h, and
the kpax were 1.11 h'l, 1.28 h’l, and 1.72 h’l, respectively. With the
increase in the initial algal density, there was no significant change in
the SL, but the kpax slightly increased. It can be observed that chlorine
decayed more rapidly as algal density increased, indicating that algal
cells react with chlorine more rapidly, consistent with an increase in
kmax- In summary, higher algal density increased the load of solar/
chlorine treatment. The oxidant was consumed more quickly at higher

algal densities, which accelerated the reaction entry into the trailing
phase and reduced the efficiency of algal removal.

Fig. 2(c) summarized the effect of temperature on the effectiveness of
solar/chlorine control of P. umbonatum. As shown in Fig. S5(f), the rate
of chlorine decay gradually increased as the temperature rose. The SL at
20 °C and 25 °C were 4.37 h and 3.65 h, and the kyax were 1.07 h'! and
1.11 h'l, respectively. The reaction was slow and the trailing phase
appeared later at 20 °C, which was consistent with chlorine decay. The
removal efficiency was greatly enhanced when the temperature was
raised to 30 °C. The SL decreased to 2.09 h and the kp,,x increased to 3.97
hl, leading to a removal efficiency of 97 % within 5 h. All physiological
activities and biochemical reactions of algae need to be accomplished
under certain temperature conditions. In Feitsui Reservoir, the highest
density of P. umbonatum, P. bipes and Ceratium furcoides were found
between 24 and 26 °C (Wu and Chou, 1998). Consequently, the increase
in algal removal efficiency at 30 °C was attributed to the unfavorable
temperature response of the algal cells, further inhibiting algal cell
activity.
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Fig. 3. The roles of reactive species in solar/chlorine treatments: (a) chlorine decay; (b) EPR spectra of chlorine alone, solar alone and solar/chlorine systems; (c) the
kinetic fitting curve with TBA; (d) the kinetic fitting parameters with TBA. Conditions: initial P. umbonatum concentration = (1.0 + 0.2)x10* cells/mL; [chlorine]y =

3.0 mg/L; solar irradiance = 900 W/m?% T = 2542 °C; pH = 6.8 £ 0.2.
3.3. Inactivation mechanisms analysis

3.3.1. Roles of reactive species

Changes in the concentration of chlorine during treatments with
chlorine and solar/chlorine were depicted in Fig. 3(a). There was a
decay in the chlorine concentration in the suspension of P. umbonatum,
with the concentration decaying from 3.0 mg/L to 0 mg/L within 400
min. Nevertheless, the chlorine concentration barely changed with time
in 119 media (Fig. S6). Therefore, the decrease in chlorine concentration
in algal solution suggested that chlorine interacted with algae. When the
solar radiation was added, the time for chlorine to decrease to 0 mg/L
was reduced from 400 min to 160 min, indicating that chlorine was
photolyzed by solar radiation.

The enhanced effect of solar/chlorine treatment is generally attrib-
uted to the generation of reactive species, dominated by O3 and eOH
from chlorine photolysis. (Jia et al., 2023; Yang et al., 2016). However,
O3 was not detected in our reaction system, which is consistent with
Wan et al. (2022) and Forsyth et al. (2013). It has also been reported that
eOH could accelerate the death of algal cells (Bai et al., 2019b; Chen
etal., 2020). In this study, 5,5-dimethyl-1-pyrroline-noxide (DMPO) was
utilized as a trapping agent for the Electron Paramagnetic Resonance
(EPR) determination and the EPR spectra was shown in Fig. 3(b). No
DMPO-eOH signal was detected in the solar alone and chlorine alone

systems. However, a characteristic four-peak signal with an intensity
ratio of 1:2:2:1 corresponding to the DMPO-eOH adduct was clearly
observed in the solar/chlorine system, which indicated that eOH was
produced in the solar/chlorine system.

Experiments used different concentrations of tertiary butyl alcohol
(TBA) for hydroxyl radical trapping, and the results are shown in Fig. 3
(¢, d) and S7 (Tian et al., 2022; Wu et al., 2015). A certain concentration
of TBA decreased the efficiency of algae removal. After 20 and 50 mM
TBA were added, the SL increased from 3.65 h to 5.06 h and 5.78 h,
while the kpn.x decreased from 1.11 h?! to 0.44 h! and 0.43 h'l,
respectively. It was demonstrated that ¢OH played an important role in
the control of algae.

3.3.2. Cell integrity and particle size

The orderly operation of various biochemical activities in algal cells
is significantly influenced by cell membranes. The fluorescent micro-
scope images of P. umbonatum with various treatment were shown in
Fig. S8. Almost all of the cells displayed red fluorescence after 7.5 h of
solar radiation alone, indicating that the cell membrane was intact.
Green fluorescence appeared after 1.5 h under 3 mg/L chlorine with
solar radiation, followed by a sharp decrease in the percentage of intact
cells, which were almost completely damaged within 6 h. As shown in
Fig. 4(a), the percentage of membrane-damaged cells increased by 45 %
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Fig. 4. Variation of (a) membrane permeability, (b) size and (c) SOD of P. umbonatum in chlorine alone, solar alone and solar/chlorine treatments. Conditions: initial
P. umbonatum concentration = (1.0 & 0.2)x10% cells/mL; [chlorine]g = 3.0 mg/L; solar irradiance = 900 W/m? T = 2542 °C; pH = 6.8 £ 0.2.

compared to chlorine alone. Previous studies have shown that eOH is a
non-selective oxidant that can oxidize cell walls or cell membranes,
leading to cell rupture (Bai et al., 2019a; Li et al., 2019). The results of
cell membrane damage in P. umbonatum caused by solar/chlorine were
consistent with the algal removal efficiency, suggesting that eOH
increased the algal removal efficiency by disrupting the cell membrane.

The change in algal cell particle size after treatment was shown in
Fig. 4(b). It can be seen that the peak of the untreated algal cells was
located in the range of 20-30 pm, with a volume average of 23.06 pm
and a peak size of 22.85 pm, which was consistent with the size of
P. umbonatum in the previous study (15-43 x 25-40 pm) (Liu et al.,
2008), indicating the reliability of the detection method. There was no
significant shift in the peak after treatment. The results showed that
although the cell membrane of P. umbonatum was damaged, the algal
cells did not completely disintegrate and maintained their original
shapes (Wang et al., 2024).

3.3.3. Antioxidant enzyme activity

In this study, SOD enzyme activity was measured using a microplate
reader combined with a SOD kit. The change in SOD enzyme activity
with time during algal removal by different methods was depicted in
Fig. 4(c). SOD enzyme activity only slightly increased when exposed to

Control

Solar

3000 X

1000 X

500 X

solar radiation alone, suggesting that the algae cells were not suffering
severe stress. SOD enzyme activity increased from 0.517 U/10°cells to
0.817 U/10°cells after treatment with 3 mg/L chlorine alone for 7.5 h,
indicating that the SOD enzyme activity was increased to inhibit the
production of free radicals (Zhang et al., 2022). In solar/chlorine
treatment, SOD enzyme activity increased to 0.847 U/10°cells after 3 h
and then gradually decreased to 0.176 U/10°cells. The elevation of SOD
enzyme activity in the initial phase of the study indicated that the
intracellular reactive oxygen species (ROS) level was elevated, while the
significant decrease observed later could be attributed to the inability to
scavenge excess free radicals in a timely manner, leading to severe
damage or even death (Ebenezer and Ki, 2013). Consistent with the
changes in cell membrane integrity, the degree of oxidative damage
caused by the three treatments to P. umbonatum was as follows: solar/-
chlorine > chlorine > solar, suggesting that eOH produced by the
solar/chlorine system induced higher oxidative stress.

3.3.4. Algal cell morphology

In order to observe the morphology of P. umbonatum before and after
treatment, images of P. umbonatum after 8 h of treatment with three
different methods were taken using SEM with magnifications of 3000,
1000 and 500 times, respectively, as shown in Fig. 5. The untreated cells

Chlorine

Solar/chlorine

Fig. 5. SEM photos of P. umbonatum before and after 8 h treatments. Conditions: initial P. umbonatum concentration = (1.0 + 0.2)x 10* cells/mL; [chlorine]y = 3.0

mg/L; solar irradiance = 900 W/m? T = 25+2 °C; pH = 6.8 £ 0.2.
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of P. umbonatum showed an oval shape with an obvious platy structure
and reticulate pattern on the plates. Some of the algal cells appeared
wrinkled due to the dehydration caused by different concentrations of
ethanol during the sampling process, but they remained mostly intact
and full, with no impurity particles outside the cells. After treatment
with 3 mg/L chlorine alone, the surface of partial algal cells appeared
swelled or ruptured, indicating that the membrane of the algal cells was
damaged. The surface of algal cells was seriously deformed, and almost
all the attacked cells were cracked in the solar/chlorine system. Obvious
particle-like or piece-like material attached to the surface of the algal
cells was observed, which was speculated to be the release of intracel-
lular material after algal cells decay (Ahn et al., 2013). According to the
SEM images magnified 3000 times, it can be observed that although the
algal cell structure was altered, the cells were not completely cleaved
into fragments and even aggregated due to the presence of released
polymers, which was consistent with the particle size results in Section
3.3.2.

3.3.5. Photosynthetic activity

Photosynthesis is one of the most important reactions in the growth
of algal cells. As shown in Fig. 6, solar/chlorine exhibited an obvious
inhibitory effect on the photosynthetic activity of P. umbonatum. The
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chl-a concentration of algal cells remained at the initial level (155.47
pg/L) without significant reduction after solar radiation alone.
Following treatment with 3 mg/L chlorine for 7.5 h, the concentration of
chl-a decreased to 88.90 pg/L. In contrast, 30.44 pg/L of chl-a was ob-
tained after solar/chlorine treatment, indicating that chlorine affected
the concentration of photosynthetic pigments, with solar radiation
further accelerating the process.

As depicted in Fig. 6 (b, ¢), there was a slight reduction in Fv/Fm and
Y(II) after treatment by solar alone and 3 mg/L chlorine alone, with Fv/
Fm and Y(II) decreasing to 0.398 and 0.312 after 5 h of solar alone,
respectively. The Fv/Fm and Y(II) decreased to 0.332 and 0.262 after 5 h
of chlorine alone, respectively. It was in line with the changes in chl-a
concentration, highlighting the greater impact of chlorine on photo-
synthetic activity compared to solar radiation alone. Both Fv/Fm and Y
(II) decreased to O within 3 h after solar/chlorine treatment, which had a
more severe effect on photosynthetic activity compared to solar and
chlorine alone. Similarly, the ETR of the algal cells followed the same
pattern, with the ETR decreasing in the following order: solar/chlor-
ine>chlorine>solar. The ETR decreased from 11.3 to 6.8 and 2.5 after
solar radiation and chlorine treatment alone for 5 h, and to 0 within 3 h
in the case of solar/chlorine. It has been demonstrated that ¢OH can
penetrate the cell membrane, causing damage to algal cells (Bai et al.,
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Fig. 6. Variation of (a) Chl-a, (b) Fv/Fm, (c)Y(II) and (d) ETR of P. umbonatum in chlorine alone, solar alone and solar/chlorine treatments. Conditions: initial
P. umbonatum concentration = (1.0 & 0.2)x10% cells/mL; [chlorine]g = 3.0 mg/L; solar irradiance = 900 W/m? T = 2542 °C; pH = 6.8 £ 0.2.
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Fig. 7. Diagram of the algal apoptosis during solar/chlorine treatment.

2019a). eOH generated by solar/chlorine treatment accelerated the
reduction of photosynthetic pigments and electron transfer rates in algal
cells, thus disrupting photosynthetic capacity and accelerating cellular
death.

3.3.6. Discussion on the algal apoptosis

The mechanism of solar/chlorine control of P. umbonatum was
summarized in Fig. 7, where the gradual motionlessness, decoloration,
and rupture of algal cells were observed under a microscope. The death
of P. umbonatum primarily occurred in the following ways: (1) algae cells
lost the ability to move rapidly and remain stationary; (2) the
morphology of the algal cells was damaged and the cell membranes were
severely disrupted; (3) intracellular oxidation in the algal cells was
increased, which manifested as a first increase and then a gradual
decrease in the activity of antioxidant enzymes; (4) photosynthesis in
algal cells was inhibited. The enhanced removal efficiency of
P. umbonatum was attributed to the co-oxidation of chlorine and e¢OH.

The attack of chlorine and ¢OH on the cell membrane led to a decrease in
membrane integrity, an elevation in intracellular ROS, and heightened
morphological damage to algal cells, which in turn enhanced the
removal effect of solar/chlorine on P. umbonatum.

3.4. Regrowth of algae after inactivation

To monitor algal cell regrowth, algal solutions containing culture
medium after different treatments were transferred to an incubator.
Fig. 8(a) depicted the regrowth of P. umbonatum after 8 h of treatment
under three different conditions. Following solar treatment alone, algal
cells grew normally and cell density increased by 0.45 x 10* cells/mL
approximately within 7 d The density gradually decreased to 0.55 x 10*
cells/mL during the first 4 h and then remained stable with chlorine
alone treatment, whereas cell densities were essentially unchanged after
solar/chlorine treatment, and no regrowth was observed. As depicted in
Fig. 8(b), the DOC concentration in the reaction system gradually
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Fig. 8. (a)Representative regrowth curves of P. umbonatum after different treatment and (b) changes in DOC of the system in chlorine alone, solar alone and solar/
chlorine treatments. Conditions: initial P. umbonatum concentration = (1.0 + 0.2)x10* cells/mL; [chlorine]o = 3.0 mg/L; solar irradiance = 900 W/m? T = 2542 °C;

pH = 6.8 + 0.2,
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increased from 2.19 mg/L to 4.82 mg/L and 10.28 mg/L after treatment
by chlorine and solar/chlorine, respectively. It has been shown that
organic matter can react with chlorine to form disinfection by-products.
However, no DOC reduction was observed due to the rapid decay of
chlorine in the system (Yeom et al., 2021). UVA-like humic and
tryptophan-like components were predominantly detected in the chlo-
rine and solar/chlorine systems (Fig. S9 and S10), whereas
tryptophan-like component increased more dramatically and was the
main component of the intracellular organic matter of P. umbonatum
(Fig. S11). This indicated that the increase of DOC in the system pri-
marily stems from the release of intracellular organic matter, further
confirming the thoroughness of algal removal by solar/chlorine treat-
ment and explaining the absence of algal regrowth. On the other hand,
dinoflagellate cells form cysts in unfavorable environments and are
unable to regenerate for a brief period of time (Matsuoka and Fukuyo,
2000).

3.5. Applications in natural conditions

3.5.1. Effectiveness in real water matrices

In order to further investigate the removal efficiency of solar/chlo-
rine on P. umbonatum in a real water environment, water from Sanhekou
Reservoir was selected as the actual water (Table S2). The results were
shown in Fig. 9(a). The kpax in the solar/chlorine system was 0.33 h'lin
the water from Sanhekou reservoir, which was 70 % lower than that in
the 119 medium (1.11 h), and the SL was prolonged to 6.86 h
compared to that in the 119 medium (3.65 h). The removal efficiency
was 75 % and 56 % after 8 h of treatment with solar/chlorine in 119
medium and real water, respectively. The background material in real
water is more complex than in the 119 medium, with higher concen-
trations of dissolved organic matter (DOM), metal ions, etc., which
consume oxidants and reduce algal removal efficiency (Wang et al.,
2017b). Moreover, the background substance and its complexes acted as
shading agents in real water (Kohantorabi et al., 2019).

3.5.2. Inactivation in natural solar radiation

Simulated solar had a certain strengthening effect on the removal
efficiency of algae by chlorine treatment. In order to verify whether
natural solar radiation has the same effect, experiments were conducted
in September and October under natural solar radiation. Natural solar
intensity was measured with a solar power meter. The temperature of
the system was kept in the range of 25-30 °C using a water bath.

Fig. 9(b) demonstrated the effect of natural solar/chlorine on the
control of P. umbonatum in September, and the removal rate of algal cells
reached 97 % after 4 h of solar alone treatment because of the high UV
index (solar irradiance = 780-930 W/mz, UV index = 7). This is
consistent with the characteristic of P. umbonatum that it prefers thin
light but not intense sunlight, and excessive solar intensity would
destroy the photosynthetic capacity and induce cell death (Heaney and
Furnass, 1980; Heaney and Talling, 1980; Regel, 2004). The addition of
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chlorine resulted in 99 % of algal cell removal at 4 h, which was slightly
higher than solar radiation alone. There were no significant differences
in kpax and SL between solar/chlorine and solar alone conditions.

It is difficult to maintain the normal growth state for P. umbonatum
and gather to form a water bloom under high solar intensity. The
experiment was carried out under lower intensity in October (solar
irradiance = 650-860 W/ mz, UV index = 1), and the results were shown
in Fig. 9(c). The removal efficiency was 20 % after 6 h of chlorine
treatment alone, which was not significantly different from the results of
the experiment in September. After 6 h of solar radiation alone, the
removal efficiency of algae was 33 %, which was much lower than that
of high solar intensity. The algae can move to 3-4 m below the surface of
the water in the reservoir to avoid direct solar radiation and grow nor-
mally under this intensity. The removal efficiency reached 87 % after 6 h
in natural solar/chlorine system. The kp,ax in the solar/chlorine system
(0.58 h'™") was much higher than solar (0.18 h'") and chlorine alone (0.42
h’l), while the SL (2.32 h) was much lower than solar (6.49 h) and
chlorine alone (8.28 h). Due to the higher UV intensity of natural solar,
both solar alone and solar/chlorine show better algae removal than
simulated solar. It has been demonstrated that the algae removal effi-
ciency can be enhanced by natural solar/chlorine as well. Consequently,
employing chlorine oxidants on sunny days for emergency control is
more successful.

4. Conclusions
The main conclusions can be summarized as follows:

(1) The removal efficiency of solar alone on P. umbonatum was
insignificant, while the solar/chlorine treatment exhibited supe-
rior removal efficiency compared to solar or chlorine treatment
alone with the SL reduction factor and kn,x enhancement factor
of 2.80 and 3.8.

(2) The removal efficiency of algae by solar/chlorine gradually
increased with the chlorine dosage, but it decreased with algal
density. Moreover, an increase in temperature to 30 °C signifi-
cantly enhanced removal efficiency due to the unfavorable con-
ditions for P. umbonatum survival.

(3) Attacks on cell membranes by chlorine and eOH resulted in a
decrease in cell membrane integrity, leading to an increase in
intracellular ROS and an inhibition of photosynthetic and anti-
oxidant systems, which in consequence enhanced the removal
effect of solar/chlorine on P. umbonatum.

(4) The release of IOM was detected in the solar/chlorine system,
indicating that the algal cells were severely damaged and no
regeneration was observed.

(5) The algal removal efficiency of solar/chlorine in real water was
reduced compared to 119 medium, which was mainly due to
background material in the real water substrate that consuming
the oxidant or acting as a shading agent. Moreover, natural solar
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Fig. 9. Inactivation kinetic parameters of P. umbonatum in (a) real water matrices and (b)(c) natural solar radiation: (b) September; (c) October. Conditions: initial
P. umbonatum concentration = (1.0 + 0.2) x 10* cells/mL; [chlorine]g = 3.0 mg/L; T = 2542 °C.
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radiation was demonstrated to have the same enhancing effect as
simulated solar, with a removal efficiency of 87 % after 6 h.
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