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Abstract: Harmful algal blooms (HABs) caused by Heterosigma akashiwo are occurring in coastal
waters frequently, posing a great risk to marine environments and subsequent treatment processes
like desalination. UV-assisted permanganate oxidation (UV/KMnQOy) is recognized as an innovative
advanced oxidation process. This study investigated the inactivation and removal efficiencies
of H. akashiwo cells by UV/KMnOy. Algal cells were effectively disintegrated into fragments by
UV/KMnOy. Also, the degradation of photosynthetic pigments, membrane lipid peroxidation, and
severe oxidative stress in algal cells was observed. The removal efficiency of algal cells reached 80.2%
by 20 min of UV/KMnO, oxidation, with a KMnO, dosage of 5 mg L~!. In addition, the residual
algal cells could be completely removed by a subsequent self-settling process, without an additional
coagulation procedure. The fragmentation of algal cells caused by UV/KMnO, may facilitate the
formation of algal flocs, thereby improving the cell settleability. Furthermore, UVj54 was significantly
reduced by UV/KMnOy, which is expected to reduce the formation of disinfection byproducts and
membrane fouling. This study elucidates that UV/KMnO;, can be a promising technique for the
efficient treatment of harmful marine algae.
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1. Introduction

The frequent occurrence of harmful algal blooms (HABs) has been a critical environ-
mental issue worldwide [1,2]. HABs can trigger the massive death of farmed fish and
shellfish, thus causing severe impacts on aquaculture industries, natural communities,
marine ecosystems, and public health [3,4]. As a common species that can form HAB, the
raphidophyte Heterosigma akashiwo widely distributes in many areas, such as the coastal
waters of China, Japan, and America, due to its characteristics of wide salinity, light inten-
sity, and temperature [5]. Given their capacity to survive in harsh environments like ballast
tanks, H. akashiwo is also known as an invasive species that can migrate to other marine
areas and expend pollution regions [6,7]. Additionally, when blooms occur, high algal
biomass and the associated organic matters can cause significant operational problems to
water treatments (e.g., desalination), including increased chemical consumption, severe
membrane fouling, and a lower rate of water production [8,9]. Consequently, it is necessary
to treat harmful algae such as H. akashiwo, especially in circumstances like ballast water
management systems and seawater desalination processes.

Conventional technologies such as ultraviolet (UV) irradiation and coagulation have been
generally applied to treat marine algae [10,11]. UV irradiation can degrade proteins and pho-
tosynthetic pigments of algal cells, potentially resulting in the cytoclasis of cells under a higher
UV dosage [12]. Although UV irradiation is recognized as a green disinfection technology that
can destroy algal DNA [12,13], the cells may reverse DNA damage by photoreactivation and
dark repair mechanisms, thus achieving re-growth [11,13]. As for coagulation, its efficiency in
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algal removal is relatively limited. For instance, aluminum sulfate coagulant only removed
79.3% of harmful algae (Oscillatoria sp.) from a water column [14], and the efficiency was
only ~60% in H. akashiwo removal by modified clay [15]. In addition, the effectiveness of
coagulation can be easily affected by the water quality, such as the salinity, temperature, and
dissolved organic matters like humic acid [10,16]. Therefore, KMnO, pre-oxidation can be
applied to enhance the efficiency of coagulation due to its capability to generate adsorptive
products [17]. However, excessive oxidation may lead to the release of undesirable metabolites
from algal cells [17]. Hence, it is necessary to develop alternative technologies in the efficient
inactivation and removal of HAB species (e.g., H. akashiwo).

The UV/KMnOjy process is known as an emerging technology that can enhance the
oxidation of micropollutants and organic metals by producing hydroxyl radicals (¢OH)
and active manganese species (RMnS) [18,19]. As documented previously, ¢OH shows
great efficiency in inactivating algal cells [20,21]. In addition, the in situ-formed manganese
dioxide (MnOy,), as a reduced product of KMnQy, is a good adsorbent for the removal
of heavy metals and organic particulates [19,22]. A recent study reports that Microcystis
aeruginosa (a common bule-green algae in freshwater) can be completely inactivated by
UV/KMnOy; after treatment, the M. aeruginosa cells were efficiently removed during the
subsequent self-settling process without an additional coagulant, due to the in situ-formed
MnO, [23]. To our best knowledge, the efficiency of UV/KMnO; in the treatment of
marine algae (e.g., H. akashiwo) has not been reported. There are considerable discrepancies
between M. aeruginosa and H. akashiwo. The former belongs to prokaryotic algae, while the
latter is classified as eukaryotic algae [24,25]. H. akashiwo cells generally have larger sizes
(from 10 pm to 17 um) than M. aeruginosa cells (from 2 um to 7 um) [26,27]. Additionally,
H. akashiwo cells contain a nucleus and Golgi apparatus, without a cell wall [28,29]. In
contrast, in the absence of a nucleus and Golgi apparatus, there is a cell wall in M. aeruginosa
cells [30]. Previous studies have reported that the variations between different algal species
may significantly affect the treatment efficiency of various technologies, such as UV-B
irradiation and chlorine oxidation [31,32].

This study aimed to investigate the feasibility of the UV /KMnOy process in treating H.
akashiwo-laden water. The specific objectives of this research were as follows: (1) evaluate
the efficiency of cell removal during the UV/KMnO, and following self-settling process;
(2) assess the impacts of different factors on the removal efficiency of algal cells by UV /KMnQOy,
such as the oxidant dose, reaction time, and interference of humic acid; and (3) investigate the
cell inactivation mechanism by considering the cell morphology, photosynthesis pigment, and
oxidative stress.

2. Materials and Methods
2.1. Materials and Reagents

The algal strain H. akashiwo (QT-072) was obtained from Microalgae Group, Key Lab-
oratory of Marine Ecosystem Dynamics, Second Institute of Oceanography, Ministry of
Natural Resources, Hangzhou, China. The strain was cultured in a modified and sterile f/2
medium [33] at 25 £ 1 °C with a cool fluorescent light flux (12 h: 12 h light-dark cycle, 25 pmol
photos m~2 s~1). The algal cultures were shaken daily to avoid cell adhesion and incubated
to a high cell density (above 1.0 x 10° cells mL~!); then, they were diluted by an f/2 medium
to achieve a cell concentration of ~8.0 x 10* cells mL~!. The diluted algal suspension was
adjusted with 0.1 M sterile hydrochloride to pH 8.25 &£ 0.05 for the following experiments.
Analytical-grade chemicals and reagents were employed, and solutions were prepared using
ultrapure water (synergy, Merck Millipore, Burlington, USA).

2.2. Experimental Reactor and Procedures

The photochemical experiments were performed in a photoreactor (JT-GHX-A, Jutong,
Hangzhou, China) with a low-pressure mercury lamp (GHP 212T5L /4, Heraeus, Hanau,
Germany) in a quartz sleeve placed in the center, as described previously [23], which
was equipped with nine reaction quartz tubes. The UV intensity was determined to be
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0.88 mW cm~2 by iodide/iodate chemical actinometry [34]. A thermostat was equipped
to produce circulating water at 25 £ 1 °C to keep a constant temperature. The H. akashiwo
samples were continuously stirred by a magnetic stirrer in the quartz tube. The KMnOy
stock solution (2 g L~1) was introduced to H. akashiwo cultures (50 mL for each sample) to
attain a KMnOy concentration of 3, 5, and 7 mg L™}, as desired. Subsequently, the algal
cultures were exposed to UV irradiation immediately. The solo UV irradiation and solo
KMnOy oxidation test was conducted in the same manner but in the absence of KMnOy4
or UV light, respectively. The H. akashiwo samples were collected at specific time intervals
and quenched immediately with sodium thiosulfate for analyses, including the cell density,
photosynthetic pigments, the hemolysis rate, the ultraviolet absorbance at 254 nm (UV54)
of filtered H. akashiwo samples, and the activities of antioxidant enzymes, except for the
determination of KMnOy residuals, the observation of the cell morphology, and algal
self-settling tests. Three replicates were conducted for each treatment.

2.3. Cell Removal

For the treatment experiments (detailed in Section 2.2), samples with a volume of
2 mL were collected from a bulk sample for the measurement of cell density after exposure
to UV alone, KMnOy alone (5 mg L~1), and UV/KMnOj treatment (5 mg L1 for 5, 10, 15,
20, and 30 min. The residual treated algal culture (48 mL) was kept in the quartz tube and
allowed to settle quietly. Samples were collected at a depth of 2 cm below the surface at
each interval (30, 60, 120, and 240 min) to evaluate the cell removal efficiency during the
self-settling process. In addition, the impacts of oxidant dosages (3, 5, and 7 mg L~!) and
humic acid (0, 5, and 10 mg L1 on the performance of KMnOy alone and UV/KMnO,
treatments in cell removal during treatments and followed self-settling was assessed by
adjusting one parameter at a time from the baseline condition (reaction time = 20 min,
[KMnOy]y = 5 mg L~1). The removal efficiency of algal cells during treatments (R;) and
self-settling (Rs) was calculated by Equations (1) and (2), respectively:

Ri = (Ny— N,)/Np x 100% 1)

Rs = (Ny—N,)/Np x 100% @)

where Ry (%) = the removal efficiency of algal cells during UV alone, KMnO, alone, or
UV/KMnOjy treatment; Ny (cells mL~!) = the initial cell density of H. akashiwo cells in the
suspension; N; (cells mL~!) = the cell density of H. akashiwo at a given exposure time by UV
alone, KMnOy alone, or UV/KMnOy treatment; R (%) = the removal efficiency of treated
algal cells during the subsequent self-settling process; and N; (cells mL~!) = the cell density
of H. akashiwo at a given settling time, respectively.

2.4. Analytical Methods

After a predetermined treatment time, the fresh algal suspension was immediately
sampled for observation using microscopy (ECLIPSE E100, Nikon, Tokyo, Japan). Algal
cells were formed as flocs in some samples during UV /KMnOjy treatment. Therefore, the
algal samples containing large flocs were dispersed using pipette aspiration/injection for
the determination of cell density, according to a previous study [35]. Algal suspensions
(2 mL for each sample) intended for algal enumeration were preserved with Lugol’s iodine
and subsequently examined under a microscope (Nikon ECLIPSE E100, Tokyo, Japan) at
100 x magnification [36]. In addition, the concentration of Ca?* in the /2 medium was
determined using inductively coupled plasma mass spectroscopy (ICP-MS, PerkinElmer,
Nexlon 350D, Waltham, MA, USA).

The algal samples (10 mL each) for the detection of the residual KMnOj, concentration
were filtered with 0.45 um nylon filer (Jinteng, Tianjin, China) and then measured in a 5 cm
quartz cuvette by a UV/VIS spectrometer (754, Jinghua, Shanghai, China) at a wavelength
of 525 nm. UVjs54 could represent the content of double-bond and aromatic structures of
organic matters [37]. Thus, an algal suspension with a volume of 10 mL was filtered with
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a 0.45 pm glass-fiber membrane (Xinya, Shanghai, China) and then determined ina 1 cm
quartz cuvette by a UV /VIS spectrometer (754, Jinghua, Shanghai, China) to obtain the
UVy54 value of the filtrate.

To obtain changes in chlorophyll-a and carotenoids during UV alone, KMnOjy alone,
and UV/KMnO; treatments, samples were extracted using a 95% ethanol solution at 4 °C
for 24 h. The absorbance was measured at wavelengths of 470, 649, and 665 nm ina 1 cm
quartz cuvette using a UV /VIS spectrometer (754, Jinghua, Shanghai, China). The contents
of chlorophyll-a and carotenoids were calculated by referring to previous studies [38,39].
The algal culture (20 mL) was filtered with a 0.22 um glass fiber filter (Xinya, Shanghai,
China), and the filtrate was used for extracellular hemolytic toxin analysis using the
erythrocyte lysis assay method, which was described previously by Chen et al. (2021) [40].

The malondialdehyde (MDA) is recognized as a product of lipid peroxidation, indi-
cating the oxidative damage of algal cell membranes [41]. Oxidative stress was evaluated
through measurements of enzyme activities in H. akashiwo, including catalase (CAT) and
superoxide dismutase (SOD). The algal cells after treatments were collected by centrifu-
gation (8000 rpm, 4 °C, 10 min) from a 40 mL algal suspension and then suspended in
phosphate buffer solution (0.05 mol L=}, pH = 7.8, volume = 8 mL). The cells were then
disrupted by an ultrasonic cell crusher (JY92-IIN, Ningbo Scientiz, Ningbo, China) for 5 min
with a 2 s pause after each 2 s pulse in an ice bath. The supernatant of the homogenate
was collected by centrifugation (10,000 rpm) at 4 °C for 10 min and then stored at 4 °C
for determining MDA, SOD, and CAT, according to a previous study [31]. The Bradford
method was employed to determine the total soluble protein content in algal cells, which
served as the basis for calculating MDA, SOD, and CAT activities [42].

3. Results
3.1. Algal Cell Morphology and Removal during UV/KMnQOy Treatment

The morphological features of H. akashiwo cells after UV alone, KMnOj alone (5 mg L™1),
and UV/KMnOy treatments (5 mg L) are shown in Figure 1. The algal cells in the control
samples exhibited a clear sphere shape, with an intact cell structure (Figure 1a). The morphology
of most algal cells was similar to that of the control during 30 min of UV irradiation (Figure 1b—d).
However, many of the algal cells were ruptured after 30 min of KMnO, oxidation, with an
irregular shape and lighter green color (Figure 1g). For UV/KMnQy treatment, the cytoclasis
of algal cells was observed after only 10 min, and some cells were disintegrated severely into
fragments (Figure 1h). Large algal flocs were formed after UV/KMnOj treatment for 20 min,
with a size of ~250 um in width and ~450 pm in length (Figure 1i). Even larger algal flocs were
observed after 30 min, with a size of ~450 um in width and ~750 pum in length (Figure 1j).

Figure 2 shows the removal efficiencies of algal cells (R) by UV alone, KMnOjy alone,
and UV/KMnO; treatments. In this study, some algal cells were seriously disintegrated
into fragments during treatments, leading to a decrease in algal cell density, which was
considered as cell removal. The R; in UV alone and KMnOy (5 mg L~1) alone was 36.8%
and 28.9% after 30 min, respectively (Figure 2). The UV/KMnOj (5 mg L~!) showed
higher efficiency in algal removal, with an R; of 77.8% after 30 min. The impacts of
the initial KMnQOy dosages and the addition of humic acid on H. akashiwo cell removal by
KMnOj alone and UV /KMnQy treatments were also investigated. In general, the increasing
KMnO, dosage promoted algal removal, and this phenomenon was more obvious during
the UV/KMnOy process (Figure 3a). For instance, the R; was increased from 13.6% to 43.7%
by KMnOy alone, with a dosage from 3 to 7 mg L ™!, whereas it was increased from 22.2%
to 86.5% in the UV /KMnOy process. The addition of humic acid significantly alleviated
the removal of algal cells by KMnQOy alone and UV/KMnQOjy treatments (Figure 3b). For
instance, the R; was decreased from 36.3% to 2.2% (in KMnQ, alone) and from 80.2% to
21.3% (in UV/KMnOy), respectively, with the addition of 5 mg L~ humic acid (Figure 3b).
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Figure 1. Optical microscopic images (main figure %100, inserted figure x400) of H. akashiwo cells dur-
ing UV, KMnOy, and UV/KMnOjy treatments at different sampling times: (a) control; (b—d) UV irradi-
ation; (e-g) KMnOy oxidation; and (h—j) UV/KMnO, oxidation. Conditions: [KMnOy]y = 5 mg L1,

exposure time = 10 min, 20 min, and 30 min.
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Figure 2. The R; of H. akashiwo samples after UV, KMnO,4, and UV/KMnOy treatments at various
exposure times. Conditions: [KMnOy]p = 5 mg L1, exposure time = 0-30 min.
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Figure 3. The impacts of various factors on the R; of algal samples treated with KMnO,4 and
UV/KMnOy: (a) [KMnOy]g = 3-7 mg Lt exposure time = 20 min; and (b) [KMnOy]g =5 mg Lt
exposure time = 20 min, [humic acid]y = 0-10 mg L1

3.2. KMnOy Decay

The decay curve of KMnO4 was measured in the absence of algal cells to determine
the oxidant demand of the background f/2 medium. For KMnOj, alone, the concentrations
of KMnOy decreased rapidly to 2.34, 4.15, and 5.96 mg L~! in the first 5 min, with initial
dosages of 3, 5, and 7 mg L1 respectively, while they remained almost constant in the
following reaction time (Figure 4a). The decay pattern of KMnO, during the UV/KMnOy
treatment was different, with a consistent decrease trend. The residual KMnOy concentra-
tions in the UV/KMnO; treatment were 0.42, 1.89, and 3.19 mg L1 after 60 min, where,
respectively, 3, 5, and 7 mg L~! of KMnO, were added initially (Figure 4a). The concen-
trations of KMnOy decayed more rapidly with the presence of H. akashiwo cells in both
the KMnOj-alone and UV/KMnO, treatments (Figure 4b). Only 0.22 and 0.47 mg L~!
of KMnO, were detectable in the algal samples treated by KMnOy alone for 30 min, and
there is no KMnOj residual in the UV/KMnOy process, with initial KMnO, dosages of 3
and 5 mg L™, respectively (Figure 4b). A pseudo first-order kinetics model was used to
estimate the rate constants (kdmy) of KMnOy decay, according to Equation (3):

C = Coe ™ Faeeay! 3)
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where C (mg L~1) = residual KMnO, concentration after a certain exposure time; Cy (mg
L~1) = KMnOj, concentration at the initial time; Kecay (min~1) = rate constants of KMnOy
decay; and t (min) = the exposure time of various treatments. The kj,, was 0.088-0.179
and 0.105-0.690 min~! in KMnOy alone and UV /KMnOy, respectively (Table S1).

8 8
(a)~* UV/KMnO (7mgL ") —*= KMnO;(7TmgL " (b) * KMnO«a(?mgl-__:l—*— UV/KMnO, (7mg L)
T A UV/KMnO, (Smg L") —+— KMnOy(smgL)| < 4 KMnO(SmglL ) —— UV/KMnO; (S mgL )
= Ym0 UVKMnO, 3mgL) ~® KMnO,(GmgL')| - KMnOy (3mg L") —#— UV/KMnO, (3 mgL )
en 6 \ =11
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S —
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L L¥)
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0 o R e — 7 ; e
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Time (min) Time (min)

Figure 4. The KMnOjy residual in samples treated with KMnO,4 and UV/KMnO;: (a) without H.
akashiwo cells and (b) with H. akashiwo cells.

3.3. The Change in the UV )54 and Hemolysis Rate

Prior to treatments, the UV;s54 value of the algal filtrate was 0.139 cm ™! (Figure Sla).
It increased to 0.154 cm~! after 5 mg L1 KMnOy oxidation for 30 min, while UV alone
resulted in a slight decrease in the UVjs4, with a value of 0.119 cm L Compared to
KMnOy; alone or UV alone, a significant reduction in the UVjs4 value was observed in
the UV/KMnOy (5 mg L1 process, i.e., the UVy54 value was 0.062 cm ™! after 30 min
of contact. The initial hemolysis rate in the algal filtrate was 1.3%. It increased to 3.8%
and 4.0% in the KMnOy (5 mg L~!) and UV/KMnOy (5 mg L) treatments after 30 min,
respectively, while a more significant increase in the hemolysis rate (7.8%) was induced by
UV alone (Figure S1b).

3.4. Content of Photosynthetic Pigments and Antioxidant System Activity

Several physiological and biochemical characteristics of H. akashiwo cells were moni-
tored. The initial concentrations of chlorophyll-a and carotenoids were 0.82 and 0.28 mg L1,
respectively. There were 0.56, 0.67, and 0.63 mg L~! of chlorophyll-a remaining after UV
alone, KMnQy (5 mg L~1) alone, and UV/KMnOjy (5 mg L~1) treatments for 30 min, re-
spectively (Figure 5a). The concentrations of the remaining carotenoids were almost the
same (~0.24 mg L~1) after the three treatments (Figure 5b). The contents of the total soluble
protein in the algal samples decreased with an increasing exposure time after all the treat-
ments (Figure 6a). About 44.6% and 47.5% of the total soluble protein were decreased by
UV alone and 5 mg L~! KMnOy alone after 30 min, respectively, while a larger reduction
(62.0%) was achieved by UV/KMnOj (5 mg L™!) treatment. Compared to the initial value,
the SOD activity in the algal samples increased by 391.7% with KMnOy treatment for 5 min,
and it kept relatively constant during the remaining time (Figure 6b). The SOD activity re-
mained constant during the first 15 min under UV irradiation, while it increased by 579.2%
after 30 min. In contrast, the SOD activity of algal cells treated by UV/KMnO; treatment
gradually increased by 1270.8% during the first 20 min, whereas it dropped subsequently
(Figure 6b). The change tendency of the CAT activity of algal cells was similar to that of the
SOD activity by all the treatments (Figure 6¢c). The largest increase in the MDA level was
detected in algal cells by UV/KMnOy treatment (Figure 6d). For instance, the MDA level
increased by 25.0%, 129.2%, and 275.0% after 30 min of the UV-alone, KMnOjy-alone, and
UV/KMnOy treatments, respectively.
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Figure 5. The contents of photosynthetic pigments in H. akashiwo samples treated with UV, KMnOy,
and UV/KMnOy: (a) chlorophyll-a and (b) carotenoids. Conditions: [KMnO4]y =5 mg L1, exposure
time = 0-30 min.
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Figure 6. The contents of (a) total soluble protein, (b) SOD, (c) CAT, and (d) MDA in the H akashiwo
samples treated with UV, KMnOy, and UV/KMnOy. Conditions: [KMnO4]yp =5 mg L1, exposure
time = 0-30 min.

3.5. Removal Efficiency of Algal Cells via a Settling Test

After the UV-alone, KMnOj4-alone, and UV /KMnOjy treatments, the removal efficiency
of residual algal cells in the suspension via subsequent self-settling (Rs) was investigated.
Due to the high motility of H. akashiwo, approximately 20% of algal cells swam beyond the
sampling range. Both KMnOy alone and UV/KMnOy facilitated algal removal during the
following self-settling, while UV alone was inefficient (Figure S2). Therefore, the detailed
self-settling tests were conducted only based on KMnO; alone and UV /KMnO; to assess
the effects of the exposure time, dosages of KMnOy,, and contents of humic acid on the
removal efficiency of algal cells (Figure 7). The exposure time of KMnOy alone had a minor
impact on subsequent cell removal via self-settling. For example, after KMnQOy treatment
for 10 and 30 min, the R increased to around 66% within 60 min, and then it kept constant
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during the remaining time (Figure 7a). Contrarily, the cell removal during the self-settling
process was significantly affected by the pre-exposure time of the UV/KMnO, treatment.
For instance, the Rs was 55.4% and 99.4% after 240 min of self-settling, with pre-exposure
of UV/KMnOjy for 10 and 30 min, respectively (Figure 7b). It is noteworthy that the Rs via
self-settling after UV/KMnOQj, treatment is considerably higher than that in KMnQOj alone,
with the same KMnO, dosages (Figure 7c,d). The addition of humic acid (5-10 mg L~')
led to decreases in Rg during the first 30 min of self-settling, after both KMnOj,-alone and
UV/KMnOQOy; treatments (Figure 7e,f). However, the R increased to similar values to those
of samples without humic acid after 240 min of self-settling (Figure 7e,f).
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Figure 7. The impacts of various factors on the Rg of algal samples during the self-settling process in:
(a) after KMnOy treatments ([KMnOy]p =5 mg L1, exposure time = 10-30 min); (b) after UV/KMnO,
treatments ((KMnOy]p =5 mg Lt exposure time = 10-30 min); (c) after KMnOy treatments ([KMnOy4]g
=3-7mg L1, exposure time = 20 min); (d) after UV/KMnOjy treatments ([KMnOy]y = 3-7 mg L1,
exposure time = 20 min); (e) addition of humic acid in KMnOy treatments ([KMnOy]p = 5 mg L1,
exposure time = 20 min, [humic acid]y = 5-10 mg L~1); (f) addition of humic acid in UV/KMnO,
treatments ([KMnOy]p =5 mg L1, exposure time = 20 min, [humic acid]p = 5-10 mg L.
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4. Discussion
4.1. The Inactivation of H. akashiwo Cells by UV/KMnOy

UV/KMnOy treatment significantly improved the disruption of H. akashiwo cells, com-
pared to UV alone and KMnO; alone (Figure 1). Previous studies have indicated KMnOy
is a relatively moderate oxidant for algae treatment [36,43,44]. For instance, only 2.5% of M.
aeruginosa cells were lysed after 20 mg L~! KMnOy treatment for 2 h [45]. However, this
study showed that H. akashiwo was very sensitive to KMnOy (5 mg L™!) oxidation, with 36.3%
of the cells lysed in 20 min (Figure 2). It is likely that there is no cell wall in H. akashiwo
cells to protect them [29]. This agrees with previous studies showing that different species
of algae may have varied responses to the same treatment process, due to different cellular
characteristics [31,32,46]. UV/KMnO; resulted in a severer disruption of H. akashiwo cells
(Figure 1h—j), probably due to the generation of HOe [18,19]. HOe has a high redox potential
(Eo =2.8 V) and can damage algal cells by the destruction of proteins, lipids, and DNA [47]. A
recent study also showed that a species of freshwater algae (M. aeruginosa) can be efficiently
ruptured by UV/KMnO; [23]. Therefore, it suggests that UV/KMnO, can be a promising
method in damaging both of freshwater and marine algae.

In addition to causing cell disruption, the photosynthetic and antioxidant enzyme sys-
tems of H. akashiwo were also damaged by UV /KMnOj, (Figures 5 and 6). The total soluble
protein, as an essential component of microorganisms, is one of the indicators reflecting cell
metabolism activity [48]. The results showed that UV/KMnOj, treatment caused the largest
decrease in the total soluble protein (Figure 6a), suggesting it severely disrupted the metabolic
activities of algal cells. However, serving as light-harvesting pigments and an energy transfer
medium in photosystems [44,49], the contents of chlorophyll-a and carotenoids in algal cells
only decreased slightly by all the treatments (Figure 5). This agrees with previous studies
indicating that chlorophyll-a and carotenoids were more resistant to UV radiation or oxida-
tion, compared to protein [12,50]. This study also assessed the activities of two important
intracellular antioxidant enzymes (SOD and CAT) in algal cells (Figure 6). They can protect
cells from excess reactive oxygen species (ROS) and alleviate oxidative damage. For instance,
SOD catalyzes the dismutation of O,e~ to HyO,, and then H,O, can be further degraded
to water and molecular oxygen by CAT [51]. The SOD and CAT activities of algal cells by
UV/KMnOy treatment were increased remarkably during the first 20 min (Figure 6a,b), indi-
cating that the antioxidant enzyme defense system was activated to resist the attack of ROSs
induced by UV/KMnOy [52]. However, both the SOD and CAT levels declined subsequently
(Figure 6b,c), which suggested that ROS induced by UV/KMnO, may exceed the antioxidant
capacity and cause damage to the antioxidant enzyme defense system [25]. The significant
increase in the MDA content also implied that algal cells were severely damaged by the
UV/KMnOy treatment (Figure 7d), since MDA is a major product of lipid peroxidation in
algal cell membranes [41]. These results are consistent with the phenomena observed from the
optical microscopic images (Figure 1), confirming that the efficient inactivation of H. akashiwo
cells was achieved by UV/KMnQ, treatment.

4.2. The Impacts of UV/KMnOy Treatment on Water Quality

This study found that the decay of KMnOjy in an algal suspension was faster than
that in an f/2 medium, for both KMnOj-alone and UV /KMnOj, treatments. This may be
due to the fact that algal cells and their associated organic matters can readily react with
KMnOy [53,54]. The concentration of KMnO, decreased more rapidly in the UV/KMnO,
treatment than in KMnOy alone (Table S1; Figure 4). A residual of 0.45 mg L~! was
detected after KMnO, oxidation for 30 min (Figure 4b), which would result in a pink
color (>0.05 mg L) in the treated water [43]. However, the complete decomposition
of KMnO, was achieved in the UV/KMnOy process (Figure 4b). This may be attributed
to the fact that UV irradiation can facilitate the decomposition of MnO4~ to MnO; [55].
Previous studies have also reported that KMnQy is rapidly reduced to insoluble MnO,
during the UV/KMnOjy process [18,23]. The final product, MnO,, can be easily removed in
the subsequent process, avoiding the color problem for treated water.
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UVys4 is regarded as an indicator for evaluating membrane fouling and disinfection
byproducts (DBP) formation potential, as it exhibits a positive correlation with both of
them [37,56]. The surface-adsorbed organic matter can be desorbed from the algae cell
surface by KMnOy; alone [57]. In addition, KmnO, alone can induce algal cell lysis and
the release of intracellular organic matter [26], leading to an increase in the UVj54 value.
Compared to KMnO, alone and UV alone, a greater reduction in UV,54 was observed
in the algal samples treated by UV /KMnQOy (Figure Sla). This may be attributed to the
formation of HOe and RMnS in the UV /KMnQOy process, which have high reactivity toward
organic matter containing double bonds and benzene rings [58,59]. This result suggests
that the UV/KMnOy process may alleviate membrane fouling and reduce DBP formation
potential, thus enhancing the efficiency of water treatment (e.g., desalination) and ensuring
the treated water quality.

The initial homolysis rate in the algal filtrate was relatively low in this study (Figure S1).
This was consistent with a previous study that demonstrated that there are usually a small
number of dissolved hemolytic toxins in healthy H. akashiwo cells [40,60,61]. The hemolysis
rates in the algal filtrates only increased slightly after all the treatments, while UV alone
resulted in the highest release of hemolytic toxins (Figure S1b). According to the results, the
algal cells were disrupted into fragments (Figure 1), and thus, the release of intracellular
toxins may occur in the UV/KMnOjy process; however, the increase in hemolytic toxins was
minimal (Figure S1b). It is possibly because the released hemolytic toxins were rapidly oxi-
dized by the UV/KMnOy process at the same time [43,44,52]. Therefore, those phenomena
indicate that UV/KMnOj, treatment can effectively inactivate algal cells, without posing
negative impacts on water quality.

4.3. Algal Cell Removal during the UV/KMnOy and Subsequent Self-Settling Processes

Compared with UV alone and KMnOy alone, UV/KMnQOy caused more significant
damage to algal cells, thus resulting in efficient cell removal (R;) (Figure 2). In addition, the
R; was improved with the KMnOy dosage increasing from 3mg L~! to 7 mg L~ (Figure 3a).
Humic acid is a major fraction of the dissolved organic matters in source waters, which
may reduce the efficiency of water treatment processes [46]. As shown in Figure 3b, the
addition of humic acid decreased the efficiency of algal removal during both KMnOj4-alone
and UV/KmnQO; treatments. The reduced efficiency may be attributed to the consumption
of the oxidant by humic acid [46]. Additionally, humic acid has been proven to have an
inner-filter effect that may reduce the incident UV light intensity [62]. However, the R; in
UV/KMnO;, was still higher than that in KMnQOy alone. The higher efficiency achieved by
UV/KMnOy may be attributed to the generation of HOe and RMnS, which oxidized humic
acid and thus reduced the interference [58,63].

Higher efficiencies in algal cell removal (Rs) were observed during subsequent self-
settling after the KMnOjy-alone and UV/KMnO;, treatments, compared to UV alone
(Figure S2). This may be attributed to the in situ-formed MnO, from the KMnOy reduction,
which could promote the aggregation and settleability of algal cells by coating their surface
and increasing the specific gravity [23,26,64]. The Ry after UV/KMnO, treatment was
considerably higher than that after KMnO, alone (Figure 7a,b). One possible reason for
this is that the UV/KMnQ, treatment was more effective in disintegrating algal cells into
fragments (Figure 1). The fragmentation of algal cells may reduce the steric hindrance
and enhance the collision and attachment between the algal cells and fragments, thus
achieving the formation of large flocs [65]. In addition, larger amounts of in situ MnO, can
be generated in the UV /KMnO; process than in KMnO, alone, which was conducive to
the aggregation and removal of algal cells [23].

As a common factor affecting Al coagulation, humic acid could reduce the cell removal
efficiency and increase the dosage of coagulants [16]. Although the Rs was decreased by the
presence of humic acid during the first 60 min of self-settling, it gradually increased during
the followed settling time and achieved a similar value with the algal samples without
humic acid conditions (Figure 7e,f). This may be attributed to the high concentration of
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calcium ions (Ca?*) in the background water (f/2 medium; 334 mg L~! as Ca?*). Previous
studies have reported that Ca®* has a cation bridging effect in promoting the aggregation
of MnO,, humic acid, and algal cells, therefore facilitating the removal of algal cells [64,66].
The concentration of Ca?* in seawater is approximately 400 mg L~ [67], which would
benefit algal removal. Therefore, the results indicate that algal cells in the seawater can be
efficiently removed by UV/KMnOy.

5. Conclusions

The combination of KMnO, and UV irradiation in the treatment of the harmful marine
algae H. akashiwo was investigated for the first time. The UV/KMnOy treatment effectively
inactivated H. akashiwo cells by disrupting their cellular structure, inducing oxidative
stress, and disturbing their photosynthesis. Compared to KMnO; alone, the removal of
H. akashiwo cells was notably improved by the UV/KMnOj process. The algal cells could
be completely removed by UV/KMnOj, oxidation and the following self-settling process.
Although humic acid inhibited the cell removal during UV/KMnOy oxidation and the
initial 60 min of self-settling, the majority of algal cells could be efficiently removed during
the followed self-settling time. The decrease in UVjs4 in the algal samples indicates that
UV/KMnOy4 may mitigate the DBP formation potential and membrane fouling in the
following water treatment processes. In addition, the build-up of hemolysis toxins can be
avoided during the UV/KMnO;, process. The UV/KMnOj, process, which involves the
use of a UV-lamp-equipped boat combined with the addition of KMnOy, can be employed
for the treatment of harmful algae in enclosed aquaculture systems. It can also be applied
for pretreatment in seawater desalination and ship ballast water management systems
to remove/inactivate harmful algae. Therefore, this study suggests that the UV/KMnOy,
process is an efficient alternative for controlling harmful marine algae in enclosed water.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w15203633/s1, Table S1. Rate constants of KMnOy decay (kgecay)
in the H. akashiwo samples treated with KMnO, and UV/KMnQ, at dosages of 3, 5, and 7 mg L.~
Figure S1. The water quality parameters of filtered algal culture treated with UV, KMnO, and
UV/KMnOy: (a) UVjys54 and (b) hemolysis rate. Conditions: [KMnOy4]p = 5 mg L1, exposure time
= 0-30 min. Figure S2. The Rs of H. akashiwo samples during self-settling process after various
treatments. Conditions: [KMnOy]p = 5 mg L1, exposure time = 20 min.
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