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Abstract: Dianchi Lake and Yilong Lake, two prominent plateau lakes in Yunnan Province, China,
have suffered from Microcystis and Cylindrospermopsis blooms for decades. While cyanobacteria
harvest boats utilizing cationic polyacrylamide (CPAM) flocculation and screen filtration have been
proven effective for harvesting Microcystis biomass in Dianchi Lake, they struggle against Cylindros-
permopsis blooms in Yilong Lake. This study systematically compared the removal of Microcystis
and Cylindrospermopsis blooms using flocculation–filtration treatment, aiming to identify key factors
influencing flocculation and propose enhancements to improve treatment efficiency for Cylindrosper-
mopsis blooms. The reduction of turbidity, OD680, biovolume and phytoplankton density all revealed
significantly better treatment efficiency for Microcystis blooms compared to Cylindrospermopsis blooms.
In Dianchi Lake, 1 mg/L CPAM achieved a 95% turbidity reduction, while in Yilong Lake, even
with 4.0 mg/L CPAM, the removal efficiency remained below 90%. Post-treatment, Dianchi Lake’s
water quality showed substantial improvements, including over 50% reductions in total nitrogen,
total phosphorus, permanganate index, and chemical oxygen demand. Conversely, nutrient level
reductions were limited in Yilong Lake’s treated water. The average molecular weight of dissolved
organic matters (DOM) in Yilong Lake was notably smaller than in Dianchi Lake. The treatment
selectively removed high molecular weight, microbial-sourced, and protein-like DOM components,
leading to a decrease in average molecular weight and an increase in humification index (HIX) in
both lakes. Excessive humic matters in the water of Yilong Lake was found to hamper algae floccula-
tion significantly. Introducing additional acidic polysaccharides or oxidants emerged as potential
strategies to enhance Yilong Lake’s treatment efficiency.

Keywords: Cyanobacteria blooms; Cylindrospermopsis; flocculation; filtration; dissovled organic matters

1. Introduction

The global proliferation of harmful cyanobacterial blooms, amplified by nutrient
overenrichment and climate change, poses a severe threat to aquatic ecosystems. These
blooms not only increase water turbidity but also endanger habitats, deplete oxygen, pro-
duce toxins, and result in significant human health problems and ecological imbalances
in various lakes worldwide [1,2]. While nutrient input reductions are recognized as a
primary means of mitigating cyanobacterial blooms, efficiently removing accumulated
cyanobacteria promptly is also crucial in minimizing their harm once blooms occur [3,4].
Microcystis and Cylindrospermopsis are prevalent cyanobacterial genera present in freshwater
ecosystems worldwide. Microcystis blooms are the most common type of cyanobacterial
blooms in the world, while Cylindrospermopsis blooms have become increasingly com-
mon [5]. Xiao et al. (2020) found that Microcystis blooms and Cylindrospermopsis blooms
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accounted for 78% and 17% of freshwater cyanobacterial blooms reported globally in the
past 30 years, respectively [6]. Furthermore, Cylindrospermopsis seems to be gradually
replacing Microcystis in many water bodies and has become dominant or co-dominant
in some tropical reservoirs [5,7]. Currently, there is extensive research on the treatment
methods for Microcystis blooms, but studies on the blooms of Cylindrospermopsis are still
very limited.

Currently, common methods for removing cyanobacterial biomass from water include
sedimentation, flotation, and filtration [4]. Regardless of the chosen method, the addition
of coagulants/flocculants is often necessary to enhance treatment efficiency [8]. In our
previous research, it was found that under high-speed stirring conditions, cationic poly-
acrylamide (CPAM) could form flocs larger than 5 mm with Microcystis within 30 s. When
combined with a large-pore-sized drum filter, this system efficiently removes cyanobacteria,
significantly improves water quality, and could cost-effectively treat large-scale cyanobac-
terial blooms [9]. Building upon this research, a cyanobacteria harvest boat has been
designed utilizing rapid flocculation with CPAM and filtration through drum rotary filters.
This approach has been successfully implemented in water bodies experiencing severe
Microcystis blooms, including Dianchi Lake and Erhai Lake [9]. The chlorophyll-a (chl-a)
concentration in the treated water is below 20 µg/L, and its treatment capacity can reach up
to 200,000 m3/d. However, when dealing with lakes plagued by Cylindrospermopsis blooms,
the treatment efficiency was not as satisfactory as with Microcystis blooms. In a study by
Cai et al. (2021), the removal efficiency of seven different phytoplankton cultures using
CPAM flocculation was investigated [10]. The study revealed that dissolved organic matter
(DOM) in the phytoplankton culture had a significant impact on flocculation efficiency. Ad-
ditionally, the removal efficiency of Cylindrospermopsis was consistently lower than that of
other phytoplankton species. Understanding the underlying causes of this ineffectiveness
is crucial for develop efficient strategies to mitigate Cylindrospermopsis blooms. Further
investigations comparing the treatment effectiveness of flocculation–filtration processes
for Microcystis and Cylindrospermopsis blooms would be instrumental in clarifying the
primary factors affecting flocculation efficiency and identifying measures to enhance its
effectiveness. Optical measurements are extensively utilized in literature to qualitatively
and semi-quantitatively characterize DOM composition, including color and fluorescent
fractions, due to their sensitivity, speed, and cost-effectiveness [11]. These methods are also
helpful for the analysis of the interaction between DOM and flocculants.

Dianchi Lake and Yilong Lake are both among the nine major plateau lakes in Yunnan
Province (China) and have plagued by Microcystis blooms and Cylindrospermopsis blooms for
decades. Through comparatively analyzing the efficiency flocculation–filtration treatment
for the blooms in the two lakes, we aimed to identify the main factors affecting flocculation
efficiency and improve the treatment ability for Microcystis and Cylindrospermopsis blooms.

2. Materials and Methods
2.1. Water Samples and Flocculants

Cationic polyacrylamide (CPAM) was purchased from Henan Gongyi City Xinwangyuan
Water Purification Co., Ltd., China, with a molecular weight of 8 × 107 Da and a cationic
degree of 35%.

Yilong Lake (23◦38′~23◦42′ N,102◦30′~102◦38′ E) is located in the Honghe Prefecture
(Yunan Province, China). The watershed area is 360.4 km2, with an average elevation of
approximately 1407.11 m. The lake covers an area of 34 km2, with an average depth of
2.4 m and a maximum depth of 6.2 m. The water sample was a homogenized mixture of
equal volumes from three points.

Dianchi Lake (102◦29′~103◦01′ E, 24◦29′~25◦28′ N) is the largest plateau freshwater
lake in Southwest China, situated in the central part of the Yungui Plateau within Yunnan
Province. The lake has a current watershed area of 2920 km2, a water surface area of
309.5 km2 and an average depth of 5.3 m.
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2.2. Phytoplankton Removal by the Flocculation–Filtration Treatment
2.2.1. The Procedure of the Treatment

One liter of raw water from the two lakes was dosaged with different concentrations
of CPAM (0, 0.25, 0.5, 1.0, 2.0, and 4.0 mg/L). After stirring for 30 s at speed of 400 rpm, the
mixtures were filtered with 100-µm sieves. The raw and treated water was sampled for the
analysis of different parameters.

2.2.2. Phytoplankton Removal Efficiency and Water Quality Improvement

The reduction of turbidity, absorbance at 680 nm (OD680), cell density and biovolume
were used to reveal the cyanobacteria removal efficiency of the treatment. Turbidity
was assessed using a turbidimeter (HANNA HI98703, Padova Italya). The biovolume
was quantified using the Laser In Situ Scattering and Transmissometry 200X instrument
(Sequoia Scientific, Bellevue USA) [9]. Phytoplankton species and density in the samples
were identified and quantified according to Hu and Wei (2006) [12].

Water quality parameters, including total nitrogen (TN), total phosphorus (TP), per-
manganate index (PI), and chemical oxygen demand (COD) were measured as The Standard
Methods for Observation and Analysis of Lake Eutrophication [13].

2.2.3. Influence of the Treatment on DOM Characteristics

The raw and treated water samples were filtered through a 0.22-µm membrane (Mem-
brana GmbH, Wiesbaden, Germany), and used for the analysis of dissolved organic carbon
(DOC) concentration, 3D-EEM and UV–Vis spectrophotometer to revealed the effect of
treatment on the composition and characteristics of DOM. DOC was measured using a
TOC/TN analyzer (Elementar, Hanau, Germany).

The 3D-EEM was analyzed with a fluorescence spectrometer (Hitachi F4700, Hitachi,
Tokyo, Japan) according to Cai et al. (2023) [10]. The humification index (HIX) was
determined by dividing the mean fluorescence intensity from 435 nm to 480 nm by the
mean intensity from 300 nm to 345 nm, using an excitation wavelength of 254 nm. The
Fluorescence Index (FI) was calculated by dividing the fluorescence intensity between
470 nm and 520 nm by the intensity obtained at an excitation wavelength of 370 nm

The samples’ absorbance at wavelengths ranging from 200 to 800 nm was measured
with a Shimadzu UV-2550 UV-visible spectrophotometer. The absorption coefficients at
254 nm (a254, m−1) were acquired as a254 = 2.303 A254/L, where A254 is the absorbance at
254 nm and L is the path length of cuvettes (m). The specific ultraviolet absorbance at
254 nm (SUVA254) is determined by dividing a254 to concentration of DOC. The M value,
obtained by the ratio of absorbance at 250 nm to that at 365 nm. S275–295 represents the
spectral slope between 275 and 295 nm and is expressed in nm−1.

2.3. The Influence of DOM Concentration on the Treatment

To investigate the influence of lake DOM on cyanobacteria flocculation with CPAM,
water samples from Dianchi Lake and Yilong Lake was diluted with distilled water at
different dilution factors (4/5, 3/5, 2/5, and 1/5), and then adjusted with kaolin particles
to achieve a turbidity of 40 NTU. After the flocculation of 1~4 mg/L CPAM and filtration of
100-µm sieves, the reduction in turbidity after treatment was used to reveal the treatment
efficiency. The DOC concentration of the raw water from Lake Dianch was 10.3 mg/L.
The filtered water samples were diluted to approximately 8.24, 6.18, 4.12, 2.06 mg/L. The
DOC concentration of the raw water from Lake Yilong was 38.2 mg/L. The filtered water
samples were diluted to approximately 30.56, 22.92, 15.28, 7.64 mg/L.

2.4. The Influenc of Humic Acid on the Treatment

A humic acid standard (Sigma-Aldrich, St. Louis, MO, USA) was used to explore the
effect of humic acid on cyanobacteria flocculation with CPAM. The humic acid powder was
dissolved in Milli-Q water. Different concentrations of humic acid were added into 500 mL
of the filtered lake water. Kaolin suspension was added to the water to a final turbidity of
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40 NTU. After flocculation and filtration, the reduction in turbidity was used to reveal the
treatment efficiency.

2.5. Statistic Analysis

The statistical analyses were carried out utilizing the IBM SPSS Statistics 26 software
(IBM Corp., Armonk, NY, USA), while the graphs were created using the Origin 8.0 software
(OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Phytoplankton Removal Efficiency of the Flocculation–Filtration Treatement

Water samples from Yilong Lake have a turbidity of 16.64 NTU and an OD 680
of 0.035 Abs (Figure 1a,c). When filtered through a 100 µm sieve without the addition
of flocculant (0 mg/L CPAM), the turbidity and OD 680 only decreased by 4.76% and
8.58%, respectively. As the flocculant dosage increased, the effluent turbidity and OD 680
gradually decreased. With 1 mg/L CPAM, the turbidity decreased by 72.04%, and the OD
680 decreased by 74.35%. With 4 mg/L CPAM, the turbidity was reduced to lower than
2.04 NTU, achieving a removal rate of approximately 87.74%. Water samples from Dianchi
Lake have a turbidity of 34.6 NTU and an OD 680 of 0.031 Abs (Figure 1b,d). After being
filtered without the addition of flocculant, the turbidity and OD 680 only decreased by
10.39% and 29.17%, respectively. With 0.25 mg/L CPAM, the turbidity decreased to lower
than 10 NTU. With 0.5 mg/L CPAM, the removal of turbidity and OD 680 increased to
85.04% and 100%, respectively. In the presence of 1–4 mg/L CPAM, the turbidity of the
treated water was consistently lower than 2 NTU. Therefore, for water from Dianchi Lake,
1 mg/L CPAM was enough for a reduction of 95% of turbidity, while for water from Yilong
Lake, even 4.0 mg/L CPAM was not enough as to obtain a removal efficiency higher than
90%. Furthermore, the removal efficiency of turbidity was higher than that of OD680.

Biovolume was also used to reveal the removal of phytoplankton particles (Figure 1e,f).
The biovolume of raw water from from Yilong Lake was 356 µL/L and reduced to 288 µL/L
when filtered through a 100 µm sieve in the absence of flocculants. After the flocculation–
filtration treatment, the biovolume reduced to 120–210 µL/L, with a removal efficiency of
41.0–66.3%. As for Dianchi Lake, the biovolume reduced from 290 µL/L in the raw water
to 50–70 µL/L, with a removal efficiency of 75.8–82.7%.

In Yilong Lake, 5 phyla and 42 species of phytoplankton were identified (Figure 1g). Among
them, Cyanobacteria were the predominant group, with a cell density of 7.39 × 107 cells/L, consti-
tuting 92.19% of the total cell density. Bacillariophyta had a cell density of 9.00 × 105 cells/L,
accounting for 1.12% of the total cell density, and Chlorophyta had a cell density of 5.32 × 106 cells/L,
making up 6.63% of the total cell density. In Dianchi Lake, phytoplankton from 4 phyla and
43 species were identified (Figure 1h). The cell density of Cyanobacteria was 8.07 × 107 cells/L,
representing 94.39% of the total cell density. The cell density of Chlorophyta was
3.93 × 106 cells/L, accounting for 4.60% of the total cell density. Bacillariophyta had a cell
density of 8.53 × 105 cells/L, making up 1.00% of the total cell density. The cell abun-
dances of phytoplankton in Yilong Lake and Dianchi Lake were 8.02 × 107 cells/L and
8.55 × 107 cells/L, respectively. After flocculation with 1 mg/L CPAM, the phytoplankton
density in Yilong Lake and Dianchi Lake decreased to 2.85 × 107 and 2.85 × 106 cells/L,
respectively. With 4 mg/L CPAM, the removal efficiency of phytoplankton cells was greater
than 80% in Yilong Lake and approximately 99.70% in Dianchi Lake.
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Figure 1. The reduction of turbidity, OD680, biovolume, and phytoplankton density by the
flocculation–filtration treatment for water from Yilong Lake (a,c,e,g) and Dianchi Lake (b,d,f,h).

In this study, turbidity, OD680, biovolume and phytoplankton density were used to
reveal the treatment efficiency. OD680 is commonly used to represent cell density, and
the degree of its reduction is often used to indicate phytoplankton removal efficiency [14].
For natural waters, turbidity is popular because it encompasses both suspended particles



Environments 2024, 11, 3 6 of 15

and colloidal organic matter [15]. The accuracy of chl-a and biovolume in representing
phytoplankton biomass has been a topic of ongoing debate [16]. However, due to the
convenience and speed of biovolume measurement, this study opted to use biovolume to
represent changes in phytoplankton biomass. Additionally, phytoplankton composition
and biomass were also used to reflect the changes before and after treatment in this study.
The removal efficiency of OD680 was consistent with that of phytoplankton density, both
of which were higher than that of turbidity. The possible reason was that the removal
efficiency of phytoplankton was higher than that of colloidal particles. The residual colloidal
particles in the treated water were reflected in turbidity but were not reflected in OD680.
The determination of biovolume is based on laser particle size analyzer, and the accuracy
of measurement is influenced by the shape and hardness of particles. When used to
indicate phytoplankton removal rates, its accuracy might be lower compared to OD680 and
turbidity. If the focus was solely on phytoplankton removal, OD680 might have been the
most convenient indicator. However, since colloidal particles in the lake also needed to be
removed, in the subsequent experiments of this study, turbidity was the primary indicator
to represent the removal efficiency.

Regardless of the indicator used, the treatment efficiency of flocculation and filtration
in Dianchi Lake far exceeds that in Yilong Lake. The disparities in DOM as well as
phytoplankton abundance and characteristics between the two lakes may account for the
differences in treatment efficiency. This study predominantly investigated the causes and
mechanisms behind the less effective treatment of Cylindrospermopsis blooms in Yilong
Lake, focusing on DOM analysis.

3.2. Water Quality Improvement by the Flocculation–Filtration Treatement

Upon removal of cyanobacteria particles, there was a noticeable enhancement in water
quality, further amplified with higher flocculant dosages (with a few exceptions). In the raw
water from Yilong Lake, TN, TP, COD, and PI concentrations were 2.20 mg/L, 0.11 mg/L,
52.34 mg/L, and 21.00 mg/L, respectively (Figure 2). After treatment with 0.25 mg/L of
CPAM, TP removal reached 22.22%, while other indicators were reduced by approximately
10 ± 2.5%. At 2 mg/L CPAM, removal rates for TN, TP, PI, and COD were 17.83%, 50.78%,
18.10%, and 32.02%, respectively. Increasing CPAM dosage to 4 mg/L lowered TN, TP, PI,
and COD to 1.67 mg/L, 0.02 mg/L, 35.57 mg/L, and 16.20 mg/L, respectively.

Just like the cyanobacteria removal efficiency, after the flocculation–filtration treatment,
the improvement in water quality in Dianchi Lake is significantly better than in Yilong Lake.
The concentrations of TN, TP, COD and PI in the raw water of Dianchi Lake were 2.04 mg/L,
0.21 mg/L, 35.33 mg/L, and 19.05 mg/L, respectively. After adding 0.25 mg/L of CPAM,
the removal rates for these indicators exceeded 46.45%, with TP removal exceeding 67%. At
1 mg/L CPAM dosage, the removal rates for TN, TP, PI, and COD reached 63.43%, 80.21%,
58.79%, and 52.45%, respectively. With CPAM dosages between 2–4 mg/L, the removal
rates for these indicators were above 70.29%, 57.38%, 61.19%, and 86.30%, respectively.
Consistent with the cyanobacteria removal efficiency, the water quality improvement after
treatment was significantly superior in Dianchi Lake compared to Yilong Lake (two factors
analysis of variance, p < 0.001). Following the flocculation–filtration treatment, Dianchi
Lake exhibited a substantial improvement in water quality, with reductions of over 50% in
TN, TP, PI, and COD. In contrast, the reduction in nutrient levels was limited in Yilong Lake.
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demand (COD), (d) and permanganate index (PI) for Yilong Lake and Dianchi Lake. The utilization
of distinct capital letters (A and B) signifies a significant disparity in the statistical analysis findings.

3.3. Changes in Indicators Reflecting the Concentration and Characteristics of DOM

The initial DOC concentrations in Yilong Lake and Dianchi Lake were 38.0 mg/L
and 10.3 mg/L, respectively (Figure 3a). After flocculation with different CPAM dosages,
there was a significant reduction in DOC concentrations. However, the treated water still
exhibited relatively high DOC levels, particularly in Yilong Lake. With 4 mg/L CPAM,
the DOC concentration decreased by 8 mg/L in Yilong Lake and 4.5 mg/L in Dianchi
Lake. The DOC concentration of Yilong Lake was significantly higher than that of Dianchi
Lake. It has been reported that DOM may hinder the flocculation of CPAM or consume
more flocculants [17,18]. The high DOC concentration may been the main reason for the
non-effectiveness of the flocculation of water of Yilong Lake.

The a254 serves as an indicator of color dissolved organic matters in natural water [10].
Following the flocculation–filtration treatment, the a254 value of Yilong Lake gradually
decreased with increasing flocculant dosage (Figure 3b). However, even with 4 mg/L of
CPAM, the a254 value of Yilong Lake only reduced from 6.1 m−1 to 5.8 m−1, indicating a
4.9% reduction. Similar patterns were observed in Dianchi Lake; after flocculation with
CPAM dosages ranging from 0.5 to 4 mg/L, the a254 value decreased from 3.8 m−1 in the
raw water to 3.4 m−1, indicating a 10.5% reduction. Given the limited removal of DOM
by flocculation, as evidenced by DOC concentration, the constrained removal of color
dissolved organic matters is expected.

SUVA254 is an indicator of the aromaticity of DOM. Higher SUVA254 values indicate
greater aromaticity, suggesting a higher proportion of unsaturated organic compounds
and a higher degree of humification [19]. The SUVA254 value of Dianchi Lake was sig-
nificantly higher than that of Yilong Lake. After flocculation, SUVA254 increased from
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0.15 L·mg−1·m−1 in the raw water of Yilong Lake to 0.35 L·mg−1·m−1, highlighting the
increase of aromaticity after the treatment.
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Both the M value and the slope S275–295 serve as indicators of the relative size of
the molecular weight of DOM and are typically exhibit a negative correlation with the
average molecular weight of DOM [20]. Following treatment, both the M value and
S275–295 increased significantly (p < 0.01, Figure 4), signifying the selective removal of high
molecular weight DOM. The notably higher M value and S275–295 observed in Yilong Lake
in comparison to Dianchi Lake indicate that the average molecular weight of DOM in Yilong
Lake was considerably smaller than that in Dianchi Lake (p < 0.001). Previous studies have
highlighted the pivotal role of large molecular DOM (e.g., molecules with a molecular
weight greater than 100 kDa) in CPAM flocculation [10]. Insufficient presence of large
molecular DOM could diminish flocculation effectiveness. Despite its high organic matter
content, Yilong Lake’s DOM had a small molecular weight. This factor might contribute to
its comparatively less effective flocculation compared to Dianchi Lake.
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FI serves as an indicator of DOM origin, reflecting the ratio between microbial and
terrestrial sources. A smaller value (<1.2) indicates an external origin of DOM, while a
higher value (>1.8) suggests a microbial source of DOM [20]. The FIs for the raw water
of Yilong Lake and Dianchi Lake were 1.49 and 1.51, respectively (Figure 5). Falling be-
tween 1.2 and 1.8, these values suggest significant contributions from both terrestrial and
biological organic matter to the DOM composition in both lakes. Following flocculation
with 1–4 mg/L CPAM and filtration through 100-µm sieves, the FI significantly decreased,
indicating the removal of more microbial-sourced DOM. However, in the case of Dianchi
Lake, the FIs before and after treatment remained largely unchanged. Additionally, the
HIX of Yilong Lake gradually increased after treatment. In Dianchi Lake, the HIX increased
significantly when the CPAM concentration reached 0.5 mg/L, with no significant dif-
ference observed between 0.5–4 mg/L CPAM concentrations. HIX embodies the essence
of aromaticity, indicating that DOM originates from either biological or aquatic bacterial
sources when its value is less than 4, and signifies a pronounced humic component when
surpassing 16 [11]. In previous studies, it was observed that proteins and polysaccharides
were selectively removed through CPAM flocculation, while humic substances remained
unaffected. This phenomenon could explain the observed increase in SUVA254 and HIX
values [9].

Four fluorescent components were recognized in the 3D-EEM spectrums, comprising
one protein-like component and three humic-like components (Figure S1 in Supplemen-
tary Materials). C1 exhibited maximum excitation/emission wavelengths (Ex/Em) at
305(225)/395 nm, resembling the humic substance with M-peak characteristics first dis-
covered in oceans. This peak is widely distributed in marine and terrestrial water bodies,
closely related to phytoplankton productivity and microbial activity, often referred to as
microbial humic-like components [10,21]. C2 with Ex/Em at 285(380)/486 nm was defined
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by Stedmon as fulvic acid-like substances, representing a typical UVB-type humic substance
component. It is usually found in agriculturally dominated watersheds and consists of
fulvic acid fluorescence groups from terrestrial/local sources, correlating with soil organic
matter humic content and widespread in various freshwater environments [22]. C4 with
Ex/Em at 350(265)/442 nm is a common UVA-type humic substance, exhibiting spectral
characteristics similar to humic substance C-peak. It is typically present in marine and ter-
restrial water bodies, originating from anthropogenic activities and microbial degradation
processes. C3 with Ex/Em at 280(220)/318 nm possesses fluorescence properties similar to
tyrosine, and is often termed protein-like fluorescence.
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Following the flocculation–filtration treatment, all four fluorescent components in
Yilong Lake gradually decreased with increasing flocculant dosage. At 4 mg/L of CPAM,
the fluorescence intensity C3 reduced by 19.8%, while that of C1, C2, and C4 reduced by
4~13%. In Dianchi Lake, the fluorescence intensity of C3 decreased by 18%~26%, while
the other fluorescence components showed slight or no reduction after flocculation with
0.5–4 mg/L CPAM. As C3 represents the abundance of the protein-like component, it
could be inferred that the protein was significantly removed. The reduction of humic-like
component (referred to as C1, C2, and C4) was significantly lower than that of protein-
like component. A previous study has confirmed—through protein staining and confocal
microscopy observations—that proteins participated in CPAM flocculation and become part
of the flocs [10]. Humic substances do not seem to enhance CPAM flocculation. However,
as both humic substances and algal cells are negatively charged, whether humic substances
interfere with cyanobacteria flocculation requires further research.

3.4. Influence of DOM on the Treatment

Previous studies have shown that the primary factor influencing flocculation in lakes
is dissolved organic matter (DOM) [10]. Other substances, such as multivalent cations,
when present at natural water concentrations, are unlikely to affect CPAM flocculation.
Yilong Lake’s DOC concentration exceeds that of Dianchi Lake by 3.1 times, suggesting an
excessively high DOC content as a likely cause for Yilong Lake’s low flocculation efficiency.
Consequently, a systematic gradient dilution approach was employed to reduce DOC
concentration in lake water, exploring its effect on flocculation efficiency (Figure 6).

For the filtered water of Yilong Lake with the addition of kaolin particles, the removal
efficiency increased from 71% to 88% when the dosage of CPAM increased from 1 mg/L to
4 mg/L. When the lake water was diluted to 4/5 and the DOC concentration was diluted
from 38.2 mg/L to 30.56 mg/L, the removal efficiency slightly decreased at CPAM dosages
of 1 mg/L and 2 mg/L, dropping to 68.5% and 77.5%, respectively. At CPAM dosages of
3–4 mg/L, removal efficiency markedly decreased to lower than 55%. Further dilution
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of Yilong Lake water to 1/5–3/5 mg/L DOC resulted in a more significant reduction in
removal efficiency. Specifically, at a DOC concentration of 22.92 mg/L (diluted to 3/5),
removal efficiency decreased to 50% at 1 mg/L CPAM and dropped below 30% at 2–4 mg/L
CPAM. At a DOC concentration of 7.64–15.28 mg/L (diluted to1/5–2/5), removal efficiency
remained below 30% at CPAM dosages of 1–4 mg/L. Therefore, the flocculation efficiency of
the raw water from Yilong Lake remained below 90%, and lowering the DOC concentration
of the lake water did not improve the flocculation efficiency. On the contrary, even when
diluted to 4/5, the flocculation efficiency was drastically reduced. Diluted to 3/5 or lower,
Yilong Lake water became ineffective for flocculation. Moreover, there was a correlation
between DOC concentration in the lake water and the optimal flocculant dosage. For the
original Yilong Lake water, the optimal dosage was 4 mg/L or higher. However, by diluting
it to 4/5, the optimal CPAM dosage decreased to 2 mg/L. Higher flocculant concentrations
(3–4 mg/L CPAM) actually reduced flocculation efficiency.

In Dianchi Lake’s filtered water with added kaolin particles, removal efficiency was
85.9% at 1 mg/L CPAM, reaching 95–98% at CPAM doses from 1 to 4 mg/L. Upon dilution
to an 8.24 mg/L DOC (diluted to 4/5), the removal efficiency decreased to 84% at 1 mg/L
CPAM and 80% at 4 mg/L CPAM, with a minimal change at 2–3 mg/L CPAM. At 6 mg/L
DOC (diluted to 3/5), the removal efficiency remained high at 90% with 1–2 mg/L CPAM,
dropping to below 80% at 3–4 mg/L CPAM. When diluted to 0–2 mg/L DOC, the removal
efficiency stayed under 40% at CPAM doses of 1–4 mg/L. Similarly, after dilution of the
water from Dianchi Lake, the flocculation efficiency also decreased. Although an adequate
amount of DOC is crucial for CPAM flocculation [10] and the DOC concentration in Dianchi
Lake was significantly lower than that in Yilong Lake, the reduction in flocculation efficiency
through dilution was lower in Dianchi Lake compared to Yilong Lake. Additionally, the
relationship between DOC concentration and flocculant dosage was more significant in
Dianchi Lake than in Yilong Lake. When the water from Dianchi Lake was diluted to 2/5
(4 mg/L DOC), the removal efficiency with 1 mg/L of flocculant was 88%. However, with
higher dosage of flocculant, the removal efficiency decreased to below 50%.

Comparing the results from Yilong Lake and Dianchi Lake, it was evident that it
was not just the concentration of DOM in lakes, but the specific components within it
significantly influenced flocculation effectiveness. The deficiency of these key components
(such as in diluted lake water) drastically reduced flocculation efficiency. Previous studies
had indicated that these crucial components included proteins and polysaccharides [9,10].
In comparison to Dianchi Lake, Yilong Lake had slightly higher protein content and lower
polysaccharide content (not provided), but the content of humic substances in Yilong Lake
was much higher than in Dianchi Lake (Figure 7). The minor differences in protein and
polysaccharide concentrations could not adequately explain the disparity in flocculation
efficiency between the two lakes. The lower flocculation efficiency in Yilong Lake might be
attributed to the presence of humic substances.
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3.5. Influence of Humic Acid on the Removal Efficiency

To investigate the influence of humic substances on flocculation, a humic acid standard
was introduced into lake water, and flocculation efficiency was examined under varying
concentrations of humic acid. After the flocculation–filtration treatment, turbidity reduction
was analyzed to assess the influence of humic acid (Figure 8).
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The addition of humic acid substantially decreased the removal efficiency in Yilong
Lake. In the absence of humic acid, the removal efficiency ranged from 82% to 89% for
Yilong Lake at CPAM dosages of 1 mg/L to 4 mg/L. However, in the presence of 2.5 mg/L
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humic acid, the removal efficiency decreased to 49% at 1 mg/L CPAM and 81% at 4 mg/L
CPAM. With higher concentrations of humic acid, the removal efficiency dropped to below
60%. This clearly indicates that humic acid significantly reduced removal efficiency and
increased the consumption of flocculants. Similar findings were reported by Sanabria
et al. (2013), who observed a seven-fold increase in CPAM consumption (from 3 mg/L to
20 mg/L) [19], due to the presence of DOM in the algae culture. CPAM, being a cationic
flocculant with numerous quaternary ammonium groups, experienced an increase in
dosage due to the binding of carboxyl groups from humic acid, thereby escalating the need
for flocculants.

The Inhibitory effect of humic acid on flocculation was also observed in Dianchi Lake.
Without the addition of humic acid, the removal efficiency was 95–98%. In the presence of
2.5 mg/L humic acid, the removal efficiency decreased to 71% at 1 mg/L CPAM and 94.6%
at 4 mg/L CPAM. Higher humic acid concentrations led to more pronounced inhibition.
The inhibitory effect of humic acid on Dianchi Lake was less pronounced than on Yilong
Lake. This might be because the flocculation in Yilong Lake was already affected by humic
substances in the water. The additional introduction of humic acid further intensified
this inhibitory effect. Furthermore, despite the inhibition of flocculation in Dianchi Lake
by humic acid, a removal efficiency above 90% could still be achieved by increasing the
flocculant dosage. However, excessively high dosages of flocculants are not recommended.

This study demonstrated that excessively high content of humic matters significantly
hampers cyanobacteria flocculation in Yilong Lake. To address this challenge, one proposed
solution involves the introduction of additional organic compounds known to enhance
flocculation. For instance, Cai et al. (2021) showcased the effectiveness of integrating
acidic polysaccharides like xanthan gum, leading to a substantial increase in the efficiency
of quaternary ammonium salt-based flocculants [23]. Another viable approach entails
the integration of oxidation with flocculation. This involves an initial step of oxidizing
a portion of the humic acid through the introduction of specific oxidizing agents. Pre-
oxidation-assisted flocculation has been extensively explored, employing various agents
such as calcium peroxide [24], potassium permanganate [25], potassium ferrate [26], and
ClO2 [27,28]. Particularly for water bodies affected by Cylindrospermopsis blooms, pre-
oxidation emerges as a promising avenue to enhance flocculation efficiency. In subsequent
studies, we will conduct in-depth investigations to assess the effectiveness of these strategies
in improving flocculation in Yilong Lake water.

4. Conclusions

The approach of CPAM flocculation and screen filtration proved highly effective for
Microcystis removal in Dianchi Lake, achieving a remarkable 95% turbidity reduction with
just 1 mg/L CPAM. However, this method fell short in tackling Cylindrospermopsis blooms in
Yilong Lake. Even at a higher dosage of 4.0 mg/L CPAM, the removal efficiency remained
below 90%. The DOM in Yilong Lake exhibited a notably smaller size compared to Dianchi
Lake. The treatment selectively removed high molecular weight, microbial-sourced, and
protein-like DOM components, leading to a decrease in average molecular weight and an
increase in humification index (HIX) in both lakes. Excessive humic matter concentration
in Yilong Lake was identified as a significant hindrance to cyanobacteria flocculation.
Potential strategies to enhance Yilong Lake’s treatment efficiency include the introduction
of additional acidic polysaccharides or oxidants.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/environments11010003/s1. Figure S1: Fluorescence spectra and
load graphs of fluorescence components of DOM in Dianchi Lake and Yilong Lake.
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