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Abstract: To enhance the sustainability of microalgae-based swine wastewater treatment, this study
aims to address the challenges of low efficiency in treating raw swine wastewater, collection difficul-
ties, and high energy consumption treatment processes. The microalgae with strong environmental
tolerance were first screened from swine wastewater, and its cultivation conditions were optimized
to examine the effect of microalgae treatment on swine wastewater under optimal cultivation con-
ditions. Additionally, the flocculation efficiency and mechanism of microalgae were analyzed. The
results showed that Tetradesmus cf. obliquus ZYY1 exhibited the most robust heterotrophic growth.
In the BG11 medium supplemented with glucose, the growth rate of T. cf. obliquus ZYY1 under
chemoheterotrophic conditions was superior to its growth under photoheterotrophic conditions,
reaching its peak with an optimal glucose concentration of 15 g/L. The biomass concentration of
T. cf. obliquus ZYY1 in raw wastewater was significantly higher than that in sterilized wastewater,
which reached 1.65 ± 0.01 g/L on the 10th day of treatment, with removal efficiencies of NH+

4 -N,
PO3−

4 -P, and the chemical oxygen demand reached 71.36%, 96.09%, and 93.13%, respectively. After
raw wastewater treatment, the flocculation efficiency of T. cf. obliquus ZYY1 reached 97.71 ± 5.81%.
This was attributed to the bacteria present in the raw wastewater, which induced T. cf. obliquus ZYY1
to secrete aromatic proteins. This study emphasizes the potential of microalgae as a green technology
for sustainable wastewater treatment, offering a practical pathway for environmental protection and
resource conservation.

Keywords: microalgae; heterotrophic culture; glucose; sustainable swine wastewater treatment;
flocculation; extracellular polymeric substance

1. Introduction

In recent years, swine farming in China has developed rapidly, producing much
swine wastewater that contains nitrogen, phosphorus, and organic matter, which has
potential applicability for the environment. Therefore, developing a simple, effective, and
cost-effective method for treating swine wastewater is imperative to promote sustainable
development. Microalgae are single-celled microorganisms, with the characteristics of rapid
growth and strong environmental adaptability, that can utilize pollutants for cells synthesis
and simultaneously purify wastewater [1]. Compared with traditional swine wastewater
treatment methods, this method does not induce secondary pollution [2]. Consequently,
microalgae wastewater treatment technology has attracted increasing attention.

Microalgae species commonly used in wastewater treatment include Chlamydomonas
sp., Scenedesmus sp., Chlorella sp., and Spirulina sp. For example, Chlorella M-12 can grow in
swine manure biogas slurry and can remove 80% of nitrogen and phosphorus, as well as
30–50% of chemical oxygen demand (COD) [3]. However, numerous microorganisms in
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wastewater make it challenging for microalgae to establish dominance in the ecological
niche [4], leading to algal inversion, which disrupts the wastewater treatment system. As
such, pretreatments, such as sterilization and dilution, are necessary to prevent microbial
contamination during microalgae wastewater treatment [5]. Tan et al. showed that the
growth of microalgae was significantly inhibited in anaerobic digested swine wastewater
containing high concentrations of NH+

4 and Cu [6]. Similarly, Acebu et al. found that
the C. vulgaris ESP-31 achieved 54.2% TN removal in 25% dilution swine wastewater [7].
Therefore, screening microalgae with a strong tolerance to swine wastewater is highly
significant for enabling the large-scale application of microalgae wastewater treatment
technology.

Tetradesmus obliquus, a species of freshwater microalgae, exhibits remarkable attributes
including robust reproductive capacity and environmental adaptability. T. obliquus GEEL-
11 can remediate saline wastewater. Under different salt stress conditions, T. obliquus
GEEL-11 can remove (87–99%) of nitrogen and (94–100%) of phosphorus from municipal
wastewater [8]. T. obliquus was able to remove 77% of TKN, 50% of phosphate, and 84%
of COD from poultry wastewater [9]. In undiluted piggery wastewater, the biomass
concentration of T. obliquus was 1.46 ± 0.06 g/L after photo-Fenton pretreatment [10]. The
results of the above studies indicate that T. cf. obliquus can grow effectively in a variety
of wastewaters and exhibit good performance. However, there are limited studies on the
growth performance and pollutant removal ability of T. cf. obliquus in untreated raw swine
wastewater.

The prevailing method for cultivating microalgae in wastewater involves photosyn-
thetic culture, where microalgae use sunlight and CO2 as their energy and carbon sources,
respectively [11]. However, it is important to note that many microalgae are physiologically
capable of utilizing organic compounds as alternative sources for heterotrophic metabo-
lization [12]. By developing these heterotrophic systems, the issue of insufficient light in
phototrophic cultures is overcome, allowing for higher cell densities that are independent
of weather or seasonal changes and reducing the requirement for large land areas. Het-
erotrophic cultivation methods for microalgae are categorized into chemoheterotrophic
and photoheterotrophic modes. Research on the heterotrophic culture mode that is specif-
ically suitable for T. obliquus is limited. Therefore, it is highly significant to optimize the
heterotrophic culture mode suitable for T. obliquus in this study.

Another bottleneck in the industrialization and promotion of microalgae-based water
treatment is the difficulty in collecting microalgae from wastewater. This difficulty arises
from their small cell size (3–30 µm), which is similar to the density of water, and the
negative charges in the water, causing cell rejection and suspension in wastewater [13]. Tra-
ditional microalgae collection methods mainly include centrifugation, membrane filtration,
air flotation, and flocculation, but these methods have disadvantages, such as complex
equipment installation, high costs, and metal ion pollution [14]. To address these issues,
bio-flocculation technology has emerged as a potential option due to its characteristics of
eco-friendliness and simple operation [15]. The extracellular polymeric substances (EPS) se-
creted by microalgae can neutralize the negative charge of algal cells, promoting microalgae
flocculation and holding prospects for industrial applications.

Therefore, in this study, microalgae with a strong tolerance to swine wastewater
were selected, and their growth ability was improved by optimizing the culture condi-
tions of the superior microalgae strains. Additionally, the pollutant removal efficiency of
the superior microalgae strains in swine wastewater was investigated under the optimal
culture conditions, and their flocculation efficiency and mechanism were analyzed com-
prehensively. The objective of this study is to provide detailed technical guidance for the
treatment of swine wastewater using microalgae and to propose an efficient method for
the enhanced harvesting of microalgae after wastewater treatment, thereby facilitating its
large-scale applications.
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2. Materials and Methods
2.1. Microalgae Isolation, Screening, and Identification

Microalgae were isolated from swine wastewater at a pig farm in Huyanghe City, Xin-
jiang Uygur Autonomous Region, China. Single microalgae strains were purified through
plate streaking and stored in a BG11 medium [16]. The morphological characteristics of
the microalgae were observed using an optical microscope (OLYMPUS, DP22, Olympus
Co., Ltd., Tokyo, Japan). Subsequently, a biomass accumulation experiment was performed
on the microalgae in a BG11 medium with 10 g/L glucose to select the microalgae strains
with strong growth capacities. The experiment was performed at 26–28 ◦C at a stirring rate
of 200 rpm, and the pH was regulated between 7.0 and 8.5 using HCl and NaOH. Finally,
the superior microalgae species were identified by gene sequencing. The medium of the
10 strains of microalgae was the BG11 medium, and its components have been added in
the Supplementary Material.

2.2. Optimization of Heterotrophic Culture Conditions for Superior Microalgae Strains

Heterotrophic culture modes of microalgae are classified into chemoheterotrophy
and photoheterotrophy. In this study, the optimal cultivation mode for these strains was
determined by comparing the light density and chlorophyll content of superior microalgae
strains under chemoautotrophic and photoautotrophic conditions. The superior strains,
pre-cultivated to the logarithmic growth stage, were inoculated in 0.05 g/L into the BG11
medium with 10 g/L glucose and were stirred at 200 rpm at 26–28 ◦C for chemoheterotrophy.
Based on this, 2000 lux of continuous light was provided for photoheterotrophy. The pH was
maintained between 7.0 and 8.5 using HCl and NaOH. The optical density and chlorophyll
content of the microalgae were measured daily to determine the optimal culture mode for
subsequent experiments. Then, the effects of glucose concentrations (5 g/L, 10 g/L, 15 g/L,
and 20 g/L) on the growth and chlorophyll content of the microalgae were investigated
under the same culture conditions in the optimal culture mode to determine the optimal
glucose concentration. The above optimal culture conditions of the microalgae were used
for pre-culture of the microalgae for swine wastewater treatment, enabling rapid growth to
the logarithmic phase and then were inoculated in the wastewater.

2.3. Effect of Superior Microalgae Strains on Swine Wastewater Treatment

The swine wastewater was collected from a pig farm in Huyanghe City, Xinjiang
Uygur Autonomous Region, China. After allowing the raw wastewater to settle for a
duration of 24 h, it was filtered through 10 layers of gauze, and then the supernatant was
divided into 500 mL reactors. The pH of the wastewater was adjusted to 7.0. A portion
of the wastewater was further sterilized at 121 ◦C for 20 min using a vertical-pressure
steam sterilizer (YXQ-LS-50SII, Boxun Medical & Biological Instrument Co., Shanghai,
China), to obtain sterilized wastewater. The superior microalgal strains were cultured
to the logarithmic growth stage under optimal conditions. Then, they were inoculated
at 0.05 g/L into both raw and sterilized wastewater and maintained under the optimal
cultivation mode. The biomass and chlorophyll concentrations of microalgae, pH, and
concentrations of NH+

4 -N, PO3−
4 -P, and COD in the wastewater were measured daily until

the pollutant concentrations were almost unchanged.

2.4. Flocculation Effect and Mechanism of Microalgae

The flocculation efficiencies of microalgae were determined at 0, 2, 4, 8, 12, and 24 h
every 2 days during the treatment of swine wastewater by the microalgae, and the EPS
components of the microalgae were extracted and analyzed.

2.5. Analysis and Testing Methods
2.5.1. Measurement of Microalgal Growth

The microalgae were screened using the optical density method, and the culture
conditions were optimized. The absorbance (OD680) of microalgae was measured at a
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wavelength of 680 nm using a UV spectrophotometer (DR6000, HACH, Loveland, CO,
USA) [6]. Due to the dark brown color of the swine wastewater, the microalgae cells were
counted using the hemocyte plate microscope counting method. Meanwhile, a microalgal
solution of 20 mL was taken and centrifuged at 5000 rpm using a high-speed freezing
centrifuge (TGL-18000CR, Anting Scientific Instrument Factory, Shanghai, China). The
supernatant was then discarded, washed thrice with distilled water, and then dried to
a constant weight at 80 ◦C using an electrothermal constant temperature drying oven
(202, Ever Bright Medical Treatment Instrument Co., Ltd., Beijing, China). The weights
were determined using an analytical balance (AUY120, Shimadzu, Kyoto, Japan). The
relationship between cell number J and dry weight I (g/L) was calculated according to
Equation (1).

I = 1.92 × 10−8 × J − 0.22, R2 = 0.9802 (1)

Finally, the biomass productivity A (mg/L/d) and relative growth rate B of the
microalgae were calculated according to Equations (2) and (3), respectively:

A = (Ct − C0)/t (2)

where C0 and Ct are the biomass concentrations (mg/L) at the beginning and end of
microalgae growth, respectively, and t is the growth time of microalgae (d).

B = (ln C2 − ln C1)/(t2 − t1) (3)

Here, t1 and t2 are the different times (d) of microalgae growth, and C1 and C2 are the
biomass concentrations (mg/L) of microalgae at t1 and t2, respectively.

2.5.2. Determination of Chlorophyll Content of microalgae

The microalgae cells were crushed using a cell breaker (MM400, Leitch, Wetzlar,
Germany), centrifuged at 3000 rpm for 5 min, and 50 µL of the supernatant was mixed
with 950 µL of ethanol. The absorbance of the solution was measured at the wavelengths
of 649 nm and 664 nm with zeroed by 95% ethanol, and the concentrations (mg/L) of
chlorophyll a (Chl a) and chlorophyll b (Chl b) were calculated using Equations (4) and (5),
respectively [17].

Chl a = 13.36 × OD664 − 5.19 × OD649 (4)

Chl b = 27.43 × OD649 − 5.19 × OD664 (5)

2.5.3. Identification of Microalgae

The microalgal DNA was extracted using a fungal genomic DNA extraction kit (Tian-
gen Biotech Co., Ltd., Beijing, China) following the instructions and subsequently for-
warded to Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China) for sequencing of
the internal transcribed spacer 2 (ITS2) fragments using primers ITS2-2F and ITS2-3R [18].

2.5.4. Measurement of Water Quality of Swine Wastewater

A microalgal solution of 30 mL was centrifuged at 5000 rpm for 5 min, and the
supernatant was taken for water quality detection. The pH was determined by a Rex
pH meter (PHS-25, Yidian Scientific Instrument Co., Ltd., Shanghai, China), NH+

4 -N was
determined using the Nash reagent photometry method [19], and PO3−

4 -P was determined
using molybdenum-antimony resistance spectrophotometry [20]. K2Cr2O7 was used as an
oxidant, and COD was measured using a COD analyzer (DR1010, HACH, USA) [21]. The
pollutant removal efficiency D (%) and removal rate E (mg/L/d) were calculated according
to Equations (6) and (7), respectively:

D = (Ft − F0)/F0 × 100 (6)

E = (Ft − F0)/t (7)
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where F0 and Ft are the pollutant concentrations (mg/L) of the influent and wastewater,
respectively, and t is the wastewater treatment time (d).

2.5.5. Flocculation Efficiency of Microalgae and Extraction and Analysis of EPS

The microalgae flocculation efficiency G (%) was calculated according to Equation (8),
where H0 is the initial concentration of microalgae cells, and Ht is the concentration of
residual microalgae cells after flocculation.

G = (1 − Ht/H0)× 100 (8)

Approximately 10 mL of the microalgal liquid was taken and incubated in a 45 ◦C wa-
ter bath for 30 min and then centrifuged at 5000 rpm for 4 min at 4 ◦C. Later, the supernatant
was filtered through a 0.45 µm polyether sulfone filter membrane (PES, Jinten, Lafayette,
Louisiana, USA) to obtain the EPS of the microalgae. Subsequently, the composition of the
EPS was analyzed using a three-dimensional fluorescence spectrometer (FS 920, Edinburgh
Instruments Ltd., Livingston, UK) with an excitation wavelength range of 220–500 nm and
an emission wavelength range of 220–650 nm (incremental intervals of 5 nm) [22].

2.6. Data Analyses

All experiments were conducted in triplicate, and the data were processed and ana-
lyzed using Excel 2021. The results were presented as mean ± standard deviation. Data
comparisons were performed using the least significant difference method in SPSS 25.0
(IBM, Inc., Armonk, NY, USA), where p < 0.05 was considered statistically significant.

3. Results and Discussion
3.1. Microalgae Isolation, Screening, and Identification

The morphology of the 10 microalgae strains isolated from swine wastewater is shown
in Figure 1. The cells of strains BKL1, BKL2, LGY1, LGY2, and RS1 exhibited a spherical
shape, with cell diameters of approximately 3–7 µm. The cells of strains RS2 and ZYY2 were
hexagonal in shape, and the diagonal of the cells was 5–8 µm with interconnected cells. In
contrast, the cells of strain SD1 were mostly pentagonal, with cell sizes of 3–5 µm, typically
forming groups of eight or nine cells in two rows. The cells of strain SD2 showed triangular
or irregularly quadrilateral shapes, with cell sizes of 3–5 µm, and the cells were usually
single or multiple connected. The cells of strain ZYY1 were nearly rhombic, 18–22 µm in
length and 4–6 µm in width, and the four cells were arranged in straight lines or slightly
interlaced above and below.

Heterotrophic growth in the BG11 medium with 10 g/L glucose showed that the
microalgal strain ZYY1 exhibited the strongest growth ability (Figure 2a), followed by
ZYY2 and RS1, while the growth of other microalgal strains was not obvious. On days 0–5,
ZYY1 and ZYY2 adapted to the medium with less biomass accumulation, and the OD680
values of ZYY1 and ZYY2 were 0.42 ± 0.03 and 0.25 ± 0.01 on the 5th day, respectively.
ZYY1 entered the logarithmic growth phase on the 5th day, while ZYY2 exhibited a lower
growth capacity. At the end of the cultivation period, the maximum OD680 values of ZYY1,
ZYY2, and RS1 were 3.15 ± 0.03, 0.81 ± 0.04, and 0.50 ± 0.01, respectively, indicating that
ZYY1 was the superior microalgal strain in terms of growth capacity.

The pH is associated with the osmotic pressure of the culture medium and the utiliza-
tion of organic carbon through microalgae respiration, playing a crucial role in microalgae
growth. The pH of the culture medium for all microalgal strains showed an increasing
trend, increasing from approximately 7 to 9, which might be attributed to the release of
microalgae metabolites into the medium, leading to a pH rise to alkaline (Figure 2b).
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The internal transcribed spacer 2 (ITS2) non-coding region sequence of the microalgal
strain ZYY1 was identified, and the obtained sequences were compared with the published
ITS2 sequence of microalgae using BLAST at the National Center for Biotechnology Infor-
mation. The results showed that the similarity of the ITS gene sequences of the microalgal
strain ZYY1 and Tetradesmus obliquus reached 99.57%. The cells of T. obliquus are rhombic,
in coenobia of 2, 4, and 8 cells. The aggregated cells of T. obliquus are generally found
as four-celled coenobia, with a length of 10–21 µm and a width of 3–9 µm [23,24]. The
cellular morphology of strain ZYY1 was similar to that of T. obliquus. Therefore, the strain
ZYY1 was named T. cf. obliquus based on the ITS gene sequences, cellular morphology,
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and the phylogenetic tree. The phylogenetic tree of T. cf. obliquus can be found in the
Supplementary Materials.

3.2. Optimization of the Heterotrophic Culture Model of T. cf. obliquus ZYY1

In the first 4 d of growth under chemoheterotrophic and photoheterotrophic condi-
tions, the biomass concentration of T. cf. obliquus ZYY1 increased slowly, then rapidly
increased from the 5th to 7th day and stabilized, reaching a peak on the 10th day. This
result was consistent with the typical S-shaped growth curve of microorganisms (Figure 3a).
Both cultivation modes exhibited high biomass productivity, with chemoheterotrophy
displaying higher growth kinetic parameters compared to photoheterotrophy (Table 1).
The maximum biomass concentration, daily average biomass productivity, and maximum
specific growth rate under chemoheterotrophy were 1.94 ± 0.01 g/L, 189 mg/L/d, and
1.26 d−1, respectively; the above three growth kinetic parameters of photoheterotrophy
were 1.58 ± 0.04 g/L, 153 mg/L/d, and 0.67 d−1, respectively. These results indicated
that chemoheterotrophic culture promoted the rapid growth of T. cf. obliquus ZYY1 more
effectively. This may be due to the fact that in chemoheterotrophic cultures, T. cf. obliquus
ZYY1 can utilize carbon sources from swine wastewater more efficiently for growth as
it does not need to invest significant energy in maintaining the complex structures and
mechanisms necessary for photosynthesis. Thus, the direct utilization of organic matter
may enhance the overall metabolic efficiency and growth rate of the microalgae [25]. As
shown in Figure 3b, the photoheterotrophy exhibited a higher chlorophyll concentration
than the chemoheterotrophy, suggesting that darkness is not conducive to chlorophyll
synthesis [26].
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Table 1. Growth kinetic parameters of T. cf. obliquus ZYY1 under different heterotrophic modes and
glucose concentrations.

Cultivation Mode Biomass
Concentration (g/L)

Biomass Productivity
(mg/L/d)

Maximum Specific
Growth Rate (d−1)

photoheterotrophy 1.58 ± 0.04 153 0.67
chemoheterotrophy 1.94 ± 0.01 189 1.26

Data are the mean ± SD (n = 3).

The T. cf. obliquus ZYY1 was inoculated in a BG11 medium with glucose concentrations
of 5 g/L, 10 g/L, 15 g/L, and 20 g/L and cultured under chemoheterotrophic conditions
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(Figure 4a). The corresponding biomass concentration of ZYY1 gradually increased from the
initial 0.05 g/L to 1.64 ± 0.01, 1.78 ± 0.04, 2.16 ± 0.03, and 1.97 ± 0.02 g/L, respectively. The
average daily biomass productivity reached 164 mg/L/d, 178 mg/L/d, 216 mg/L/d, and
197 mg/L/d, respectively, and the corresponding maximum specific growth was 0.82 d−1,
0.82 d−1, 0.96 d−1, and 0.82 d−1, respectively (Table 2). The growth of T. cf. obliquus ZYY1
was optimal at a glucose concentration of 15 g/L, but increasing the concentration to 20 g/L
decreased its growth rate. This was consistent with previous research on C. protothecoides,
reporting that excessive glucose concentrations were not conducive to its growth [27]. This
might be due to the elevated energy demand for the fundamental metabolism of microalgae
when glucose concentration exceeds a specific threshold, leading to insufficient energy for
biomass accumulation [28].
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Table 2. Growth kinetic parameters of T. cf. obliquus ZYY1 in different glucose concentrations under
chemoheterotrophy mode.

Glucose
Concentration (g/L)

Biomass
Concentration (g/L)

Biomass Productivity
(mg/L/d)

Maximum Specific
Growth Rate (d−1)

5 1.64 ± 0.01 164 0.82
10 1.65 ± 0.01 178 0.82
15 2.16 ± 0.01 216 0.96
20 1.97 ± 0.02 197 0.82

Data are the mean ± SD (n = 3).

3.3. The Effect of T. cf. obliquus ZYY1 on Treating Swine Wastewater

Despite the advantage of highly efficient nutrient removal, studies on the bioremedia-
tion of raw swine wastewater using T. cf. obliquus are scarce. The growth and removal of
pollutants during the treatment of sterilized and raw wastewater using T. cf. obliquus ZYY1
were monitored, and characteristics of the wastewater are shown in Table 3.

Table 3. Physical and chemical properties of different swine wastewater.

Wastewater Type pH NH+
4 -N (mg/L) PO3−

4 -P (mg/L) COD (mg/L)

Raw wastewater 7.00 ± 0.01 404.40 ± 13.04 52.10 ± 1.00 6005.84 ± 422.24
Sterilized wastewater 7.02 ± 0.08 386.20 ± 9.63 53.70 ± 0.20 5849.65 ± 162.40

Data are the mean ± SD (n = 3).
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As shown in Figure 5a, T. cf. obliquus ZYY1 could grow normally in both types of
wastewater. The biomass accumulation (1.65 ± 0.01 g/L), mean daily biomass productivity
(165 mg/L/d), and maximum specific growth rate (1.36 d−1) of T. cf. obliquus ZYY1 in raw
wastewater were higher than that in sterilized wastewater, which were 1.45 ± 0.01 g/L,
145 mg/L/d, and 0.88 d−1, respectively. A previous study has shown that the presence
of bacteria, reduced by high temperatures and pressures, does not promote the growth of
microalgae [29]. However, raw wastewater may contain microalgae-promoting bacteria,
which can enhance the growth rate of microalgae. Previous studies have demonstrated
that the microalgae bacteria consortia of Chlorella vulgaris and Rhodobacter sphaeroides re-
moved 100% NH+

4 -N, 96% TP, 97% COD and 97% COD in sterilized piggery-starch mixed
wastewaters (the PW/SW ratio was 5:1) [30].
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As shown in Figure 5b, the chlorophyll concentration of T. cf. obliquus ZYY1 initially
increased and then decreased with prolonged wastewater treatment. The chlorophyll
concentration of T. cf. obliquus ZYY1 in raw wastewater was higher than that in the first
8 days but lower than that in sterilized wastewater from the 9th day. This might be because
the nitrogen concentration in the raw wastewater was significantly lower than that in the
sterilized wastewater from the 9th day, indicating that ZYY1 did not have sufficient nitrogen
for chlorophyll synthesis. It has been found that the levels of chlorophyll a and b decrease
sharply with the reduction in nitrogen levels [31].

Subsequently, the removal of pollutants from the two types of wastewater was com-
pared. The results showed that T. cf. obliquus ZYY1 was more effective in treating the raw
wastewater. After a 10-day treatment period, the NH+

4 -N concentration in raw wastew-
ater decreased from 404.40 ± 13.04 mg/L to 115.84 ± 11.04 mg/L, achieving a removal
efficiency of 71.36%. Meanwhile, the removal efficiency of NH+

4 -N in sterilized wastew-
ater was poor, which decreased from 386.20 ± 9.63 mg/L to 168.48 ± 10.84 mg/L, with
a removal efficiency of 56.37% (Figure 6a and Table 3). Microalgae can utilize NH+

4 -N
to synthesize cellular substances through glutamine synthetase, which has been widely
proven to have the ability to remove NH+

4 -N [32]. Qu et al. found that Coelastrella sp.
KE4 showed remarkable nutrient removal efficiency with 99.52% NH+

4 -N in real swine
wastewater (529.72 mg/L NH+

4 -N) [33]. The removal efficiency of NH+
4 -N in both types

of wastewater was relatively low, probably because the optimal carbon/nitrogen ratio of
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microalgae was 6.63:1, while the carbon/nitrogen ratio of wastewater was unbalanced
(14.85–15.15:1).
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Figure 6. (a) Changes in NH+
4 -N concentration, (b) PO3−
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T. cf. obliquus ZYY1 demonstrated higher efficiency in removing PO3−
4 -P from both

types of wastewater. The initial PO3−
4 -P concentration was 52.10 ± 1.00 mg/L and

53.70 ± 0.20 mg/L in raw and sterilized wastewater, respectively, which was lower than
10 mg/L on the 5th and 6th days and the decrease was small (Figure 6b). This phenomenon
can be explained by the mechanism of phosphorus over-absorption by the microalgae,
where phosphorus is stored in phosphate polysomes under phosphorus-rich conditions
to be utilized in phosphorus-poor environments [34]. After treatment, the removal effi-
ciency of PO3−

4 -P in raw and sterilized wastewater reached 96.09% and 88.88%, respectively
(Table 4).
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Table 4. The effect of T. cf. obliquus ZYY1 on treating different swine wastewater.

Parameter Raw Wastewater Sterilized Wastewater

effluent concentration (mg/L)

NH+
4 -N 115.84 ± 11.04 168.48 ± 10.84

PO3−
4 -P 2.03 ± 0.13 5.97 ± 0.13

COD 392.32 ± 276.08 1070.96 ± 16.24

removal efficiency (%)

NH+
4 -N 71.36 ± 3.57 56.37 ± 2.82

PO3−
4 -P 96.09 ± 4.81 88.88 ± 4.44

COD 93.13 ± 4.67 81.69 ± 4.08
Data are the mean ± SD (n = 3).

As shown in Figure 6c, the COD concentrations in raw and sterilized wastewater de-
creased from 6005.84 ± 422.24 mg/L and 5849.65 ± 162.40 mg/L to 392.32 ± 276.08 mg/L
and 1070.96 ± 16.24 mg/L, respectively, with removal efficiencies of 93.13% and 81.69%
(Table 4). Previous studies have shown that bacteria–algae systems offer improved COD
removal efficiency [35]. In this study, the raw swine wastewater treatment system formed
a bacteria–algae system, which together accelerated the degradation of organic matter,
resulting in higher COD removal efficiency. Additionally, an increase in COD concentration
from 119.04 ± 178.64 mg/L to 392.32 ± 276.08 mg/L was observed on the 9th day of
raw wastewater treatment by T. cf. obliquus ZYY1, which might be related to the effect of
bacteria on the species and content of organic matter released by the microalgae. Similarly,
an increase in COD concentration was observed in the study of Chlorella vulgaris MBFJNU-1
treating unsterilized swine biogas slurry [36]. The effluent concentrations of PO3−

4 -P and
COD in the raw wastewater were 2.03 ± 0.13 mg/L and 392.32 ± 276.08 mg/L, respectively
(Table 3), which met the pollutant discharge standards for livestock and poultry farming
(GB18596-2001) [37].

The pH of the wastewater was monitored during the treatment process to analyze the
possible reasons for the purification of the wastewater (Figure 6d). The pH of both types of
wastewater was slightly alkaline and showed a trend of first increasing and then decreasing.
Meanwhile, the pH of raw wastewater and sterilized wastewater was maintained between
7.00–7.75 and 6.96–7.67, respectively. Therefore, the volatilization of NH+

4 -N and phosphate
precipitation at pH > 9 were not involved [38], indicating that the pollutant removal by T. cf.
obliquus ZYY1 was mainly through assimilation. In raw wastewater, 5.69 g of microalgae
were produced per 1 g NH+

4 -N removal.
In summary, T. cf. obliquus ZYY1 was able to tolerate the raw swine wastewater, and

the nutrients in the wastewater were suitable for the growth of microalgae without being
inhibited by the microorganisms. Compared with the sterilized wastewater, T. cf. obliquus
ZYY1 grew more vigorously in the raw wastewater without needing additional nutrients.
Additionally, it exhibited a strong nutrient assimilation ability and thus can save the energy
cost of sterilization, which is suitable for industrial applications [39].

3.4. Flocculation Effect and Mechanism of T. cf. obliquus ZYY1

To enhance production guidance, the flocculation efficiency of T. cf. obliquus ZYY1 was
further evaluated. As shown in Figure 7, T. cf. obliquus ZYY1 exhibited high flocculation
efficiency, and the raw wastewater was conducive to its flocculation. Additionally, the
flocculation efficiency of T. cf. obliquus ZYY1 in the raw wastewater was as follows: on
the 8th day (97.71% ± 5.81%) > 6th day (96.76 ± 5.92%) > 4th day (96.25 ± 4.99%) > 2nd

day (91.53 ± 8.02%) > 10th day (91.45 ± 5.24%). As for the sterilized wastewater, the
flocculation efficiency of T. cf. obliquus ZYY1 was as follows: on the 6th day (87.31 ± 9.9%)
> 2nd day (86.77 ± 8.28%) > 4th day (86.62 ± 3.85%) > 8th day (86.46 ± 6.73%) > 10th day
(8366±, 673%). The flocculation efficiency of T. cf. obliquus ZYY1 was significantly different
between the raw and sterilized wastewater, with the highest flocculation efficiency of T. cf.
obliquus ZYY1 in sterilized wastewater being 10.64% lower than that in raw wastewater.
This suggests that bacteria are suitable for the microalgae flocculation, which was consistent
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with the research results of He et al. It has been found that the flocculation efficiency of
bacteria on microalgae reached 87.37 ± 2.96% when the cell number ratio of bacteria
(Citrobacter W4) to microalgae (Chlorella pyrenoidosa) was 1:4 [40].
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The solution suitable for the growth of microalgae is negatively charged due to its
isoelectric point, and the repulsive effect causes the cells to remain in a dispersed and
suspended state [41]. Bacteria in wastewater can induce microalgae to release substances
such as proteins and polysaccharides which carry a positive charge in wastewater and
lead to the aggregation and settling of microalgal cells. The composition of EPS was
analyzed using a three-dimensional fluorescence spectrometer to explore the flocculation
mechanism of T. cf. obliquus ZYY1. As shown in Figure 8, fluorescence was observed at the
excitation/emission wavelengths of 280/350 nm, suggesting the existence of tryptophan in
the EPS [42]. The focus is on fluorescence observed at the excitation/emission wavelengths
of 225/340–350 nm on the 4th–10th day during raw wastewater treatment by T. cf. obliquus
ZYY1, which indicates the presence of aromatic proteins in EPS. The flocculation efficiency
of T. cf. obliquus ZYY1 increased with an increase in fluorescence intensity of the aromatic
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proteins and reached its peak on the 8th day. It has been found that aromatic proteins are
important components involved in the formation of microbial cell aggregates [43]. The
results showed that flocculation by T. cf. obliquus ZYY1 might be related to the production
of aromatic proteins in EPS. Comparably, T. cf. obliquus ZYY1 did not produce aromatic
proteins during the treatment of sterilized wastewater, indicating that its flocculation
mechanism might be triggered by bacteria in the raw wastewater to secrete aromatic
proteins. Zhou et al. [44] proved that Chlorophyta sp. released aromatic proteins through
their reaction with the bacterial quorum sensing molecule N-acyl-homoserine lactone,
promoting the aggregation of microalgae.

Sustainability 2024, 16, 4633 13 of 17 
 

 

proteins and reached its peak on the 8th day. It has been found that aromatic proteins are 
important components involved in the formation of microbial cell aggregates [43]. The 
results showed that flocculation by T. cf. obliquus ZYY1 might be related to the production 
of aromatic proteins in EPS. Comparably, T. cf. obliquus ZYY1 did not produce aromatic 
proteins during the treatment of sterilized wastewater, indicating that its flocculation 
mechanism might be triggered by bacteria in the raw wastewater to secrete aromatic pro-
teins. Zhou et al. [44] proved that Chlorophyta sp. released aromatic proteins through their 
reaction with the bacterial quorum sensing molecule N-acyl-homoserine lactone, promot-
ing the aggregation of microalgae. 

(a) (b) 

 
(c) (d) 

Figure 8. Cont.



Sustainability 2024, 16, 4633 14 of 17Sustainability 2024, 16, 4633 14 of 17 
 

 

 
(e) (f) 

 
(g) (h) 

 
(i) (j) 
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Figure 8. The three-dimensional excitation and emission matrix (3D-EEM) fluorescence spectra of
EPS from T. cf. obliquus ZZY1 in the sterilized and raw wastewater treated on the 2nd day (a,b),
4th day (c,d), 6th day (e,f), 8th day (g,h), and 10th day (i,j). A represents the aromatic proteins in
the EPS.
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4. Conclusions

In summary, T. cf. obliquus ZYY1 exhibited a strong heterotrophic growth capacity
among the top 10 microalgae species. The results showed that chemoheterotrophy en-
hanced the growth rate of microalgae compared to photoheterotrophy. By inoculating
T. cf. obliquus ZYY1 in a BG11 medium with 15 g/L glucose under chemoheterotrophic
conditions, the highest average daily productivity of 216 mg/L/d and a specific growth
rate of 0.96 d−1 were achieved. Moreover, T. cf. obliquus ZYY1 is suitable for the treatment
of raw swine wastewater, achieving a maximum biomass concentration of 1.65 ± 0.01 g/L
and exhibiting remarkable removal efficiencies for NH+

4 -N (71.36%), PO3−
4 -P (96.09%),

and COD (93.13%). The removal efficiencies were higher than that of sterilized swine
wastewater. The higher flocculation efficiency of microalgae in raw swine wastewater
was attributed to the presence of bacteria in the raw wastewater inducing microalgae to
secrete aromatic proteins. This study can serve as a valuable reference for the application of
microalgae cultivation technology in wastewater treatment and microalgal cell harvesting.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/su16114633/s1, Figure S1: The phylogenetic tree of the T. cf.
obliquus ZYY1.
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