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Abstract: C. vulgaris has a positive effect on the removal of nutrients from pig farm biogas slurry.
However, swine wastewater often contains heavy metal ions, such as Cu (II), which may have impacts
on the nutrient removal performance of C. vulgaris. Additionally, the heavy metal ions in wastewater
can be adsorbed by microalgae. In this study, the stress effect of Cu (II) on the growth of Chlorella
vulgaris, the Cu (II) removal by microalgae, and the effect of different concentrations of Cu (II) on
the nutrient removal efficiency of C. vulgaris in biogas slurries were explored. The results showed
that the microalgae biomass of microalgae on the sixth day of the experiment was the highest in the
treatment with a Cu (II) concentration of 0.5 mg/L, which was 30.1% higher than that of the 2.5 mg/L
group. C. vulgaris had higher removal efficiencies of Cu (II) at a Cu (II) concentration of 0.1~1.5 mg/L.
The–OH, C=O, –COOH, and C–O groups on the surface of the algal cells play a significant role in
the removal of Cu (II). The removal rates of COD, NH3–N, TN, and TP by C. vulgaris at a Cu (II)
concentration of 0.5 mg/L were the highest, which were 89.0%, 53.7%, 69.6%, and 47.3%, respectively.

Keywords: Chlorella vulgaris; Cu (II); removal efficiency of pollutant; piggery digestate

1. Introduction

Microalgae culturing with piggery digestate can not only realize the resource treatment
of piggery wastewater but also produce high value added microalgae biomass, which has
broad application prospects [1]. Piggery digestate usually contains high concentrations
of ammonia nitrogen (NH3–N) and phosphorus chemical oxygen demand (COD), which
will cause serious ecological and environmental problems if it is directly discharged into
natural water [2,3]. The traditional biogas slurry treatment and utilization methods include
land absorption, resource utilization, and biochemical process disposal. Among them, land
absorption is simple and low-cost, but it requires a large amount of land, and the continuity
of biogas slurry production is often inconsistent with the seasonality of crop irrigation [4,5].
The biochemical treatment includes Anoxic/Oxic, Membrane Bio-Reactor, and other pro-
cesses. The treated wastewater can meet the discharge standards, but it requires high
investment, consumes a lot of energy, and is prone to secondary pollution [6]. In terms of
resource utilization, as early as the 1950s, Oswald and Gotaas proposed the concept of using
microalgae to treat sewage. Subsequently, many studies coupled microalgae production
with wastewater treatment, that is, using sewage to cultivate microalgae [7,8]. The microal-
gae growth process can remove nitrogen and phosphorus pollutants from wastewater and
the wastewater can meet the nutrients needed for microalgae growth, thereby reducing the
cost of microalgae cultivation. Using microalgae to treat wastewater can not only produce
biomass but also recover nutrients from the wastewater, realizing the resource utilization of
wastewater [9,10]. Many studies have shown that microalgae can use high concentrations
of nutrients from piggery wastewater. Wen et al. isolated Chlorella vulgaris from swine
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wastewater, and the removal efficiency of the total nitrogen (TN) and total phosphorus
(TP) in pig wastewater was 90.51% and 91.54%, respectively [11]. Zhao et al. found that
through the co-cultivation of fungi-assisted microalgae, the removal efficiencies of COD,
TN, and TP in biogas slurry can reach 92.17 ± 5.28%, 89.83 ± 4.36%, and 90.31 ± 4.69%,
respectively [12]. Chlorella vulgaris JSC-6 was cultivated in swine wastewater for nutrient
removal. The results showed that the COD and NH3–N removal rates were 60–76% and
40–91%, respectively. Moreover, 3.96 g/L of biomass was produced after 12 days [13].
These studies have shown that microalgae have great potential to remove nutrients from
piggery wastewater.

Inorganic forms of copper are often added to diet to satisfy the requirements for
the maintenance and growth of pigs. For example, copper sulfate, at a level of 125 to
175 mg/kg, can promote the growth of growing and finishing pigs [14,15]. However, the
copper in the feed cannot be completely absorbed by pigs. Approximately 60–70% of the
copper is discharged with feces and urine and then enters pig farm wastewater [16,17].
According to the research by Kang et al., the copper content in biogas slurry from large-
scale pig farms in China is mostly between 0.03 and 3.50 mg/L, and generally exists in
an ionic state [18]. Copper in the form of Cu (II) in wastewater can enter the surrounding
water or soil with the discharge of piggery wastewater, seriously threatening human
health and the surrounding environment [19,20]. However, copper ions are also trace
elements necessary for microalgal growth. Low concentrations of Cu (II) can promote the
growth of microalgae. However, excessive Cu (II) concentrations inhibit the growth of
microalgae, thereby reducing the removal efficiency of ammonia nitrogen, TP, and COD
from piggery wastewater [21]. Therefore, we must consider the influence of Cu (II) on the
use of microalgae to treat nutrients in piggery digestate. At present, there are relatively
few studies on the mechanisms by which microalgae remove nutrients from biogas slurry
wastewater under copper ion stress.

In this study, we investigated the effect of Cu (II) on the growth of Chlorella vulgaris and
the responses of the microalgae reflected in their physiological and biochemical properties.
The Cu (II) removal mechanism by the microalgae and the effect of Chlorella vulgaris on the
removal efficiency of the nutrients from the biogas slurry under different concentrations of
copper ions were also studied. It is expected to provide valuable insights into the treatment
of pig farm biogas slurry with microalgae and promote green resource utilization of pig
farm wastewater.

2. Materials and Methods
2.1. Experimental Materials

The Chlorella vulgaris used in the experiment was purchased from the Freshwater
Algae Culture Collection at the Institute of Hydrobiology. The strain number of the
microalgae used was FACHB-8. The chemical reagents, such as the CH3COONa, Na2CO3,
NaHCO3, Na3PO4•12H2O, (NH4)2SO4, KNO3, and NaNO2 used to prepare the culture
media and adjust the wastewater indicators, were purchased from Shanghai Macklin
Bio-Chem Technology Co., Ltd., Shanghai, China.

The synthetic piggery digestate used in the experiment was prepared by adding
CH3COONa (4.0 mg/mL), (NH4)2SO4 (2.6 mg/mL), and K2HPO4 (0.36 mg/mL) on the
basis of the Blue Green (BG11) medium [22]. The methods, indicators, and values for
preparing the synthetic wastewater were decided according to the research of Luo et al. [23]
and Zhang et al. [24]. The main components of the synthetic wastewater are listed in Table 1.

Table 1. Basic properties of synthetic piggery digestate.

COD (mg/L) NH4–N (mg/L) TN (mg/L) TP (mg/L) pH

1867.78 ± 63.11 482.86 ± 15.17 749.44 ± 113.47 71.64 ± 3.87 6.33 ± 0.05
Note: Values are presented as mean ± SD. COD = chemical oxygen demand, NH4–N = ammonia nitrogen,
TN = total nitrogen, TP = total phosphorus.
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2.2. Culture Conditions

The Cu (II) concentration gradient in the synthetic slurry was adjusted to 0.1, 0.5, 1.5, 2,
and 2.5 mg/L by adding CuSO4. No additional copper was added in the control group and
the Cu (II) concentration in the control group was 0 mg/L (the trace copper elements in the
BG11 medium were ignored). The microalgae strain was cultivated in 500 mL flasks with
300 mL of synthetic slurry in a constant temperature light incubator at 25 ± 1 ◦C under
3400–3500 lux (the daily light/dark cycle was 14:10 h). The inoculum concentration of algae
was 0.4 g/L. The flasks were shaken twice daily to keep the light evenly irradiated.

2.3. Analytical Determinations
2.3.1. Microalgae Biomass

The drying method [25] was used to obtain a linear relationship between the dry
weight (DW) of the microalgae biomass and optical density (OD) at a wavelength of
680 nm in the exponential growth phase (Figure 1). The change in microalgae biomass was
analyzed by measuring the OD680 at an interval of 2 d using a UV-3900 spectrophotometer
(Hitachi High-Tech Science Co., Ltd., Tokyo, Japan). The DW of the microalgae biomass
was calculated according to Equation (1).

Y = 0.2984x − 0.0302, R2 = 0.9909 (1)

where Y is the dry weight (DW) of the microalgae biomass (g/L) and x is the OD680.
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Figure 1. Linear regression between the dry weight of microalgae biomass and optical density.

2.3.2. COD, NH3–N, TN, TP

On the eighth day of the experiment, 10 mL of the culture was centrifuged at
10,000× g rpm for 5 min at 4 ◦C. The supernatant was then extracted, and the COD, NH3–N,
TN and TP were measured using a Hach water quality analyzer [DR6000, Hach Water
Quality Analysis Instrument (Shanghai) Co., Ltd., Shanghai, China].

2.3.3. Malondialdehyde (MDA) and Protein

The algal culture (50 mL) was centrifuged at 9000× g rpm for 10 min. The precipitate
was suspended in 5 mL of phosphate buffer (0.05 M, pH 7.2), which was formulated with
0.05 mol/L NaH2PO4 and 0.05 mol/L Na2HPO4 and refrigerated until assayed [26]. The
content of MDA and protein was measured using assay kits (Nanjing Mofan Biotechnology
Co., Ltd., Nanjing, China). When measuring the MDA content, we added the sample and
reagents to the centrifuge tube according to the kit operation sheet, mixed it well, reacted it
in a boiling water bath for 20 min, cooled it quickly, and centrifuged it at 4000× g rpm/min
at room temperature for 10 min. We then took the supernatant and measured the absorbance
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value at 532 nm, and then used the straight line fitting method to calculate the MDA content.
The protein content was determined according to the Coomassie brilliant blue method [27].

2.3.4. Copper Removal Efficiency and Mechanism

The concentration of Cu (II) was measured at 2-day intervals using an inductively
coupled plasma spectrometer (Optima 8000, Perkin Elmer Instruments Ltd., Shelton, CT,
USA) with 3 replicates per treatment. The changes in Cu (II) concentration with culture
time were analyzed and the copper removal efficiency of the microalgae was calculated.

On the eighth day of the experiment, the algae liquid was centrifuged at 3000× g rpm
for 10 min, and the sedimentation of soybean-sized algae cells was collected at the bottom of
a 1.5 mL centrifugal tube. Then, the pre-cold glutaraldehyde fixing liquid was slowly added
to the centrifugal tube along the wall, and the sample was stored in a refrigerator at 4 ◦C
until testing. Scanning electron microscopy (SEM: Hitachi S-4800, Hitachi Manufacturing
Co., Ltd., Tokyo, Japan) was used to observe the surface shape of the microalgae. In order to
analyze the effect of the Cu (II) concentration on the surface morphology of the algal cells,
in the SEM analysis, we selected the Cu (II) treatment group with a good microalgae growth
status and the excessive Cu (II) concentration treatment group (2.5 mg/L) for comparison
and observation. The functional groups of the microalgae samples were investigated using
Fourier-transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet 6700, Thermo
Fisher Scientific, Waltham, MA, USA) with the spectral wave numbers ranging from 4000
to 500 cm−1. The surface composition and chemical states of the samples were investigated
using XPS (250XI ESCA, Thermo Fisher Scientific, Waltham, MA, USA) equipped with
a Mg Kα X-ray source. In the FTIR and XPS analysis, the control group and the Cu (II)
treatment group with a better microalgae status were selected for comparative analysis.

2.4. Statistical Analysis

All the experiments were performed in triplicate, and the results were presented
as mean ± SD (standard deviation) and charted using OriginPro 9.0. After testing the
experimental data for normality and homogeneity of variance, IBM SPSS 20 was used to
perform one-way analysis of variance and LSD multiple comparisons. p < 0.05 indicates a
significant difference.

3. Results and Discussion
3.1. Microalgae Biomass Analysis

The effect of Cu (II) on C. vulgaris growth is shown in Figure 2. At the beginning of
the experiment, the biomass of the microalgae in each treatment group increased slowly or
barely. From the second day, the biomass of microalgae in the treatment groups with Cu (II)
concentrations of 0.1, 0.5, and 1.5 increased rapidly, reached the highest on the sixth day, and
then gradually decreased. This indicates that C. vulgaris may have reached a rapid growth
stage on the sixth day in this experiment. However, the microalgae biomass gradually
decreased after the sixth day, which may also be due to the lack of nutrient supplementation
and insufficient nutrients in the culture medium during the experiment. The biomass of
the microalgae in the synthetic piggery digestate without Cu (II) increased rapidly on the
second to fourth day of culture, and then gradually decreased. Comparable findings were
observed in the study by Xi et al. [28], where a higher growth rate of Chlorella was noted in a
medium with a low concentration of Cu2+ (0.1 and 0.4 mg/L) during the initial 1–3 days of
the trial, compared to the control group (0 mg/L). On day 8, when the Cu (II) concentration
increased from 0.1 to 2.5 mg/L, the biomass of microalgae decreased from 0.288 g/L to
0.046 g/L. During the entire culture period, the microalgae biomass of the treatments with
2.0 and 2.5 mg/L Cu (II) concentrations showed a very slow growth trend. When the
Cu (II) concentration exceeded 2.0 mg/L, the microalgae biomass decreased to 33–52% of
the control group. This shows that although copper is an essential trace element for algal
cells, if the concentration of Cu (II) is higher than 2.0 mg/L, it will inhibit the growth of
microalgae. This was also confirmed by Liu et al. [29]. In the Cu(II) concentrations we
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formulated, the microalgae biomass in the 0.5 mg/L treatment group reached its peak on
the sixth day of the experiment, which was 30.1% higher than that of 2.5 mg/L group
(p < 0.05). At the same time, the biomass of the microalgae in the Cu (II) concentration
0.1 mg/L treatment groups was second only to the 0.5 mg/L group, which was 27.5%
higher than the 2.5 mg/L group (p < 0.05). In a study by Li et al., it was found that the DW
of C. vulgaris had no obvious change at a Cu concentration of 0.2 mg/L, while 0.5 mg/L Cu
greatly inhibited the growth of the microalgae [30]. This may be due to differences in the
media or algae species.
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Figure 2. Dynamic changes in microalgae biomass with various concentrations of Cu (II) in swine
wastewater.

3.2. Effect of Cu (II) on MDA and Protein of Microalgae

When Cu (II) was present in the medium, reactive oxygen species (ROS) were gener-
ated in the algal cells due to oxidative stress, and MDA was produced under the influence
of ROS. Therefore, the MDA content can indirectly reflect the degree of Cu (II) stress on
the algal cells. The higher the MDA content, the greater the damage to the algal cell
membranes [21–33]. The MDA content in algal cells at different Cu (II) concentrations on
day eight is shown in Figure 3A. The MDA content in the control group was the lowest,
at 2.57 ± 0.18 nmol/mgprot. In the control group, the algal cells only exhibited normal
growth and apoptosis, and there was no abnormal membrane lipid peroxidation phe-
nomenon caused by the stimulation of environmental factors; therefore, the MDA content
was low. The MDA content gradually increased with an increasing Cu (II) concentration. In
synthetic wastewater with Cu (II) concentrations of 0.1, 0.5, 1.5, 2, and 2.5 mg/L, the MDA
content in the algal cells was 1.5, 1.6, 2.1, 2.4, and 2.5 times that of the control, respectively,
with significant differences (p < 0.05). The MDA content of the treatment groups with
Cu (II) concentrations of 0.1 and 0.5 mg/L was significantly lower than that of the 1.5, 2,
and 2.5 mg/L groups (p < 0.05). Combined with Figure 2, at Cu (II) concentrations of 0.1
and 0.5 mg/L, although the MDA content was higher than that of the control group, the
microalgae grew well, indicating that at low concentrations of Cu (II), the algae cells would
also experience oxidative stress, but it would not affect the growth of the microalgae. How-
ever, when the concentration of Cu (II) was higher than 2 mg/L, the algal cells gradually
stopped growing and began to die, and the membrane lipid peroxidation reactions in the
cell tended to stabilize. Sabatini et al. [34] also showed that an increase in the medium
copper concentration induced an increase in the MDA content in S. vacuolatus cultivation.
The trend of change in MDA was similar to that observed in our experiment.
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Heavy metal ions enter microalgae cells and easily combine with other compounds
to form metal complexes or chelates, inhibiting various metabolic activities of microalgae,
particularly protein synthesis. Therefore, soluble protein content is an important indicator
of whether microalgae are under heavy metal stress [35]. As shown in Figure 3B, in this
experiment, the protein content of the control group was significantly higher than that
of the treatment groups with Cu (II) added (p < 0.05). This indicated that C. vulgaris was
highly sensitive to Cu (II). After adding Cu (II) to the synthetic wastewater, the protein in
the microalgae cells was reduced to 36.4–68.5% of the control group. The protein content of
the group with a Cu (II) concentration of 0.5 mg/L was 90% higher than that of the group
with a Cu (II) concentration of 2.5 mg/L (p < 0.05). High concentrations of heavy metals
can lead to decreased soluble protein content. The main reason for this is that heavy metals
promote the activity of intracellular proteolytic enzymes and strengthen the decomposition
of original proteins, leading to the damage of related organelles that synthesize proteins
and inhibiting the synthesis of new proteins. The increase in the soluble protein content
of the algal cells in the low-concentration heavy metal culture solution was probably a
detoxification mechanism for the microalgae to resist the heavy metal toxicity. Heavy
metals induce the production of binding proteins, which reduces toxicity [36].

3.3. Cu (II) Removal Efficiency and Mechanism Analysis

The removal efficiency of copper ions by the C. vulgaris is shown in Figure 4. Treat-
ments with lower Cu (II) concentrations (0.1~1.5 mg/L) have higher Cu (II) removal
efficiencies than treatments with high Cu (II) concentrations (2 and 2.5 mg/L) (p < 0.05).
After the microalgae were cultured for eight days, the Cu (II) removal efficiency was the
highest in the treatment with a Cu (II) concentration of 0.5 mg/L (59.3%), which was 30.1%
(p < 0.05) and 35.3% (p < 0.05) higher than the treatment groups with Cu (II) concentrations
of 2 and 2.5 mg/L, respectively. The treatment groups with Cu (II) concentrations of 0.1
and 1.5 mg/L also had higher Cu (II) removal efficiencies, which were 49.0% and 58.8%,
respectively. The removal efficiency of Cu (II) was related to the growth of the microalgae.
The lower copper concentration (0.1~1.5 mg/L) in this study can increase the biomass of
the microalgae, thereby improving the Cu (II) removal efficiency by the microalgae.



Toxics 2024, 12, 56 7 of 11

Toxics 2024, 12, x 7 of 11 
 

 

30.1% (p < 0.05) and 35.3% (p < 0.05) higher than the treatment groups with Cu (II) con-
centrations of 2 and 2.5 mg/L, respectively. The treatment groups with Cu (II) concentra-
tions of 0.1 and 1.5 mg/L also had higher Cu (II) removal efficiencies, which were 49.0% 
and 58.8%, respectively. The removal efficiency of Cu (II) was related to the growth of 
the microalgae. The lower copper concentration (0.1~1.5 mg/L) in this study can increase 
the biomass of the microalgae, thereby improving the Cu (II) removal efficiency by the 
microalgae. 

 
Figure 4. Changes in Cu (II) concentration with culture time (A) and Cu (II) removal efficiency by 
microalgae (B). Different superscripts for each column indicate significant difference (p < 0.05). 

SEM images of C. vulgaris under appropriate and excessive Cu (II) concentration 
conditions are shown in Figure 5. C. vulgaris had the best growth condition under a Cu 
(II) concentration of 0.5 mg/L. At this concentration, it can be observed in the SEM image 
that the cell surface is smooth and round. When the Cu (II) concentration was 2.5 mg/L, 
wrinkles and cracks appeared on the surface of the algal cells. This indicates that when 
the Cu (II) concentration is too high, the cells may rupture and become damaged [37], 
and their growth will be very slow or stop. 

  
(a) (b) 

Figure 5. Scanning electron microscope micrograph of C. vulgaris at Cu (II) concentrations of 0.5 
mg/L (a) and 2.5 mg/L (b). 

C. vulgaris’s cell walls are mostly composed of polysaccharides, proteins, and lipids, 
which provide functional groups such as carboxyl, hydroxyl, and amino. These func-
tional groups enable the cell surface to have a negative charge, which shows strong 
affinity for Cu (II). In the XPS and FTIR analysis, the control (0 mg/L) and the Cu (II) 
treatment group (1.5 mg/L) with a good microalgae growth status were selected for 

Figure 4. Changes in Cu (II) concentration with culture time (A) and Cu (II) removal efficiency by
microalgae (B). Different superscripts for each column indicate significant difference (p < 0.05).

SEM images of C. vulgaris under appropriate and excessive Cu (II) concentration
conditions are shown in Figure 5. C. vulgaris had the best growth condition under a Cu
(II) concentration of 0.5 mg/L. At this concentration, it can be observed in the SEM image
that the cell surface is smooth and round. When the Cu (II) concentration was 2.5 mg/L,
wrinkles and cracks appeared on the surface of the algal cells. This indicates that when the
Cu (II) concentration is too high, the cells may rupture and become damaged [37], and their
growth will be very slow or stop.
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C. vulgaris’s cell walls are mostly composed of polysaccharides, proteins, and lipids,
which provide functional groups such as carboxyl, hydroxyl, and amino. These functional
groups enable the cell surface to have a negative charge, which shows strong affinity for
Cu (II). In the XPS and FTIR analysis, the control (0 mg/L) and the Cu (II) treatment group
(1.5 mg/L) with a good microalgae growth status were selected for comparative analysis.
The functional groups on the surface of C. vulgaris were the main factors affecting its Cu
(II) removal performance. The functional groups of microalgae before and after adding
Cu (II) were investigated using FTIR. Figure 6a shows the FTIR spectra of the microalgae
dried biomass in the spectral range of 400–4000 cm−1. After adding Cu (II), the band
of the characteristic peaks in the infrared spectrum was basically the same as before the
addition, but the intensity of the peaks changed. The stretching vibration characteristic
peaks of –OH, C–H, and C=O appeared near 3283 cm−1, 2848 cm−1 and 2958 cm−1, and
1641 cm−1, respectively. The characteristic peak near 1533 cm−1 may be attributed to
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the –NH– group [35]. The absorption peak at 1450 cm−1 is caused by the stretching
vibration of C–OH or –CO–NH– [38]. The characteristic peak at 1400 cm−1 was due to
the asymmetric stretching vibration of the C–O bond in –COOH. The absorption peaks
at 1234 and 1072 cm−1 may be attributed to the stretching vibration of the polysaccharide
C–O [39]. After adding Cu (II), the characteristic peaks of –OH, C=O, –COOH, and C–O
were significantly weakened. It can be seen that –OH, C=O, –COOH, and C–O play a
significant role in the removal of Cu (II) by Chlorella vulgaris, which is similar to the results
reported by Gupta and Rastogi [40].
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After adding Cu (II), the state of the copper ions on C. vulgaris was characterized using
XPS, as shown in Figure 6b. The results showed that no characteristic peaks of copper were
observed on the microalgae before adding Cu (II) (0 mg/L). Peaks corresponding to the
2p3/2 and 2p1/2 with a binding energy of 934.5 eV and 954.1 eV, respectively, were found
on the microalgae cells after the treatment with Cu (II) (1.5 mg/L) [29]. This indicated the
presence of Cu (II) species.

3.4. Effect of Cu (II) on the Efficiency of Microalgae in Degrading Nutrients in Wastewater

The removal efficiency of the microalgae for the nutrients in the synthetic biogas slurry
was different with different Cu (II) concentrations. The nutrient removal efficiency of the
microalgae with different Cu (II) concentrations is shown in Figure 7. In the treatment
group with a Cu (II) concentration of 0.5 mg/L, the removal rates of COD, NH3–N, TN, and
TP by the microalgae were the highest (89.0%, 53.7%, 69.6%, and 47.3%, respectively), all
of which were significantly higher than those of the 1.5, 2, and 2.5 mg/L groups (p < 0.05).
Combined with Figure 2, at the end of the test, the 0.5 mg/L treatment group had the
largest microalgae biomass, and the removal rate of nutrients in the synthetic biogas slurry
by the microalgae was also higher. Li, X. et al. found that when the Cu (II) concentration
was 0.5 mg/L, the removal rates of NH3–N and TP in the digested swine wastewater by
C. vulgaris were 58.8% and 84.9%, respectively, similar to the results of this study. However,
they noted that the microalgae growth was inhibited at all Cu (II) concentrations, possibly
because of differences in the incubation time or wastewater composition [41]. When the Cu
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(II) concentration was between 2.0 and 2.5 mg/L, the nutrient removal rate in the synthetic
biogas slurry was the lowest. This may be because the high concentration of Cu (II) has a
stress effect on the growth of the microalgae, and the microalgae cannot multiply rapidly, or
die. Chen et al. reported that the removal of nitrogen, phosphorus, and ammonia nitrogen
from digested swine wastewater was 87.68–89.85%, 92.61–93.68%, and 97.02–97.86% by
Chlorella vulgaris FACHB-31 and C. vulgaris FACHB-8 [42]. Xu et al. [22] showed that the
nutrient removal efficiency of microalgae from a cultivation medium with digested effluent
was 74.63% TN and 81.73% TP. Not many studies have focused on the removal of nutrients
from wastewater by microalgae under copper ion stress. C. vulgaris in this study can adapt
to digested swine wastewater with copper ions and conventional nutrient concentrations,
and has good removal effects on COD, NH3–N, TN, and TP.
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4. Conclusions

C. vulgaris grew well in the synthetic biogas slurry and could remove pollutants
from swine wastewater in the presence of Cu (II). The biomass of C. vulgaris performed
the best with a Cu (II) concentration of 0.5 mg/L and the microalgae had the highest
removal efficiency of nutrients in wastewater at this concentration. An excessive Cu (II)
concentration will inhibit the growth of the microalgae and the removal efficiency of
nutrients from the wastewater. At the same time, excess Cu (II) might suppress the removal
of copper by the microalgae. C. vulgaris is an economic and environmentally friendly
biological resource, which could simultaneously remove nutrients and Cu from livestock
wastewater. However, in actual applications, the appropriate algae must be selected
according to the characteristics of the wastewater. If necessary, certain pre-treatments of
the wastewater should be performed to achieve good treatment effects.

Author Contributions: Conceptualization, Y.Z. and D.L.; methodology, Y.Z. and X.C.; software, Y.Z.,
X.C. and J.Z.; validation, Y.Z. and Q.T.; formal analysis, H.W.; investigation, Y.J.; resources, D.L.; data
curation, Y.Z., X.C. and H.W.; writing—original draft preparation, Y.Z.; writing—review and editing,
X.C. and H.W.; visualization, J.Z.; supervision, D.L.; project administration, Y.Z.; funding acquisition,
Y.Z. and D.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Chongqing Scientific Research Institutions Performance
Guidance Project, grant number 21523, and the Ministry of Finance and Ministry of Agriculture and
Rural Affairs: National Modern Agricultural Industry Technology System, grant number CARS-35.

Institutional Review Board Statement: Not applicable.



Toxics 2024, 12, 56 10 of 11

Informed Consent Statement: Not applicable.

Data Availability Statement: All the data generated or analyzed during this study are included in
this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Wang, M. The Effect and Mechanism of Bioaugmentation with Microalgal Bacterial Consortia on the Treatment of Piggery Digestate;

Zhejiang University: Hangzhou, China, 2021.
2. Cheng, J.J.; Bergmann, B.A.; Classen, J.J.; Stomp, A.M.; Howard, J.W. Nutrient recovery from swine lagoon water by Spirodela

punctate. Bioresour. Technol. 2002, 81, 81–85. [CrossRef] [PubMed]
3. Wang, Y.Z.; Cheng, P.F.; Liu, D.F.; Liu, T.Z. Purification Effect of Piggery Wastewater with Chlorella pyrenoidosa by Immobilized

Biofilm-Attached Culture. Environ. Sci. 2017, 38, 3354–3361.
4. Pan, Y.C.; Sun, C.; Liu, Y.; Tang, X.M.; Ren, Y.M. Carrying capacity of livestock and poultry breeding based on feces disposal

volume of land. Trans. Chin. Soc. Agric. Eng. 2015, 31, 232–239.
5. Zhu, L.D. Microalgal culture strategies for biofuel production: A review. Biofuels Bioprod. Biorefining 2015, 9, 801–814. [CrossRef]
6. Chen, C.; Ruan, Z.Y.; Wu, J. Research progress on the comprehensive disposal and utilization of biogas slurry from large scale

biogas engineering. China Biogas 2013, 31, 25–28.
7. Arias, D.M.; Rueda, E.; Garcia-Galan, M.J.; Uggetti, E.; Garcia, J. Selection of cyanobacteria over green algae in a photo-sequencing

batch bioreactor fed with wastewater. Sci. Total Environ. 2019, 653, 485–495. [CrossRef]
8. Chen, G.; Zhao, L.; Qi, Y. Enhancing the productivity of microalgae cultivated in wastewater toward biofuel production: A critical

review. Appl. Energy 2015, 137, 282–291. [CrossRef]
9. Christenson, L.; Sims, R. Production and harvesting of microalgae for wastewater treatment, biofuels, and bioproducts. Biotechnol.

Adv. 2011, 29, 686–702. [CrossRef]
10. Sahu, A.K.; Siljudalen, J.; Trydal, T.; Rusten, B. Utilisation of wastewater nutrients for microalgae growth for anaerobic co-digestion.

J. Environ. Manag. 2013, 122, 113–120. [CrossRef]
11. Wen, Y.M.; He, Y.J.; Ji, X.W.; Li, S.F.; Chen, L.; Zhou, Y.C.; Wang, M.Z.; Chen, B. Isolation of an indigenous, Chlorella vulgaris, from

swine wastewater and characterization of its nutrient removal ability in undiluted sewage. Bioresour. Technol. 2017, 243, 247–253.
[CrossRef]

12. Zhao, Y.; Guo, G.; Sun, S.; Hu, C.; Liu, J. Co-pelletization of microalgae and fungi for efficient nutrient purification and biogas
upgrading. Bioresour. Technol. 2019, 289, 121656. [CrossRef] [PubMed]

13. Wang, Y.; Guo, W.; Yen, H.W.; Ho, S.H.; Lo, Y.C.; Cheng, C.L.; Ren, N.; Chang, J.S. Cultivation of Chlorella vulgaris JSC-6 with
swine wastewater for simultaneous nutrient/COD removal and carbohydrate production. Bioresour. Technol. 2015, 198, 619–625.
[CrossRef] [PubMed]

14. Stansbury, W.F.; Tribble, L.F.; Orr, D.E. Effect of chelated copper sources on performance of nursery and growing pigs. J. Anim.
Sci. 1990, 68, 1318–1322. [CrossRef] [PubMed]

15. Davis, M.E.; Maxwell, C.V.; Brown, D.C.; de Rodas, B.Z.; Johnson, Z.B.; Kegley, E.B.; Hellwig, D.H.; Dvorak, R.A. Effect of dietary
mannan oligosaccharides and (or) pharmacological additions of copper sulfate on growth performance and immunocompetence
of weanling and growing-finishing pigs. J. Anim. Sci. 2002, 80, 2887–2894. [CrossRef] [PubMed]

16. Zeng, Z.; Zheng, P.; Kang, D.; Li, Y.; Li, W.; Xu, D.; Chen, W.; Pan, C. The removal of copper and zinc from swine wastewater by
anaerobic biological-chemical process: Performance and mechanism. J. Hazard. Mater. 2021, 401, 123767. [CrossRef]

17. Jondreville, C.; Revy, P.S.; Dourmad, J.Y. Dietary means to better control the environmental impact of copper and zinc by pigs
from weaning to slaughter. Livest. Prod. Sci. 2003, 84, 147–156. [CrossRef]

18. Kang, Q.; Zhang, Z.Y.; Gong, Q.; Wang, L.; Fan, L.F.; Li, K.; Li, Z.H. Overview of Main Nutrient and Heavy Metal Concentrations
in Current Large-Scale Pig Farm Biogas Slurry. Int. J. Ecol. 2019, 8, 310–316. [CrossRef]

19. Awual, M.R.; Eldesoky, G.E.; Yaita, T.; Naushad, M.; Shiwaku, H.; Al Othman, Z.A.; Suzuki, S. Schiff based ligand containing
nano-composite adsorbent for optical copper(II) ions removal from aqueous solutions. Chem. Eng. J. 2015, 279, 639–647. [CrossRef]

20. Nabizadeh, S.; Shariatifar, N.; Shokoohi, E.; Shoeibi, S.; Gavahian, M.; Fakhri, Y.; Azari, A.M.K.A. Prevalence and probabilistic
health risk assessment of aflatoxins B1, B2, G1, and G2 in Iranian edible oils. Environ. Sci. Pollut. Res. 2018, 25, 35562–35570.
[CrossRef] [PubMed]

21. Xiao, X.; Li, W.; Jin, M.; Zhang, L.; Qin, L.; Geng, W. Responses and tolerance mechanisms of microalgae to heavy metal stress: A
review. Mar. Environ. Res. 2022, 183, 105805. [CrossRef]

22. Xu, J.; Zhao, Y.; Zhao, G.; Zhang, H. Nutrient removal and biogas upgrading by integrating freshwater algae cultivation with
piggery anaerobic digestate liquid treatment. Appl. Microbiol. Biotechnol. 2015, 99, 6493–6501. [CrossRef]

23. Luo, L.; Lin, X.; Zeng, F.; Wang, M.; Luo, S.; Peng, L.; Tian, G. Using co-occurrence network to explore the effects of bio-
augmentation on the microalgae-based wastewater treatment process. Biochem. Eng. J. 2018, 141, 10–18. [CrossRef]

24. Zhang, P.; Wang, T.Q.; Wan, J.B.; Zhou, W.B. A Review on Research Progress of Treating Piggery Biogas Slurry. China Biogas 2013,
31, 22–26.

https://doi.org/10.1016/S0960-8524(01)00098-0
https://www.ncbi.nlm.nih.gov/pubmed/11708759
https://doi.org/10.1002/bbb.1576
https://doi.org/10.1016/j.scitotenv.2018.10.342
https://doi.org/10.1016/j.apenergy.2014.10.032
https://doi.org/10.1016/j.biotechadv.2011.05.015
https://doi.org/10.1016/j.jenvman.2013.02.038
https://doi.org/10.1016/j.biortech.2017.06.094
https://doi.org/10.1016/j.biortech.2019.121656
https://www.ncbi.nlm.nih.gov/pubmed/31226674
https://doi.org/10.1016/j.biortech.2015.09.067
https://www.ncbi.nlm.nih.gov/pubmed/26433786
https://doi.org/10.2527/1990.6851318x
https://www.ncbi.nlm.nih.gov/pubmed/2365643
https://doi.org/10.2527/2002.80112887x
https://www.ncbi.nlm.nih.gov/pubmed/12462256
https://doi.org/10.1016/j.jhazmat.2020.123767
https://doi.org/10.1016/j.livprodsci.2003.09.011
https://doi.org/10.12677/IJE.2019.84041
https://doi.org/10.1016/j.cej.2015.05.049
https://doi.org/10.1007/s11356-018-3510-0
https://www.ncbi.nlm.nih.gov/pubmed/30353428
https://doi.org/10.1016/j.marenvres.2022.105805
https://doi.org/10.1007/s00253-015-6537-x
https://doi.org/10.1016/j.bej.2018.10.001


Toxics 2024, 12, 56 11 of 11

25. Li, X. The Effect and Mechanism of Coelastrella sp. to Stress of Cu (II) in Swine Wastewater Treatment; Hunan University: Changsha,
China, 2018.

26. Li, S.; Wang, P.; Zhang, C.; Zhou, X.; Yin, Z.; Hu, T.; Hu, D.; Liu, C.; Zhu, L. Influence of polystyrene microplastics on the growth,
photosynthetic efficiency and aggregation of freshwater microalgae Chlamydomonas reinhardtii. Sci. Total Environ. 2020, 714,
136767. [CrossRef] [PubMed]

27. Li, S.; Chu, R.; Hu, D.; Yin, Z.; Mo, F.; Hu, T.; Liu, C.; Zhu, L. Combined effects of 17β-estradiol and copper on growth, biochemical
characteristics and pollutant removals of freshwater microalgae Scenedesmus dimorphus. Sci. Total Environ. 2020, 730, 138597.
[CrossRef] [PubMed]

28. Xi, Y.; Zhu, Q.; He, W.; Kong, W.; Yang, H. Effect of copper ions on Chlorella vulgaris biomass, protein, polysaccharide and MDA
content. J. Northwest Norm. Univ. (Nat. Sci.) 2015, 51, 81–84.

29. Liu, L.; Lin, X.; Luo, L.; Yang, J.; Luo, J.; Liao, X.; Cheng, H. Biosorption of copper ions through microalgae from piggery digestate:
Optimization, kinetic, isotherm and mechanism. J. Clean. Prod. 2021, 319, 128724. [CrossRef]

30. Li, S.; Yu, Y.; Gao, X.; Yin, Z.; Bao, J.; Li, Z.; Chu, R.; Hu, D.; Zhang, J.; Zhu, L. Evaluation of growth and biochemical responses of
freshwater microalgae Chlorella vulgaris due to exposure and uptake of sulfonamides and copper. Bioresour. Technol. 2021, 342,
126064. [CrossRef]

31. Qin, H.; Chen, L.; Lu, N.; Zhao, Y.X.Y. Toxic effects of enrofloxacin on Scenedesmus obliquus. Front. Environ. Sci. Eng. 2012, 6,
107–116. [CrossRef]

32. Dixit, V.; Pandey, V.; Shyam, R. Chromium ions inactivate electron transport and enhance superoxide generation in vivo in pea
(Pisum sativum L. cv. Azad) root mitochondria. Plant Cell Environ. 2002, 25, 687–693. [CrossRef]

33. Bandyopadhyay, U.; Das, D.; Banerjee, R.K. Reactive oxygen species: Oxidative damage pathogenesis. Curr. Sci. 1998, 77, 658–666.
34. Sabatini, S.E.; Juárez, A.B.; Eppis, M.R. Oxidative stress and antioxidant defenses in two green microalgae exposed to copper.

Ecotoxicol. Environ. Saf. 2009, 72, 1200–1206. [CrossRef]
35. Jiang, X. Growth Stress of Cu2+ on Microalgae and Adsorption of Cu by Microalgae Waster; Northwest A&F University:

Xi’an, China, 2018.
36. Osman, M.E.H.; HEl-Naggar, A.; MEl-Sheekh, M.; EEl-Mazally, E. Differential effects of Co2+ and Ni2+ on protein metabolism in

Scenedesmus obliquus and Nitzschia perminuta. Environ. Toxicol. Pharmacol. 2004, 16, 169–178. [CrossRef] [PubMed]
37. Ajayan, K.V.; Selvaraju, M.; Unnikannan, P.; Sruthi, P. Phycoremediation of Tannery wastewater using microalgae Scenedesmus

species. Int. J. Phytoremediat. 2015, 17, 907–916. [CrossRef] [PubMed]
38. Liu, D.M.; Ni, J.X.; Gang, M.M.; Fu, Y.W.; Sun, H.; Lu, J. Research on adsorption properties of several heavy metals by chlorella.

Acta Sci. Circumstantiae 2020, 40, 3710–3718.
39. Saavedra, R.; Mu Noz, R.; Taboada, M.E.; Vega, M.; Bolado, S. Comparative uptake study of arsenic, boron, copper, manganese

and zinc from water by different green microalgae. Bioresour. Technol. 2018, 263, 49–57. [CrossRef] [PubMed]
40. Gupta, V.K.; Rastogi, A. Equilibrium and kinetic modelling of cadmium(II) biosorption by nonliving algal biomass Oedogonium

sp. from aqueous phase. J. Hazard. Mater. 2008, 153, 759–766. [CrossRef]
41. Li, X.; Yang, W.L.; He, H.; Wu, S.; Zhou, Q.; Yang, C.; Zeng, G.; Luo, L.; Lou, W. Responses of microalgae Coelastrella sp. to stress

of cupric ions in treatment of anaerobically digested swine wastewater. Bioresour. Technol. 2018, 251, 274–279. [CrossRef]
42. Zhihui, C.; Yunhua, X.; Tan, L.; Mingmin, Y.; Gang, L.; Jun, F.; Bo, Y. Exploration of Microalgal Species for Nutrient Removal from

Anaerobically Digested Swine Wastewater and Potential Lipids Production. Microorganisms 2021, 9, 2469.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.scitotenv.2020.136767
https://www.ncbi.nlm.nih.gov/pubmed/31981864
https://doi.org/10.1016/j.scitotenv.2020.138597
https://www.ncbi.nlm.nih.gov/pubmed/32428803
https://doi.org/10.1016/j.jclepro.2021.128724
https://doi.org/10.1016/j.biortech.2021.126064
https://doi.org/10.1007/s11783-011-0327-1
https://doi.org/10.1046/j.1365-3040.2002.00843.x
https://doi.org/10.1016/j.ecoenv.2009.01.003
https://doi.org/10.1016/j.etap.2003.12.004
https://www.ncbi.nlm.nih.gov/pubmed/21782704
https://doi.org/10.1080/15226514.2014.989313
https://www.ncbi.nlm.nih.gov/pubmed/25580934
https://doi.org/10.1016/j.biortech.2018.04.101
https://www.ncbi.nlm.nih.gov/pubmed/29729541
https://doi.org/10.1016/j.jhazmat.2007.09.021
https://doi.org/10.1016/j.biortech.2017.12.058

	Introduction 
	Materials and Methods 
	Experimental Materials 
	Culture Conditions 
	Analytical Determinations 
	Microalgae Biomass 
	COD, NH3–N, TN, TP 
	Malondialdehyde (MDA) and Protein 
	Copper Removal Efficiency and Mechanism 

	Statistical Analysis 

	Results and Discussion 
	Microalgae Biomass Analysis 
	Effect of Cu (II) on MDA and Protein of Microalgae 
	Cu (II) Removal Efficiency and Mechanism Analysis 
	Effect of Cu (II) on the Efficiency of Microalgae in Degrading Nutrients in Wastewater 

	Conclusions 
	References

