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Abstract: The cultivation of microalgae from municipal wastewater, while simultaneously removing
nutrients from the water column, has the potential to aid biodiesel production and carbon dioxide
fixation, thereby alleviating the pressure of energy shortages. In this research, different ratios of
sodium bicarbonate and glucose were used to prepare simulated municipal wastewater. The results
demonstrated that microalgae were most effectively treated under one-stage direct treatment condi-
tions. During direct culture, the most effective treatment was observed for IAA-3, which exhibited a
dry weight of 1.4363 g/L and a lipid content of 25.05% after stimulation with 0.0005 M NaHCO3. In
contrast, NaHCO3-2 demonstrated optimal performance during the secondary culture, with a dry
weight of 1.6844 g/L and a lipid content of 18.05%. Finally, the economic, social and environmental
benefits of direct treatment (IAA-3) and secondary treatment NaHCO3-2 were analyzed. The benefits
of direct treatment were found to be USD 0.50989/L, while those of secondary treatment were USD
0.43172/L. For each tonne of municipal wastewater treated, the carbon sequestration benefits of
IAA-3 during direct treatment and NaHCO3-2 during secondary treatment were USD 0.45645 and
USD 0.85725, respectively.

Keywords: Scenedesmus obliquus; CO2 cacture; biolipid production; nutrient removal; economic and
technical analysis

1. Introduction

Contemporary human society has been confronted with a multitude of environmental
crises, including water pollution, energy scarcity and air pollution [1]. Fossil fuels are
non-renewable and over-exploitation has depleted their stocks [2]. One direct consequence
of the utilization of fossil fuels is the concomitant increase in carbon emissions and the
intensification of global warming. Furthermore, the contamination of urban waterways
is becoming increasingly severe as the level of economic development and the rate of
urbanization increase [3–5]. In light of the challenges posed by these crises, it is imperative
to address pollution issues and identify new renewable, clean energy sources. Due to the
distinctive capacity of microalgae to remove pollutants, microbial methods are regarded as
among of the most efficacious, cost-effective, energy-saving and promising water treatment
technologies. This biological method is attracting increasing attention [6–8]. Microalgae
can be cultivated using urban sewage as a substrate, and can also absorb nitrogen (N)
and phosphorus (P), remove organic pollutants and produce biolipids, thereby alleviating
energy shortages [9,10]. In addition, microalgae can perform bioremediation and are able to
sequester carbon, with the production of 1 kg of microalgal biomass estimated to fix 1.8 kg
of CO2 [11,12]. Scenedesmus obliquus (S. obliquus) is a particularly suitable species of algae
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for the production of biofuels and the sequestration of CO2 [13]. In the field of wastewater
treatment, the quality of the biolipids produced by microalgae is typically regarded as
equivalent to that of petrochemical diesel [14,15].

Many researchers have conducted studies on the utilization of microalgae for the
removal of nutrients, the fixation of CO2 and the production of biolipids [16,17]. Wang et al.
used mycelial pellets as a biomass material that could adsorb pollutants as a biosorbent or
combine other substances and organisms to form a self-immobilized biomixture (SIB) to
remove pollutants from wastewater [18]. However, they only considered the potential for
enhancing microalgae performance by incorporating stimulants (e.g., adjusting the CO2
input concentration and introducing varying stimulant concentrations) without evaluating
the practical and economic benefits that could be derived from integrating distinct culture
methods. Regarding the culture methods employed, the current microalgae culture systems
could be divided into one-stage and two-stage cultures. In the course of the comparison
of the respective performance, however, only one-stage culture systems were used for
each of the aforementioned systems. Furthermore, the economic and technical investment
required for the implementation of different cultural methods varies. When a technology is
introduced to the market, it is important to consider the resource consumption throughout
its entire life cycle. The environmental impact of microalgae-based biofuels might not be
as beneficial as initially anticipated, and the net energy gained from the biofuel produc-
tion process might even be negative [19]. Consequently, the mass balance of carbon is
necessary to quantify the recovery rates, consumption yields and efficiency of biomass
production systems and to identify opportunities for operational optimization. Kishi et al.
studied the cultivation of Arthrospira sp. by carbon mass balance and found that dissolved
organic carbon accounted for 16–24% of the total photosynthetic carbon, while the final
concentration of assimilated carbon reached 260–367 mg/L [20]. Once technology has
been successfully marketed, the economic and technical benefits, the technical cost of the
wastewater treatment, the cost of obtaining the biolipid, the final sale price, the fixed cost
of the CO2 and the social benefits are all taken into account. Judd et al. conducted an
economic and technical analysis which demonstrated that the integrated use of nutrients
and carbon dioxide from wastewater by microalgae was 35–86% less costly than previously
published studies. Furthermore, the cost of avoiding the purchase of fertilizers through the
use of wastewater nutrients was found to be 12–27% [21]. However, the majority of articles
that discuss biolipid production, decontamination and carbon sequestration focus on how
to improve lipid production and nutrient removal efficiency at the single or two-part level
and the few articles that do consider all three parts only consider external additive stimuli,
mainly using input CO2 as the stimulus condition for these performance analyses. How-
ever, this pathway is still limited by the high cost of carbon capture and transportation, as
well as a series of challenges in algae cultivation technology. In previous studies, a process
has been envisioned that uses bicarbonate produced from carbon capture as feedstock for
algae culture. This system was latterly named the bicarbonate-based integrated carbon
capture and algae production system (BICCAPS) [22]. In addition, there is a paucity of
articles that explore economic and technical analysis.

In this context, this paper studies the biomass concentration, decontamination and
biolipid production efficiency of S. obliquus under different proportions of NaHCO3 and
glucose with the addition of plant growth hormones (IAA, 2,4-D, 6-BA) in varying orders.
Furthermore, the mass balance calculations, economic and technical analyses of one- and
two-stage cultures were conducted to ascertain the quantity of carbon fixed by distinct
culture methods for microalgae and to quantify the recovery rate, consumption yield and
efficiency of the biomass production system. The objective was to propose innovative
solutions for the treatment and reuse of wastewater.
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2. Methods and Materials
2.1. Microorganism and Medium Composition

The study employed the use of Scenedesmus obliquus, which was sourced from the
algal collection of the Institute of College of Life Science and Technology, Harbin Normal
University, Harbin 150020, China. The S. obliquus used in the laboratory was cultivated
in BG-11 medium for 7 days at 25 ◦C with 100 rpm shaking under a light intensity of
2000–4000 Lx after which they were transferred to an urban simulated domestic sewage
environment under different sodium bicarbonate (NaHCO3) ratio conditions [23]. The
simulated domestic sewage water was manually deployed with the following characteris-
tics: Chemical Oxygen Demand (COD): 280 mg/L; Total Nitrogen (TN): 40 mg/L; Total
Phosphorus (TP): 6 mg/L; and pH:7.5 ± 0.5. All experiments were performed with a
working volume of 100 mL in a 250 mL conical bottle (Fisherbrand, MA, USA). Microalgae
cells were grown in the different types of wastewater described above. The basal medium
is presented in Table 1.

Table 1. BG-11 medium main components [24].

Components Dosage (g/L) Components Dosage (g/L)

NaNO3 1.5 Na2CO3 20.0
K2HPO4·3H2O 40.0 C10H12N2O8Na2Mg 1.0
MgSO4·7H2O 75.0 H3BO3 2.860
MnCl2·4H2O 1.810 ZnSO4·7H2O 0.220
CaCl2·2H2O 36.0 CuSO4·5H2O 79.0

Na2MoO4·2H2O 0.391 Co(NO3)2·6H2O 49.4
C6H8O7 6.0 C6H8FeNO7 6.0

Note: The nitrate presented in this culture medium serves as the nitrogen source required for the growth of algae.
Phosphate acted as a buffer, while other components were employed primarily to maintain equilibrium osmotic
pressure and provided trace elements.

2.2. Cultivation Conditions

To prevent any interference from residual inorganic carbon sources in the original
medium, the algae were cultured to the logarithmic stage, filtered through filter paper (pore
size 0.45 µm, mixed cellulose lipids, aqueous system) and rinsed with water. The algae
were diluted with sterilized simulated municipal sewage medium, with varying ratios
of NaHCO3 to glucose (3:1, 2:1, 1:1, 1:2, 1:3 and 0) and a COD of 280 mg/L, to achieve
an initial algal density (OD680) (GENESYS 10S UV-VIS, Thermo) of 0.1 [25]. The medium
was placed in a light incubator with a light-to-dark ratio of 12 h:12 h at a temperature of
25 ± 1 ◦C. There was no aeration during the culture process. The detailed stages of the
cultural development are presented in Table 2.

Table 2. Detailed training stages.

Run

Cultivation Days

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Phase I Phase II

Direct culture

Comparative experiments with different
concentrations (0, 0.5, 1, 5, 10, 15, 20 mg/L) of plant
growth regulators (IAA, 2,4-D, 6-BA) based on
NaHCO3:glucose = 1:2 ratio

Utilization of Phase 1 tailwater, stimulated by
different concentration gradients (0, 0.0005, 0.001,
0.005, 0.01 M) of NaHCO3

Secondary culture NaHCO3:glucose = 1:2

Utilization of Phase 1 tailwater, stimulated by
different concentration (0, 0.5, 1, 5, 10, 15, 20 mg/L)
of plant hormones (IAA, 2,4-D, 6-BA) and (0, 0.0005,
0.001, 0.005, 0.01 M) of NaHCO3

Note: The following was abbreviated as plant growth regulators or NaHCO3 in combination with different
concentrations, e.g., 0.5 mg/L IAA was IAA-1.
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The culture was categorized into two distinct categories: direct and secondary culture.
Both categories had a 14-day period, with the first 7 days representing the initial stage and
the subsequent 7 days representing the subsequent stage. The initial stage was conducted
with a 1:2 ratio of NaHCO3 to glucose. In contrast to the secondary cultures, the direct
culture was based on the preferential selection of phytohormones. The optimal tailwater
was then employed for the subsequent stage of secondary stimulation, with different con-
centrations of NaHCO3. In contrast, the secondary cultures were carried out at a 1:2 ratio of
NaHCO3 to glucose in the initial stages. Finally, a comparison test was conducted between
different concentrations of NaHCO3 and different plant hormones with the objective of
achieving optimal results in promoting lipid production and carbon sequestration with a
single stimulation condition. The growth index of microalgae, the water quality index, the
carbon fixation efficiency and the lipid production properties were monitored on a daily
basis throughout the experimental period.

2.3. Analytical Methods

Regarding the dry weight of cells, the 10 mL of algal solution was collected and
centrifuged at 6000 r/min for 15 min, and the supernatant was removed, then washed with
distilled water and filtered several times, dried at 60 ◦C to a constant weight and weighed
as dry weight [26,27].

The classic method for the extraction of lipid is the chloroform–methanol extraction
method followed by the weighing method for the determination of the lipid content. Dry
microalgal cells were crushed in a mortar with liquid nitrogen before being extracted using
a 1:1 v/v chloroform/methanol combination. Each extraction stage required the use of
100 mg dry cell and approximately 5 mL of solvent. The samples were stirred, subjected
to an ultrasonic treatment for 30 min, allowed to sit for an hour and then centrifuged at
5000 rpm for 10 min. The process was carried out three times in order to completely extract
all of the lipids. The solvent phase was pipette transferred and vacuum vaporized at 60 ◦C
in a rotary evaporator. Following that, an analytical balance (MS, METTLER TOLEDO) was
used to weigh the total lipids. The rate of organic carbon consumption was determined
using a total organic carbon (TOC) analyzer. The concentration of dissolved inorganic
carbon in the culture medium was determined by titration with an acid–base indicator [28].
The elemental analyzer analyzed the C of the dry weight algae. The carbon capture was
evaluated by the mass of C element in the dry weight.

The main water quality indicators examined in this study were total phosphorus, (TP),
total nitrogen (TN), ammonia nitrogen (NH4

+-N) and chemical oxygen demand (COD).
First, 5 mL samples from each culture were centrifuged at 5000 rpm for 5 min. According
to Hach testing procedures, a DR3900 spectrophotometer (Hach Company, Loveland, CO)
was then used to quantify the total nitrogen (TN) and total phosphorus (TP) at the start
and conclusion of the culture period. According to Equation (1) (Gonçalves et al., 2016), the
nutrient removal efficiencies were calculated using the following methodology [29]:

Nutrients removal% =
Si − S f

Si
× 100 (1)

where Si and Sf correspond to the nutrient concentration (mg L−1) at the beginning and at
the end of the cultivation time, respectively.

3. Results and Discussion
3.1. Effect of NaHCO3 Addition Ratio on Scenedesmus obliquus
3.1.1. Biomass Production

As illustrated in Figure 1, during the initial phase of incubation, the trends in cell
biomass and absorbance were comparable. By day 7, the ratio of NaHCO3 to glucose
was 1:2, resulting in a biomass of 0.3072 g/L, which was higher than that observed in
the pure glucose culture. A comparison of the 1:2 to 3:1 cultivation ratios revealed a
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gradual decrease in the biomass concentration as the percentage of glucose decreased.
Glucose used as external carbon can improve its accumulation of biomass, as observed
in [30,31]. The addition ratio of 1:3 was found to be inferior to 3:1, indicating that the
proportion of sodium bicarbonate should not be too small. The ratio of 1:2 was therefore
identified as the most suitable. Although glucose is readily available to microalgae through
glycolysis and the pentose phosphate pathway [32], adding part of NaHCO3 as a carbon
source for photosynthesis has been demonstrated to significantly promote the growth of
microalgae [33]. The following experiments were conducted in accordance with the ratio
of 1:2.
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Figure 1. Dry weight (DW) of microalgal biomass at different NaHCO3 dosing ratios.

3.1.2. Biolipid Productivity

Comparing the lipid production in the six groups of culture conditions (Figure 2), the
1:2 group exhibited the highest lipid production, exceeding 0.25 g/L, which was slightly
higher than the 235.13 mg/L observed in the experiment conducted by Zhao et al. [34] and
significantly higher than 173.53 mg/L in the experiment of Liu et al. [35]. The lipid content
was moderate [36,37]. The lipid yield was in the order of the 1:1, 2:1, 3:1 and 1:3 group, with
the lowest yield observed in the pure glucose group, at 0.16 g/L. The maximum difference
in lipid content was 2.75%. The discrepancy between the remaining groups was relatively
minor, with the difference between the pure glucose group and the 1:3 group being only
0.1%. This was consistent with the optical density values and biomass, which indicated
that the 1:2 group continued to perform well.
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3.1.3. Consumption of Carbon Sources

Table 3 shows the varying rates of total organic carbon (TOC) and inorganic carbon
(IC) consumption at different sodium bicarbonate dosing rates in the context of microalgae
carbon sequestration. The organic carbon consumption rate presented in Table 3 pertains
to the rate of glucose organic carbon consumed by the microalgae, whereas the inorganic
carbon consumption rate was heavily influenced by the bicarbonate. The maximum organic
carbon consumption rate was 171.85 mg/L, corresponding to a bicarbonate consumption
rate of 97.09 mg/L, which was lower than the rate found in study [38]. The disparity in the
rate of HCO3

− consumption might be attributed to the divergence in the pH of the culture
medium resulting from the incorporation of sodium bicarbonate. The discrepancy between
the 1:3 and 1:2 groups was minimal, with the 1:3 group exhibiting a higher inorganic carbon
consumption. This might be attributed to the fact that organic carbon plays a more pivotal
role in facilitating the uptake of inorganic carbon by microalgae [39]. Furthermore, the
higher consumption of organic carbon than of inorganic carbon indicated that organic
carbon is the preferred carbon source for microalgae in the presence of both organic and
inorganic carbon [40].

Table 3. Total organic carbon (TOC) and inorganic carbon (IC) consumption at different sodium
bicarbonate dosing rates.

Culture Conditions VTOC (mg/L) VIC (mg/L)

glucose 161.99 + 8.05 -
1:3 139.22 + 6.96 99.21 + 4.96
1:2 171.85 + 8.55 97.09 + 4.85
1:1 122.25 + 6.15 86.28 + 4.13
2:1 118.48 + 5.95 79.16 + 3.98
3:1 145.75 + 7.27 77.05 + 3.82

3.1.4. Nutrient Removal

Figure 3 illustrates the residual indicator content of the microalgae in the cultures
under the six aforementioned culture conditions. Firstly, the residual content of ammonia
nitrogen was not significantly different among the six culture conditions. The 1:2 group
exhibited a slight advantage (1.3 mg/L). A subsequent examination of the residual content
of total nitrogen (TN) revealed that the 1:2 group exhibited a marginal advantage over the
1:3 group (0.88 mg/L), while the pure glucose group exhibited the highest residual content
of TN, exceeding the optimal group by 9.64 mg/L. S. obliquus displayed a high capacity for
the degradation of TN. In the study by Xiong et al., the strain of S. obliquus was observed to
degrade 100% of the TN [41].

The difference in TP was more pronounced, with the 1:3 group exhibiting the greatest
advantage (0.08 mg/L). The pure glucose group exhibited the lowest removal efficiency,
with a residual content 3.48 mg/L higher than that of the 1:3 group. The low concentrations
of CO2 could accelerate the biomass and lipid productivity of S. obliquus, which in turn
promotes the degradation of phosphate. This has been achieved in a study with a TP
removal efficiency of 95.65% [42]. Finally, a comparison of the remaining COD content
revealed a similarly pronounced difference. The 1:2 group demonstrated the greatest
absolute advantage (41 mg/L), with an efficiency of COD of 85.35%. The result was
significantly higher than the efficiency of 82.80% for COD when S. obliquus was cultivated
to treat lipid refinery effluent [43]. The 1:3 group was last (86 mg/L), with a residual content
higher than that of the 1:1 group (56 mg/L), 2:1 group (69 mg/L) and 3:1 group (77 mg/L).
Therefore, the 1:2 group was again first in the overall comparison.
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3.2. Direct Culture

From the initial phase of the experiment, it became evident that the 1:2 ratio was more
aligned with the design of the experiment. Consequently, the subsequent phase of the
experiment was divided into two sections: the direct treatment and the second treatment.

3.2.1. Biomass, Biolipid Production and Decontamination

The initial stage of raw water (COD = 280, TP = 5, NH4
+-N = 30, TN = 40) was

treated directly at a ratio of sodium bicarbonate/glucose of 1:2. IAA, 2,4-D and 6-BA were
all prepared as 1 g/L master mixes for standby. The initial concentrations of each plant
growth regulator in municipal wastewater were set at 0, 0.5, 1, 5, 10, 15 and 20 mg/L. The
optimum plant hormones and their corresponding ratios were determined by comparing
the growth indicators of microalgae, lipid production, carbon dioxide sequestration and
decontamination. This was followed by the secondary stimulation with sodium bicarbonate.
The gradients of the sodium bicarbonate were set at 0, 0.0005, 0.001, 0.0005 and 0.001 M. The
growth parameters, lipid production, carbon dioxide sequestration and decontamination
of the algae were again compared in order to identify the optimal stimulation conditions.
The effects of growth, lipid production and nutrient removal during the first seven days
are illustrated in Figure 4.
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Figure 4a presents the biomass data, which indicate that IAA had the highest concen-
tration of biomass at 1 mg/L. This was followed in descending order by IAA at 0.5 mg/L
and IAA at 10 mg/L. The data for all the concentrations of IAA were superior to those of
the blank group (pure glucose group). The 6-BA group exhibited a slight decline in biomass
concentration. The high concentration groups (15 mg/L and 20 mg/L) demonstrated a
reduction in biomass concentration compared to the blank group. The 2,4-D rationing
conditions were the most unfavorable, with the only groups that exhibited higher biomass
concentrations than the blank group being the low concentration groups (0.5 mg/L, 1 mg/L
and 5 mg/L). The 5 mg/L group exhibited the highest biomass concentration (1.2711 g/L).
In general, the low concentration group exhibited greater strength than the high concentra-
tion group. The IAA group exhibited superior performance to the 6-BA group and to the
2,4-D group.

A comparison of the lipid content (Figure 4b) revealed that the lowest lipid con-
centration was observed in 2,4-D-6. This was contrary to the expectation that higher
concentrations of plant growth regulators would lead to increased lipid content. This trend
was consistent across different regulators, with 2,4-D-6, 6-BA-6 and IAA-6 all exhibiting
lower lipid concentrations. It was unexpected that even at the penultimate highest con-
centration within each group, the lipid content remained relatively low. Consequently, all
six ratios contained less lipid than the original group treated with unstimulated sodium
bicarbonate and glucose at a 1:2 ratio. The subsequent comparison of decontamination ca-
pacity (Figure 4c) revealed minimal disparity in ammonia nitrogen and total nitrogen (TN),
with the primary focus on total phosphorus (TP) and chemical oxygen demand (COD).
However, there were a few groups where the removal of ammonia, TN, TP and COD was
not as effective as in the blank group. This indicates that when using plant growth regula-
tors to decontaminate and clean water with microalgae, it is crucial to maintain a precise
concentration range. This also demonstrates the necessity of controlling the appropriate
concentration range when using plant growth regulators to clean water with microalgae.

3.2.2. Consumption of Carbon Sources

Table 4 shows that the top five groups in terms of organic carbon consumption rate
were 6-BA (0.5 mg/L), 2,4-D (5 mg/L) and IAA (10 mg/L, 15 mg/L, 5 mg/L), with the
blank group in last place. The organic carbon consumption rates of all the stimulated
groups were higher than before stimulation. Indoleacetic acid exhibited the widest range
of concentrations, encompassing three concentration groups in the middle concentration
range, which had a low organic carbon consumption rate in the low concentration range. In
comparison, the inorganic carbon consumption rates revealed that the IAA group exhibited
the greatest efficiency, followed by the 6-BA group and finally the 2,4-D group. The optimal
concentration range for the IAA and 2,4-D groups was 5–10 mg/L, while the optimal
concentration range for the 6-BA group was 0.5–1 mg/L. Therefore, when determining the
application of plant growth regulators to stimulate carbon sequestration in microalgae, it is
important to pay attention to the variation of the corresponding concentrations.

Table 4. Total organic carbon (TOC) and inorganic carbon (IC) consumption during direct culture.

Code Number VTOC (mg/L) VIC (mg/L)

0 171.85 ± 8.55 97.09 ± 4.85
IAA-1 176.49 ± 8.85 100.42 ± 5.01
IAA-2 179.82 ± 7.98 129.29 ± 6.45
IAA-3 189.54 ± 9.47 158.01 ± 7.95
IAA-4 193.46 ± 9.63 147.01 ± 7.35
IAA-5 191.72 ± 9.56 121.37 ± 6.05
IAA-6 183.88 ± 6.64 99.89 ± 4.95
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Table 4. Cont.

Code Number VTOC (mg/L) VIC (mg/L)

2,4-D-1 179.24 ± 8.92 108.98 ± 5.49
2,4-D-2 182.43 ± 9.125 116.9 ± 5.85
2,4-D-3 193.6 ± 9.68 127.71 ± 6.35
2,4-D-4 188.38 ± 9.11 144.07 ± 6.46
2,4-D-5 184.03 ± 6.72 103.43 ± 4.97
2,4-D-6 180.98 ± 6.43 91.86 ± 4.73
6-BA-1 194.33 ± 7.74 156.35 ± 8.93
6-BA-2 184.03 ± 8.41 142.14 ± 6.33
6-BA-3 182.43 ± 7.96 117.68 ± 5.98
6-BA-4 181.42 ± 7.71 103.96 ± 5.24
6-BA-5 179.53 ± 6.32 81.8 ± 4.36
6-BA-6 178.66 ± 7.84 81.02 ± 4.97

3.2.3. Biomass, Biolipid Production and Decontamination

After a comprehensive evaluation, it was determined that IAA (5 mg/L) would be the
optimal choice for the subsequent experiments. The tailwater treated with IAA (5 mg/L)
was utilized to continue the stimulation experiment for seven days. During the seven-day
period, different gradients of sodium bicarbonate (0, 0.0005 M, 0.001 M, 0.005 M, 0.01 M)
were selected for secondary stimulation in order to facilitate a comparison of further growth
indicators, lipid production capacity, carbon sequestration effect, detergency and water
purification strength between the five groups.

Figure 5a illustrates that the growth indicators of the microalgae were favorable,
with a dry weight that exceeded that of the unstimulated blank group at varying rates of
sodium bicarbonate. The most notable of these was 0.005 M, which yielded a dry weight of
1.6148 g/L, followed by 0.001 M (1.4819 g/L), 0.0005 M (1.4363 g/L), 0.01 M (1.4263 g/L)
and the blank group at 1.3575 g/L. The difference between the 0.0005 M and 0.01 M groups
was not statistically significant, with all microalgal biomass that had undergone secondary
stimulation with sodium bicarbonate exceeding that of the pure glucose group. The highest
group exhibited a suspension difference of 0.2573 g/L in comparison to the blank group,
indicating that sodium bicarbonate facilitated the growth of the algae.
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directly for the post 7 days.

Figure 5b illustrates the lipid production in order of priority. The yields were 0.005 M
(0.327 g/L), 0.001 M (0.325 g/L), 0.01 M (0.309 g/L), 0.0005 M (0.295 g/L) and the blank
group (0.238 g/L). The lipid content was ranked in order of priority as 0.001 M (26.75%),
0.01 M (26.46%), 0.0005 M (25.05%), 0.005 M (24.67%) and the blank group (21.45%). It
was evident that the high content of microalgal lipid and grease production was primarily
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concentrated in the medium to high concentration of sodium bicarbonate. This suggests
that sodium bicarbonate might facilitate the lipid production of algae.

The comparison of the purification effect of the microalgae on water under different
concentrations of sodium bicarbonate is presented in Figure 5c. The results indicate that the
highest removal efficiency of TN, TP and COD was achieved when sodium bicarbonate was
applied at 0.01 M. This was followed by 0.005 M, 0.001 M, 0.0005 M and finally the blank
group. As the concentration of sodium bicarbonate increased, the removal of nutrients
gradually increased as well. The difference in COD was the greatest, with a difference of
more than 40% before and after. However, the difference between the COD removal effi-
ciency and the blank group was not significant when the sodium bicarbonate concentration
was 0.0005 M. The difference between the pre-treatment and post-treatment values for TP
was in the middle range, approximately 20%. The difference in TN was the smallest, with a
difference of less than 10% before and after. Overall, the four sodium bicarbonate dosing
concentrations employed in the experiment demonstrated superior efficiency compared to
the blank group. The highest removal efficiency for TN was observed, exceeding 90%. TP
exhibited moderate efficiency, ranging from 73.83% to 83.83%. In contrast, COD exhibited
the lowest efficiency, with a removal efficiency of only 19.28% when sodium bicarbonate
was added at 0.0005 M. The highest removal efficiency of 72.29% was achieved at 0.01 M.

3.2.4. Consumption of Carbon Sources

This was followed by a comparison of the carbon sequestration effects in the second
stage (Table 5). The rate of inorganic carbon consumption in the different concentrations of
sodium bicarbonate was higher than that in the blank group. The organic carbon of the
substrate was basically not consumed, and the microalgae were basically in an autotrophic
state during this cycle. The inorganic carbon source was fixed for photosynthetic autotrophy.
This was corroborated by Aishvarya et al., who demonstrated that the fixation of dissolved
carbon dioxide in the form of bicarbonate facilitates increased biomass productivity [44].

Table 5. Total organic carbon (TOC) and inorganic carbon (IC) consumption in direct culture.

Code Number VTOC (mg/L) VIC (mg/L)

0 73.69 ± 3.28 90.24 ± 4.37
0.0005 89.6 ± 4.33 90.99 ± 4.28
0.001 64.4 ± 3.01 90.24 ± 4.33
0.005 42 ± 2.11 105.94 ± 5.27
0.01 32.2 ± 1.61 99.33 ± 4.95

3.3. Secondary Culture

Experiments in secondary cultures were performed on tailwater treated for 7 days
at the ratio of sodium bicarbonate to glucose of 1:2. We used different concentrations of
sodium bicarbonate (0.0005 M, 0.001 M, 0.005 M and 0.01 M) and different concentrations
of phytohormones (IAA (0.5, 1, 5, 10, 15 and 20 mg/L), 2,4-D (0.5, 1, 5, 10, 15 and 20 mg/L)
and 6-BA (0.5, 1, 5, 10, 15 and 20 mg/L)) for the stimulation experiments. After testing the
water quality of the sewage after the sodium bicarbonate/glucose ratio of 1:2 treatment, the
water quality index at this time was obtained. COD was 41 mg/L, TP was 0.3 mg/L and TN
was 12 mg/L, which met the water quality requirements of the initial sedimentation tank.
We continued to grow inclined grid algae with the tailwater for the secondary culture. After
7 days, the microalgae growth index, decontamination characteristics, lipid production
performance and carbon fixation effect were recorded.

3.3.1. Biomass, Biolipid Production and Decontamination

Figure 6a illustrates the dry weight of the microalgae throughout the growth cycle in
the secondary culture. The dry weight of the microalgae during this growth cycle differed
from that of the previous phase. Over time, the dry weight fluctuated, indicating that
the microalgae were approaching saturation. The biomass of most of the plant growth
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regulator-dosed microalgae exhibited a gradual decline in growth, while the growth indica-
tors remained elevated in the 0.01 M and 0.005 M sodium-bicarbonate-dosed microalgae.
The observed decline in microalgal biomass might be attributed to the decomposition of
sodium bicarbonate in the culture solution, which resulted in the formation of a certain
concentration of CO2 and HCO3

− to promote the metabolic function of the algal cells
during the initial stage of cultivation [45,46]. However, as the microalgae consumed the
inorganic carbon sources, they were unable to carry out photosynthetic autotrophy, but the
cells remained in a relatively active physiological state; hence, the consumption of inorganic
carbon sources prevented the microalgae from carrying out photosynthetic autotrophy,
resulting in a gradual flattening or even a decline in the biomass of the microalgae in the
later stages.
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Figure 6. Dry weight (a), lipid production (b), and removal efficiency (c) of microalgae in secondary
cultured for the post 7 days.

The lipid accumulation in the secondary culture conditions is illustrated in Figure 6b,
showing varying lipid content and yield of algae under different phytohormones and
concentrations. In the majority of instances, the lipid content and lipid yield following
stimulation were inferior to the blank group. The lipid yield in the control group was
0.2561 g/L, and the groups lower than the control group were IAA (0.5 mg/L), 2,4-D (15 and
20 mg/L) and 6-BA (5 and 20 mg/L). The three groups with the highest lipid content were
those treated with sodium bicarbonate (0.005 M and 0.001 M) and IAA (10 mg/L). Although
plant hormones can enhance photosynthesis in microalgae by augmenting the activity of
a pivotal enzyme in carbon fixation (Rubisco) and a pivotal enzyme in lipid synthesis
(ACCase) and facilitate enhanced photosynthesis [47,48], further research is necessary
to ascertain the extent of their impact on microalgal photosynthesis. The incorporation
of inorganic carbon markedly augmented the fixed carbon of the microalgae, thereby
suggesting that the carbon within the system constituted the principal limiting factor in
the lipid production of microalgae in comparison to plant hormones (under hypotrophy
conditions). The lipid and grease content of the samples were determined. The three
groups with the highest lipid content were IAA (5 and 10 mg/L) and 2,4-D (10 mg/L).
Collectively, sodium bicarbonate (0.005 M and 0.001 M) exhibited the highest lipid yield at
0.3271 g/L and 0.3040 g/L, respectively. In contrast, IAA (10 mg/L) exhibited the highest
lipid yield at 19.40%. In comparison to other plant growth regulators, the lipid yield and
lipid content of all the gradients of IAA were found to be higher than the pure glucose
group. The highest lipid yield was observed at 10 mg/L (0.2946 g/L), while the highest
lipid content was observed at 5 mg/L (18.60%). The 2,4-D group exhibited the highest lipid
yield at 10 mg/L (0.2915 g/L), accompanied by the highest corresponding lipid content.
The 6-BA group demonstrated the highest lipid production (0.2846 g/L) at 10 mg/L and
the highest lipid content (17.57%) at 0.5 mg/L. However, the lipid content from all the
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concentration gradients of the plant growth regulators was not as beneficial as that of the
sodium bicarbonate at 0.005 M.

The removal efficiencies of the different plant growth regulators exhibited a notable
variation with concentration, as illustrated in Figure 6c. IAA exhibited a marginal dis-
crepancy of 5% for TN, a more pronounced discrepancy of over 10% for TP and the most
significant discrepancy of nearly 20% for COD. IAA exhibited the highest removal efficiency
at a concentration of 5 mg/L, with a TN removal efficiency of 74.45%, which was similar to
the TN removal efficiency rate found in prior research [49].

In addition, the removal efficiency of the different plant growth regulators varied
significantly with the change in concentration. The difference in TN was not significant, but
the difference in TP was slightly larger, exceeding 10%. COD exhibited the largest difference,
approaching 20%. The data indicated that IAA exhibited the highest removal efficiency
at a concentration of 5 mg/L. At medium and high concentrations, the removal efficiency
was the lowest, with TN reaching 70.07% (15 mg/L), TP reaching 80.49% (20 mg/L) and
COD reaching 68.78% (20 mg/L). A comparison with 2,4-D revealed that the difference in
TN was minimal, with a maximum of 5%, the TP difference was 13% and COD difference
was even more pronounced, exceeding 20%. The data indicated that the optimal removal
efficiency was achieved at a concentration of 10 mg/L for 2,4-D, with a removal rate of
69.10% for TN, 90.24% for TP and 81.46% for COD. The lowest removal efficiency exhibited
no linear trend, with TN achieving a removal rate of 73.24% (1 mg/L), TP achieving a
removal rate of 77.24% (20 mg/L) and COD achieving a removal rate of 61.95% (0.5 mg/L),
with COD this time being even lower than that in the blank group.

Comparing the different sodium bicarbonate dosages revealed that the maximum TN
removal efficiency of 0.0005 M was 83.45%, while the minimum removal efficiency of 0.01 M
was 73.73%, representing a difference of approximately 10%. For TP, the highest removal
efficiency was observed at 0.001 M (91.87%), while the lowest was observed at 0.01 M
(77.98%), reflecting a significant difference of nearly 15%. Lastly, the removal efficiency of
COD was compared, showing the highest removal efficiency of 88.78% at 0.01 M and the
lowest of 68.78% at 0.0005 M, a difference of nearly 20%.

3.3.2. Consumption of Carbon Sources

The effects of the secondary culture conditions for the microalgae on carbon seques-
tration are presented in Table 6. The three groups with the highest inorganic carbon
consumption rates were IAA (1 and 5 mg/L) and 2,4-D (10 mg/L). The secondary carbon
fixation imposed by the addition of different concentrations of plant growth regulators
was less than that of the sodium bicarbonate (0.01 M) group, which acted as a source of
inorganic carbon. This allowed the microalgae to be photosynthetically autotrophic and
subsequently better to fix inorganic carbon [50–53].

Table 6. Total organic carbon (TOC) and inorganic carbon (IC) consumption in secondary culture.

Cultivation Conditions (M) VIC (mg/L) VTOC (mg/L)

0 25.82 ± 1.21 71.88 ± 3.54
IAA-1 32.01 ± 1.65 108.68 ± 5.43
IAA-2 34.27 ± 1.75 107.68 ± 5.35
IAA-3 35.05 ± 1.71 93.08 ± 4.64
IAA-4 31.42 ± 1.62 91.26 ± 4.31
IAA-5 30.82 ± 1.58 113.16 ± 5.96
IAA-6 28.25 ± 1.31 111.02 ± 5.78
2,4-D-1 25.48 ± 1.21 109.38 ± 5.31
2,4-D-2 26.47 ± 1.74 107.68 ± 5.26
2,4-D-3 28.87 ± 1.27 99.47 ± 5.11
2,4-D-4 33.44 ± 1.62 113.52 ± 5.73
2,4-D-5 31.81 ± 1.50 123.75 ± 5.96
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Table 6. Cont.

Cultivation Conditions (M) VIC (mg/L) VTOC (mg/L)

2,4-D-6 31.24 ± 1.28 134.50 ± 5.66
6-BA-1 30.27 ± 1.31 117.72 ± 5.62
6-BA-2 33.02 ± 1.34 95.82 ± 5.23
6-BA-3 29.49 ± 1.28 100.38 ± 5.25
6-BA-4 27.83 ± 1.31 96.73 ± 5.24
6-BA-5 27.01 ± 1.33 109.50 ± 5.41
6-BA-6 24.6 ± 1.16 108.59 ± 5.38

NaHCO3-1 28.24 ± 1.30 124.83 ± 5.87
NaHCO3-2 31.8 ± 1.42 123.05 ± 5.83
NaHCO3-3 35.05 ± 1.50 121.49 ± 5.64
NaHCO3-4 36.41 ± 1.62 117.16 ± 5.56

3.3.3. Economic and Technical Analysis

At present, there has been a great effort to develop algal-based biolipid for eventual
commercial use as an alternative fuel. For bioenergy production from algal biomass, the
main obstacle for commercialization was its high capital and operating costs. A compre-
hensive techno-economic analysis conducted by Davis et al. showed that the cost of lipid
production of USD 8.52/gal and USD 18.10/gal were achieved for open pond and photo-
bioreactor (PBR) systems, respectively, by using 25 g/(m2·d) (open pond), 1.25 kg/(m2·d)
(PBR) algal biomass productivity and 25% of lipid content as a baseline, bringing the final
cost of diesel determined to be USD 9.84/gal for open pond systems and USD 20.53/gal
for PBR systems, respectively [54].

One of the main obstacles to the commercialization of microalgae biolipid is the high
cost of agent dosing [55,56]. In this culture system, sodium bicarbonate and IAA are
employed to facilitate lipid production. Based on the lowest estimates of current market
prices, the cost of technical-grade sodium bicarbonate is approximately USD 0.2/kg, while
that of IAA is approximately USD 1275.9/kg. In order to ascertain whether the use of
sodium bicarbonate and IAA improve the economic viability of the process, it is necessary
to evaluate the cost of the drug per tonne of effluent treated for biolipid production from
microalgae under different growth conditions.

In studies previously conducted using Nannochloropsis salina and Chlorella vulgaris,
it was found that relatively large quantities of sodium bicarbonate (NaHCO3) or carbon
dioxide (CO2) were required to maintain optimal carbon concentrations for algal growth.
These quantities ranged from 5 to 10 g/L of NaHCO3 or 5 to 15% CO2 [57,58]. In this
study, these cultivations were employed to either ensure biolipid productivity in algae
through the synergistic effect of IAA and NaHCO3 or to improve algal growth levels by
adding only a small amount of NaHCO3 (0.001 M). The use of single NaHCO3 resulted in
reduced cultivation costs, while simultaneously increasing biomass and carbon fixation
efficiency. In contrast, the combined supplementation of NaHCO3 and other nutrients
increased the overall cultivation costs, but led to a higher biofuel content and pollutant
removal efficiency.

The results of the calculations indicated that direct treatment consumes 5 g of IAA,
121.37 g of NaHCO3 and 191.72 g of glucose at a cost of USD 6.46 for 1 ton of wastewater,
while secondary treatment consumes only 31.8 g of sodium bicarbonate and 123.08 g of
glucose (in group NaHCO3-2) at a cost of USD 43.13 × 10−3, which should add 97.09 g of
NaHCO3 and 171.85 g of glucose at a cost of USD 70.49 × 10−3 (NaHCO3:glucose = 1:2
during first 7 days) [59–61]. Combined with the efficiency of decontamination, secondary
culture could be adopted if the plant only needed to consider decontamination for water
purification. Using the lowest values for biolipid already sold at USD 1.36/L to USD
1.48/L [62], the benefits of direct treatment (0.35906 g/L of biolipid production) and
secondary treatment (0.30403 g/L of biolipid production) were USD 0.50989/L and USD
0.43172/L, respectively [63].
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In consideration of the social and environmental benefits, the tax of USD 15/t carbon
emissions appears to be a reasonable and proportionate measure [64]. It could be observed
that for each tonne of municipal wastewater treated, the carbon sequestration benefits of
IAA-3 during direct treatment and NaHCO3 during secondary treatment were USD 0.45645
and USD 0.85725, respectively. Although income was low, the benefits to society were
enormous [65].

In conclusion, the utilization of municipal wastewater by microalgae to synthesize
substances essential for their growth while fixing CO2 and producing biolipid represents a
viable solution to the issue of municipal wastewater from an environmental perspective, as
it reduces CO2 in the atmosphere from a social standpoint and produces biolipid from an
economic perspective, thereby conferring economic, social and environmental benefits.

4. Conclusions

This paper examined the maximum biomass, residual COD, TN and TP, lipid produc-
tion, lipid content and carbon sequestration efficiency of microalgae under three distinct
culture methods. The treatment of CO2 by sodium bicarbonate achieved the best effect of a
2:1 ratio of organic carbon to inorganic carbon. On this basis, a secondary stimulation of
plant hormones and sodium bicarbonate was carried out. Furthermore, the decontamina-
tion performance of the microalgae was investigated, and the cost of water treatment, the
income generated by biolipid production and the benefit of carbon sequestration were calcu-
lated. Fundamental experiments and technical support were provided for the development
and utilization of microalgae.
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