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This study illustrated the growth of Scenedesmus obliquus and
recycle of nutrients in wastewater combined with inorganic
carbon under autotrophic conditions. Scenedesmus obliquus was
cultivated under different conditions by adding sodium
carbonate (Na2CO3) at 15–40 mg l−1 separately in wastewater
containing high nitrogen and phosphorus content. The growth
characteristics of S. obliquus, pH and dissolved inorganic
carbon (DIC) changes of microalgae liquid, the recycle rate of
ammonia and phosphorus and lipid content were determined.
The changes of pH and DIC showed that S. obliquus could use
Na2CO3 to grow, with lipid contents of 18–25%. Among all
Na2CO3 concentrations, 20 mg l−1 was the optimum, of which
S. obliquus had the highest NH3-N recycle of 52% and PO3–

4 P
recycle of 67%. By the 14th day, its biomass production also
reaches the maximum of 0.21 g l−1. However, inorganic carbon
fixation rate was inversely proportional to its concentration.
Moreover, the biomass was in positive correlation with the
Na2CO3 concentration except 20 mg l−1, which provided a
possibility that S. obliquus could be acclimatized to adjust to
high concentrations of inorganic carbon to promote biomass
accumulation and recycle of nutrients.
1. Introduction
The synergetic coupling of water treatment and producing
bioenergy have attracted increasing attention, contributing to solve

http://crossmark.crossref.org/dialog/?doi=10.1098/rsos.191214&domain=pdf&date_stamp=2020-01-22
mailto:duanyun@tyut.edu.cn
http://orcid.org/
http://orcid.org/0000-0002-1914-4181
http://orcid.org/0000-0002-7196-6393
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.7:191214
2
eutrophication, improve water quality and alleviate the cost of cultivating microalgae. If disposed without

sufficient treatment, nitrogen and phosphorus in all kinds of wastewater would adversely affect
environmental quality as well as people’s lives [1]. Nitrogen and phosphorus can be recycled as important
nutrients for microalgae growth. Microalgae produce a variety of biological substances, such as peptides,
proteins, enzymes, chlorophylls, energy transfer molecules, genetic materials and lipids [1], and provide lots
of energy. CO2 in air and even flue gas can be used as inorganic carbon source for algae cultivation to ease
the greenhouse effect. Microalgae-based wastewater treatment has obvious advantages such as rapid growth
rate, high photosynthetic efficiency and energy-saving [2–4]. Furthermore, microalgae do not require high-
quality agricultural land comparedwith crops, thus avoiding possible competitionwith food or production [3].

Algae strain is also a major factor to be considered during microalgae-based treatment. In order to
remove nitrogen and phosphorus efficiently and increase algal growth, it is critical to select the
appropriate algae strains. Scenedesmus obliquus is a freshwater microalga with great potential for
commercial applications and extraordinary vitality in various wastewaters since it grows fast, tolerates
a wide range of temperature and pH and is easy to cultivate [5,6]. Thus far, there have been several
attempts aimed to treat various types of wastewater based on S. obliquus, such as piggery slurry and
urban wastewater [6,7]. Wang et al. [7] found that six microalgae including S. obliquus (FACHB-12)
treated with the method based on UV irradiation followed by gradual domestication not only grew
well in undiluted slurry, but achieved the removal rate of about 90% total nitrogen and 86% total
phosphorus. Martínez et al. [6]. cultivated S. obliquus in urban sewage waters where this organism has
shown great vitality and efficiency in eliminating N and P compounds.

Many factors affecting the algal properties, such as cultivation modes, carbon sources, N/P ratio, heavy
metals, light wavelengths, light intensities and light–dark cycles [3,8–13] should be considered. There are
three major cultivation modes, namely photoautotrophic, heterotrophic and autotrophic cultivation. By the
synergistic effect of photoautotrophic and heterotrophic metabolism, autotrophic growth may be widely
used in the near future. It was found that Cu(II) could inhibit NH3-N and total phosphorus (TP) removal
by Coelastrella sp. cultured in anaerobically digested swine wastewater (ADSW), and when Cu(II) was
higher than 1.0 mg l−1, microalgae biomass stopped increasing [9]. Zhou et al. [10] further investigated that
the mechanisms of the interactions on nutrients removal and role of dissolved organic matter released
from the duckweed systems on microcosmic migration of heavy metals, and reached the optimal Cu2+

concentration of 0.96 mg l−1 for the removal of NH3-N and TP in swine wastewater. Most studies focused
on the effects of organic carbon sources, such as glucose and xylose [8,14], and inorganic carbon such as
carbon dioxide [11] on growth of microalgae in an autotrophic mode. Considering the solubility,
the temperature of the flue gas, the tolerance and the transportation costs of CO2, CO2 in the flue gas can be
transferred into the alkaline solution in form of ions for microalgae cultivation in practical application. The
optimum content of carbon dioxide can be determined by determining the amount of inorganic carbon in
the form of ions. However, very few studies have considered the effect of Na2CO3 whose composition are
HCO�

3 and CO2�
3 , which is equivalent to aerating carbon dioxide into microalgae cultivation system.

In this paper, under autotrophic condition, nitrogen and phosphorus with high concentrations in
wastewater were recycled by S. obliquus using different concentrations of Na2CO3 as inorganic carbon (IC)
source. In order to determine the role of Na2CO3, pH and dissolved inorganic carbon (DIC) of microalgae
liquid were measured during the growth cycle. Meanwhile, the growth of microalgae and the removal of
nutrients were studied, which might provide a theoretical basis for the practical application of S. obliquus.
2. Material and methods
2.1. Microalgae strain and culture conditions
The microalgae S. obliquus were obtained from Shanghai Guangyu Biological Technology. It was
preserved in BG11 medium [13]: NaNO3 (1500 mg l−1), K2HPO4·3H2O (40 mg l−1), MgSO4·7H2O
(75 mg l−1), CaCl2·2H2O (36 mg l−1), Na2CO3 (20 mg l−1) and ferric ammonium citrate (6 mg l−1), citric
acid (6 mg l−1), Na2EDTA·2H2O (1 mg l−1), and 1 ml l−1 of trace elements solution consisting of H3BO3

(2.86 mg l−1), MnCl2·4H2O (1.81 mg l−1), ZnSO4·7H2O (0.22 mg l−1), Na2MoO4·2H2O (0.39 mg l−1),
CuSO4·5H2O (0.08 mg l−1) and Co(NO3)2·6H2O (0.05 mg l−1).

A seed culture was prepared in a 250 ml baffled culture flask containing 200 ml of the BG11 medium
and then inoculated with 20 ml microalgae solution in a ratio of 1 : 10, initial biomass concentration
controlled at 33 × 105 cells ml−1. The microalgae in exponential growth phase were used in the study.
All the operations were carried out in sterile conditions. The cultivation was in 25°C incubator,
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illuminated by 15 W LEDs tubes at average light intensity 3000 lux measured by spectroradiometer and

changed position regularly to ensure illumination uniform. The applied photoperiod was 12 h : 12 h of
white : dark light controlled by an automatic timer switch. Experiment was conducted with duplicates
shaken twice per day and set up three parallel experiments for each concentration.

2.2. Preparation of synthetic wastewater
Original effluent made it difficult for microalgae to absorb nutrients and to grow; furthermore, high
turbidity considerably reduced light intensity in the medium, which also inhibited the growth of
photosynthetic algae [15]. So in this paper, synthetic wastewater with high nitrogen and phosphorus
concentration was used to simulate the environment of high ammonia nitrogen wastewater. The
synthetic wastewater was based on BG11 medium. And in order to investigate the effects of
ammonium and orthophosphate, 0.4 g l−1 of NH4Cl and 0.077 g l−1 of K2HPO4 were used instead of
the nitrogen source and phosphorus source in BG11 culture medium, respectively, with other
compositions the same. Ammonium was used as nitrogen source because the uptake of ammonium is
important in microalgae nitrogen recycle and nitrogen often exists as ammonium in wastewater,
especially for livestock wastewater and anaerobically digested wastewater [16].

Batch experiments were performed in 250 ml flasks with 200 ml synthetic wastewater. Biomass
concentration was controlled at around OD680 (optical density at 680 nm of microalgae liquid) of 0.2 after
inoculation. For the experiments on the effects of Na2CO3 concentration, except the control group
(0 mg l−1), the final concentrations of six samples were 15, 20, 25.0, 30.0, 35.0 and 40.0 mg l−1. The culture
mediums were sterilized in an autoclave at 121°C for 20 min before inoculation. After inoculation, the
initial nitrogen and phosphorus concentrations were measured to be 151 mg l−1, 10.46 mg l−1,
respectively. All other conditions remained the same.

2.3. Water quality monitoring
A volume of 10 ml microalgae suspension was collected every 2 days from each medium for microalgae
growth and nutrient recycle analysis. The samples were first centrifuged at 8000 r.p.m. for 5 min, after
which the supernatants were filtered using a 0.45 µm cellulose membrane filter. Then, the filtrates were
appropriately diluted and analysed for pH (PHS-3C type pH meter), carbonate alkalinity (Calk) (Acid-
base titration), ammonia nitrogen (NH3-N) (Nash-reagent spectrophotometric method) and phosphorus
ðPO3–

4 P) (molybdenum–antimony anti-spectrophotometric method). All data were measured in parallel
three times and averaged. The percentage recycle was obtained using the following equation:

Percentage removal ¼ 100%� Cs � Cf

Cs
, ð2:1Þ

where Cs and Cf are defined as the mean values of nutrient concentration at initial start time and finish time,
respectively.

According to the following method [17], calculating DIC concentration from Calk and pH at
25°C:

½DIC] ¼ Calk + ½Hþ� � ½OH��
ða1 þ 2a2Þ , ð2:2Þ

where parameters α1 and α2 are the dissociation fractions of HCO�
3 and H2CO3 respectively, as

calculated by equations (2.3) and (2.4),

a1 ¼ 1
1þ ½Hþ�=K1 þ K2=½Hþ� , ð2:3Þ

a2 ¼ 1
1þ ½Hþ�=K2 þ ½Hþ�=K1=K2

, ð2:4Þ

where K1 and K2 are the first and the second composite acidity constants of H2CO3 respectively.

2.4. Dry weight and lipid determination
After S. obliquus grew for 14 days, the microalgae cells were harvested through centrifugation at the end
of the experiment. The total lipid content was extracted with chloroform/methanol (1/1, v/v) and
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quantified gravimetrically. The growth of microalgae was monitored by measuring optical density at

680 nm (OD680) with UV–Vis spectrophotometer (UV-1900PC) (Shanghai, China). The specific growth
rate μ of microalgae growth was measured by using the following equation:

mðday�1Þ ¼ lnðN1=N2Þ
t2 � t1

, ð2:5Þ

where N1 and N2 are defined as dry biomass (g l−1) at time t1 and t2, respectively. The weight showed a
linear relationship with OD680, the detail is as follows:

dry weight (g l�1) ¼ 0:294�OD680, R2 ¼ 0:998: ð2:6Þ
rnal/rsos
R.Soc.open
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3. Results and discussion
3.1. Autotrophic growth of Scenedesmus obliquus at different Na2CO3 concentrations
The growth characteristics of S. obliquus at different Na2CO3 concentrations within 14 days under
autotrophic conditions were investigated as shown in figure 1. The results clearly showed that, by the
14th day of cultivation, the maximum biomass production was 0.21 g l−1 when the Na2CO3

concentration was 20 mg l−1, far bigger than that at other Na2CO3 concentrations, and the specific
growth rate was also the same. The reason might be that microalgae could quickly adapt to the
environment of 20 mg l−1 Na2CO3 concentration, which was same as BG11 medium. The growth
curves of other concentrations were comparable in the first 4 days, but when the Na2CO3

concentration was 15 mg l−1, the biomass concentration almost no longer rose in later period, probably
because of the insufficient carbon source in culture conditions. The growth curves of Na2CO3

concentrations of 25, 30, 35 and 40 mg l−1 were similar, indicating that the growth of S. obliquus was
promoted. In addition, it was found that more biomass was produced with the increase of Na2CO3

concentration. Perhaps microalgae could be acclimatized to adjust to conditions contained high
concentration IC.

The growth of S. obliquuswas subjected to various restrictions, including nutrients, light intensity and
space. Like other microorganisms, microalgae growth can undergo four growth phases: lag, exponential,
stationary and lysis [18]. There was no lag phase in the study. Maximum specific growth rate (μmax) was
always achieved at the beginning of cultivation [5] on day 2 in this study. The parameter was closely
related to the growth of microalgae, and curves at all concentrations showed similar trends, namely,
the greater the growth rate, the faster the microalgae grew. As the microalgae growth time went on,
the specific growth rate declined. The highest μmax value (0.266 d−1) was obtained with the addition of
20 mg l−1 Na2CO3 concentration, the specific growth rates were reduced to 0.01 d−1 in the end. The
results illustrated that microalgae reached a stable period or even into the decay period after 6 days
due to various restrictions of conditions, therefore, microalgae grew slowly at the end of the experiment.
3.2. Absorption and utilization of Na2CO3 by photosynthesis of microalgae
According to the literature [19], the relationship between the composition and pH in the carbonic acid
solution is shown in figure 2. It can be seen that when the pH was 8.3, the components in the
carbonate solution existed in the form of HCO�

3 . Due to HCO�
3 being absorbed by microalgae, the pH

gradually increased to about 11 later in the experiment. By that time, CO 2�
3 accounted for 75% of the

dissolved IC in the solution, which was difficult to be used by microalgae cells.
The results in figure 3 describe that pH of the samples changed with culture time under the different

Na2CO3 concentrations. As can be seen from figure 3, pH showed the trend of rising firstly and then
falling. In detail, the initial pH was positively correlated with the Na2CO3 concentration, and
furthermore, the pH increased significantly in the first 4 days after inoculation, due to the microalgae
species being in an exponential growth period. Then the rising trend gradually levelled off, meaning
the microalgae species subsequently entered a stationary period. Meanwhile, the pH was pushed to
around 11. After 12 days, the pH began to decline, indicating that the microalgae entered a lysis
period. The rise of pH was mainly due to the carbon sequestration of photosynthesis, demonstrating
that the IC in the solution was consumed. Therefore, S. obliquus could grow well when the
concentration of Na2CO3 was 15–40 mg l−1.
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Figure 1. The growth curve (a) and special growth rate (b) of S. obliquus at six Na2CO3 concentrations under autotrophic condition.

royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.7:191214
5

In weakly alkaline media, the IC forms that microalgae can use are mainly HCO�
3 and CO2 dissolved

in water. In particular, the increase of pH is owing to the absorption of HCO�
3 by microalgae, leading to

OH− accumulation. The mechanism is as follows:

HCO�
3 þH2O ¼CAH2CO3þOH� ð3:1Þ

and

H2CO3 ¼CACO2 þH2O, ð3:2Þ

where CA represents the extracellular carbonic anhydrase.
No matter what form of carbonate, only converted into CO2 by CA could it be used by microalgae cells.

Under extracellular CA catalysis, HCO�
3 dehydrated to CO2, then transferring from the outside of the cell to

the intracellular environment, accelerating CO2 formation and supply. These captured carbons are
transported through the chloroplast membrane proteins into the chloroplasts for photosynthetic
cooperation to promote biomass growth and intracellular constituent synthesis. Besides the consumption
of IC, the absorption of other nutrients can also lead to the alkalization of the solution environment.
The majority essential nutrients existed in ionic form, such as HCO�

3 , NO�
3 and H2PO�

4 , which
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assimilated H+ from culture medium and released OH−, thereby leading to pH increase [20]. The optimal
C/N ratio for microalgae growth is 100 : 18 [21], while in this study, the synthetic wastewater was with high
nitrogen and phosphorus. And the concentrations of nitrogen and phosphorus were much higher than that
of carbonate, which was sufficient for the microalgae growth. It can be seen from the above that the
concentration of nitrogen and phosphorus decreased sharply in the early stage and stabilized until the
sixth day. Correspondingly, it can be observed that from day 4, pH was no longer significantly different
than before. With the consumption of nutrients, cells growth entered a stable phase. It is worth noting
that the pH of sample with initial 20 mg l−1 Na2CO3 still maintained a relatively obvious increase trend,
showing better growth effect. After 12 days, the pH of samples under different Na2CO3 concentrations
all decreased, which was due to the microalgae cells entering the lysis phase because of the depletion of
nutrients. The photosynthesis weakened while respiration was enhanced, leading the produced CO2

dissolving in water to cause the pH of the culture solution to decline, so the environment was not
conducive to microalgae growth, and microalgae cells decay was aggravated. It could be observed that
the colour of the microalgae liquid changed from green to yellow.

The DIC concentration changing with microalgae growth is shown in figure 4. It can be seen that the
DIC concentration generally showed a trend of decreasing firstly and then increasing. The decrease of
DIC concentration was the direct evidence that S. obliquus used IC in the solution to compose
biomass. In detail, when the Na2CO3 concentration was 20 mg l−1, the decrease of DIC could last for
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longer time. Besides, the fixed rate of IC at a Na2CO3 concentration of 15 mg l−1 was 41.5%. By contrast,
the fixation rate of IC was lower at higher Na2CO3 concentration, ranging from 20 to 30%. Therefore,
according to the observed rules of IC recycle, supplying different concentration of IC to microalgae
culture system in practical application could achieve different goals. For example, in order to promote
the growth of microalgae to obtain more biomass, the best concentration suitable for the growth of
microalgae could be adopted. If the purpose was achieving a higher utilization rate of IC to remove
pollutants from wastewater and exhaust gas, pollutants should be supplied to the microalgae culture
system at a lower concentration. Correspondingly, high concentration pollutants could be treated using
microalgae solution of high concentration.

The reason why DIC concentrations decreased firstly and then increased was that the light and dark time
was controlled in the short term. The photosynthesis intensity varies greatly, while the CO2 contained in the
water is relatively not high and diffused slowly at the gas–water interface and in the water [22]. The CO2

supplementation in the water from atmosphere was limited, so photosynthesis played a dominant role in
the change of DIC concentration in water in the short term. However, CO2 in air continually dissolved,
and sampling time was same of each day; accordingly, the change of photosynthesis carbon sequestration
rate had little effect in the long run. In addition, at the later stage of the experiment, microalgae growth
was limited because of depletion of nutrients in the water, the increase of microalgae cells density and
the change in culture environment pH. However, the CO2 from air was continuously replenished;
therefore, the content of DIC had increased relative to the previous period.
3.3. Recycle of ammonia and phosphorus at different Na2CO3 concentrations
The changes of NH3-N and PO3–

4 P removal with time at different Na2CO3 concentrations under
autotrophic conditions are exhibited in figure 5. Corresponding with the growth curve, NH3-N and
PO3–

4 P contaminants were dramatically decreased within 4 days throughout the experiments. Later on,
the removal in the treatment slowed down at the end of the experiment. The ammonia and
phosphorus concentration dramatically decreased firstly, because nutrient richness in the medium and
microalgae was in exponential phase at the beginning, and then started to level off due to exhaustion
of nutrients. Nitrogen is an important nutrient for microalgae cells and a basic component of
phytoplankton cell proteins, enzymes, nucleic acids and chlorophyll. Ammonia concentration
decreased from 151 mg l−1 to 85, 72, 78, 83, 79 and 74 mg l−1, respectively. Regarding the effect of
additional Na2CO3 on the pH of the solution, ammonia elimination was greatly influenced by pH of
the culture medium, according to the following chemical equation (3.3):

NHþ
4 þOH� , NH3 þH2O: ð3:3Þ
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Since pH was higher than 7.0 in the reaction, the equilibrium shifted to the NH3 production, resulting
in a slight decrease in the ammonia concentration in the wastewater [6]. NHþ

4 was used by reducing
to NH3. So it is necessary to pay attention to the importance of NH3 desorption in the ammonium
reduction from wastewater.
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As seen in figure 5c, when the test came to an end, 44, 52, 48, 45, 48 and 51% of NH3-N

were accordingly recycled from the 15, 20, 25, 30, 35 and 40 mg l−1 Na2CO3 cultures. It can be seen
that the recycle of ammonia nitrogen from the different Na2CO3 concentrations was approximately
50%. So the Na2CO3 concentration was not in positive correlation with the recycle of ammonia
nitrogen to some extent. The removal of ammonia nitrogen might also be related to the concentration
of phosphorus.

According to Cao et al. [23], the main factors affecting nitrogen absorption are: nitrogen concentration,
nitrogen type and nitrogen to phosphorus ratio (N : P). In this study, the amount of nitrogen was
sufficient. The results showed that microalgae preferentially used ammonia nitrogen when treating
wastewater [24,25]. NH4Cl was used as nitrogen source in this experiment, so the inhibitory factor
was N : P. Due to the relatively fixed N : P of algae cell composition, nitrogen and phosphorus can
only be fully used under optimal N : P [26]. Rhee [27] reported that there is no growth limitation by N
and P simultaneously. Growth is limited by P or N on either side of the optimum N : P. When below
the optimal cell N : P, growth was determined solely by N limitation and above optimal cell N : P, by P
limitation [28]. Ammonia nitrogen removal rate decreased with increasing N : P [29]. Phosphorus is
the main component of intracellular nucleic acids, proteins and phospholipids, participates in various
metabolisms during the growth of microalgae and plays an important role in the growth phase. When
algae species are in an environment with low concentration of P, photosynthesis is inhibited, resulting
in less biomass and inhibition of protein synthesis, thereby inhibiting nitrogen uptake. Luo et al. [30]
suggested that biomass of S. obliquus was proportional to P concentration, and phosphorus deficiency
led to low biomass and protein content decreased [31]. In this study, as phosphorus was depleted, cell
growth was inhibited, and N : P was increased, so absorption of nitrogen was inhibited by the
concentration of phosphorus.

The tendency for PO3–
4 P recycle in all treatments was similar to that for NH3-N recycle. Phosphorus is

also an important nutrient in the normal growth of microalgae for synthesis protein, chlorophyll,
membrane and polyphosphate. Microalgae absorb phosphorus excessively and accumulate in cells.
It was observed that the 15, 25, 30, 35 and 40 mg l−1 Na2CO3 media witnessed PO3–

4 P
concentration decrease in 4 days and subsequently got to a stable stage. At the beginning, besides
absorption, there was also adsorption, but no longer obvious after reaching equilibrium, and
the removal rate was reduced subsequently. When the Na2CO3 concentration was 20 mg l−1, the
phosphorus concentration ranged from 10.47 to 3.43 mg l−1, meeting the emission standards,
and continuously decreased until end of experiment, meaning more phosphorus were recycled. The
results explained the subsequent fall in PO3–

4 P values, with the increase in microalgae concentration.
In the first 2 days, the concentration of phosphorus dropped significantly and the fall was not
attributable to consumption by microalgae but rather to adsorption both to the surface of the cells
and to the surface of the bioreactor [6]. At the end of the experiment, the P eliminations decreased
apparently as a consequence of lack of nutrition and probably the imbalance of N/P ratio of the
culture medium.

As seen in figure 5c, the removal efficiency of PO3–
4 P was higher than that of NH3-N, and 67% PO3–

4 P
in wastewater was recycled when the Na2CO3 concentration was 20 mg l−1. Possibly, microalgae could
use orthophosphate directly through the photosynthesis to its own cell components. On the other
hand, in alkaline conditions, orthophosphate could be removed from water in the form of chemical
precipitation produced by co-precipitation of phosphate and calcium and magnesium ions. The N/P
ratio used in the study changed with time and could well support the growth of S. obliquus.

Besides microalgae, many aquatic plants and microorganisms are also used for nutrient removal
from wastewater. Aquatic plants absorb nutrients through roots. The removal of NH3-N and TP by
Lemna aequinoctialis at different initial concentrations of Zn2 + was studied and removal rates without
Zn2+ of NH3-N and TP were 84 and 98%, respectively. When exposed to high Zn2+ concentrations,
the cells showed peroxidation damage which significantly inhibited the NH3-N and TP removal
[32]. Hu et al. [33] investigated Lemna aequinoctialis treatment NH3-N and TP in ADSW contaminated
by oxytetracycline (OTC), and results showed that the nutrient removal could be inhibited
significantly with the increase of OTC concentrations. Cheng et al. [34] cultured Spirodela punctala in
synthetic ADSW, and the removal rate of NH3-N and PO4-P was higher than 99.2% during the 16 day
culture. Compared with other aquatic plants, microalgae have higher removal rates of nitrogen
and phosphorus and can be used for biodiesel. In recent years, the application of photosynthetic
bacteria in wastewater treatment has also attracted the attention of researchers. Under the condition
that the mixing ratio of the two bacteria is 1 : 1, the chemical oxygen demand removal rate reached
83.3% [35].
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Figure 6. The lipid content of S. obliquus at six Na2CO3 concentrations under autotrophic condition (DCW, dry cell weight).

Table 1. Comparison of the fatty acid components of various microalgae with wastewater.

microalgae strain

FAME type (% w/w)

references
palmitate
(C16:0)

palmitoleate
(C16:1)

oleate
(C18:1)

linoleate
(C18:2)

linolenate
(C18:3)

Coelastrella sp. 23.8–30.8 — — 11.9–20.8 40.5–53.8 [1]

Scenedesmus abundans 17 7.5 37.5 10 6 [38]

Scenedesmus obliquus 26.1 3.3 49.2 5.7 5.5 [39]

Scenedesmus sp. 25.51 1.86 10.23 17.49 — [4]
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3.4. Lipid accumulation and microalgae harvest at different Na2CO3 concentrations
Microalgae varied in their proportions of protein (6–52%), carbohydrate (5–23%) and lipid (7–23%) [36].
The lipid content of S. obliquus in six different cultures were measured at the end of 14 days, as shown in
figure 6. The results also suggested that there were slight differences between 25, 30, 35 and 40 mg l−1

Na2CO3 concentrations ranging from 22 to 23%, while the highest lipid content was 25% at 20 mg l−1

Na2CO3 concentration. The lowest was 18% at 15 mg l−1, because the insufficient carbon source led to
poor growth of microalgae. It was sufficient to add additional Na2CO3 concentration of 20 mg l−1 on
the basis of BG11 medium with 0.4 g l−1 nitrogen and 0.077 g l−1 phosphorus.
3.5. Potential value-added products of microalgae-based treatment
Fatty acid methyl esters (FAME), a lipid fraction of the algal biomass, could be used for biodiesel
production and its main composition (C16–18) nearly reaching up to 92% was used as potential
indicator of the biodiesel productivity [37]. Comparisons of the fatty acid components of various
microalgae with wastewater are displayed in table 1. In terms of biodiesel quality, it is significant to
promote the percentage of C16–18 ranging from microalgae species depending on different cultivation
conditions for green biorefining. As for pigment, a main photosynthetic pigment can be obtained on
microalgae feedstock, such as S. obliquus. Moreover, lutein is consumed as a food additive to prevent
or ameliorate cardiovascular diseases, some types of cancer and age-related diseases [40].
Eicosapentaenoic acid, an omega-3 poly unsaturated fatty acid, playing a pivotal role in human health
and used in nutraceutical products, can be produced by the algae Nannochloropsis oceanica with
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sufficient carbon dioxide supply [41]. In addition to biofuel, bioenergy (ethanol and hydrogen)

production from algal biomass, prior to food crop, forest residue and waste, can be enhanced after
long-term ultrasonication pretreatment in an anaerobic environment [42]. More value-added products
can be studied by taking advantage of lipid accumulation and it will be the trend of development to
integrate algae-based process for wastewater treatment.
publishing.org/journal/rsos
R.Soc.open

sci.7:191214
4. Conclusion
This study investigated the nutrient recycle and the multiplication of S. obliquus in synthetic wastewater
with different concentrations of Na2CO3 added, ranging from 15 to 40 mg l−1.

(1) The changes of pH and DIC were direct evidence that S. obliquus could use Na2CO3 to grow, and IC
fixation rate was inversely proportional to its concentration. The specific growth rates of microalgae
reached the maximum at day 2, corresponding with the rapid recycle rate of NH3-N and PO3–

4 P.
(2) The optimum concentration was 20 mg l−1, with the highest lipid content of 25% and the biomass of

0.21 g l−1. Moreover, the recycle rate of NH3-N and PO3–
4 P in the condition of 20 mg l−1 Na2CO3 was

highest during the process. Thus, the IC source added appropriately can improve the effectiveness.
(3) Besides, biomass could be in positive correlation with the Na2CO3 concentration except 20 mg l−1,

making a possibility that the S. obliquus could be acclimatized to adjust the condition of high IC
concentration and produce more biomass.

Therefore, the growth of S. obliquus in synthetic wastewater offers great promise for the treatment of
wastewater and production of renewable bioenergy.

Data accessibility. This article does not contain any additional data.
Authors’ contributions. J.Y. conceived and designed the work. M.Z. and Y.L. assisted in collecting and compiling the
resource materials and in manuscript preparation. X.G. conducted the research work, and then wrote the
manuscript. Y.D. revised the manuscript. All authors read and approved the final manuscript to be published.
Competing interests. There are no competing interests to declare
Acknowledgements. The authors gratefully acknowledge Taiyuan University of Technology for providing experimental
conditions. We are also thankful to C. Chen, who gave important advice for the revised article.
Funding. The research was funded by the Key Research and Development Project in Shanxi Province (201603D221028-1),
which has facilitated the work.
References

1. Luo L, He H, Yang C, Wen S, Zeng G, Wu M,

Zhou Z, Lou W. 2016 Nutrient removal and lipid
production by Coelastrella sp. in anaerobically
and aerobically treated swine wastewater.
Bioresource Technol. 216, 135–141. (doi:10.
1016/j.biortech.2016.05.059)

2. Yang J, Li X, Hu H. 2011 Growth and lipid
accumulation properties of a freshwater
microalgae, Chlorella ellipsoidea YJ1, in
domestic secondary effluents. Appl. Energ.
88, 3295–3299. (doi:10.1016/j.apenergy.2010.
11.029)

3. Gris B, Morosinotto T, Giacometti GM, Bertucco
A, Sforza E. 2014 Cultivation of Scenedesmus
obliquus in photobioreactors: effects of light
intensities and light-dark cycles on growth,
productivity, and biochemical composition. Appl.
Biochem. Biotech. 172, 2377–2389. (doi:10.
1007/s12010-013-0679-z)

4. Kim GY, Yun YM, Shin HS, Kim HS, Han JI. 2015
Scenedesmus-based treatment of nitrogen and
phosphorus from effluent of anaerobic digester
and bio-oil production. Bioresource Technol.
196, 235–240. (doi:10.1016/j.biortech.2015.
07.091)
5. Matsudo MC, Sousa TF, Perez-Mora LS, Ezerra
RP, Sato S, Carvalho JCM. 2016 Ethanol as
complementary carbon source in Scenedesmus
obliquus cultivation. J. Chem. Technol. Biot. 92,
781–786. (doi:10.1002/jctb.5059)

6. Martínez ME, Sánchez S, Jiménez JM, Yousfi FE,
Muñoz L. 2000 Nitrogen and phosphorus
removal from urban wastewater by the
microalga Scenedesmus obliquus. Bioresource
Technol. 73, 263–272. (doi:10.1016/s0960-
8524(99)00121-2)

7. Wang M, Yang Y, Chen Z, Chen Y, Wen Y, Chen
B. 2016 Removal of nutrients from undiluted
anaerobically treated piggery wastewater by
improved microalgae. Bioresource Technol.
222, 130–138. (doi:10.1016/j.biortech.
2016.09.128)

8. Wang JH, Yang HZ, Wang F. 2013 Mixotrophic
cultivation of Scenedesmus sp. as biodiesel
feedstock. Adv. Mater. Res. 777, 268–273.
(doi:10.4028/www.scientific.net/AMR.777.268)

9. Li X, Yang William L, He HJ, Wu SH, Zhou Q,
Yang CP, Zeng GM, Luo L, Lou W. 2018
Responses of microalgae Coelastrella sp. to
stress of cupric ions in treatment of
anaerobically digested swine wastewater.
Bioresource Technol. 251, 274–279. (doi:10.
1016/j.biortech.2017.12.058)

10. Zhou Q, Li X, Lin Y, Yang CP, Tang WC, Wu SH,
Li DH, Lou W. 2019 Effects of copper ions on
removal of nutrients from swine wastewater
and on release of dissolved organic matter in
duckweed systems. Water Res. 158, 171–181.
(doi:10.1016/j.watres.2019.04.036)

11. Shen QH, Jiang JW, Chen LP, Cheng LH, Xu XH,
Chen HL. 2015 Effect of carbon source on
biomass growth and nutrients removal of
Scenedesmus obliquus for wastewater advanced
treatment and lipid production. Bioresource
Technol. 190, 257–263. (doi:10.1016/j.biortech.
2015.04.053)

12. Xin L, Hu HY, Ke G, Sun YX. 2010 Effects of
different nitrogen and phosphorus
concentrations on the growth, nutrient uptake,
and lipid accumulation of a freshwater
microalga Scenedesmus sp. Bioresource Technol.
101, 5494–5500. (doi:10.1016/j.biortech.2010.
02.016)

13. Zhao Y, Sun S, Hu C, Zhang H, Xu J, Ping L.
2015 Performance of three microalgal strains in

http://dx.doi.org/10.1016/j.biortech.2016.05.059
http://dx.doi.org/10.1016/j.biortech.2016.05.059
http://dx.doi.org/10.1016/j.apenergy.2010.11.029
http://dx.doi.org/10.1016/j.apenergy.2010.11.029
http://dx.doi.org/10.1007/s12010-013-0679-z
http://dx.doi.org/10.1007/s12010-013-0679-z
http://dx.doi.org/10.1016/j.biortech.2015.07.091
http://dx.doi.org/10.1016/j.biortech.2015.07.091
http://dx.doi.org/10.1002/jctb.5059
http://dx.doi.org/10.1016/s0960-8524(99)00121-2
http://dx.doi.org/10.1016/s0960-8524(99)00121-2
http://dx.doi.org/10.1016/j.biortech.2016.09.128
http://dx.doi.org/10.1016/j.biortech.2016.09.128
http://dx.doi.org/10.4028/www.scientific.net/AMR.777.268
http://dx.doi.org/10.1016/j.biortech.2017.12.058
http://dx.doi.org/10.1016/j.biortech.2017.12.058
http://dx.doi.org/10.1016/j.watres.2019.04.036
http://dx.doi.org/10.1016/j.biortech.2015.04.053
http://dx.doi.org/10.1016/j.biortech.2015.04.053
http://dx.doi.org/10.1016/j.biortech.2010.02.016
http://dx.doi.org/10.1016/j.biortech.2010.02.016


royalsocietypublishing.org/journal/rsos
R.Soc.open

sci.7:191214
12
biogas slurry purification and biogas upgrade in

response to various mixed light-emitting
diode light wavelengths. Bioresource Technol.
187, 338–345. (doi:10.1016/j.biortech.2015.03.
130)

14. Yang S, Liu G, Meng Y, Wang P, Zhou S, Shang
H. 2014 Utilization of xylose as a carbon source
for mixotrophic growth of Scenedesmus
obliquus. Bioresource Technol. 172, 180–185.
(doi:10.1016/j.biortech.2014.08.122)

15. Chen R, Li R, Deitz L, Liu Y, Stevenson RJ, Liao
W. 2012 Freshwater algal cultivation with
animal waste for nutrient removal and biomass
production. Biomass Bioenerg. 39, 128–138.
(doi:10.1016/j.biombioe.2011.12.045)

16. Park J, Jin HF, Lim BR, Park KY, Lee K. 2010
Ammonia removal from anaerobic digestion
effluent of livestock waste using green alga
Scenedesmus sp. Bioresource Technol. 101,
8649–8657. (doi:10.1016/j.biortech.2010.06.142)

17. Stumm W, Morgan J. 1996 Aquatic chemistry:
chemical equilibria and rates in natural waters,
3rd edn, pp. 150–151. Hoboken, NJ: Wiley-
Blackwell.

18. Zhu L, Wang Z, Shu Q, Takala J, Hiltunen E,
Feng P. 2013 Nutrient removal and biodiesel
production by integration of freshwater algae
cultivation with piggery wastewater treatment.
Water Res. 47, 4294–4302. (doi:10.1016/j.
watres.2013.05.004)

19. Huang JL. 2008 Water analysis chemistry, 3rd
edn, pp. 64–65. Beijing, China: China
Architecture & Building Press.

20. Chen YM, Zhang L, Xu CG, Vaidyanathan S. 2016
Dissolved inorganic carbon speciation in aquatic
environments and its application to monitor
algal carbon uptake. Sci. Total. Environ.
541, 1282–1295. (doi:10.1016/j.scitotenv.2015.
10.025)

21. Oswald WJ. 1988 Micro-algae and waste-water
treatment. In Micro-algal biotechnology (eds MA
Borowitzka, LJ Borowitzka), pp. 305–328.
Cambridge, UK: Cambridge University Press.

22. Li MG, Pan WB. 2012 The research of detection
methods and influencing factors of dissolved
inorganic carbon in water. Guangdong Chem.
Ind. 234. 41–42.

23. Cao YC, Li ZJ, Hu XJ, Xu Y, Sun ZW, Li YW, Wen
GL. 2017 Effects of phosphorus concentration
and nitrogen phosphorus ratio on absorption of
nitrogen and phosphorus by Chlorella
pyrenoidosa. Ecol. Sci. 36, 34–40.
24. Ma PM, Kuang QJ, Liu GX, Hu ZY. 2005 Study on
removal efficiency of nitrogen and phosphorus
by freshwater benthic algae. J. Wuhan Bot. Res.
23, 465–469.

25. Wang CH, Qi S, Han BP. 2001 Study on the
feasibility of utilizing Hydordictyon reticulatum
to treat eutrophic waters. Acta Ecol. Sin. 21,
814–819.

26. Li X, Hu HY, Gan K. 2008 Study on the influence of
nitrogen on the growth and N, P removal properties
of low-nutrient-demanding Scenedesmus
dimorphus LX1. In 2008 China Water Environment
Pollution Control and Ecological Restoration
Technology Symp. 2008, Guangzhou, China, 23
November, pp. 1–13. Wanfang Data.

27. Rhee G-Y. 1978 Effects of N:P atomic ratios and
nitrate limitation on algal growth, cell
composition, and nitrate uptake. Limnol.
Oceanog. 23, 10–25. (doi:10.4319/lo.1978.23.1.
0010)

28. Naoshi Fujimotol and Ryuichi Sudo. 1997
Nutrient-limited growth of Microcystis
aeruginosa and Phomzidium tenue and
competition under various N : P supply ratios
and temperatures. Limnol. Oceanog. 42,
250–256. (doi:10.4319/lo.1997.42.2.0250)

29. Zhang XY, Xing LZ, Zhang YH, Wu XW. 2008
Experimental study on removing nitrogen and
phosphorus from wastewater by immobilized
Chlorella. China Water Wastewater 24, 95–101.

30. Luo XX, Yun YC, Li CL, Zhang R. 2018 Effects of
nutrient salts with different phosphorus
concentrations on the growth of Scenedesmus
obliquus and the components of carbon,
nitrogen and phosphorus in it. Fishery
Modernization 35, 35–40.

31. Yu J, Tao HG, Wang YT, Wang YZ, Peng WD,
Ran ZX, He YL. 2019 Influence of phosphorus
control on coupling system of winery
wastewater and microalgae cultivation.
J. Southwest Jiaotong Univ. 54, 655–662.

32. Zhou Q, Lina Y, Li X, Yang CP, Han ZF, Zeng GM,
Lu L, He SY. 2018 Effect of zinc ions on nutrient
removal and growth of Lemna aequinoctialis
from anaerobically digested swine wastewater.
Bioresource Technol. 249, 457–463. (doi:10.
1016/j.biortech.2017.10.044)

33. Hu H et al. 2019 Phytoremediation of
anaerobically digested swine wastewater
contaminated by oxytetracycline via Lemna
aequinoctialis: nutrient removal, growth
characteristics and degradation pathways.
Bioresource Technol. 291, 121853. (doi:10.1016/
j.biortech.2019.121853)

34. Cheng JY, Bergmann BA, Classen JJ, Stomp AM,
Howard JW. 2002 Nutrient recovery from swine
lagoon water by Spirodela punctata. Bioresour.
Technol. 81, 81–85 (doi:10.1016/S0960-
8524(01)00098-0)

35. Wen S, Liu HY, He HJ, Luo L, Li X, Zeng GM,
Zhou ZL, Lou W, Yang CP. 2016 Treatment of
anaerobically digested swine wastewater by
Rhodobacter blasticus and Rhodobacter
capsulatus. Bioresour. Technol. 222, 33–38.
(doi:10.1016/j.biortech.2016.09.102)

36. Brown MR, Jeffrey SW, Volkman JK, Dunstan GA.
1997 Nutritional properties of microalgae for
mariculture. Aquaculture 151, 315–331. (doi:10.
1016/s0044-8486(96)01501-3)

37. Petkov G, Garcia G. 2007 Which are fatty acids
of the green alga Chlorella. Biochem. Syst. Ecol.
35, 281–285. (doi:10.1016/j.bse.2006.10.017)

38. Mandotra SK, Kumar P, Suseela MR, Ramteke
PW. 2014 Fresh water green microalga
Scenedesmus abundans: a potential feedstock
for high quality biodiesel production.
Bioresource Technol. 156, 42–47. (doi:10.1016/j.
biortech.2013.12.127)

39. Álvarez-Díaz PD, Ruiz J, Arbib Z, Barragán J,
Garridopérez MC, Perales JA. 2015 Wastewater
treatment and biodiesel production by
Scenedesmus obliquus in a two-stage cultivation
process. Bioresource Technol. 181, 90–96.
(doi:10.1016/j.biortech.2015.01.018)

40. Ho SH, Chan MC, Liu CC, Chen CY, Lee WL, Lee
DJ, Chang JS. 2014 Enhancing lutein
productivity of an indigenous microalga
Scenedesmus obliquus FSP-3 using light-related
strategies. Bioresource Technol. 152, 275–282.
(doi:10.1016/j.biortech.2013.11.031)

41. Chen CY, Chen YC, Huang HC, Huang CC, Lee
WL, Chang JS. 2013 Engineering strategies for
enhancing the production of eicosapentaenoic
acid (EPA) from an isolated microalga
Nannochloropsis oceanica CY2. Bioresource
Technol. 147, 160–167. (doi:10.1016/j.biortech.
2013.08.051)

42. Choi JH, Wang JH, Dempsey BA, Aboushanab
RAI, Min B, Song H. 2011 Enhancement of
fermentative bioenergy (ethanol/hydrogen)
production using ultrasonication of Scenedesmus
obliquus YSW15 cultivated in swine wastewater
effluent. Energ. Environ. Sci. 4, 3513–3520.
(doi:10.1039/c1ee01068a)

http://dx.doi.org/10.1016/j.biortech.2015.03.130
http://dx.doi.org/10.1016/j.biortech.2015.03.130
http://dx.doi.org/10.1016/j.biortech.2014.08.122
http://dx.doi.org/10.1016/j.biombioe.2011.12.045
http://dx.doi.org/10.1016/j.biortech.2010.06.142
http://dx.doi.org/10.1016/j.watres.2013.05.004
http://dx.doi.org/10.1016/j.watres.2013.05.004
http://dx.doi.org/10.1016/j.scitotenv.2015.10.025
http://dx.doi.org/10.1016/j.scitotenv.2015.10.025
http://dx.doi.org/10.4319/lo.1978.23.1.0010
http://dx.doi.org/10.4319/lo.1978.23.1.0010
http://dx.doi.org/10.4319/lo.1997.42.2.0250
http://dx.doi.org/10.1016/j.biortech.2017.10.044
http://dx.doi.org/10.1016/j.biortech.2017.10.044
http://dx.doi.org/10.1016/j.biortech.2019.121853
http://dx.doi.org/10.1016/j.biortech.2019.121853
http://dx.doi.org/10.1016/S0960-8524(01)00098-0
http://dx.doi.org/10.1016/S0960-8524(01)00098-0
http://dx.doi.org/10.1016/j.biortech.2016.09.102
http://dx.doi.org/10.1016/s0044-8486(96)01501-3
http://dx.doi.org/10.1016/s0044-8486(96)01501-3
http://dx.doi.org/10.1016/j.bse.2006.10.017
http://dx.doi.org/10.1016/j.biortech.2013.12.127
http://dx.doi.org/10.1016/j.biortech.2013.12.127
http://dx.doi.org/10.1016/j.biortech.2015.01.018
http://dx.doi.org/10.1016/j.biortech.2013.11.031
http://dx.doi.org/10.1016/j.biortech.2013.08.051
http://dx.doi.org/10.1016/j.biortech.2013.08.051
http://dx.doi.org/10.1039/c1ee01068a

	Nutrients recycle and the growth of Scenedesmus obliquus in synthetic wastewater under different sodium carbonate concentrations
	Introduction
	Material and methods
	Microalgae strain and culture conditions
	Preparation of synthetic wastewater
	Water quality monitoring
	Dry weight and lipid determination

	Results and discussion
	Autotrophic growth of Scenedesmus obliquus at different Na2CO3 concentrations
	Absorption and utilization of Na2CO3 by photosynthesis of microalgae
	Recycle of ammonia and phosphorus at different Na2CO3 concentrations
	Lipid accumulation and microalgae harvest at different Na2CO3 concentrations
	Potential value-added products of microalgae-based treatment

	Conclusion
	Data accessibility
	Authors' contributions
	Competing interests
	Acknowledgements
	Funding
	References


