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Abstract: The application of reclaimed water has been recognized as the key approach for alleviating
water scarcity, while its low quality, such as high nitrogen content, still makes people worry about
the corresponding ecological risk. Herein, we investigated the feasibility of removing residual nitrate
from reclaimed water by applying Spirulina platensis. It is found that 15 mg/L total nitrogen could be
decreased to 1.8 mg/L in 5 days, equaling 88.1 % removal efficiency under the optimized conditions.
The deficient phosphorus at 0.5–1.0 mg/L was rapidly eliminated but was already sufficient to
support nitrate removal by S. platensis. The produced ammonia is generally below 0.2 mg/L, which
is much lower than the standard limit of 5 mg/L. In such a nutrient deficiency condition, S. platensis
could maintain biomass growth well via photosynthesis. The variation of pigments, including
chlorophyll a and carotenoids, suggested a certain degree of influences of illumination intensity and
phosphorus starvation on microalgae. The background cations Cu2+ and Zn2+ exhibited significant
inhibition on biomass growth and nitrate removal; thus, more attention needs to be paid to the further
application of microalgae in reclaimed water. Our results demonstrated that cultivation of S. platensis
should be a very promising solution to improve the quality of reclaimed water by efficiently removing
nitrate and producing biomass.

Keywords: Spirulina platensis; nitrate removal; reclaimed water; nutrient deficiency; microalgae cultivation

1. Introduction

Water scarcity has emerged as a serious crisis globally due to the augmenting demand
driven by population growth, economic development, and consumption upgrade [1]. It
is recently reported that more than four billion people in the world are suffering from
water scarcity in varying degrees of severity [2]. Increasing water supply capacity is a
crucial approach towards alleviating water scarcity. Supplementary water sources can be
obtained from unconventional means, such as desalination of seawater and reclamation of
wastewater, depending on the local availability [3,4]. Municipal wastewater is currently
recognized as a very promising alternative source to meet water demand after effective
treatments [5]. However, inadequate water quality is still preventing the wide acceptance
of treated wastewater for further reuse [6,7].

Reclaiming high-quality water from wastewater is definitely an important way to help
solve the problem of water scarcity. There are some successful cases internationally, includ-
ing the direct potable reuse in Windhoek, Namibia, and the groundwater replenishment in
California, United States [8,9]. Moreover, Israel has recycled 60% of urban wastewater for
agricultural irrigation, and Singapore has reused 5% of total water for industrial produc-
tion [10,11]. In China, the treatment rate of municipal wastewater is increasing rapidly these
years associated with the urbanization process, while the application of reclaimed water is
very limited to a narrow range, such as toilet flushing and landscape greening [12,13]. This
is likely due to concerns about the risk of reclaimed water, such as the substantial nitrogen
compounds that may cause eutrophication of receiving waters [14,15].
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In fact, many countries and regions have stipulated the concentration limit of total
nitrogen (TN) level for sewage treatment and recycling, such as 5–10 mg/L TN for the
United States and European Union and 15 mg/L for China [16,17]. However, the current
concentration limits still cannot reduce the occurrence of corresponding ecological risks. It
is reported that the emitted nitrogen from wastewater is mainly nitrate, resulting in the
increase of dissolved inorganic nitrogen in the aquatic environment [18,19]. Accompanied
by the intensification of global warming, water blooms and green tides are presumably to
occur continuously if the nitrogen emissions cannot be effectively controlled [20].

It has to be admitted that removing nitrogen from wastewater effluent or reclaimed
water remains a challenge because the conventional denitrification process with activated
sludge commonly consumes a great deal of energy and chemicals [21]. The anammox tech-
nique has then become the research focus in the last decades, though the effective operation
of the anammox system requires warm and ammonia-rich environmental conditions [22].
In recent years, some projects have tried to add an advanced treatment process to further
remove TN, but the high operation cost and low removal efficiency are still real problems
that we have to face [21]. Thus, a query is raised considering whether there exists a stable
and low-cost approach for removing nitrogen from reclaimed water with a low carbon
source and high nitrate proportion.

Microalgae culture could be a great option for this purpose by employing nitrogen
nutrients as fertilizer during photosynthesis [23]. In other words, microalgae as the pri-
mary producer could assimilate inorganic nitrogen ions into biomass, so as to avoid the
tedious cycle of nitrification, denitrification, and then nitrogen fixation [24]. Among the
various species, Spirulina platensis is considered as the preferred option based on the fol-
lowing assumptions: the protein-rich organism should be hungry for nitrogen nutrients,
the filamentous form seems likely to be beneficial to algae-water separation due to the
agglomeration characteristics, and the harvested biomass is expected to be valuable in the
field of commercial applications such as nutrition and feed additives [25,26]. It is reported
that the application of S. platensis is effective in removing high concentrations of ammonia
from wastewater [27]. However, it is still unclear whether S. platensis can survive in the
reclaimed water and be employed to remove the low concentration of nitrate without
organic carbon source and ammonia.

Hence, this work aims to study the feasibility of nitrate removal from reclaimed water
by making use of S. platensis. According to the national standard of China, the initial
nitrate level was set at 15 mg/L by considering the upper limit of tertiary effluent [17].
The critical parameters, such as initial inoculation amount, illumination intensity, and
initial phosphorus level, were regulated to optimize the efficiency of nitrate removal.
The biological adaptation of S. platensis was investigated by determining the variations
of biomass growth and photosynthetic pigments. The effects of some background ions
possibly present in reclaimed water were introduced into the culture solution to study their
effects on the removal efficiency. It is anticipated from the current research to pave the way
for further improving the quality of reclaimed water.

2. Materials and Methods
2.1. Chemicals and Materials

The microalgae strain (S. platensis FACHB-314 in Figure S1) was obtained from the
Institute of Hydrobiology, Chinese Academy of Sciences (Wuhan, China). The algae
cells were cultivated in Zarrouk medium as shown in Table S1, which was autoclaved
before inoculation of algae cells. The cultivation of S. platensis was carried out as shown in
Figure S2 in the artificial climate conditions (25 ◦C and 12/12 h light/dark cycle illumination
at 2000 lux). All chemicals were of at least analytical grade unless specified and were used
directly without any purification.
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2.2. Batch Test

The cultured S. platensis was taken from the Zarrouk medium and centrifuged at
8000 rpm for 10 min to discard supernatant. The obtained biomass was washed three
times with deionized water and re-suspended in 250 mL Erlenmeyer flasks containing
100 mL synthetic reclaimed water with 15 mg/L nitrate as displayed in Table S1. The
composition of synthetic reclaimed water was a modification of the Zarrouk medium by
mainly controlling the nutrients such as nitrate and phosphorus at very low conditions.
Moreover, other compositions, including zinc and copper, are all within the lowest limit
of Grade IA national discharge standard of pollutants for municipal effluent [17], which
is the main source of reclaimed water in China. The cultivation of S. platensis was carried
out under the same artificial climate conditions as described above except changing the
initial inoculation amount, illumination intensity, and initial phosphorus level. Aliquots
were then withdrawn periodically and analyzed immediately.

2.3. Analytical Methods

The dry cell weight (DCW, mg/L) of S. platensis was determined by the established
relationship between DCW and OD560 (optical density at 560 nm) as follows:

DCW = 675.6 × OD560 + 32.0 (R2 = 0.997), (1)

The OD560 was analyzed by using a Metash UV-9000S UV-Vis spectrophotometer. The
DCW value was calculated as the weight gain of a 0.45 µm filter paper by filtering 10 mL
algal suspension after drying it at 105 ◦C for 2 h [28].

The contents of chlorophyll a and carotenoids were determined on the basis of the
previously reported method [29]. In brief, samples were centrifuged at 10000 rpm for
10 min and washed with water three times. After discarding the supernatant, the obtained
residues were mixed with methanol and incubated at 4 ◦C in the dark for 24 h. The
further post-centrifuged supernatant could be finally analyzed spectrophotometrically at
wavelengths of 665, 652, and 470 nm and computationally using the following equations:

[Chlorophyll-a] = 16.72 × A665 − 9.16 × A652, (2)

[Carotenoid] = (1000× A470 − 1.63 ×[Chlorophyll-a])/221, (3)

The water quality was measured by analyzing the levels of total nitrogen (TN), am-
monia nitrogen (NH3-N), and total phosphorus (TP) according to the Chinese national
standard methods after filtration through a 0.45 µm membrane [30]. Residual ratio (%) of
TN (or TP) was calculated after each measurement as (C/C0), where C is the concentration
at time t and C0 is the concentration at time 0. Then, removal efficiency can be calculated
as (1-(C/C0)).

All of the experiments were performed in triplicate. The data were displayed as
the mean values with standard deviations. One-way analysis of variance (ANOVA) with
LSD test was utilized to analyze the significant differences between the control group and
different treatments. The statistically significant differences as compared to the control
group were represented in the figures by * if p < 0.05 and ** if p < 0.01, respectively.

3. Results
3.1. The Removal of Total Nitrogen by S. platensis

Reclaimed water is commonly obtained from the effluent of sewage treatment plant,
which is at least subject to secondary treatment including nitrification [31]. Consequently,
nitrate is almost the only form of total nitrogen in reclaimed water and is also reported to be
the major contributor of total dissolved inorganic nitrogen in the aquatic environment [15,32].
Figure 1 shows the removal of S. platensis towards total nitrogen, whose initial amount is
represented by 15 mg/L nitrate according to the national standard of China [17]. As can
be seen in Figure 1a, the total nitrogen could be effectively removed by S. platensis after
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a one-day adaptation process. The removal efficiency increased by increasing the initial
inoculation amount from 0.13 to 0.33 g/L algal biomass, resulting in the most significant
difference (p < 0.01) at the 3rd day. Although the removal rate decreased slightly between the
3rd and 5th day, the initial inoculum amount as high as 0.33 g/L is still the best condition,
and finally reached the 88.1 % removal efficiency of total nitrogen (about 1.8 mg/L left in
the aqueous solution). This result can be easily understood since more microalgae inevitably
need more nutrients such as nitrate to maintain their physiological activities, while the
assimilation of nutrients should be also affected when they are limited [33,34]. The influence
of illumination intensity was then studied as shown in Figure 1b, displaying the significant
difference (p < 0.01) between 6000 lux and 4000/2000 lux at the 3rd day. The result suggested
that the high illumination intensity could increase the removal efficiency of nitrate, which may
be attributed to the penetration of the strong light for enhancing the light energy capture of
microalgae until the saturation point [35]. It is worth mentioning that the phosphorus content
in the reclaimed water is usually as low as 0.5–1.0 mg/L according to the national standard
of China [17]. Therefore, the lack of phosphorus may cause the decline of nitrogen removal
capability of S. platensis by taking into account the Stumm empirical formula (N/P mass
ratio = 7.2) for microalgae [36]. Fortunately, S. platensis can effectively remove nitrate with
0.5–1.0 mg/L phosphorus regardless of the empirical formula, albeit the removal efficiency of
total nitrogen has been significantly reduced (p < 0.01) without phosphorus (0.0 mg/L), as
shown in Figure 1c.
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of S. platensis, the removal of total phosphorus was examined under the optimized condi-
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Figure 1. The residual ratio (C/C0) of total nitrogen in the culture solutions of S. platensis un-
der different (a) initial inoculation amounts of 0.13–0.33 g/L (illumination intensity = 6000 lux,
initial phosphorus level = 0.5 mg/L), (b) illumination intensities of 2000–6000 lux (initial inocu-
lation amount = 0.33 g/L, initial phosphorus level = 0.5 mg/L), and (c) initial phosphorus levels
of 0–1.0 mg/L (initial inoculation amount = 0.33 g/L, illumination intensity = 6000 lux) within
5 days cultivation. The statistically significant differences as compared to the optimized condition
(initial inoculation amount = 0.33 g/L, illumination intensity = 6000 lux, and initial phosphorus
level = 0.5 mg/L) were represented by * if p < 0.05 and ** if p < 0.01, respectively.

3.2. The Removal of Total Phosphorus by S. platensis

To further study the effect of phosphorus content on the nutrient removal capability of
S. platensis, the removal of total phosphorus was examined under the optimized conditions
(0.33 g/L initial inoculation amount and 6000 lux illumination intensity), as can be seen
in Figure 2a. Slightly different from the nitrogen removal, S. platensis seems to be more
sensitive to phosphorus, displaying the more obvious removal of total phosphorus at the
1st day. By using the initial phosphorus content of 0.5 mg/L, the lowest limit of Grade
IA national discharge standard of pollutants for municipal wastewater treatment plant of
China [17], the removal efficiency increased rapidly to 84.0 % and 90.7 % at the 2nd and
3rd days, respectively. Additionally, the removal efficiency could also increase to 91.3 %
by using the initial phosphorus content of 1.0 mg/L (upper limit of Grade IA national
discharge standard). These results demonstrated that S. platensis could efficiently remove
total phosphorus to less than 0.1 mg/L in three days. More importantly, S. platensis is
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found to be able to effectively remove nitrogen even when phosphorus is insufficient by
combining the results of Figures 1 and 2. For instance, S. platensis had a high nitrogen
removal efficiency between the 2nd and 3rd days, when the total phosphorus content had
decreased from 0.5 to 0.08 mg/L. However, it does not mean that S. platensis only requires
little phosphorus to maintain growth and assimilate nitrogen. This can be clearly seen
in Figure 2b that the decreased content of total phosphorus by S. platensis is significantly
high (p < 0.01) when the initial phosphorus content is 1.0 mg/L. Hence, these results show
that S. platensis has the strong adaptability for removing the excess nitrate in the case of
phosphorus deficiency. This may be attributed to the fact that microalgae can maintain
its basic physiological activity by using the endogenous phosphorus accumulated in the
cell body [37,38]. From the above results, one can draw a conclusion that the phosphorus
(0.5–1.0 mg/L) in the reclaimed water can be effectively controlled by S. platensis, and it is
also an important factor to improve the removal efficiency of total nitrogen.
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Figure 2. The (a) residual ratio (C/C0) and (b) decreased concentration of total phosphorus (initial
phosphorus levels are 0.5 mg/L and 1.0 mg/L, respectively) in the culture medium of S. platensis
within 5 days cultivation under initial inoculation amount of 0.33 g/L and illumination intensity of
6000 lux. The statistically significant differences as compared to the optimized condition (initial inocu-
lation amount = 0.33 g/L, illumination intensity = 6000 lux, and initial phosphorus level = 0.5 mg/L)
were represented by * if p < 0.05 and ** if p < 0.01, respectively.

3.3. The Variation of Ammonia Content during the Cultivation Process

Previous studies have proposed that microalgae generally assimilated the nitrogen
resource by converting ammonia into glutamine and nitrate needs to be reduced to am-
monia by reductase before utilization [39]. Therefore, the ammonia nitrogen contents
during the 5-day cultivation process were studied under different conditions as shown
in Figure 3. Condition a is the optimal one (i.e., initial inoculation amount = 0.33 g/L,
illumination intensity = 6000 lux, and initial phosphorus level = 0.5 mg/L). Condition b, c,
and d changed initial inoculation amount, illumination intensity, and initial phosphorus
level, respectively, compared with condition a. It is found that the initial level of ammonia
nitrogen is approximately 0.06 mg/L, which may be attributed to the initially inoculated
S. platensis. The content of ammonia nitrogen then increased to 0.2 mg/L under the opti-
mized condition (0.33 g/L initial inoculation amount, 6000 lux illumination intensity, and
0.5 mg/L initial phosphorus level), confirming the gradual reduction in nitrate to produce
ammonia that is beneficial to microalgae uptake [40]. In addition, negligible amount of
nitrite could be detected in the culture solution, indicating the rate-limiting step should be
the conversion of nitrate to nitrite instead of the further conversion to ammonia [41]. In
comparison with the optimized condition, the content of ammonia nitrogen in Figure 3
also increased with time even using the lower initial inoculation amount, illumination
intensity, and initial phosphorus level, resulting in the final amounts of ammonia at the 5th
day that were much lower than 0.2 mg/L. All the above results suggested that S. platensis
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could rapidly remove total nitrogen without accumulating a large amount of ammonia,
which would not exceed the standard limit (5 mg/L) and also not inhibit the growth of
microalgae [17,42]. Consequently, S. platensis is considered to be a promising candidate
to eliminate residual nutrients (e.g., nitrate and phosphorus) in reclaimed water without
producing hazardous by-products (e.g., ammonia).
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3.4. The Algal Growth under Different Conditions

The removal of nutrients by S. platensis can not only improve the quality of reclaimed
water but also is a necessary process to maintain the algal growth, which in turn further pro-
motes its remediation ability as shown in Figure 1. Therefore, the biomass productivity of
S. platensis was investigated under different conditions as displayed in Figure 4. It is shown
in Figure 4a that the biomass increased to 0.32, 0.60, and 0.74 g/L by using the initial inocu-
lation amounts of 0.13, 0.22, and 0.33 g/L S. platensis, respectively. The result demonstrated
that higher inoculation amount could lead to more biomass accumulation (Figure 4a) and
further improve the removal efficiency of total nitrogen (Figure 1a). However, the massive
amount of biomass inevitably aggravated the situation of nutrient deficiency [23]. It thus
has to recognize that S. platensis seems to be always starvation when applying for removing
nitrate from the reclaimed water. As the photoautotrophic micro-organism, illumination
intensity is an important factor for influencing the biomass growth of S. platensis, and thus
was also studied, as can be seen in Figure 4b. It is found that the microalgal biomass under
high illumination intensity (6000 lux) started to be significantly higher (p < 0.05) than those
under low illumination intensity (4000/2000 lux) from the 3rd day. This is in line with the
expectation that the photosynthetic activity and specific growth rate commonly increased
with the increment of illumination intensity before reaching the light saturation point [35].
The effect of initial phosphorus level on the growth of S. platensis was further examined as
displayed in Figure 4c. The absence of phosphorus obviously caused a significant reduction
(p < 0.05) in biomass from the 4th day, which is later than that in nitrogen removal (from the
2nd day in Figure 1c). The result showed that phosphorus has little effect on the growth of
microalgae, which is also supported by comparable biomass growth and nitrogen removal
no matter if 0.5 or 1.0 mg/L phosphorus was used [43].
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of 0.13–0.33 g/L (illumination intensity = 6000 lux, initial phosphorus level = 0.5 mg/L), (b) il-
lumination intensities of 2000–6000 lux (initial inoculation amount = 0.33 g/L, initial phos-
phorus level = 0.5 mg/L), and (c) initial phosphorus levels of 0–1.0 mg/L (initial inoculation
amount = 0.33 g/L, illumination intensity = 6000 lux) within 5 days cultivation. The statistically
significant differences as compared to the optimized condition (initial inoculation amount = 0.33 g/L,
illumination intensity = 6000 lux, and initial phosphorus level = 0.5 mg/L) were represented by * if
p < 0.05 and ** if p < 0.01, respectively.

3.5. The Variation of Photosynthesis Pigments

Photosynthesis is an important physiological process of algal growth and is the basis
for microalgae to accumulate biomass [44]. The photosynthetic pigments including chloro-
phyll a and carotenoids have been recognized as the critical biomarkers for exogenous
stress [45]. Consequently, the contents of these pigments in culture solutions were stud-
ied under different conditions. As shown in Figure 5, there are significant differences in
comparison with the optimized condition by decreasing the initial inoculation amount to
0.13 g/L (p < 0.01), illumination intensity to 2000 lux (p < 0.01), and initial phosphorus level
to 0.0 mg/L (p < 0.05). The result suggested that the phosphorus starvation stress could
promote the photosynthetic reaction by increasing chlorophyll a content, which was also
accumulated massively to cope with the low illumination intensity of 2000 lux to capture
more light energy [46]. The high content of chlorophyll a under the initial inoculation
amount of 0.13 g/L was then attributed to more nutrient supplement for less biomass of
S. platensis, which coincided well with the result of carotenoids. In contrast to the find-
ings obtained for chlorophyll a, the contents of carotenoids have almost no difference by
adjusting the phosphorus level. It is well known that carotenoids are not only the photosyn-
thetic pigments contributing to light harvesting with chlorophyll but also the antioxidants
protecting the microalgal structure and function [47]. Therefore, the effect of phosphorus
starvation stress on the growth of S. platensis and the removal efficiency of total nitrogen
should be solely limited to photosynthetic efficiency rather than lipid peroxidation.

3.6. Effects of Background Ions on Biomass Growth and Nitrogen Removal

Generally, the reclaimed water was obtained from sewage effluent, and thus should
inevitably contain some background ions, which are likely to influence the physiological
activity of S. platensis [48]. Hence, the effects of copper/zinc cations (Cu2+/Zn2+) and
bromide/iodide anions (Br-/I-) on the biomass growth and total nitrogen removal were
investigated as presented in Figure 6. The result illustrated that the biomass growth of
S. platensis was significantly inhibited (p < 0.01) by 0.5 mg/L Cu2+ in Figure 6a, which is the
limit of the national discharge standard of China [17]. This is why S. platensis did not remove
total nitrogen in the first 3 days. Very interestingly, S. platensis displayed some removal
ability of total nitrogen at the 5th day in Figure 6b, albeit the microalgal biomass has been
significantly reduced compared to the initial inoculation amount. In comparison with
Cu2+, S. platensis is found to be less sensitive to Zn2+ by considering the lower inhibition
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of 1.0 mg/L Zn2+ (standard limit of GB18918, 2002) towards biomass growth in Figure 6a.
Moreover, S. platensis could effectively remove more than 90 % total nitrogen from the
aqueous solution from the 3rd to 5th day after the initial 2-day adaptation in Figure 6b.
The above results suggested the limited influence of 1.0 mg/L Zn2+ on S. platensis and
its gradual recovery, while 0.5 mg/L Cu2+ should be definitely more toxic and would
cause a more significant reduction in both biomass growth and nitrogen removal. This is
consistent with the previous reports that microalgae including Chlamydomonas, Scenedesmus,
and Cladophora were also more sensitive to Cu2+ than Zn2+; thus, 0.5 mg/L Cu2+ is already
an unacceptable level for these aquatic micro-organisms [49–51]. In addition to the metal
cations, the biomass growth of S. platensis was found to be hardly affected by 1.1 mg/L
Br- or 0.2 mg/L I-, both of which are almost the highest level reported in water and
wastewater according to our previous survey [52]. Surprisingly, the significantly high
removal efficiencies of total nitrogen were found by introducing these anions into the
culture solutions. This may be due to the fact that S. platensis is a kind of halophilic micro-
organism that is suitable for growing under high salinity [53]. It is thus proposed that more
attention should be paid to the Cu2+ content and the corresponding impact when applying
microalgae to improve the quality of reclaimed water.
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Figure 5. The contents of chlorophyll a and carotenoids in S. platensis after 5 days cultiva-
tion under the different conditions including (a) initial inoculation amount = 0.33 g/L, illu-
mination intensity = 6000 lux, and initial phosphorus level = 0.5 mg/L; (b) initial inoculation
amount = 0.13 g/L, illumination intensity = 6000 lux, and initial phosphorus level = 0.5 mg/L;
(c) initial inoculation amount = 0.33 g/L, illumination intensity = 2000 lux, and initial phosphorus
level = 0.5 mg/L; and (d) initial inoculation amount = 0.33 g/L, illumination intensity = 6000 lux,
and initial phosphorus level = 0.0 mg/L. The statistically significant differences as compared to the
optimized condition (condition a) were represented by * if p < 0.05 and ** if p < 0.01, respectively.
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4. Conclusions

In summary, we attempted to apply S. platensis in this work to remove low concen-
tration of nitrate under nutrient-deficient conditions for further improving the quality of
reclaimed water. The removal efficiency of 15 mg/L total nitrogen could be increased by
increasing the initial inoculation amount to 0.33 g/L and illumination intensity to 6000 lux.
The low level (0.5–1.0 mg/L) of phosphorus could be also controlled by S. platensis and be
sufficient to help remove the nitrate. Under the optimized condition, S. platensis is able
to effectively eliminate nitrate and phosphorus by producing extremely low hazardous
by-product ammonia. More algal biomass was found to be accumulated by using higher
inoculation amount (0.33 g/L) and illumination intensity (6000 lux), while 0.5–1.0 mg/L
phosphorus has little effect on the biomass growth. The low illumination intensity of
2000 lux and phosphorus starvation stress were found to stimulate the photosynthetic
system by increasing content of chlorophyll a but have almost no effect on lipid peroxi-
dation by considering the stable content of carotenoids. The background cations of Zn2+

and particularly Cu2+ were found to inhibit the biomass growth and nitrate removal in re-
claimed water, while the halophilic S. platensis is adaptable for growing in culture solutions
with Br-/I- anions. The current results are anticipated to become strong support by further
employing S. platensis to improve the quality of reclaimed water.
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diagram of the experimental setup.
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