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Abstract Higher lipid production and nutrient removal rates
are the pursuing goals for synchronous biodiesel production
and wastewater treatment technology. An oleaginous alga
Chlorella sp. HQ was tested in five different synthetic water,
and it was found to achieve the maximum biomass
(0.27 g L−1) and lipid yield (41.3 mg L−1) in the synthetic
secondary effluent. Next, the effects of the stationary phase
elongation and initial nitrogen (N) and phosphorus (P) con-
centrations were investigated. The results show that the algal
characteristics were affected apparently under different N
concentrations but not P, which were verified by Logistic
and Monod models. At the early stationary phase, the algal
biomass, lipid and triacylglycerols (TAGs) yields, and P re-
moval efficiency increased and reached up to 0.19 g L−1,
46.7 mg L−1, 14.3 mg L−1, and 94.3 %, respectively, but N
removal efficiency decreased from 86.2 to 26.8 % under
different N concentrations. And the largest TAGs yield was
only 6.4 mg L−1 and N removal efficiency was above 71.1 %
under different P concentrations. At the late stationary phase,
the maximal biomass, lipid and TAGs yields, and P removal
efficiencies primarily increased as the initial N and P concen-
trations increase and climbed up to 0.49 g L−1, 99.2 mg L−1,
54.0 mg L−1, and 100.0 %, respectively. It is concluded that
stationary phase elongation is of great importance and the
optimal initial N/P ratio should be controlled between 8/1
and 20/1 to serve Chlorella sp. HQ for better biodiesel pro-
duction and secondary effluent purification.
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Introduction

Rapid depletion of fossil fuel reserves and the global aware-
ness of climate change have promoted the exploration of
renewable and sustainable energy sources, especially biofuels,
which is superior in keeping the environmental and economic
sustainability (Balat 2008; Patil et al. 2008). Recently,
microalgae have emerged as a promising alternative to substi-
tute for traditional biofuel feedstock, such as oil crops, waste
cooking oils, and animal fats, owing to their low land require-
ments (Deng et al. 2009; Schenk et al. 2008), high photosyn-
thetic efficiency (Deng et al. 2009), and being non-toxic and
biodegradable products (Schenk et al. 2008).

Cultivating microalgae in wastewater to produce lipid and
purify water synchronously has been widely discussed be-
cause of the cultivation-cost-reduction ability in that the algae
can utilize valuable inorganic nutrients from wastewater and
simultaneously save significant freshwater resources (Aslan
and Kapdan 2006; Shi et al. 2007). So far, microalgae have
been applied in many types of wastewater treatment, i.e., in
domestic secondary effluent, Chlorella ellipsoidea YJ1 was
observed to achieve 11.4 mg L−1 biomass and remove more
than 99 % nitrogen (N) and 90 % phosphorus (P) (Yang et al.
2011); in aquaculture wastewater, 96.3 % nitrite and 98.8 % P
were removed by Scenedesmus sp. LX1 with 31.6 % lipid
content (Ma et al. 2012); and in waste discharges,
Scenedesmus obliquus was found to accumulate as high as
1 g L−1 lipid up to stationary phase followedwith an optimized
stage for 8 days of cultivation (Mandal and Mallic 2011).

However, to improve the economic feasibility of the syn-
chronous technology for lipid production and wastewater
treatment, screening for suitable algae species is still crucial.
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Previous studies have found several algae species with high
lipid content, i.e., Botryococcus braunii (15–75 %) (Chisti
2007), Schizochytrium sp. (50–77 %) (Chisti 2007),
Nannochloropsis sp. (31–68 %) (Chisti 2007), and Chlorella
protothecoides (up to 55 %) (Xiong et al. 2008). Apart from
that, some algal strains’ superior abilities of nutrient removal
were also verified, for instance, Spirulina could remove 84–
96 % NH4–N and 72–87 % P from pig wastewater (Olguín
et al. 2003), 88.8 % N and 70.3 % P were removed by
Chlorella pyrenoidosa in soybean processing wastewater (Su
et al. 2011), andC. ellipsoideaYJ1 was found to removemore
than 99 % N and 90 % P from secondary effluent (Yang et al.
2011). However, the problem of finding more algae strains
with high lipid production and strong abilities of removing N
and P to compensate for the limited number of species and
strains has not been solved yet.

Not only algal species selection but also environmental
factors and growth conditions should be taken into consider-
ation when applying the coupled system above. Those factors
include pH (Abu-Rezq et al. 1999), temperature (Csavina et al.
2011), light source and intensity (Tang et al. 2011), trace ele-
ments (Lin et al. 2012), nutrient concentration (Cakmak et al.
2012; Khozin-Goldberg and Cohen 2006; Merzlyak et al.
2007), as well as growth phase (Liang and Mai 2005), etc.
Among these factors, N and P as the essential nutrient elements
for algal growth are believed to exert great influence on algal
lipid accumulation and nutrient removal ability. Converti et al.
(2009) showed that an N concentration decrease to 25 % sig-
nificantly increased the lipid content of Nannochloropsis
oculata from 7.9 to 15.3 % and from 5.9 to 16.4 % in Chlorella
vulgaris. Li et al. (2010a) investigated the different concentra-
tions of N and P on the lipid accumulation in Scenedesmus sp.
LX1 and found that the lipid content was enhanced up to 30 %
under 2.5 mg L−1 N and 53 % under 0.1 mg L−1 P. In fact,
triacylglycerols (TAGs) in algal lipids are the best feedstock to
produce biodiesel through transesterification (Sharma et al.
2012). Although a host of recent studies have discussed the
effects of N and P concentrations on algal lipid accumulation so
far, little attention has been paid to their effects on TAGs
accumulation.

Additionally, the growth phase of algae also has been found
to have a significant impact on lipid accumulation. Su et al.
(2013) discovered that there existed significant differences in
the intercellular lipid metabolites among exponential, early
stationary, and late stationary phases. Liang and Mai (2005)
found that the fatty acid composition of four species of marine
diatoms (Chaetoceros gracilis, Cylindrotheca fusiformis,
Phaeodactylum tricornutum, and Nitzschia closterium) were
changed when the algae were cultivated at the exponential
growth phase, the early stationary phase, or the late stationary
phase. Especially the eicosapentaenoic acid (EPA) and poly-
unsaturated fatty acids were found to decrease with increasing
culture age. Additionally, the lipid content of C. ellipsoidea

YJ1 in secondary effluents was reported to be dramatically
higher at the stationary phase (up to 40 %) than that at the log
phase (up to 15 %) (Yang et al. 2011). However, studies of
when in the stationary phase was the best time to harvest
microalgae for lipid production and nutrient removal are
few, especially for TAGs accumulation.

Based on the above, the effects of stationary phase elon-
gation and initial N and P concentrations on lipid (TAGs)
production and nutrient removal of the oleaginous alga Chlo-
rella sp. HQ were examined in this paper, the findings of
which will help determine the optimal algae growth condi-
tions for simultaneous lipid production and nutrient removal
and provide theoretical and technical support for future
application.

Materials and methods

Algal growth assay

The Chlorella sp. HQ (collection no. GCMCC7601 in China
General Microbiological Culture Collection Center) was un-
expectedly isolated from a culture of aging B. braunii exposed
to air in a previous study. In this study, Chlorella HQ was
cultivated at initial inoculation density of 2×105 cells mL−1 in
300 mL autoclaved culture medium in 500-mL conical flasks
in an artificial climate chamber (HPG-280H, HDL, China) at
25 °C and an irradiance of 60 μmol photons m−2 s−1 and light/
dark ratio of 14:10. All tests were carried out in triplicate.

The culture media used in this study were SE medium,
modified BG11 (50 % BG11) medium, and five different
synthetic water samples. The SE medium was composed of
(in mg L−1) 250 NaNO3, 75K2HPO4·3H2O, 75MgSO4·7H2O,
25 CaCl2·2H2O, 175 KH2PO4, 25 NaCl, 5 FeCl3·6H2O, 0.81
FeCl3, 10 Na2EDTA, 2.86 H3BO3, 1.81 MnCl2·4H2O, 0.22
ZnSO4 · H 2O , 0 . 0 7 9 CuSO 4 · 5H 2O , a n d 0 . 0 3 9
(NH4)6Mo7O24·4H2O. The mBG11 contained 15 mg L−1 N
and 1.5 mg L−1 P simulating the secondary effluent of munic-
ipal wastewater treatment plants. NaNO3 and K2HPO4·3H2O
were used as the N and P resource. Apart from N and P, there
were (in mg L−1) 37.5 MgSO4·7H2O, 18 CaCl2·2H2O, 3 citric
acid, 3 ferric ammonium citrate, 0.5 EDTA, 10 Na2CO3, and 1
A5+Co. The A5+Co solution contained 2.86 g L−1 H3BO3,
1.81 g L−1 MnCl2H2O, 222 mg L−1 ZnSO4·7H2O, 79 mg L−1

CuSO4·5H2O, 390 mg L−1 Na2MoO4·2H2O, 49 mg L−1 Co
(NO3)2·6H2O. Five synthetic water samples (A, B, C, D, and
E) were generated by adding different amounts of nitrate and
phosphate into N- and P-free SE medium according to the
water quality standards: “A” stands for the surface water with
1 mg L−1 N and 0.05 mg L−1 P that can attain the third level
surface water quality standards (GB 3838-2002 China), “B”
stands for the municipal wastewater with 15 mg L−1 N and
0.5 mg L−1 P that can attain the first level of municipal

142 J Appl Phycol (2014) 26:141–149



wastewater discharge standards (GB 18918-2002), “C” stands
for N-deprivation with 0.05 mg L−1 N, 50.1 mg L−1 P, “D”
stands for P-deprivation with 41.2 mg L−1 N, 0.002 mg L−1 P,
and “E” stands for SE medium with 41.2 mg L−1 N,
50.1 mg L−1 P.

Algal density (N, cells mL−1) was determined by counting
cell numbers using a hemocytometer every 48 h. Finally, the
growth curves were obtained and cultures were harvested at
two different points of the growth curve: the early stationary
phase (15 days) and the late stationary phase (30 days).

Algal growth can be described by the Logistic model, as is
shown in Eq. (1), and the transformed form is shown in
Eq. (2):

N ¼ K

1þ e a− rt ð1Þ

ln
K

N
−1

� �
¼ a− rt ð2Þ

where N is the algal density at time t (days), K (cells mL−1) is
the maximum algal density in the culture, a is a constant, and r
(day−1) is the specific growth rate. The values of a and r can be
obtained by logistic fit with the data series of N and t.

When N equals half of K, the population growth rate
reaches its maximal value Rmax [mg(L·day)−1], which is
presented in Eq. (3):

Rmax ¼ rK

4
ð3Þ

Biomass evaluation

Triplicates of 40mL samples were filtered through pre-weighed
0.45-μm membraneswhich were then dried at 110 °C for 24 h,
and the dry weight of the algal biomass was determined
gravimetrically.

Algal total lipid and TAGs determination

Triplicates of 40 mL cultures transferred from flasks were
concentrated to about 0.8 mL by centrifugation (CR22G,
Hitachi, Japan) for 10 min at 12,000 rpm and 4 °C. The total
lipid was extracted by adding 2 mL chloroform, 2 mL meth-
anol, and 1 mL distilled water and mixing. After centrifuga-
tion at 4,000 rpm for 10 min, the mixture separated into three
layers. The chloroform layer was transferred into a pre-
weighed glass tube and evaporated by a nitrogen evaporator
(DC-12, Anpel, China) to obtain the dry lipid. Finally, the total
lipid was weighed (Bligh and Dyer 1959). After the determi-
nation of total lipid, the dried lipid was dissolved in 0.4 mL

isopropanol. The TAGs were determined with an enzymatic
colorimetric method (Li et al. 2010b).

Nitrogen and phosphorus concentration assay

The algae culture was filtered through 0.45-μm membranes,
and the filtrate transferred into another clean tube. Subsequent-
ly, an 8 mL sample was used for the determination of N
concentration by using a total organic carbon analyzer (TOC-
VCPH, Shimadzu, Japan). Samples of 1 mL were digested by
adding into 3 mL distilled water and 1 mL potassium
persulfate (5 %) in a digestion apparatus (DRB 200, Hach,
USA) at 130 °C for 30 min and the assay of P concentration
was by the ammonium molybdate spectrophotometric method
(State Environmental Protection Administration 2002) using a
spectrophotometer (DR 5000, Hach, USA) at 700 nm.

Experimental design

1. Experimental design in synthetic water. After 18 days of
cultivation, the algal biomass (dry weight), lipid content
per algal biomass (%, dry weight) and TAGs content per
lipid (%, dry weight) were determined and compared
among the five synthetic water samples.

2. Experimental design of stationary phase elongation and
initial nitrogen and phosphorus influence. When initial P
was maintained at 1.5 mg L−1, the initial N concentration
gradient was designed as 3.0, 6.0, 12.0, 18.0, and
30.0 mg L−1; when initial N was maintained at 15 mg L−1,
the initial P concentration gradient was 0.3, 0.5, 0.8, 1.3, and
1.9 mg L−1. Algal densities were tested every 48 h. At the
early and late stationary phases, the algal biomass (dry
weight), lipid content per algal biomass (%, dry weight),
and TAGs content per lipid (%, dry weight) were deter-
mined. Additionally, the concentrations of N and P from
algal cultures filtered through 0.45-μm membranes were
determined every other day.

Results

Comparison of growth and lipid accumulation in different
types of synthetic water

Figure 1 shows the algal biomass (dry weight), lipid con-
tent per algal biomass (%), TAGs content per lipid, and
lipid and TAGs yields of Chlorella sp. HQ after 18 days
cultivation in five different types of synthetic water. The
algal biomass in the synthetic secondary effluent reached
the highest level of 0.27 g L−1, which was nearly two times
that in the SE medium while the N and P concentrations in
the synthetic secondary effluent were only 2.7 and 1.0 % of
those in SE medium.
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Effect of N and P concentrations on algal growth

Figure 2 shows the growth curves of Chlorella sp. HQ after
30 days of cultivation under different initial N and P concen-
trations. It is clear that the algal cells could adapt to the
environments reached log phase quickly after inoculation
and the stationary phase from days 15 to 30. Thus, days 15
and 30 were considered as the early and late stationary phases,
respectively.

Through the Logistic model (Eqs. (2) and (3)), the maximal
algal density (K, cells mL−1) and population growth rate [Rmax,
cells(L·day)−1] were obtained, describing the carrying capac-
ity and maximal biomass yield rate, respectively. As is shown
in Figs. 2 and 3, the algal growth was enhanced significantly

as N concentration increased, but there was no change with the
P concentration increase.

To explore the relationship between KN(P), Rmax,N(P), and
initial N or P concentration, the Monod model was applied, as
is exemplified in Eqs. (4) and (5):

Kmax;N Pð Þ ¼
K

0
max;N Pð Þ ⋅SN Pð Þ

KS;N Pð Þ þ SN Pð Þ
ð4Þ

Rmax;N Pð Þ ¼
R

0
max;N Pð Þ ⋅SN Pð Þ

K
0
S;N Pð Þ þ SN Pð Þ

ð5Þ

where SN(P) (mg L−1) stands for the initial N or P concentration
in the culture medium; KS,N(P) (mg L−1) for the half-saturation
constant for maximal algal density; K′S,N(P) (mg L−1) for
the half-saturation constant for the population growth rate;
K′max,N(P) (cells mL

−1) for the maximal value of Kmax,N(P) at the
saturated N or P concentration, and R′max,N(P) (cells mL

−1 day−1)
for the maximal value of Rmax,N(P) at the saturated N or P
concentration.

In the study, the initial N or P concentration and Kmax,N(P),
Rmax,N(P) complied with the Monod model and could be
calculated as Eqs. (6) and (7):

Kmax;N ¼ 1:35� 108 ⋅SN
68:5þ SN

; Rmax;N ¼ 3:15� 1020SN
1:69þ SN

ð6Þ

Kmax;P ¼ 2:53� 107 ⋅SP
0:11þ SP

; Rmax;P ¼ 3:75� 106SP
0:14þ SP

ð7Þ
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Fig. 1 Algal biomass (dry weight), lipid yield, TAGs yield, lipid content
per algal biomass (%, dry weight), and TAGs content per lipid (%, dry
weight) of Chlorella sp. HQ after 18 days of cultivation in the synthetic
wastewater
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If both N and P are identified as growth-limiting substrates,
the Monod model will be transformed to Eqs. (8) and (9):

Kmax;N Pð Þ ¼ K
0
max;N Pð Þ ⋅

SN
KS;N þ SN

⋅
SP

KS;P þ SP
ð8Þ

Rmax;N Pð Þ ¼ R
0
max;N Pð Þ ⋅

SN
K

0
S;N þ SN

⋅
SP

K
0
S;P þ SP

ð9Þ

The Monod parameters in Eqs. (8) and (9) were obtained
through “Datafit version 7.1.44,” and the integrated forms of
Monod model for both N and P as growth-limiting substrates
of Chlorella sp. HQ are shown in Eqs. (10) and (11).

Kmax;N Pð Þ ¼ 2:3� 106 ⋅
SN

65:3þ SN
⋅

SP
1:5þ SP

ð10Þ

Rmax;N Pð Þ ¼ 3:0� 107 ⋅
SN

121:8þ SN
⋅

SP
0:07þ SP

ð11Þ

As shown in Eqs. (10) and (11), the Kmax and Rmax of
Chlorella sp. HQ indicated that both N and P can be consid-
ered as limiting substrates. Equations (10) and (11) are used to
evaluate and predict the biomass production of Chlorella sp.
HQ, as well as estimate N and P demands for biodiesel
production of this alga.

Effect of N and P concentrations on algal lipid accumulation
with stationary phase elongation

The algal biomass, lipid content, TAGs content per lipid, and
lipid and TAGs yields ofChlorella sp. HQ at the early and late
stationary phases under different N concentrations are shown
in Fig. 4. Normally, the algal biomass should increase as
nutrient concentrations rise. In Fig. 4a, after 15 days of culti-
vation, the highest biomass 0.19 g L−1 was obtained at the
initial N of 12.0 mg L−1 while not at 30.0 mg L−1, which may
indicate that the initial N/P ratio of 8/1 was more appropriate
for algal growth.

As N concentration increased, the algal lipid content in-
creased from 20.0 to 30.6 %. As a result, the maximal lipid
yield (46.7 mg L−1) was obtained at 12.0 mg L−1 N. Addi-
tionally, TAGs content and yield in algal total lipids ranged
from 10.5 to 55.7% and from 4.2 to 14.3mg L−1, respectively.

After 30 days of cultivation, the algal biomass increased
dramatically compared with that at the early stationary phase
Fig. 4b. Moreover, the algal biomass increased linearly with
increasing initial N concentration (R2=0.96). The highest lipid
content (33.2 %) was obtained under N-deprivation
(3.0 mg L−1), while the lipid yield was the lowest
(28.8 mg L−1) due to the low algal biomass. The highest lipid
yield (99.2 mg L−1) occurred at the initial N of 30.0 mg L−1 as
the algal biomass was highest. Furthermore, TAGs content

and yield were also found to increase significantly with sta-
tionary phase elongation from 15 to 30 days, i.e., the TAGs
content rose more than four times, from 14.2 to 59.6% and the
TAGs yield increased more than 12 times, from 4.2 to
54.0 mg L−1 at initial N of 18.0 mg L−1.

The algal biomass, lipid content, TAGs content per lipid,
and lipid and TAGs yields at the early and late stationary
phases under different P concentrations are shown in Fig. 5.
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After 15 days of cultivation, the biomass was between 0.12
and 0.16 g L−1 (Fig. 5a), the TAGs content per lipid was from
6.5 to 20.9 % and TAGs yield was in the range of 3.3 to
6.4 mg L−1 under different initial P concentrations (0.3 to
1.9 mg L−1). The peak content and yield of lipid occurred at
the initial P of 1.9 mg L−1, reaching 39.8 % and 55.8 mg L−1,
respectively.

As shown in Fig. 5b, the algal biomass at the late stationary
phase ranged from 0.31 to 0.44 g L−1, which was generally
higher than that at the early stationary phase. An increase in
the initial P concentration had not significant effect on the
lipid content (14.7–17.1 %) and lipid yield (50.8–
63.8 mg L−1), while the P-deprivation (0.3 mg L−1) caused
an inhibition of the lipid yield and TAGs content and yield to a
certain degree. Furthermore, TAGs was observed to increase
dramatically in content and yield at the late stationary phase
compared with the early stationary phase, i.e., the TAGs
content increased more than six times, from 6.5 to 42.4 %,
and the TAGs yield raised more than eight times, from 3.3 to
62.5 mg L−1 at the initial P of 1.3 mg L−1. Thus, it is suggested
that the initial P concentrations should be between 0.5 and
1.9 mg L−1 for higher TAGs content and yield.

Effect of N/P ratio on algal nutrient removal with stationary
phase elongation

The changes in N and P concentrations under different initial
nutrient concentrations are shown in Fig. 6, and the corre-
sponding removal efficiencies after 15 and 30 days of culti-
vation are further illustrated in Tables 1 and 2. At the early
stationary phase, the N removal efficiency was in the range of

26.8 to 86.2 % when P was maintained at 1.5 mg L−1, and it
was significantly decreased as the initial N/P ratio increased
from 2/1 to 20/1, whereas the P removal efficiency increased
to 94.3 %. When N was maintained at 15 mg L−1, the N
removal efficiency declined from 90.7 to 72.1 % as the N/P
ratio increased, but the P removal efficiency kept rising from
84.0 to 100.0 %. After stationary phase elongation to 30 days,
N removal was more than 88.6 %, whereas the P removal
efficiency dropped sharply to 43.2%when the initial N/P ratio
was less than 4/1 with an initial P of 1.5 mg L−1.
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Table 1 Nutrient removal efficiency of Chlorella sp. HQ under different
initial N or P concentrations after 15 days of cultivation

Initial [N]a

(mg L−1)
3 6 12 18 30

N/P ratio 2:1 4:1 8:1 12:1 20:1

N removal
efficiency/
%

83.9±5.2 84.9±1.0 86.2±3.7 53.5±3.2 26.8±3.9

P removal
efficiency/
%

53.5±11.8 85.4±4.4 94.3±4.6 86.7±5.8 85.9±8.0

Initial [P]b

(mg L−1)
0.3 0.5 0.8 1.3 1.9

N/P ratio 50:1 30:1 20:1 12:1 8:1

N removal
efficiency/
%

72.4±3.1 72.1±3.7 73.7±11.1 90.7±4.9 86.3±1.2

P removal
efficiency/
%

84.0±7.9 99.5±0.9 100.0±0 100.0±0 100.0±0

a The initial concentration of P was 1.5 mg L−1

b The initial concentration of N was 15 mg L−1
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In summary, the N and P removal efficiencies under and
initial N of 15.0 mg L−1 were not evidently affected by the
initial N/P ratio (8/1–50/1), reaching above 88.0 and 95.3 %,
respectively.

Discussion

There have been some studies screening for microalgae with
high biomass production and lipid content in wastewater, i.e.,
Li et al. (2010c) compared the microalgal biomass among 12
species of microalgae after 15 days of cultivation in secondary
effluent and found that the freshwater microalga Scenedesmus
sp. LX1 isolated from stored tap water achieved the highest dry
weight of biomass at 0.11 g L−1. Based on the results in this
study, the biomass productivity of Chlorella sp. HQ is calcu-
lated as 15.0 mg L−1 day−1, which is more than double that of
Scenedesmus sp. LX1 (7.3 mg L−1 day−1). This implies that
Chlorella sp. HQ is a strain with good capacity to accumulate
biomass in low nutrient conditions. Generally, nutrient deficien-
cy has been regarded as one of the most efficient approach to
enhance lipid content in algal cells (Rodolfi et al. 2009). In this
research, the lipid content of Chlorella sp. HQmaintained at a
relatively high level, ranging from 14.3 to 48.6 %. The max-
imal value was obtained under the N-deprivation condition
and was much higher than the normaln lipid content of Chlo-
rella sp. (28–32 %) in other studies (Chisti 2007). Hence, it
can be concluded that Chlorella sp. HQ could accumulate
lipid in water with a wide range of N and P concentrations,
and the low nutrient environment was more profitable for
enhancing its lipid level, indicating that Chlorella sp. HQ
might have great potential for combined lipid production
and secondary effluent purification. To further study the effect
of N and P concentrations on the growth, lipid accumulation,
and nutrient removal characteristics of Chlorella sp. HQ, the

value of the above characteristics was analyzed at different
growth phases under varied nutrient concentrations.

The growth responses of different algal species to N and P
concentrations are varied. For example, the growth rate of
Scenedesmus sp. LX1 increased with an increase in initial N
and P concentrations (Li et al. 2010a). With a decrease in N
concentration, N. oculata exhibited a gradual decrease in
specific growth rate, but there was no evident change of the
growth rate ofC. vulgaris (Converti et al. 2009). In the present
study, the growth of Chlorella sp. HQ positively responded to
N concentration, but there was significant correlation with P
concentration. Using the Monod model, the maximal values
of Kmax,N(P) and Rmax,N(P) of Chlorella sp. HQ at saturated N
and P concentrations were four to five orders of magnitude
higher than those of C. ellipsoidea YJ1 (Yang et al. 2011) and
one order of magnitude higher than those of Scenedesmus sp.
LX1(Li et al. 2010a), suggesting that Chlorella sp. HQ can
utilize less nutrient to achieve more algal biomass in
wastewater.

During the algal growth process, N and P always play vital
roles in the synthesis of proteins, nucleic acids, ATP, etc.
(Shen et al. 2006). The results in this study indicate that the
lipid content of Chlorella sp. HQ was greatly increased under
N-deprivation, which also has been observed in other oleag-
inous algae. For example, the lipid contents of Scenedesmus
sp. LX1 andNannochloropsis sp. were significantly enhanced
by N-deprivation, increasing from 20 to 30 % and 29 to 60 %,
respectively (Li et al. 2010a; Rodolfi et al. 2009). However,
although the lipid content of Chlorella sp. HQ was the highest
under N-deprivation, the total lipid yield was the lowest due to
growth inhibition. Hence, to obtain both high lipid content and
yield, a sequential two-stage cultivation process has been
proposed (Rodolfi et al. 2009), in which the first stage with
sufficient nutrient is to produce high algal biomass, and then a
N-deprivation phase is used to promote lipid content. Gener-
ally, cell division and products such as chlorophyll and lipid
are observed be affected by P-deprivation, i.e., the TAGs
content of Monodus subterraneus increased from 6.5 to
39.3 % of the total lipids in the absence of P (Khozin-Gold-
berg and Cohen 2006), and the lipid content of Scenedesmus
sp. LX1 was increased as high as 53 % in the condition of P-
deprivation (0.1 mg L−1) (Li et al. 2010a). However, in this
study, the lipid content and yield of Chlorella sp. HQ were
found not to be affected by P concentration. Therefore, it can
be assumed that N-deprivation, but not P-deprivation, can be
regarded as an effective approach to promote the lipid accu-
mulation in Chlorella sp. HQ.

Several studies conclude that it is better to harvest the
microalgae in stationary phase in contrast to the log phase.
For instance, the lipid content ofC. ellipsoideaYJ1 was much
higher at stationary phase (35–40 %) than that at log phase
(10–15 %) (Yang et al. 2011), and a similar phenomenon was
observed in C. pyrenoidosa (Nigam et al. 2011). Additionally,

Table 2 Nutrient removal efficiency of Chlorella sp. HQ under different
initial N or P concentrations after 30 days of cultivation

Initial [N]a

(mg L−1)
3 6 12 18 30

N/P ratio 2:1 4:1 8:1 12:1 20:1

N removal
efficiency/%

90.4±1.2 89.9±2.2 88.6±0.7 90.3±3.0 91.6±3.0

P removal
efficiency/%

43.2±3.8 84.6±2.5 100.0±0 100.0±0 100.0±0

Initial [P]b

(mg L−1)
0.3 0.5 0.8 1.3 1.9

N/P ratio 50:1 30:1 20:1 12:1 8:1

N removal
efficiency/%

94.3±0.9 91.0±2.1 94.6±0.9 93.3±2.7 88.0±1.6

P removal
efficiency/%

100.0±0 100.0±0 95.3±4.2 99.7±0.4 100.0±0

a The initial concentration of P was 1.5 mg L−1

b The initial concentration of N was 15 mg L−1
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the TAGs accumulation also conforms to these obeservation,
i.e., the TAGs content of the total fatty acids in Parietochloris
incisa was found to increase from 43 to 77 % when it shifted
from log phase to stationary phase (Bigogno et al. 2002).
However, there are only a few studies on the effect of station-
ary phase elongation on algal lipid accumulation. Noer et al.
(2012) reported that the biomass of N. oculata in seawater
with 5 % coral waste at the late stationary phase (1.92 g L−1)
was significantly more than that in seawater with 15 % waste
at the early stationary phase (0.59 g L−1), while the lipid
content was relatively lower, reaching 29 and 39 %, respec-
tively. Liang and Mai (2005) found that stationary phase
elongation apparently affected lipid accumulation, and the
fatty acid compositions of four marine diatom species were
significantly different at the early and late stationary phases,
i.e., the proportions of 16:0 and 16:1 n-7 fatty acids increased,
while those of 16:3 n-4 and EPA decreased with increasing
culture age. In the present study, the lipid yield of Chlorella
sp. HQ was found to be enhanced markedly by stationary
phase elongation from 15 to 30 days, and the TAGs content
and yield increased by up to 6.5 and 12.8 times, respectively.
These findings indicate that stationary phase elongation facil-
itates the accumulation of TAGs, indicating that this is an
effective and innovative alternative to produce more lipid
and TAGs in algae. When the stationary phase was extended
to 30 days, the N and P removal efficiencies of Chlorella sp.
HQ also were increased to a certain degree. And after 30 days
of cultivation, the P removal efficiency of Chlorella sp. HQ
was quite low when the initial N/P ratio was less than 4/1 with
initial P of 1.5 mg L−1, while the N removal efficiency varied
little. Similar results have been reported by (Yan and Yu 1997)
who also found that the initial N concentration had a great
influence on P removal efficiency of C. vulgaris with the
optimum initial N concentration in the range of 20.0–
40.0 mg L−1. The decrease in P removal efficiency of Chlo-
rella sp. HQ mentioned above may be due to N-deprivation
that was likely cause of the decline in algal growth. The
optimum N/P ratio of C. vulgaris was at 8/1 (Kapdan and
Aslan 2008), and Scenedesmus sp. LX1 removed N and P
efficiently when the initial N/P ratio was between 5/1 and 8/1
(Li et al. 2010a). Based on the results in this study, the optimal
time to harvest algal cells is at the late stationary phase in order
to obtain concomitant higher N and P removal efficiencies. At
the late stationary phase, the best N/P ratio for N and P
removal was 4/1–20/1 when the initial P concentration was
maintained, and it should be controlled between 8/1 and 50/
1 at a stable initial N concentration. Comprehensive analysis
indicates that the initial N/P ratio should be controlled be-
tween 8/1 and 20/1 in order to remove N and P simultaneously
and efficiently when using Chlorella sp. HQ for wastewater
treatment.

In conclusion, the newly isolated oleaginous algaChlorella
sp. HQ shows great lipid-producing ability when grown

synthetic secondary effluent. When the alga shifted from the
early stationary phase to the late stationary phase, the algal
biomass, lipid and TAGs yields, and N and P removal effi-
ciencies were significantly increased by 3.6, 2.5, 12.8, 3.4 and
1.2 times, respectively, under different N and P concentra-
tions. Furthermore, the above parameters were mainly affect-
ed by N concentration and less by the P concentration. Logis-
tic and Monod models were found to verify the above and
demonstrated that Chlorella sp. HQ could achieve greater
biomass utilizing less N and P. In addition, the stationary
phase elongation is of great importance for the oil-producing
alga Chlorella sp. HQ to produce more lipids (TAGs) and
remove N and P more efficiently. Next, the effects of other
environmental factors will be assayed for better understanding
of lipid accumulation and nutrient removal characteristics of
this alga. Furthermore, the energy input as well as the produc-
tion costs should be taken into account for future directions to
utilize microalgae for coupling lipid production and wastewa-
ter treatment.
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