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Cultivation of Chlorella sorokiniana in a bubble-column

bioreactor coupled with cooking cocoon wastewater

treatment: effects of initial cell density and aeration rate

Chunye Xue, Kun Gao, Pingkang Qian, Jingwei Dong, Zheng Gao,

Qiaoqiao Liu, Biao Chen and Xiangyuan Deng
ABSTRACT
Previous studies have documented that Chlorella sorokiniana could grow well on cooking cocoon

wastewater (CCW) with a maximum biomass of 0.49 g/L. In order to further enhance the biomass

production and nutrient removals, a bubble-column bioreactor was designed and performed to

cultivate C. sorokiniana in CCW, and two main cultivation parameters were investigated in this work.

Results showed that a maximum algal biomass, specific growth rate, and biomass productivity of

2.83 g/L, 0.854 d�1, and 476.25 g/L/d, respectively, were achieved when this alga was cultivated in

the bioreactor with an initial cell density of 0.8 g/L and an aeration rate of 3.34 L air/L culture/min;

meanwhile, removal efficiencies of ammonium, total nitrogen, total phosphorus, and chemical

oxygen demand reached 97.96, 85.66, 97.96, and 86.43%, respectively, which were significantly

higher than that obtained in our previous studies. Moreover, chemical compositions in the algal cells

varied with the changes of cultivation conditions (i.e., initial cell density and aeration rate). Thus, it is

concluded that (1) the bubble-column bioreactor was suitable for cultivation of C. sorokiniana

coupled with the CCW treatment and (2) initial cell density and aeration rate affected the biomass

production, nutrient removals and chemical compositions of this alga.

Key words | aeration rate, Chlorella sorokiniana, cooking cocoon wastewater, initial cell density,

photobioreactor
HIGHLIGHTS

• A bubble-column bioreactor was designed and performed in this work.

• The bioreactor was suitable to cultivate C. sorokiniana using CCW.

• Initial cell density and aeration rate were two key factors during the cultivation.

• Biomass production and nutrient removal were enhanced under the optimal

conditions.

• Algal chemical compositions varied with the changes in cultivation conditions.
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INTRODUCTION
Microalgae are one of the most underutilized aquatic organ-
isms, and have attracted much attention worldwide because
their biomass could be used as a reliable and sustainable
feedstock for production of biofuels and a variety of value-

added products (Chew et al. ; Koyande et al. ). How-
ever, large-scale commercial production of algal biomass is
potentially more costly than that of traditional crops

because algae cultivation requires an abundance of water
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and nutrients, such as carbon, nitrogen, and phosphorus

(Chen et al. ). It has been demonstrated that algae culti-
vation using wastewater is an ideal scenario for sustainable
production of algae-based biofuels and bio-based chemicals,

since large quantities of freshwater and nutrients required
for algae growth could be saved and the associated life
cycle burdens could be reduced significantly (Zhou et al.
).

A large amount of wastewater containing high organic
matter is generated during silk production, which would
deplete the dissolved oxygen in the receiving water bodies

and threaten the aquatic life (Capar et al. ). It has
been reported that 800–1,000 t wastewater would be gener-
ated when 1 t raw silk was produced at the industrial

scale, and the cost of wastewater treatment was huge
(Zhang ). The integration of algae cultivation and waste-
water treatment is likely to be one of the most viable
strategies for sustainable production of algal biomass and

bio-based products because wastewater provides not only
water source but also most of the necessary nutrients for
algal growth. According to the industrial process of raw

silk, silkworm cocoons are cooked firstly in hot water
(95–100 �C) for 30–40 min to separate fibroin from sericin.
Cooking cocoon wastewater (CCW) will be generated

during this process, which is nearly sterile because few
microbes could survive at such high temperatures. Addition-
ally, the CCW is rich in sericin, pupa oil, pigments,

carbohydrates, and inorganic substances, such as Ca2þ,
Mg2þ, Naþ, and Kþ, and meets the nutrient requirements
of microalgae (Li et al. ). Thus, the CCW could be
used as a potential medium to cultivate microalgae, and

the feasibility of growing C. sorokiniana on CCW was inves-
tigated in a previous study, which showed that CCW could
be used as culture media to cultivate C. sorokiniana directly

(Li et al. ). Thus, it is concluded that the CCW could be
used as a good-quality medium for algal growth.

A photobioreactor (PBR) is an open, closed or semi-

closed vessel, which could provide an ideal growing
environment for photosynthetic microorganisms (Han
et al. ). Since the first PBR was reported in the late

1940s, many different types of PBRs have been invented
and produced for microalgae cultivation during the past
decades and some of them have achieved large-scale
commercial production (Ugwu et al. ; Wang et al.
). To date, a common understanding has been accepted
that large-scale cultivation and commercial application of
microalgae are limited due to the development of PBRs.

Thus, the design and engineering of PBRs is still a very hot
topic in the field of algae cultivation. The PBRs for the
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integration of microalgae cultivation coupled with waste-

water treatment need to be redesigned and improved
because the compositions of wastewater are quite compli-
cated, and the growth conditions differ with various algal

strains (Han et al. ). Based on the existing PBRs, some
types of PBRs have been developed to cultivate microalgae
coupling with wastewater treatment. For example, Tan
et al. () designed an airlift circulation PBR to cultivate

C. pyrenoidosa in anaerobically digested starch processing
wastewater, and found that this alga could remove 65.99%
of chemical oxygen demand (COD), 83.06% of total nitrogen

(TN), and 96.97% of total phosphorus (TP). As mentioned
above, microalgae cultivation using wastewater in PBRs is
considered as one of the most promising routes for producing

algal biomass in an economically viable and environmentally
friendly way.

On the basis of the above analysis, a bubble-column
bioreactor was designed and performed in this work to cul-

tivate C. sorokiniana in CCW, and two main cultivation
parameters (initial cell density and aeration rate) were opti-
mized for producing algal biomass and nutrient removal.

The specific objectives of this work were: (1) to design a
simple bubble-column bioreactor, which was used for the
cultivation of C. sorokiniana in CCW; (2) to evaluate the

feasibility of microalgae cultivation coupled with CCW
treatment in the bioreactor; and (3) to investigate the effects
of initial cell density and aeration rate on the algal growth

characteristics, chemical compositions, and capability of
removing nutrients when this alga was cultivated in CCW
within the bioreactor. It is hoped that these research efforts
would help to obtain the optimal conditions of microalgae

cultivation coupled with wastewater treatment in the
bubble-column bioreactors, and realize the large-scale culti-
vation of microalgae for biomass production and nutrient

removal in the future.
MATERIALS AND METHODS

Collection, pretreatment, and analysis of the
wastewater

Cooking cocoon wastewater was collected from a local silk
processing plant in Jiangsu Province, China. Prior to use,

the CCW was firstly settled in a plastic bucket, and then cen-
trifuged (5,000× g, 10 min) to remove the solids. As shown in
Table 1, the supernatant had a high pH value of about 8.95,

which was adjusted to around 7.00 using 3 mol/L hydro-
chloric acid before being autoclaved at 121 �C for 20 min.



Table 1 | Physicochemical properties of cooking cocoon wastewater (CCW) before and

after autoclaving

Characteristics Raw CCW Autoclaved CCW

TN (mg/L) 87.16± 2.12 97.32± 1.69

NO3-N (mg/L) 2.73± 0.15 2.52± 0.23

NO2-N (mg/L) 0.05± 0.00 0.08± 0.12

NH4
þ-N (mg/L) 17.11± 0.32 15.17± 0.47

TIN (mg/L) 19.89± 0.58 17.77± 0.54

TON (mg/L) 67.27± 4.01 79.55± 0.43

TC (mg/L) 244.10± 3.01 252.33± 0.32

TOC (mg/L) 216.81± 2.21 210.53± 1.23

TIC (mg/L) 27.29± 0.21 41.80± 0.32

TP (mg/L) 9.83± 0.35 10.23± 0.15

COD (mg/L) 780± 5.21 983.85± 4.74

N/P ratio 8.87:1 9.51:1

pH value 8.95± 0.03 7.80± 1.01

Salinity (‰) 2.94± 0.03 2.96± 0.03

Nephelometric turbidity
units (NTU)

5.73± 0.07 5.67± 0.05

All measurements were performed in triplicate, and results were expressed as mean

value± standard deviation.
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Physicochemical characteristics of the CCW before and after

autoclaving were determined, and are presented in Table 1.

Algal species and culture conditions

In the current work, Chlorella sorokiniana (FACHB-275) was
selected as an experimental algal strain because it could grow
well on the CCW with a maximum biomass of 0.49 g/L, and

could remove nutrients effectively from the CCW (Deng et al.
). This alga was obtained from the Freshwater Algae
Figure 1 | Schematic diagram (a) and photograph (b) of a bubble-column bioreactor for cultivat

are described in Table 2.

://iwa.silverchair.com/wst/article-pdf/83/11/2615/897400/wst083112615.pdf
Culture Collection at the Institute of Hydrobiology, Chinese

Academy of Sciences (Wuhan, China). Prior to the exper-
iment, this alga was pre-cultivated in 300 mL autoclaved
Tris-Acetate-Phosphorus (TAP) medium (Ma et al. )

using 1,000 mL Erlenmeyer flasks. The flasks were continu-
ously shaken at 100 rpm using an orbital shaker (SPH-
211B, Shiping Laboratory Equipment Co. Ltd, Shanghai,
China) at 25± 2 �C under a light intensity and photoperiodi-

city of 50 μmol m�2 s�1 and 12 L:12D, respectively.
Bioreactor design and set-up

In this work, a bubble-column bioreactor (Figure 1) was
designed and constructed according to the methods
described in a previous study (Deng et al. ), and its

geometrical dimensions are presented in Table 2. The
bioreactor was placed in a light incubator (Jiangnan
Instrument Factory, Ningbo, China), and illuminated by

ten vertical cool-white fluorescent lamps (28 W) mounted
in a direction parallel to both sides of the bioreactor. The
light intensity was measured using a luxmeter (Jiading

Xuelian Meter Factory, Shanghai, China) in 12 spots
equally distributed around the bioreactor. The autoclaved
CCW was loaded into the bioreactor, and then C. soro-
kiniana was inoculated into the CCW at initial cell

densities of 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 g/L. To
ensure a well-mixed culture and inorganic carbon
resource for microalgae photosynthesis, an aquarium

pump (Xixin Electromechanical Factory, Raoping,
China) was used to provide ambient air, which was steri-
lized with a Pall autoclavable air filter of 0.2 μm in pore

size, and then bubbled through a self-designed and steri-
lized humidifier before being introduced into the culture
ing Chlorella sorokiniana in cooking cocoon wastewater (CCW). Its geometrical dimensions



Table 2 | Geometrical dimensions of the bubble-column bioreactor and the cultivation

conditions of Chlorella sorokiniana grown on cooking cocoon wastewater

(CCW) in the bioreactor

Parameters (unit)

Total volume (mL) 465

Working volume (mL) 300

Column diameter (mm) 45

Straight-section height (mm) 250

Riser-section height (mm) 100

Culture period (days) 7

Temperature (�C) 25± 2

Photoperiod (h light/h dark) 12:12

Incident light intensity (μmol/m2/s) 50

Initial cell density range (g/L) 0.05–1.0

Aeration rate range (L air/L culture/min) 0–6.68
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through a sparger. The sparger with a pore size of 20 μm
(Haimen Huaxing Glass Instrument Factory, Nantong,

China) was installed at the bottom of the bioreactor to
supply ambient air (containing about 380 ppm of CO2)
at different aeration rates of 0, 1.67, 3.34, 5.01, and

6.68 L air/L culture/min (vvm). To avoid bacteria con-
tamination, 75% ethanol was sprayed in the light
incubator once a day during cultivation, and sterile sero-

logical pipettes were used for sampling in this work. In
addition, opening of the air outlet pipe in the bioreactor
was downward for maintaining a pure culture ofC. sorokiniana
in the 7-day cultivation. At the end of algae cultivation, plate

cultivation method was used to detect other microorganisms
in the bioreactor. Ambient air was bubbled into the CCW
in a bioreactor without algae to detect the effects of air

stripping on the removal of ammonium (NH4
þ-N). Batch

cultivation of C. sorokiniana was performed in three repli-
cates within the bioreactor according to the conditions

described in Table 2. Samples were taken at the designated
times for determination of algal growth, nutrient removals,
and chemical compositions as described below.
Analytical methods

Algal biomass determination

The algal biomass (g/L) was determined in triplicate accord-
ing to the method of Zhou et al. (). Moreover, a logistic

kinetic model was used to describe the relationship between
algal growth and biomass under different culture conditions
om http://iwa.silverchair.com/wst/article-pdf/83/11/2615/897400/wst083112615.pdf
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according to the following equation (Tan et al. ):

X ¼ Xmax

1þ em�μ×t (1)

where X is the algal biomass (g/L) at time t (d), Xmax is the
carrying capacity (the maximum algal biomass (g/L)
reached in the medium), m is a constant in the logistic
model which indicates the relative position from the

origin, and μ is the specific growth rate (d�1).
Based on the algal biomass, productivity (P, mg/L/d)

was calculated using Equation (2), which was more suitable

for calculating productivity during the batch cultivation
because it excluded the lag phase (X< 1.1 ×X0) and the
stationary phase (X> 0.9 ×Xmax) (Ruiz et al. ):

P ¼ μ ×
0:9 ×Xmax � 1:1 ×X0

ln
9 × (Xmax � 1:1 ×X0)

1:1 ×X0

� � × 1000 (2)

where X0 is the algal biomass (g/L) at initial time (t0).
Analysis of physicochemical characteristics

Physicochemical characteristics of the CCW before and
after autoclaving were determined according to the methods

described previously (Deng et al. ). During algae
cultivation, 5 mL of well blended cultures were collected
daily from the bubble-column bioreactor, and their pH

values were measured with a pH meter (MP511, San-Xin
Instrumentation Inc., Shanghai, China). Before physico-
chemical analysis, the cultures were firstly centrifuged at
12,000 × g for 5 min, and then the supernatants were

collected and diluted to analyze the concentrations of
NH4

þ-N, TN, total phosphorus (TP), and COD according
to the methods described previously (Deng et al. ).

Removal efficiency of nutrient i (Re,i, %) was calculated
according to the following equation (Deng et al. a):

Re,i ¼ Ci,0 � Ci,t

Ci,0
× 100 (3)

where Re,i is the removal efficiency (%) of nutrient i (NH4
þ-N,

TN, TP or COD); Ci,0 and Ci,t are the initial and final concen-
trations (mg/L) of i during algae cultivation, respectively.

The biomass yield based on nutrient i consumption
(Yi, mg biomass/mg nutrient i) was calculated according
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to Equation (4):

Yi ¼ ΔX
ΔC

¼ Xi, max �Xi,0

Ci,0 � Ci,t
× 1000 (4)

where Yi is the yield of biomass linked with the consump-

tion of nutrient i (TN, TP or COD) (mg biomass/mg
nutrient i); Xi,o and Xi,max represent the initial and maxi-
mum algal biomass (g/L) with respect to the nutrient i
during the 7-day cultivation.
Measurements of photosynthetic parameters

In this work, the ratio of the variable to maximum fluor-

escence (Fv/Fm) was measured using a pulse-amplitude
modulation (PAM) fluorometer (AquaPen AP-C100, Photon
Systems Instruments, Drasov, Czech Republic) after samples
of the cultures were kept in the dark for 15 min. According

to the methods described previously (Deng et al. b), the
Fv/Fm was calculated using the following equation:

Fv=Fm ¼ Fm � F0

Fm
(5)

where F0 and Fm are the initial and maximum chlorophyll

fluorescence, respectively. Fv represents the variation in
chlorophyll fluorescence between Fm and F0.
Determination of chemical compositions in algal cells

Contents of photosynthetic pigments, carbohydrates, lipids,
and proteins were extracted and determined according to
Figure 2 | Growth profiles (a) and daily changes in the maximum quantum yield of photosyste

(CCW) in the bubble-column bioreactor at different initial cell densities of 0.05, 0.1,

and the error bars represent the standard deviation.
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the spectrophotometry method, phenol–sulfuric acid

method, chloroform–methanol method, and elemental
analysis method, respectively, which were described by Li
et al. () and Deng et al. ().
Statistical analysis

Results were presented as the means± standard deviation
(SD) of three independent tests to check the reproducibility
of the data. One-way analysis of variance (ANOVA) fol-
lowed by Duncan’s multiple range tests was used to

evaluate the statistical significance of the experimental
data using an SPSS software (version 18.0) for Windows
(Statistical Product and Service Solutions, distributed by

SPSS Inc., Chicago, IL, USA). The results were considered
statistically significant if the p-values were 0.05 or less.
RESULTS AND DISCUSSION

Effects of initial cell densities on the algal growth and
nutrient removals

Algal growth and photosynthetic performance

As shown in Figure 2(a), C. sorokiniana could grow well on
CCW in the bioreactor without obvious lag phase at differ-

ent initial cell densities, indicating that the bioreactor was
suitable for microalgae cultivation using the CCW. The
algal biomass increased dramatically within the first 3

days, and then increased gradually to 0.91, 1.15, 1.35, 1.69,
2.46, and 2.23 g/L when the initial cell densities were
m II (PSII) (Fv/Fm) (b) of Chlorella sorokiniana when it grew on cooking cocoon wastewater

0.2, 0.4, 0.8, and 1 g/L for 7 days. Each data point represents the mean of three replicates;
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0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 g/L, respectively. The corre-

sponding specific growth rates and biomass productivities
were 0.801, 0.847, 0.917, 0.796, 0.817, 0.726 d�1 and
124.23, 176.31, 238.01, 265.08, 392.13, and 296.06 g/L/d,

respectively. These data suggested that the optimal initial cell
density was 0.8 g/L for the cultivation of C. sorokiniana
using CCW in the bubble-column bioreactor. Similar results
were obtained by Deng et al. (), who found that the

final cell density increased first and then decreased with the
increase of initial cell density when transgenic gametophytes
of Laminaria japonica were cultivated in an illuminated

bubble-column bioreactor. Additionally, Zhi & Rorrer ()
observed that length of lag phase significantly decreased
with increase in the initial cell density from 30 to 117 mg/L

when they cultivated the filamentous gametophyte life phase
of the complex brown alga Laminaria saccharina in a
bubble-column bioreactor, and reported that increasing the
initial cell density would affect the final biomass. This phenom-

enon could be explained by the fact that algal cells could
obtain sufficient nutrients and light conditions when the initial
cell density was low; however, increasing initial cell density

would intensify the competition among algal cells for nutrients
uptake, light, and other conditioning factors, resulting in the
decrease of algal biomass. Thus, the initial cell density would

be an important factor affecting algal growth and biomass
accumulation, which should be optimized during microalgae
cultivation to obtain the maximum algal biomass.

It has been reported that values of Fv/Fm are around
0.83 for healthy plants and somewhat lower for algae
(0.55–0.80) (Maxwell & Johnson ). As presented in
Figure 2(b), values of Fv/Fm were in the range of 0.60–0.75

when C. sorokiniana was grown on the CCW in the
bubble-column bioreactor at different initial cell densities
for 7 days, suggesting that this alga was in a good physio-

logical state and had a strong photosynthetic performance
to support its autotrophic growth. The data were in line
with that reported by Li et al. (), who found that values

of Fv/Fm remained stable at about 0.72 when C. sorokiniana
grew on autoclaved CCW in 250 mL Erlenmeyer flasks.
Based on these data, it was concluded that (1) microalgae

would be in a good physiological state when they were cul-
tivated in CCW within the bioreactor and (2) the bioreactor
could provide good light conditions to this alga, which
would help to enhance the algal growth and biomass.

Nutrient removals and pH variation

As illustrated in Figure 3(a), concentrations of NH4
þ-N in the

cultures increased slightly followed by a rapid decrease
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within the first 3 or 5 days, and then decreased slowly or

leveled off in the remaining days of the experiments. By
the end of algae cultivation, the corresponding Re values
of NH4

þ-N were 85.94, 86.78, 89.16, 89.33, 92.67, and

90.84%, respectively, when this alga grew on the CCW in
the bioreactor at different initial cell densities of 0.05, 0.1,
0.2, 0.4, 0.8, and 1.0 g/L. As we know, the silkworm
cocoon is composed of 20–25% of sericin, 70–75% of

fibroin, and 5% of other impurities (Wang & Zhang ).
The sericin is a water-soluble globular protein with a mol-
ecular mass of 10–310 kDa, and consists of 18 kinds of

amino acids, such as serine, aspartic acid, and glutamic
acid (Li et al. ). In the silk industry, the sericin is separ-
ated from the fibroin for obtaining the raw silk by cooking

the cocoons in hot water, resulting in CCW. Thus, the
CCW is rich in proteins and amino acids, which would be
converted to NH4

þ-N during microalgae cultivation. This
conversion may be the main reason responsible for the

increase in NH4
þ-N concentrations at the beginning of

algae cultivation. Along with the growth of microalgae,
large quantities of NH4

þ-N would be consumed by the

algal cells, which would lead to a rapid decrease in the
NH4

þ-N concentrations in the cultures observed in this
work. Furthermore, nutrients in the CCW were exhausted

at the end of algae cultivation, which caused the algal cells
to grow in a stationary phase. As shown in Figure 3(b), a sig-
nificant decrease in TN concentrations was observed within

the first 3 or 5 days, and then leveled off or decreased gradu-
ally during the 7-day algae cultivation. When C. sorokiniana
grew on the CCW in the bioreactor at different initial cell
densities of 0.05, 0.1, 0.2, 0.4, 0.8, and 1.0 g/L for 7 days,

the corresponding Re and Y values of TN by the end of
cultivation were 79.68, 82.84, 84.21, 85.07, 87.40, 81.69%,
and 11.36, 13.34, 14.38, 15.89, 19.95, 16.22 mg biomass/

mg N, respectively. The obtained Re values were signifi-
cantly higher than that reported by Li et al. ()
and Deng et al. (), who used an Erlenmeyer flask to cul-

tivate C. sorokiniana in the CCW, indicating that the
bioreactor was more suitable than the flask for microalgae
cultivation. Additionally, the obtained Y values were close

to the theoretical biomass yield on N of 15.8 mg biomass/
mg N, which was calculated according to the stoichiometric
formula for the most common elements in an average
algal cell (C106H263O110N16P) (Redfield et al. ). Based
on the obtained data, it was concluded that: (1) some
nitrogenous compounds in the CCW would be converted
into ammonium nitrogen to support the algal growth

during microalgae cultivation, but some compounds could
not be assimilated by the algal cells because the TN could



Figure 3 | Variations in nutrient concentrations and the culture’s pH when Chlorella sorokiniana was cultivated in cooking cocoon wastewater (CCW) within the bubble-column bioreactor

at different initial cell densities of 0.05, 0.1, 0.2, 0.4, 0.8, and 1 g/L for 7 days. (a) NH4
þ-N removal; (b) total nitrogen (TN) removal; (c) total phosphorus (TP) removal; (d) chemical

oxygen demand (COD) removal; and (e) culture’s pH. Each point represents the mean of three replicates, and the error bars represent the standard deviation.
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not be completely removed; and (2) initial cell density had
impacts on the algal growth and ability to remove TN in
the CCW.

As shown in Figure 3(c), concentrations of TP decreased
dramatically from 10.01, 10.32, 10.11, 10.35, 10.4, and
://iwa.silverchair.com/wst/article-pdf/83/11/2615/897400/wst083112615.pdf
10.21 mg/L to 0.33, 0.47, 0.24, 0.21, 0.24, and 0.65 mg/L,
respectively, when C. sorokiniana grew on the CCW within
the bioreactor at different initial cell densities of 0.05, 0.1,

0.2, 0.4, 0.8, and 1.0 g/L from the beginning to Day 1. After
Day 1, its concentrations increased slightly or leveled off. By
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the end of algae cultivation, the corresponding Re and Y values

of TP were 97.99, 97.59, 97.66, 93.37, 98.18, 92.11%, and
87.68, 104.25, 116.48, 133.49, 162.58, 130.78 mg biomass/mg
P, respectively, indicating that phosphorus in the CCW could

be removed effectively by C. sorokiniana and converted into
the algal biomass concurrently. Compared with the results of
Li et al. (), higher Re values of TP were observed in this
work because the bioreactor could provide more optimal

growth conditions to the alga than the Erlenmeyer flask. In
addition, the obtained Y values of TP in this work were similar
to the theoretical biomass yield on P of 114.7 mg biomass/mg

P, which was calculated on the basis of the stoichiometric
formula (C106H263O110N16P) (Redfield et al. ). Thus, it is
concluded that phosphorus in the CCW was a proper form

of phosphorus source for the algal growth and biomass
accumulation, which would be removed effectively from the
CCW during algae cultivation.

As illustrated in Figure 3(d), concentrations of COD

decreased significantly from 980.21, 980.56, 984.44,
989.01 990.01, and 984.36 mg/L to 336.52, 300.51,
257.53, 277.22, 254.02, and 270.00 mg/L within the first

day when C. sorokiniana grew on the CCW in the bio-
reactor at different initial cell densities of 0.05, 0.1, 0.2,
0.4, 0.8, and 1.0 g/L, respectively, and then leveled off.

The corresponding Re and Y values of COD by the end
of algae cultivation were 76.74, 77.46, 77.35, 75.73,
77.68, 72.06%, and 1.14, 1.38, 1.51, 1.72, 2.17, 1.73 mg bio-

mass/mg COD, respectively, which indicated that this alga
was capable of utilizing organic carbon in the CCW for
their growth and metabolism. It has been reported that
C. sorokiniana had the ability to use organic substrates as

carbon source for heterotrophic or mixotrophic growth to
synthesize chemical compositions, such as carbohydrates,
proteins, pigments, and lipids (Petrovič & Simonic ̌ ).
The demand for carbon source is large for microalgae bio-
mass production because carbon content in the biomass
accounts for 42.5–50.3% of the total biomass (Tan et al.
). However, COD concentrations in the cultures at
the end of algae cultivation remained relatively high,
suggesting that some organic substrates could not be uti-

lized by this alga. In conclusion, the bioreactor designed
and assembled in this work was suitable to cultivate micro-
algae for nutrient removals and biomass production based
on the above results.

During the 7-day algae culture, the culture’s pH was
not controlled, and changes over time are presented in
Figure 3(e). It can be seen that values of the culture’s pH

increased dramatically from about 7.81 to 9.25, 9.17,
10.16, 11.60, 9.62, and 11.15 within the first 3 days, and
om http://iwa.silverchair.com/wst/article-pdf/83/11/2615/897400/wst083112615.pdf
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then gradually decreased to 7.42, 7.88, 9.72, 10.79, 9.52,

and 10.60 at the end of cultivation, respectively, when
C. sorokiniana grew on the CCW in the bioreactor at
different initial cell densities of 0.05, 0.1, 0.2, 0.4, 0.8,

and 1.0 g/L. The range of pH values for the growth of
most microalgae is between 7.0 and 9.0, with an ideal
range between 8.2 and 8.7, although some species inhabit
more acidic or basic environments, the latter of which

can reach values above pH 9.5 during growth (Piiparinen
et al. ). In this work, C. sorokiniana could grow on cul-
tures with high pH values (>9.5), meaning that this alga

was an alkali-resistant strain. Additionally, the algal photo-
synthesis growth was reported to be an alkalization
process, which could be described simply as the consump-

tion of inorganic carbon and the release of basic
bioreaction metabolites (CO2þH2O!CH2OþO2) or
HCO3

� in water (HCO3
�þH2O!CH2OþO2þOH�)

(Pedersen et al. ). Thus, the changes in culture’s pH

values may be related to the photosynthetic activity, CO2

delivery and the growth of this alga.

Effects of aeration rates on the algal growth and
nutrient removals

Algal growth and photosynthetic performance

As shown in Figure 4(a), there was only a slight increase in

algal biomass from the initial level of 0.80 g/L to 1.81 g/L
after 7 days of cultivation when C. sorokiniana grew on
the CCW in the bioreactor without aeration. In aeration
conditions, the maximum algal biomass and biomass pro-

ductivity of 2.83 g/L and 476.25 g/L/d, respectively, were
obtained when C. sorokiniana was cultivated in the bio-
reactor with an aeration rate of 3.34 vvm. Interestingly

however, further increase in the aeration rate (above 3.34
vvm) did not show benefits for algal growth. For example,
the maximum algal biomass and biomass productivity

were only 2.57 g/L, 416.27 g/L/d, and 2.42 g/L, 417.15 g/
L/d, respectively, when C. sorokiniana grew on the CCW
in the bioreactor with aeration rates of 5.01 and 6.68 vvm.

As mentioned earlier, increasing aeration rate generally
induces mixing, liquid circulation, and mass transfer
between gas and liquid phases in the bubble-column sys-
tems. However, too high an aeration rate will cause

excessive turbulence of the algal cultures, resulting in too
high a shear stress, which would destroy the algal cells.
Moreover, at the gas–liquid interface, the stress generated

by bubble breaking will splash the algal cells onto the wall
of the bioreactor, resulting in a reduction of algal biomass



Figure 4 | Growth profiles (a) and daily changes in the maximum quantum yield of photosystem II (PSII) (Fv/Fm) (b) of Chlorella sorokiniana when it grew on cooking cocoon wastewater

(CCW) in the bubble-column bioreactor at different aeration rates of 0, 1.67, 3.34, 5.01, and 6.68 L air/L culture/min (vvm) for 7 days. Each data point represents the mean of

three replicates; and the error bars represent the standard deviation.
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(Barbosa et al. ; Dasgupta et al. ). Therefore, it was

concluded that aeration is crucial for a suitable growth of
this alga in the bubble-column bioreactor, but it must be
maintained at low levels to minimize shear stress. In

addition, the method of plate cultivation was used in this
work to detect the possible microorganisms in the algal cul-
tivation system at the end of operation stage. As shown in

Fig. S1, only C. sorokiniana colonies were observed in the
plates, indicating that this alga was a pure culture in the cul-
tivation system over a 7-day operation, and there was no
other microbial pollution.

Figure 4(b) shows the changes in values of Fv/Fm when
C. sorokiniana grew on the CCW in the bubble-column bio-
reactor at different aeration rates for 7 days. As presented

in the figure, Fv/Fm values of C. sorokiniana were greater
than 0.55, suggesting that photosynthesis of this alga was
not affected by aeration under the cultivation conditions

used in the current work. After Day 3, the Fv/Fm values
of C. sorokiniana grown in aeration conditions were
greater than that with no aeration, indicating that aeration

had a beneficial effect on algal photosynthesis. It is not sur-
prising to obtain these results because aeration can
facilitate mixing or turbulence of the algal cultures, which
will prevent sedimentation of the cells and formation of

nutritional and gaseous gradients, and therefore ensure
that all cells are equally exposed to nutrients and light
(Vidyarathna et al. ). Additionally, the changes in

Fv/Fm values were in line with that of algal biomass in
the current work, suggesting that the Fv/Fm value was
a sensitive parameter to reflect algal growth when

C. sorokiniana grew on the CCW in the bioreactor at differ-
ent aeration rates.
://iwa.silverchair.com/wst/article-pdf/83/11/2615/897400/wst083112615.pdf
Nutrient removals and pH variation

As presented in Figure 5(a), concentrations of NH4
þ-N

decreased rapidly from 14.64, 14.46, 14.90, 14.87, and

15.01 mg/L to 8.53, 2.80, 1.88, 2.06, and 2.1 mg/L within
the first 3 days when C. sorokiniana grew on the CCW in
the bioreactor at different aeration rates of 0, 1.67, 3.34,

5.01, and 6.68 vvm, respectively. After Day 3, its concen-
trations decreased slightly and then leveled off. By the end
of microalgae cultivation, the corresponding Re values of
NH4

þ-N were 88.78, 94.83, 97.96, 95.12, and 95.24%,

respectively. However, a significant increase in NH4
þ-N con-

centrations was observed when the alga was not inoculated
into the CCWwithin the bioreactor at 3.34 vvm (Figure 5(a)).

The increase in NH4
þ-N concentrations may be due to the

fact that proteins and amino acids in the CCW could be con-
verted into NH4

þ-N as described above. Thus, it is concluded

that more NH4
þ-N would be removed from the CCW when

C. sorokiniana was cultivated in aeration conditions than
that with no aeration. Similar to the changes in NH4

þ-N con-

centrations, concentrations of TN decreased rapidly from
99.01, 95.22, 95.81, 98.19, and 98.39 mg/L to 39.93, 20.01,
13.38, 17.18, and 17.58 mg/L within the first 3 days, and
then decreased slightly, when C. sorokiniana was cultivated

in the bioreactor at different aeration rates of 0, 1.67, 3.34,
5.01, and 6.68 vvm, respectively (Figure 5(b)). The corre-
sponding Re and Y values of TN were 62.06, 81.10, 85.66,

83.32, 81.37%, and 16.44, 21.93, 24.78, 21.59, 20.23 mg bio-
mass/mg N, respectively, by the end of algae cultivation.
Although a maximum Re value of TN (85.66%) was achieved

when the aeration rate was 3.34 vvm in this work, no signifi-
cant differences in the Re values of TN were observed when



Figure 5 | Changes in nutrient concentrations and the culture’s pH when Chlorella sorokinianawas cultivated in cooking cocoon wastewater (CCW) within the bubble-column bioreactor at

different aeration rates of 0, 1.67, 3.34, 5.01, and 6.68 L air/L culture/min (vvm) for 7 days. (a) NH4
þ-N removal; (b) total nitrogen (TN) removal; (c) total phosphorus (TP) removal;

(d) chemical oxygen demand (COD) removal; and (e) culture’s pH. Each point represents the mean of three replicates, and the error bars represent the standard deviation.
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C. sorokiniana was cultivated in aeration conditions, indi-
cating that aeration rates could not affect the removal of

TN dramatically. However, when C. sorokiniana was culti-
vated in aeration conditions, the Re values of TN was
om http://iwa.silverchair.com/wst/article-pdf/83/11/2615/897400/wst083112615.pdf
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significantly higher than that with no aeration, suggesting
that aeration was helpful to remove TN in the cultures.

These results could be explained by the fact that aeration
can improve the algal cultivation conditions as described
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above for enhancing the algal growth and biomass accumu-

lation (Figure 4(a)), resulting in higher consumption of
nitrogen.

As seen in Figure 5(c), TP was removed markedly from

the beginning to Day 1 when C. sorokiniana was cultivated
in aeration conditions, whose concentrations decreased
from 9.87, 10.29, 10.70, and 10.56 mg/L to 1.33, 1.01,
2.16, and 0.47 mg/L, respectively, when the aeration rates

were 1.67, 3.34, 5.01, and 6.68 vvm. After Day 1, its concen-
trations decreased gradually and then leveled off. However,
the TP concentrations decreased from 9.60 mg/L to

0.33 mg/L when C. sorokiniana was cultivated in the con-
ditions with no aeration for 2 days, and then increased
slightly. By the end of algae cultivation, the corresponding

Re and Y values of TP were 88.80, 94.83, 97.96, 95.12,
95.24%, and 118.53, 180.86, 201.80, 173.59, 161.05 mg bio-
mass/mg P, respectively, when the aeration rates were 0,
1.67, 3.34, 5.01, and 6.68 vvm. The obtained Re values of

TP were significantly higher than that reported by Li et al.
(), who cultivated C. sorokiniana in the CCW within
an Erlenmeyer flask under the conditions without aeration.

These data suggested that aeration was beneficial to the
removal of TP in the cultures because it could improve the
cultivations conditions of microalgae as described earlier.

As illustrated in Figure 5(d), concentrations of COD
decreased significantly from 989.50, 980.33, 980.33, and
980.54 mg/L to 254.01, 257.03, 248.22, and 251.08 within

the first day, and then decreased gradually or leveled off
when C. sorokiniana grew in the CCW within the bioreactor
at different levels of aeration rates of 1.67, 3.34, 5.01, and
6.68 vvm for 7 days. Concentrations of COD decreased sig-

nificantly from 988.56 to 384.03 mg/L within the first 2
days, and then decreased slightly to 236.01 mg/L when the
alga was cultivated in the conditions with no aeration for

7 days. After 7-day algae cultivation, the corresponding Re

and Y values of COD were 76.13, 78.78, 86.43, 82.66,
81.85%, and 1.34, 2.17, 2.40, 2.18, 2.02 mg biomass/mg

COD, respectively, when the aeration rates were 0, 1.67,
3.34, 5.01, and 6.68 vvm. It was reported that C. sorokiniana
could grow mixotrophically using organic compounds and

CO2 simultaneously as carbon sources (Deng et al. ).
Thus, the usable organic carbon in the CCW could be uti-
lized effectively by C. sorokiniana during the mixotrophic
culture phase, but some residual organic carbon cannot be

consumed by the alga because only a portion of organic
compounds can be directly used as a carbon source for
algae growth. In the photoautotrophic culture phase, CO2

in the atmosphere was mainly used as inorganic carbon to
maintain the algal growth. Therefore, it was concluded
://iwa.silverchair.com/wst/article-pdf/83/11/2615/897400/wst083112615.pdf
that aeration was favorable to the algal growth and biomass

accumulation, and help to remove the COD in the cultures
based on the results of Re and Y values of COD.

From the beginning to Day 1, the culture’s pH increased

rapidly from 7.71 to 8.85, 8.92, 8.95, 9.10, and 8.95, respect-
ively, when C. sorokiniana grew on the CCW in the
bioreactor at different aeration rates of 0, 1.67, 3.34, 5.01,
and 6.68 vvm (Figure 5(e)). As described earlier, C. sorokiniana
could grow mixotrophically using organic compounds and
CO2 simultaneously as carbon sources. Thus, the increase
in culture’s pH was mainly attributed to the consumption

of inorganic carbon and the release of basic bioreaction
metabolites during algal photosynthesis (Gonzalez et al.
). In addition, the culture’s pH changed slightly after

Day 1 because of the buffer capacity of CO2 in the atmos-
phere aerated into the bioreactor.

Chemical compositions of algal biomass

Generally, chemical compositions of algal biomass mainly
consist of protein (6–52%), lipids (7–23%), and carbo-

hydrates (5–23%) (Zhu ). As shown in Table 3a, it was
found that protein was a predominant biochemical compo-
sition in the algal cells, whose contents maintained at a

relatively stable level (43.18–48.39%), suggesting that the
initial cell density had no significant effects on its contents.
Under the cultivation conditions with aeration, contents of

protein in the algal cells were at the same level (46.07–
48.86%), but dramatically higher than that with no aeration
(p< 0.05) (Table 3b). In agreement with this study, the same
range of protein contents of C. sorokiniana (36.97–50.80%)

was observed previously when the alga grew on mixed
wastewaters (Deng et al. ). However, the contents of
protein were lower than that reported by Xie et al. (),
who cultivated the original and mutant strains of
C. sorokiniana TX in artificial medium. Thus, it can be
inferred that the medium and culture conditions would

affect the contents of protein in algal cells, which should
be optimized in the future for further improving biomass
and protein contents because protein is the primary nutrient

element in foods with a unique nutritional function.
As presented in Table 3a, with the increase of initial cell

density from 0.05 to 1 g/L, contents of lipids decreased from
25.91 to 23.30%, while that of carbohydrates and pigments

increased from 21.73 to 25.08% and from 0.56 to 2.27%
when C. sorokiniana grew on the CCW in the bioreactor
at different initial cell densities. In addition, when

C. sorokiniana was cultivated in conditions with different
aeration rates, contents of lipids in the algal cells were



Table 3 | Changes in chemical compositions of Chlorella sorokiniana when it was grown on cooking cocoon wastewater (CCW) in the bubble-column bioreactor at different initial cell

densities (a) and aeration rates (b) for 7 days

(a)

Initial cell densities (g/L) Protein (%) Lipids (%) Carbohydrates (%) Pigments (%)

0.05 43.18± 1.21 25.91± 2.01 21.73± 1.01 0.56± 0.02

0.1 48.39± 1.68 24.74± 1.88 23.08± 1.23 0.81± 0.01

0.2 46.31± 1.11 24.51± 1.68 24.58± 1.53 1.49± 0.02

0.4 47.38± 2.12 24.30± 1.12 24.88± 0.89 2.12± 0.02

0.8 46.27± 2.02 23.32± 1.98 25.32± 1.98 2.10± 0.01

1 47.29± 1.98 23.30± 2.08 25.08± 1.81 2.27± 0.02

(b)

Aeration rates (L air/L culture/min) Protein (%) Lipids (%) Carbohydrates (%) Pigments (%)

0 41.48± 2.21 30.87± 1.01 16.41± 1.01 1.46± 0.02

1.67 46.07± 2.02 26.02± 1.98 23.32± 1.98 2.10± 0.01

3.34 48.86± 1.11 22.84± 1.18 24.63± 1.53 2.21± 0.02

5.01 47.08± 2.12 24.71± 1.12 23.07± 0.89 2.01± 0.02

6.68 46.74± 2.02 25.44± 2.08 23.03± 1.98 2.03± 0.01

All measurements were performed in triplicate, and results were expressed as mean value± standard deviation.
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significantly lower (p< 0.05), while the contents of carbo-

hydrates and pigments were markedly higher than that
with no aeration (p< 0.05) (Table 3b). Microalgae were
reported to be able to undergo programmatic changes in

photosynthetic carbon partitioning, and thus cellular bio-
chemical compositions, particularly in the relative
amounts of lipids, carbohydrates, and pigments, were in
response to changes in environmental and cultivation con-

ditions (Wang et al. ). Generally, biosynthesis of lipids
in the algal cells is a process competitive to that of carbo-
hydrates because their synthesis requires more ATP and

NAD(P)H per carbon than that of carbohydrates (Ren
et al. ). Based on the data obtained in this study, it
was concluded that more carbon and energy would be

used for the biosynthesis of carbohydrates and pigments
when C. sorokiniana was grown on the CCW in the bio-
reactor under aeration conditions. Recently, pigments in
microalgae have been used as one kind of nutraceuticals

because they have multiple therapeutic properties, such as
antioxidant activities, a protective effect against retina
degeneration, regulate blood cholesterol, and fortify the

immune system (Nam et al. ; Hu et al. ). Microalgae
were reported to have the ability to change their pigment
contents under different cultivation conditions. Pigments

are closely related to algal photosynthesis because they
allow the algal cells to obtain energy from light, and their
om http://iwa.silverchair.com/wst/article-pdf/83/11/2615/897400/wst083112615.pdf
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contents could reflect the level of photosynthesis to some

extent (Seyfabadi et al. ). In the current work, high
algal biomass was obtained when C. sorokiniana was
grown on the CCW in the bioreactor under aeration con-

ditions, which would result in shading effects between the
algal cells. The shading effects would cause a decrease in
light intensity during algae cultivation, where the algal
cells should increase the contents of pigments for absorbing

more light energy. Therefore, chemical compositions in the
algal cells varied with changes in cultivation conditions.
CONCLUSIONS

The following conclusions were drawn from this research.
(1) The bubble-column bioreactor designed and constructed
in this work was suitable to cultivate C. sorokiniana in the

CCW for nutrient removals and biomass production. (2)
Nutrients (i.e., N, P, C, and other elements) in the CCW
could support the growth and biomass accumulation of
C. sorokiniana. (3) Initial cell density and aeration rate

were two important factors affecting the nutrient removal
and biomass production when C. sorokiniana was grown
on the CCW in the bioreactor, which should be further

optimized during microalgae cultivation to obtain the maxi-
mum algal biomass and removal efficiency. (4) Chemical
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compositions in the algal cells varied with changes in

cultivation conditions, indicating that a desirable chemical
composition could be obtained by regulating the conditions
(i.e., initial cell density and aeration rate). Therefore, data

obtained in this study would help to realize the large-scale
cultivation of microalgae in future studies for biomass
production and nutrient removals.
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