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a  b  s  t  r  a  c  t

An  efficient  continuous  microalgae  cultivation  process  for biomass  production  and  nutrients  removal
from  aquaculture  wastewater  was developed  using  a membrane  photobioreactor  (MPBR).  Chlorella  vul-
garis  and  Scenedesmus  obliquus  were  firstly  batch  cultured  in  aquaculture  wastewater.  C.  vulgaris  showed
better  performance  with  the  specific  growth  rate  of  0.17 d−1 and  was  continuously  cultivated  in MPBR.
The  average  volumetric  biomass  productivity  in  the  MPBR  operated  at HRT  of 1  day  was  42.6  mg L−1 d−1,
eywords:
embrane photobioreactor

quaculture wastewater
icroalgae
utrients removal
nionized ammonia

which  was  5.8-fold  larger  than  that achieved  in batch  cultivation  in  flask.  Advanced  nutrients  removal
from  aquaculture  wastewater  was also  achieved  in MPBR.  The  average  reduction  in  TN and  TP  was  86.1%
and 82.7%,  respectively,  after  stabilization.  The  corresponding  effluent  concentration  was below  1.30  and
0.12 mg  L−1 for TN  and  TP, respectively.  Unionized  ammonia,  which  is  usually  toxic  to  aquatic  animals,
was  also  effectively  removed  in  MPBR,  with  effluent  concentration  below  0.002  mg  L−1.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

In recent years, land based intensive aquaculture has developed
uickly all over the world to meet the increasing demand of aquatic
ood consumption. However, the continuous development of inten-
ive aquaculture also has brought some problems, especially the
ssue of wastewater disposal (Mook et al., 2012; Piedrahita, 2003;
ovar et al., 2000; Martins et al., 2010; Chen et al., 2015). The
astewater discharged from the intensive aquaculture is usually

oncentrated with nutrients (nitrogen, phosphorus), which mainly
ome from fish excreta and feed residue (Crab et al., 2007). To
ate several biological and chemical methods have been success-
ully used in the process of removing theses nutrients to obtain

 satisfactory quality of aquaculture effluent such as the common

iological nitrification/denitrification process to remove nitrogen
Van Rijn, 1996; Boley et al., 2000) and chemical precipitation pro-
ess to remove phosphorus (Ebeling et al., 2003). These methods,

∗ Corresponding author at: College of Environmental Science and Engineering,
unan University, Changsha 410082, China.

∗∗ Corresponding author.
E-mail addresses: gf hd@126.com (F. Gao), yzh@hnu.edu.cn (Z.-H. Yang).

ttp://dx.doi.org/10.1016/j.ecoleng.2016.03.046
925-8574/© 2016 Elsevier B.V. All rights reserved.
although effective, are less environmentally friendly since they pro-
duce chemical waste or sludge as by-product, which are usually
considered to be pollutions of the environment.

Photoautotrophic microalgae can effectively transform the inor-
ganic nutrients, CO2, H2O and other substances into organic
compounds such as protein, carbohydrate, lipid and other ingre-
dients through photosynthesis. Some studies have demonstrated
that growing microalgae in aquaculture wastewater is possible
(González-López et al., 2013; Michels et al., 2014; Guo et al., 2013;
Van Den Hende et al., 2014; Nasir et al., 2015). And the cultivation of
microalgae in aquaculture wastewater offers the combined advan-
tages of nutrients removal and simultaneously production of algal
biomass, which can be used for the production of valuable products
such as aquaculture feed, health products and biofuels (Joseph et al.,
1988; Michels et al., 2014). But, at present microalgae cultivation
is not yet a competitive method of nutrients removal in intensive
aquaculture industry mainly because of the slow growth rate of
microalgae in aquaculture wastewater. Thereby a long hydraulic
retention time (HRT) is usually needed for nutrients uptake. Some

previous studies of batch microalgae cultivation in aquaculture
wastewater showed that most of the nutrients could be removed
by the assimilation of microalgae cells (Guo et al., 2013; Ji et al.,
2013; Nasir et al., 2015). But it should also be noted that the time of

dx.doi.org/10.1016/j.ecoleng.2016.03.046
http://www.sciencedirect.com/science/journal/09258574
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Table 1
Characteristics of the aquaculture wastewater used in this study. Values are in
mg  L−1 except the pH.

Compound mean ± SD Compound Mean ± SD

TAN 4.24 ± 0.38 TN 6.81 ± 0.68
BOD5 8.5 ± 1.9 TP 0.42 ± 0.05
NO2

−-N 0.13 ± 0.07 pH 7.78 ± 0.31
NO3

−-N 2.00 ± 0.23
6 F. Gao et al. / Ecological 

atch cultivation in these studies was rather long (about 10 days).
onsequently, a large reactor volume will be required in the actual
roject.

In photobioreactor high concentration of microalgae and high
oading of nutrients are usually necessary to maintain a high
rowth rate of microalgae. Since the concentration of nitrogen and
hosphorus in aquaculture wastewater is far below that in the tra-
itional cultivation media such as BG11, a high supply flow rate
f aquaculture wastewater is necessary to support high nutrients
oading. But this will also lead to the wash out of microalgae cells
n the conventional photobioreactor, in which HRT and biomass
etention time (BRT) usually were not independently controlled
Tang et al., 2012; Marbelia et al., 2014).

Recently, a new design of photobioreactor equipped with sub-
erged membrane module which allows independent control of

he HRT and BRT was proposed (Singh and Thomas, 2012; Honda
t al., 2012; Marbelia et al., 2014; Bilad et al., 2014; Gao et al., 2014).
his way, higher microalgae productivity and nutrients removal
ate may  be obtained when the reactor operated with large supply
ate of culture medium (Honda et al., 2012; Marbelia et al., 2014;
ao et al., 2014). The independent control of HRT and BRT is also
ecessary for the production of concentrated microalgae biomass
Marbelia et al., 2014; Gao et al., 2015). Therefore, the concentra-
ion of algal biomass in the reactor can be free from the influent
utrients concentration and the growth rate of the microalgae cells.
his is conducive to both algal biomass production and nutrients
emoval especially when low-strength wastewater such as aqua-
ulture wastewater was used for microalgae cultivation. Although
everal studies have investigated microalgae culture in aquaculture
astewater in a batch cultivation mode (Guo et al., 2013; Ji et al.,

013; Nasir et al., 2015). A study of using submerged membrane fil-
ers in photobioreactor for concentrated microalgae cultivation in
quaculture wastewater is needed, and the membrane photobiore-
ctor (MPBR) performance including algal biomass production and
utrients removal should be investigated in detail.

In this study, two microalga species were firstly cultured in
atch mode to evaluate the growth rate and biomass productivity
f microalgae in aquaculture wastewater. Subsequently, contin-
ous flow MPBR seeded with the best performance species was
hen operated to evaluate the biomass productivity and nutrients
emoval efficiency from aquaculture wastewater of this process.

. Materials and methods

.1. Microalgae and wastewater

Two algal species, Chlorella vulgaris and Scenedesmus obliquus
rom the Culture Collection of Algae, Institute of Hydrobiology, Chi-
ese Academy of Sciences were used as inocula in this study. Algal
ells were pre-cultivated in 1000 mL  flasks with BG11 medium
nder stationary condition at 25 ◦C, continuous white fluorescent

ight illumination (about 12,000 Lux) and shaking at 100 rpm. The
quaculture wastewater used in this study was collected from an
quaculture rearing tank of Penaeus vannamei Boone located in
houshan, China, and letting it stand overnight. Then the clear
upernatant was collected and used for the experiment. The aver-
ge values of the principal chemical compound concentration of
he clear supernatant were summarized in Table 1. The salinity of
his wastewater was 2.8%.

.2. Batch cultivation
The microalgae cells in logarithmic growth phase were collected
y centrifugation (8000 rpm, 15 min), and then seeded to 1000 mL
asks containing 800 mL  aquaculture wastewater. For each algal
Fig. 1. Schematic diagram of the lab-scale MPBR.

species, three replicate flasks were used, and the average biomass
concentration was  about 0.025 g L−1. All the flasks were placed in
a shaker operated at 100 rpm and 25 ◦C under continuous white
fluorescent light illumination (about 12,000 Lux). During the cul-
ture interval, algal biomass concentrations were measured daily to
investigate the biomass productivity in aquaculture wastewater of
C. vulgaris and S. obliquus.

2.3. Lab-scale MPBR

The lab-scale cylindrical MPBR with an internal diameter of
7.2 cm was constructed in transparent plexiglass (Fig. 1). The total
and working volume of the reactor were 5 and 4 L, respectively. A
polyvinylidene fluoride (PVDF) hollow-fiber MF  membrane module
that used as a solid–liquid separator was submerged in the middle
of the reactor. The pore size of the membrane was 0.1 �m and the
effective area of membrane surface in the module was 0.05 m2. Two
LED lamps with a red/blue light ratio of 4:1 were placed at a dis-
tance of 2 cm from the surface of the reactor. The power of each
LED lamp was 9 w.  At the bottom of the reactor two  gas distribu-
tors were installed. Air was  pumped into the reactor through one
of the distributors to form bubbles which provided agitation in the
column and no other mixing was  used. Pure CO2 (99.9%) from a
pressurized cylinder was injected into the reactor through another
distributor to adjust the pH value in the reactor.

2.4. Continuous cultivation in MPBR
The fastest-growing microalga species in the study of batch
cultivation was exploited again in continuous cultivation in three
parallel MPBRs. The microalgae cells in logarithmic phase were
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ollected and then were seeded to the reactors to give an aver-
ge inoculum of about 0.41 g L−1. After inoculation, aquaculture
astewater was continuously supplied to the reactors as cul-

ivation medium with HRT of 1 day. Membrane permeate was
ntermittently withdrawn by suction pumps, which operated in
2-min on/3-min off cycle. For the entire duration of the experi-
ents, the maximum light intensity on the surface of the reactor
as about 9000 Lux. Air was feed to the reactors at a constant rate

f 0.5 L min−1. All the reactors were located indoor and the temper-
ture was maintained at 25 ± 2 ◦C, and the pH of the culture liquor
as in the range 6.8–7.2.

.5. Analyses

The dry biomass concentrations of microalgae both in batch
ultivation and continuous cultivation were determined gravimet-
ically. Algal cells were centrifugally collected (7000g, 10 min, 4 ◦C),
nd then freeze dried and weighed (Liu et al., 2013). During the con-
inuous cultivation experiment, water samples were taken daily
rom the inflow and outflow of the MPBRs to evaluate the water
uality. Only samples from the inflow were filtered with a 0.45 �m
lter before analysis. Determination of total ammonia nitrogen
TAN), nitrite nitrogen (NO2

−-N), nitrate nitrogen (NO3
−-N), total

itrogen (TN), total phosphorus (TP), BOD5 was carried out accord-
ng to Chinese standard analytical methods for the examination
f water (State Environmental protection Administration of China,
002). Water pH was directly measured by a pH analyzer (PHB4,
EX, China). At the end of the experiment, nutrients content of
he microalgae biomass was analyzed to study the nutrients bal-
nce in MPBR. The nitrogen content of the microalgae biomass
as calculated as the difference between TN and soluble nitro-

en of the culture liquor in the reactors. The phosphorus content
f the microalgae biomass was also calculated according to above
ethod.

. Results and discussion

.1. Microalgae growth in aquaculture wastewater

Fig. 2 shows the growth curves of microalgae during the batch
ultivation with aquaculture wastewater. No lag phases were
bserved in the two microalgae growth curves, suggesting that
hese two freshwater microalgae could adapt well in this saline
quaculture wastewater. Similar growth patterns, with 6 days of
xponential growth phase followed by stationary phase were pre-
ented both for C. vulgaris and S. obliquus. It can be calculated
hat the biomass productivities in the exponential growth rate for
. vulgaris and S. obliquus were 7.3 and 6.2 mg  L−1 d−1 (Table 2),
espectively. These biomass productivity values were far less than
hat achieved in other wastewaters containing higher nutrients
uch as municipal sewage and swine feedlot wastewater (Table 2),
ndicating that the nutrients level in aquaculture wastewater is
nsufficient to maintain high algal biomass productivity in batch
ulture mode.

Continuous supply of aquaculture wastewater can maintain
igher nutrients loading for microalgae production. But this will
lso lead to the loss of the algal cells, which is suspended in the
ater. Tang et al. (2012) reported that the changes of the dilution

ate of the continuous flow photobioreactor had a significant effect
n the biomass concentration and biomass production of microal-
ae. In this study, the average specific growth rate in the first 6 days

ere 0.17 d−1 for C. vulgaris and 0.15 d−1 for S. obliquus (calculated

rom the data in Fig. 2). It could be calculated that the generation
imes of C. vulgaris and S. obliquus in batch cultivation in this study
ere 4.07 and 4.62 days, respectively. Given that the growth rate of
ering 92 (2016) 55–61 57

microalgae in continuous cultivation is similar to that in batch cul-
tivation, and then a long HRT of about 5 days is needed to keep the
microalgae from washing out of the continuous flow photobiore-
actor. Consequently, a photobioreactor with very large volume is
then required.

Moreover, as Fig. 2 presents, the increased biomass concen-
trations of the microalgae through the culture interval were very
low. The biomass growth concentrations in the exponential growth
phase for C. vulgaris and S. obliquus were 0.044 and 0.037 g L−1,
respectively. This would result in a very high cost of harvesting.
Therefore, it can be concluded that, without independent control
of HRT and BRT, aquaculture wastewater with low concentration
of nutrients cannot be used as a suitable medium for microalgae
cultivation.

3.2. Algal biomass production in MPBR

As C. vulgaris showed better performance in terms of biomass
productivity and specific growth rate in the batch cultivation study,
it was  exploited again in MPBR for continuous biomass production
and nutrients removal from aquaculture wastewater with HRT of
1 day. The filtration effect of the membrane module submerged in
MPBR can enable the reactor to operate with continuous supply
and without the wash out of microalgae cells, therefore concen-
trated microalgae cultivation can be achieved in MPBR (Honda
et al., 2012; Gao et al., 2014). In this study, as Fig. 3 presents, dry
biomass concentration of C. vulgaris in the reactors kept increasing
through the culture interval. The average volumetric biomass pro-
ductivity in the MPBR was  found to be 42.6 mg  L−1 d−1, which was
5.8-fold larger than that achieved in exponential phases in batch
cultivation with the same alga strain and wastewater (Table 2).
This volumetric biomass productivity was  also higher or similar
to that achieved in batch cultivation in past studies using munic-
ipal, industrial or poultry breeding wastewater (Sacristán de Alva
et al., 2013; Gao et al., 2014; Liu et al., 2013; Chinnasamy et al.,
2010), although the nutrients concentration in these wastewaters
were much higher than that in aquaculture wastewater used in this
study (Table 2). Therefore, higher volumetric biomass productivity
and concentrated cultivation in low nutrient wastewater such as
aquaculture wastewater were achieved in MPBR.

3.3. Nutrients removal in MPBR

The removal of nutrients from aquaculture wastewater in MPBR
was also investigated through the continuous culture interval. As
shown in Fig. 4, effluent TN and TP concentration of the reactors ini-
tially declined in the first 4 days and then remained at lower levels
in the rest of the cultivation. The average reduction of nutrients
achieved in the MPBR was 86.1% for TN and 82.7% for TP after stabi-
lization, and the corresponding effluent concentration was below
1.30 and 0.12 mg  L−1 for TN and TP, respectively. This reduction
of nutrients from aquaculture wastewater is comparable to that
achieved in batch cultivation in past studies (Guo et al., 2013; Nasir
et al., 2015). Although a much longer HRT of above 10 days was  used
in these previous studies (Table 3). This indicated that the HRT of
microalgae-based wastewater treatment process can be effectively
reduced with the utilization of MPBR. Then a much smaller reactor
volume is required for the microalgae-based wastewater treatment
system. Also, the influent rate of the reactor can be dramatically
enhanced due to shorter HRT. Therefore, high nutrients loading
with diluted wastewater was  achieved in MPBR by installing the

submerged membrane filter in the reactor as a solid-liquid sepa-
rator. This is conducive for the improvement of both the biomass
production and the nutrients removal rate of the reactor (Honda
et al., 2012; Gao et al., 2014).
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Fig. 2. Algal growth curves of batch cultivation with aquaculture wastewater (mean ± SD, n = 3).

Table 2
Comparison of the cultivation conditions and biomass production with the previous studies.

Study Wastewater type Nutrients concentration
(mg  L−1)

Alga cultivation Alga strain Biomass Productivity
(mg  L−1 d−1)

Nitrogena Phosphorusb

This study Aquaculture 6.81 0.42 Batch culture in PBR Chlorella vulgaris 7.3f

This study Aquaculture 6.81 0.42 Batch culture in PBR Scenedesmus obliquus 6.2f

This study Aquaculture 6.81 0.42 Continuous culture in MPBR Chlorella vulgaris 42.6g

Sacristán de Alva et al.
(2013)

Municipal 62.8c 9.5e Batch culture in flask Scenedesmus acutus 73.7

Gao et al. (2014) Treated sewage 19.12 1.24 Batch culture in PBR Chlorella vulgaris 10.36
Liu et al. (2013) Swine feedlot 348.2 26.62 Batch culture in flask Botryococcus braunii 32.9
Chinnasamy et al.
(2010)

Carpet mill 32.6–45.9d 5.47–13.83 Batch culture in flask Chlorella saccharophila 23

a Total nitrogen (TN) unless specified.
b Total phosphorus (TP) unless specified.
c Ammonia nitrogen + organic nitrogen + nitrate nitrogen.
d Total Kjeldahl nitrogen (TKN).
e Orthophosphate phosphorus (PO4

3−-P).
f Biomass productivity of exponential phases in the first 6 days.
g Biomass productivity of the whole continuous culture interval in MPBR.

Table 3
Comparison of the operation conditions and nutrients removal performance of the treatment of aquaculture wastewater with the previous studies.

Study Nutrients concentration in influent
(mg  L−1)

Treatment
method

HRT Nutrients reduction (%)

Nitrogena Phosphorusb Nitrogen Phosphorus

This study 6.81 0.42 Microalgae cultivation in MPBR 1.0 d 86.1 82.7
Guo et al. (2013) 2.39 0.21d Batch cultivation of microalgae 14 d 87–95 98–99
Nasir et al. (2015) 0.91c 2.6d Batch cultivation of microalgae 14 d 72.1–94.3 63.1–92.2
Shi et al. (2011) 13.9 0.08 Constructed wetland 0.4–1.0 d 66.8 23.8
Klomjek and Nitisoravut (2005) 19.5–24.3c 7.8–8.8 Constructed wetland 2.0–5.0 d 18.0–65.3 12.2–40.5
Sharrer et al. (2007) 50.7–68.4 19.2–57.2 Membrane biological reactor (MBR) 40.8 h 91.8–95.5 65.2–96.1

a

i
t
b
t

Total nitrogen (TN) unless specified.
b Total phosphorus (TP) unless specified.
c Ammonia nitrogen (NH3-N).
d Orthophosphate phosphorus (PO4

3−-P).

The nutrients reduction from aquaculture wastewater achieved

n this study is also comparable to that achieved in traditional
reatment processes such as constructed wetland and membrane
iological reactor (MBR) with similar HRTs (Table 3). In addition,
he algal biomass generated from the treatment of MPBR can be
utilized for the production of biofuel, animal feeds, etc. Therefore,

it can be deduced that MPBR is a competitive technology for the
treatment of aquaculture wastewater.

Usually, nutrients removal processes in photobioreactor mainly
include microalgae assimilation and chemical processes such as
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Fig. 3. Algal growth curves of continuous cultivation in MPBRs (mean ± SD, n = 3).

n (d 

0 2 4 6 8 10 12 14 16

TN
 (m

g 
L-1

)

0

1

2

3

4

TP
 (m

g 
L-1

)

0.00

0.05

0.10

0.15

0.20

0.25

0.30

    TP
TN

Rs du

c
B
t
b
c
2
g
n
t
b
e
t
a
w
o
i

Cultivatio

Fig. 4. Effluent concentrations of TN and TP of the MPB

hemical precipitation of phosphates and ammonia volatilization.
oth of the chemical processes are enhanced by increasing the cul-
ure pH. As reported in previous studies, chemical processes could
e considered as insignificant for the nutrients removal when the
ulture pH was kept around 7 (Ruiz-Marin et al., 2010; Gao et al.,
015). In addition, a neutral pH is also suitable for microalgae
rowth. In our case, the culture pH was in the range 6.8–7.2. Then,
utrients assimilation by microalgae cells could be considered as
he main way of nutrients removal in this study. This hypothesis can
e illustrated by the study of nutrients balance in the MPBR. At the
nd of cultivation, microalgae cells in the reactors were harvested
o analyse their nutrients contents (mg  g−1, dry biomass). The aver-
ge nutrients content of the microalgae biomass from the MPBRs

as 12.7 ± 1.48% for N and 0.79 ± 0.12% for P, respectively. Based

n the nutrients removal rate and biomass productivity (Table 2)
n the reactors, it could be calculated that 93.3% of the eliminated
ays)

ring the continuous culture interval (mean ± SD, n = 3).

N and 97.1% of the eliminated P during the operation period were
assimilated by the microalgae cells.

The N:P ratio in the aquaculture wastewater used in this study
(34.9 ± 6.3 on average) was considerably higher (more N rich) than
the Redfield ratio (16:1) (Takahashi et al., 1985). Therefore, P could
be considered as the limiting nutrient, and then was  deeply reduced
by the assimilation of algal cells. As presented in Fig. 4, in most of
the culture time the average TP concentration in the effluent of
the reactors was below 0.1 mg  L−1, and even sometimes it could be
reduced to undetectable levels. Thus, nearly complete removal of P
from the aquaculture wastewater was  achieved in the MPBR.

Different from phosphate, inorganic nitrogen compounds usu-
ally are regarded as more toxic to aquatic animals (Lin and Chen,

2001; Schuler et al., 2010). Moreover, among the different inor-
ganic nitrogen compounds, it has been established that ammonia
(unionized) and nitrite are more toxic than nitrate (Tilak et al.,
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Fig. 5. Evolution of inorganic nitrogen concentrations in the efflu

002; Alonso and Camargo, 2003). Tilak et al. (2002) studied the
cute toxicity of different inorganic nitrogen compounds to the fish
atla catla, and the result indicated that the median lethal concen-
ration (LC50) values for 24 h of unionized ammonia, nitrite and
itrate were 0.036, 117.43 and 1484.08 mg  L−1 in continuous flow
est respectively.

Concentration of unionized ammonia in the wastewater can be
alculated as a function of pH, temperature and TAN by the expres-
ion (Anthonisen et al., 1976):

NH3-N] = TAN × 10pH

Kb/Kw + 10pH

Kb

Kw
= e(6344/273+t)

here [NH3-N] and TAN are the concentration of unionized
mmonia nitrogen and total ammonia nitrogen in the wastewa-
er respectively. In this study, based on the TAN concentration and
H of the aquaculture wastewater, it could be calculated that the
H3-N concentration in the untreated wastewater was  in the range
f 0.023–0.041 mg  L−1. This value of NH3-N concentration may  be
armful to aquatic animals and also exceeded the national water
uality standard (0.02 mg  L−1) for fisheries in China.

Microalgae cultivation in MPBR showed better performance of
mmonia removal in this study. As shown in Fig. 5, compared to
O3

−-N, TAN in the effluent could be reduced to a lower value of
oncentration, although TAN was the main nitrogen forms in the
nfluent (Table 1). And then it could be calculated that the effluent
H3-N concentration of the reactors was also reduced to low values
f below 0.002 mg  L−1. Thus, nearly complete removal of union-
zed ammonia from the aquaculture wastewater was achieved in
he MPBR. This indicated that ammonia was the better nitrogen
ource than nitrate for the C. vulgaris species used in this study, and
hen could be deeply decreased by the assimilation of microalgae
ells. Usually different algal species have different optimal nitrogen

ource (Li et al., 2008; Liu et al., 2013; Gao et al., 2014). Consider-
ng the greater toxicity of unionized ammonia to aquatic animals,
electing microalga species which preferentially utilize ammonium
s needed for the treatment of aquaculture wastewater.
i on (days)

 MPBRs during the continuous culture interval (mean ± SD, n = 3).

The levels of NO2
−-N concentration in the effluent of the reac-

tors were very stable, and remained below 0.07 mg  L−1 during the
culture interval (Fig. 5). These levels of NO2

−-N concentration were
well below the toxic levels for aquatic animals (Tilak et al., 2002;
Alonso and Camargo, 2003).

4. Conclusions

This study demonstrates the potential of continuous microalgae
cultivation in aquaculture wastewater for biomass production and
nutrients removal by MPBR. Compared to batch cultivation in flask,
continuous cultivation in MPBR achieved much higher volumetric
biomass productivity of microalgae. In addition, MPBR could effec-
tively remove most of the nutrients and nearly all the unionized
ammonia from the aquaculture wastewater with a short HRT of
only 1 day, which was  well below that used in some previous batch
cultivation studies. Thus, the nutrients removal rate of microalgae
cultivation in aquaculture industries can be effectively enhanced
with the use of MPBR.

According to our study, MPBR showed good performance both
in microalgae biomass production and nutrients removal when low
strength aquaculture wastewater was supplied as culture medium.
The MPBR will be one of the most promising advanced treat-
ment technologies to remove nutrients from diluted wastewaters
such as aquaculture wastewater. In addition, MPBR is also a useful
technology for concentrated microalgae cultivation with diluted
wastewater.
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