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� Attached cultivation was high efficient in light, nutrient and water utilization.
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The immobilized biofilm cultivation was a promising method to greatly improve the biomass productiv-
ity of microalga Botryococcus braunii, which was considered as an feedstock of renewable biofuel. In this
research, the effects of different nitrogen sources and supply methods on growth and hydrocarbon
production of B. braunii under immobilized biofilm cultivation (attached cultivation) were studied. Of
the total 5 different nitrogen sources, NaNO3 was selected as the best one with which the high biomass
productivity and hydrocarbon productivity of 6.45 g m�2 d�1 and 2.79 g m�2 d�1 were obtained respec-
tively. The optimized nitrogen concentration was 0.99 mM for non-circulating medium supply model,
while for the circulating model, the optimized nitrogen concentration as well as medium volume was
1.49 mM and 1.2 L, respectively. Furthermore, nitrogen inputs based on growth of 1 kg dry algae biomass
was only 28.92 g with circulating model. Attached cultivation was high efficient in light, nutrient and
water utilization.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

The finite fossil fuel depletion and rising global warming issues
have strongly motivated researches on renewable bio-fuel produc-
tion (Mascarelli, 2009; Takeshita, 2011; Clarens et al., 2010).
Compared to many higher plants, microalga is considered as a
more sustainable feedstock due to its high growth rate, rich in
lipids and less competition with arable land (Chisti, 2007; Hill
et al., 2006). Among the huge diversities of microalgal species,
the Botryococcus braunii is an attractive one due to its ability to
produce large amount of extracellular hydrocarbons which is in
similar structure with fossil petroleum (Banerjee et al., 2002).

Nonetheless, one of the major challenges for large scale cultiva-
tion of B. braunii is the slow growth rate of this species in
traditional open ponds and kinds of closed photobioreactors
(Banerjee et al., 2002; Ruangsomboon, 2012; Baba et al., 2012).
Unlike these aqua-suspended methods, the biofilm cultivation is
a different technology in which the algal cells are largely immobi-
lized and settled on artificial supporting materials in high density
(Liu et al., 2013). In our pervious researches, we introduced a novel
biofilm cultivation system which is called ‘‘attached cultivation’’. In
this system, high density of microalgal paste is attached to a sup-
porting structure (consists of glass plate, filter paper and cellulose
acetate/cellulose nitrate membrane) to form an artificial ‘‘leaf’’ and
multiple of these leaves are vertically inserted into a glass
chamber. Our pervious results have proved that this ‘‘attached
cultivation’’ system is high efficient in biomass production for
many oleaginous microalgae (Liu et al., 2013). The biomass produc-
tivity and light usage efficiency of ‘‘attached cultivated’’ B. braunii
are 49.1 g m�2 d�1 and 14.9% respectively, much higher than that
in aqueous cultivation (Cheng et al., 2013).
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The nitrogen is the primary component for different types of the
referenced B. braunii medium including BG11, Chu 13 and BBM
(Dayananda et al., 2007), as well as the most effective factor to reg-
ulate the secondary metabolism in microalgal cells (Peccia et al.,
2013; Hu et al., 2008). The effects of nitrogen on the growth and
lipid accumulation of algae had been intensively studied for aque-
ous cultivation (Li et al., 2008; Arumugam et al., 2013; Lupi et al.,
1994). However, these results might not be adopted for the
‘‘attached cultivation’’ of B. braunii because it was different to the
conventional aqueous suspended methods (e.g., open pond or
closed photobioreactors) in illumination, nutrient and CO2 transfer
aspects (Ji et al., 2014).

Generally, there are two ways to supply culture medium for the
algal cells in this ‘‘attached cultivation’’ system, (1) Non-circulating
supply, the medium solution pass through the cultivation system
without being reused or recycled. (2) Circulating supply, the resid-
ual medium solution collected in the outlet of the reactor is reused
and recycled in the system. In our pervious researches, the first
method (non-circulating) was adopted to study the potentials of
this ‘‘attached cultivation’’ technology under constant nutrient
conditions (Liu et al., 2013; Cheng et al., 2013), however, for prac-
tical large scale cultivations, it is obvious the circulated method is
the only applicable strategy for the sake of resource saving.

In this research, the medium supply strategy for the attached
cultivation of B. braunii under circulating conditions was assessed
by studying the effects of nitrogen source and levels on the growth
and hydrocarbon production.
2. Methods

2.1. Algal strain and photobioreactors

The microalgae species B. braunii SAG 807-1 was purchased
from SAG culture collection, University of Göttingen, Germany,
and grown in a modified Chu 13 medium (Largeau et al., 1980).
To prepare the inocula for attached bioreactors, the alga was culti-
vated with glass bubbling columns (diameter = 0.05 m) for about
two weeks (in the middle of exponential phase) and then har-
vested by centrifugation at 5000g. Each of these columns contained
0.7 L of algal broth and was continuously illuminated by cold-
white fluorescent lamps (NFL28-T5, NVC, China) with light inten-
sity of 60 lmol m�2 s�1. The temperature for algal broth was
25 ± 2 �C during the cultivation. Air bubble that contained 1% CO2

(v/v) was continuously injected into the bottom of the columns
with a speed of 1 vvm to agitate the algal broth as well as supply
carbon resource.

The attached cultivation systems in this research was a single
layer attached photobioreactor (Fig. 1) that very similar to the type
1 reactor applied by Liu et al. (2013) except the reactor was
deployed in parallel. In this study, for the sake of easy sampling
and precise measuring of the biomass, the algal cells were evenly
filtered on cellulose acetate/ cellulose nitrate filter membranes
(Motimo Co., Tianjin, China, pore size = 0.45 lm) to form an ‘algal
disk’. Multiple of these ‘algal disks’ were put on a filter paper which
covered on a glass plate. The foot print area of the ‘algal disk’ was
10 ± 0.5 cm2. Culture medium flowed through the filter paper to
provide water and nutrient for the membranes to support the
growth of the algal cells. The flow rate of the culture medium
was gently controlled to maintain the well attachment of the algal
cells with minimum wash-off. In case of non-circulating experi-
ments (Fig. 1a), the medium was supplied in a one-way manner,
while in case of circulating experiments (Fig. 1b), the medium
was propelled by a peristaltic pump (TP12DC 12V, Guangzhou JU
PlasFitting Technology Co., LTD, China) to circulate inside the
system. De-ionized water was added to the medium circulating
systems every day to compensate the volume loss in culture med-
ium due to evaporation. For both of the circulating and non-circu-
lating experiments, the medium flow rate was 60 ml h�1 and
culture area was 0.02 m2. Continuous airflow that contained 1%
CO2 (v/v) was injected into the glass chamber with a speed of
0.1 vvm to supply carbon source and the temperature inside the
glass chamber was 25 ± 2 �C during the experiments. The light
intensity measured inside the chamber at the position of attached
algal cells was 100 ± 10 lmol m�2 s�1 with cold-white fluorescent
lamps. The detailed structure of the cultivation surface was shown
in Fig. 1c (Cheng et al., 2013).
2.2. Experiment design

2.2.1. Effect of nitrogen source on the attached cultivation of B. braunii
The subculture cells were used as inoculum in the study of

attached growth. Before attached cultivation, the subculture colo-
nies were rinsed three times with distilled water. Five treatments
of Chu 13 medium were evaluated, which included KNO3

(1.98 mM), equimolar nitrogen concentration of sodium nitrate,
urea, ammonium carbonate and ammonium nitrate, respectively.
The medium supply was non-circulating mode.
2.2.2. Effect of nitrogen concentration on the attached cultivation of B.
braunii

As the sodium nitrate and potassium nitrate were the most
favorable nitrogen source for both growth and hydrocarbon
accumulation of B. braunii under the investigated conditions, the
relatively inexpensive sodium nitrate was selected. To study the
effect of alternative sodium nitrate concentration on cell growth
and hydrocarbon accumulation of B. braunii, the rinsed algal cells
with modified Chu 13 media contain 1.98, 1.49, 0.99, and
0.40 mM sodium nitrate were cultivated under non-circulating
condition, respectively.
2.2.3. Nitrogen supply strategy for the attached cultivation of B.
braunii under medium circulating condition

To determine the nitrogen supply strategy that producing the
highest hydrocarbon productivity for the attached cultivation
under circulating condition, the nitrogen concentration was firstly
optimized by monitoring the growth and hydrocarbon accumula-
tion of B. braunii cultivated with same volume of medium (1.2 L)
that has different NaNO3 concentration of 1.98, 1.49 and
0.99 mM. Then, the medium volume was optimized by growing
the algal cells with different volume of medium, viz. 0.2, 0.4, 0.6,
1.2, 2.0 and 3.0 L, with same initial NaNO3 concentrations.
2.3. Nitrogen input and photosynthetic efficiency

Nitrogen inputs for B. braunii growth of the two treatments
(non-circulating and circulating mode) have been cataloged and
normalized to a standard functional unit, i.e. 1 Kg of dry algae bio-
mass. Besides, nitrogen inputs were compared with other reported
data which was converted consistent applied factors. Photosyn-
thetic efficiency was also evaluated and defined according to
Ozkan et al. (2012).

g ¼ ðWnet � EbÞ=ðGin � As � DtÞ ð1Þ

Wnet is the net biomass gained during a period of time, Eb is the
heating value of the dry biomass equal to 28.3 MJ/kg dry weights
for B. braunii (Ozkan et al., 2012), Gin is the light intensity
(lmol m�2 s�1), As is the cultivation surface area and Dt is the total
duration of the experiment.



Air+CO2

Culture medium

Light

Culture medium

Air+CO2

Culture  
medium

Light

Light

Culture medium

Air+CO2
Culture medium Filter paper 

Glass plate 

Algae 

Supporting  
material

Air+CO2

Culture medium

Lighta b

Culture medium

Air+CO2

Culture  
medium

Light

Light

Culture medium

Air+CO2
Culture medium Filter paper 

Glass plate 

Algae 

Supporting  
material

c

Fig. 1. The schematic diagrams of attached cultivation devices. (a) Attached cultivation module of the photobioreactor (single layer), the residual medium collected was
discarded without any recycling. (b) Attached cultivation module of the photobioreactor, the residual medium was recycling. The medium was propelled to the system by a
peristaltic pump when it flowed through the chamber during the cultivation. (c) The detailed structure of the cultivation surface of the attached photobioreactor.
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2.4. Growth analysis

The biomass concentration of an ‘algal disk’ (DW, g m�2), which
referred to the wet paste of algal cells are attached onto a support-
ing material to form a thin layer of algal population was deter-
mined with gravimetric method (Liu et al., 2013). The cells of
‘algal disk’ were rinsed and re-suspended with de-ionized water
and then filtered to pre-weighted 0.45 lm GF/C filter membrane
(Whatman, England; DW0). The membrane was oven dried at
105 �C for 12 h and then cooled down to room temperature to
measure dry weight (DW1). The DW was calculated as follows:

DW ¼ ðDW1� DW0Þ=0:001 ð2Þ

where the 0.001 represented the footprint area of ‘algal disk’ (m2).
2.5. Hydrocarbon analysis

Hydrocarbon analysis method was described in detail by Cheng
et al. (2013) and Sawayama et al. (1992). In brief, the attached algal
cells were harvested by washing down with de-ionized water and
centrifugation at 3800g for 10 min. The algal pellets were rinsed 3
times with de-ionized water to remove the attached salt. After
algal pellets were freeze-dried, some 50 mg of dried algal biomass
was homogenized and then extracted with n-hexane. The extrac-
tion process was repeated 3 times and finally the supernatant
was combined in a pre-weighed glass vial and the solvent was
blown away by nitrogen gas (>99%). The residue remained in the
glass vial was considered as the ‘‘crude hydrocarbon’’.

The sample of the crude hydrocarbon was then purified by col-
umn chromatography on silica gel with n-hexane as an eluent. The
residual extracts were fractionated on a same column using chloro-
form and methanol. As a result, pure hydrocarbon, non-polar lipids
and polar lipids were well isolated with reference to their elution
with that of the retention times of the internal standard (Largeau
et al., 1980; Singh and Kumar, 1992; Dayananda et al., 2005).
3. Results and discussion

3.1. Effect of nitrogen source and nitrogen concentration on biomass
and hydrocarbon production of B. braunii under non-circulating
condition

As shown in Fig. 2a and b, potassium nitrate and sodium nitrate
which had shown same trend of growth were the best nitrogen
source among the five tested compounds, i.e., potassium nitrate,
sodium nitrate, urea, ammonium carbonate and ammonium nitrate
under medium non-circulating condition. Ammonium nitrate can
only support rather poor growth of B. braunii SAG 807-1 under
attached cultivation with the investigated conditions. On the other
hand, urea and ammonium carbonate exhibited moderate effect
on biomass production. The biomass productivity obtained with
urea and ammonium carbonate was approximately 4.57 g m�2 d�1

and 3.71 g m�2 d�1, respectively. The maximum biomass productiv-
ity obtained with nitrogen source of potassium nitrate was approx-
imately 6.81 g m�2 d�1, followed by 6.45 g m�2 d�1 with sodium
nitrate, more than five times which obtained with ammonium
nitrate, which was only about 1.28 g m�2 d�1. Flynn (1991) reported
ammonium itself does not inhibit nitrate uptake, but that a product
of ammonium assimilation causes a rapid and reversible inactiva-
tion of nitrate transport. The results revealed that nitrogen was an
important nutrient source and can be supplied in most form to pro-
mote algal growth. Nitrate forms of nitrogen favored the B. braunii
SAG 807-1 growth, which similar to the report of Dayananda et al.
(2005). However, microalgae cells would uptake ammonium first,
and then uptake nitrate sequentially when the culture medium
comprised of both ammonium and nitrate (Wu et al., 2013).
Although potassium nitrate was the component in Chu 13 medium,
sodium nitrate was selected to represent nitrate in this research
since it was less costly than potassium nitrate (Li et al., 2008), which
would be an important advantage in industrial processes.

Table 1 showed the influence of the five different nitrogen
sources on hydrocarbon production. The use of different nitrogen
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Fig. 2. Effects of nitrogen sources on growth of B. braunii under non-circulating
condition. (a) Effect of 5 nitrogen source potassium nitrate, sodium nitrate, urea,
ammonium carbonate and ammonium nitrate on biomass of B. braunii under non-
circulating condition. (b) Effect of 5 nitrogen source potassium nitrate, sodium
nitrate, urea, ammonium carbonate and ammonium nitrate on biomass productiv-
ity of B. braunii under non-circulating condition.

Table 1
Comparison of nitrogen sources on hydrocarbon production.

KNO3 NaNO3 Urea NH4NO3 (NH4)2CO3

Crude hydrocarbon 46.32 43.20 48.46 36.91 41.63
Pure hydrocarbon 24.24 22.87 23.52 26.53 21.28
Non-polar lipids 10.94 10.63 12.44 3.44 7.51
Polar lipids 9.42 7.37 10.05 6.45 9.87
Impurity1 1.72 2.33 2.45 0.49 2.97

Crude hydrocarbon (% wt) was extracted by n-hexane. It was worth note that the
dried weight (% wt) of purified hydrocarbon, non-polar lipids, and polar lipids were
fractionated by n-hexane, chloroform and methanol.

1 Including chlorophyll and other residues except pure hydrocarbon, non-polar
lipids and polar lipids.
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Fig. 3. Effects of NaNO3 concentration on growth and hydrocarbon production of B.
braunii under non-circulating attached cultivation. (a) Effect of 4 sodium nitrate
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(c) Effect of 4 sodium nitrate concentration 0.40, 0.99, 1.49, and 1.98 mM on
hydrocarbon accumulation of B. braunii under non-circulating condition.
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source resulted in the change of the content of crude hydrocarbon
and pure hydrocarbon marginally. The other components of lipids
namely non-polar lipids, polar lipids and chlorophyll and other
impurity were the similar trend. This was meant that the effect
of different nitrogen source on the production of ‘‘active biomass’’
might was conspicuous, such as nucleic acids and proteins
(Dillschneider et al., 2013), while influence the storage molecules
(hydrocarbon) was relatively small. Also, the pH of Chu 13 medium
with different nitrogen source for the equivalent nitrogen concen-
tration was measured (data not shown). The pH was from 6.76 to
8.81, corresponding to ammonium nitrate and ammonium carbon-
ate, respectively.

The effect of nitrogen concentration on growth and hydrocar-
bon accumulation of B. braunii were also tested under non-circulat-
ing condition. As shown in Fig. 3 a, when NaNO3 concentration of
0.40 mM was used for attached cultivation, the biomass was
increased from 10.6 g m�2 to 50.7 g m�2 in 8 days with averaged
biomass productivity of 5.0 g m�2 d�1, which were significantly
lower than those of others (Fig. 3a,b). The biomass densities and
biomass productivities were similar to each other for the nitrate
treatments of 0.99, 1.49 and 1.98 mM (Fig. 3 b). Results also sug-
gest that the crude hydrocarbon content decreased correspond-
ingly with the increase of sodium nitrate concentration (Fig 3 c).
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The minimum biomass productivity, organism with sodium nitrate
concentration of 0.40 mM had only the crude hydrocarbon produc-
tivity of 2.59 g m�2 d�1. However, the maximum crude hydrocar-
bon productivity was 3.11 g m�2 d�1 corresponding to the
nitrogen concentration of 0.99 mM.

3.2. Effect of nitrogen concentration and media volume on growth and
hydrocarbon accumulation of B. braunii under circulating condition

Fig. 4a and b showed the biomass productivity, hydrocarbon
cell contents (g/g) in dry cells, and hydrocarbon productivity
obtained at different NaNO3 concentrations of 1.2 L Chu 13 med-
ium under circulating condition. The result clearly revealed that
the biomass productivity decreased in the range of
5.49 ± 0.08 g m�2 d�1 to 3.04 ± 0.08 g m�2 d�1 with decreasing of
nitrogen concentration, however, crude hydrocarbon content
increased under this condition. In other words, the longer the time
of nitrogen deprivation, the higher the hydrocarbon content would
be produced in an identical culture times. Also, it was obvious that
the hydrocarbon content increased when the concentration of
NaNO3 decreased in this recycling model. However, the optimal
nitrogen concentration was 1.49 mM corresponding to the highest
hydrocarbon productivity of 2.80 ± 0.04 g m�2 d�1. It was well-
known nitrogen was the most commonly reported nutritional lim-
iting factor triggering lipid accumulation, however, the production
of lipids would be more economical with nitrogen-sufficient cells
because of the higher biomass productivity (Peccia et al., 2013; Li
et al., 2008). Although the fraction of hydrocarbon increased under
nitrogen shortage, cellular growth declined with the overall effect
being a decrease of lipid productivity in this study. On the contrary,
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some species, e.g., the genus Nannochloropsis appeared as an
exception which lipid productivity enhanced during N-starvation
(Rodolfi et al., 2009). Interestingly, compared to the productivities
of non-circulating treatments, the crude hydrocarbon productivity
was slightly lower under circulating condition.

To further reduce the levels of nitrogen, the effects of different
medium volume were investigated with established NaNO3 con-
centration of 1.49 mM (Fig. 4c and d). Within different medium
volume the biomass productivity increased with increasing of
medium volume, however, the value was declined slightly at vol-
ume of 3.0 L (Fig. 4 c). The highest biomass productivity was
5.41 g m�2 d�1 at medium volume of 1.2 L, followed by the value
of 5.32 g m�2 d�1 at 2.0 L medium. Crude hydrocarbon content
were almost same among the medium volume of 1.2, 2.0 and
3.0 L (Fig. 4 d), which were all higher than the content of volume
of .02, 0.4 and 0.6 L. It was also observed that 1.2 L medium was
affordable to maintain cell of B. braunii well growth and hydrocar-
bon accumulation in a period of 8 days.

3.3. Comparative analysis of algal biomass, nitrogen input and
photosynthetic efficiency with different cultivation systems

According to the results, the optimized nitrogen supply strategy
for the attached cultivation of B. braunii SAG 807-1 with non-circu-
lating models was supplying the modified Chu 13 medium of
0.99 mM NaNO3 with a flow rate of 60 ml h�1, meanwhile for the
circulating model, the optimized nitrogen supply strategy was cir-
culating the modified Chu 13 medium of 1.49 mM NaNO3 with a
flow rate of 60 ml h�1. The growth as well as the consumption of
medium volume and nitrogen source for attached cultivation with
d
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Table 2
Comparison of growth and cultivation parameters of B. braunii for different cultivation methods.

Strains Biomass productivity
(g m�2 d�1)

Photosynthetic
efficiency (%)a

Fertilizers
nitrogen (g)

Nitrogen
form

Medium added
(L)

Cultivation systems Reference

SAG 807-1 6.43 9.71 155.20 NaNO3 11197.51 Biofilm (non-circulating)b This study
SAG 807-1 5.41 8.17 28.92 NaNO3 1386.32 Biofilm (circulating)c This study
765 1.95 1.96 395.9 NaNO3 1602.6 Photobioreactor Ge et al. (2011)
AP 103 18.74 2.98 30.4 KNO3 1096.5 Pond Ashokkumar and Rengasmy (2012)
LB 572 0.71 2.02 399.7 NaNO3 1618 Biofilm PBR Ozkan et al. (2012)

Note: All the performance was assessed based on mainly for microalgae growth of 1 Kg dry algae biomass.
a Determined from Eq. (1) reported by Ozkan et al (2012).
b The concentration of sodium nitrate was 0.99 mM.
c The concentration of sodium nitrate was 1.49 mM.
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different nitrogen supply strategy was listed in Table 2, and they
were also compared with other cultivation methods. It could be
observed that the photosynthetic efficiency of the attached cultiva-
tion was much higher than that of other cultivation methods. The
quantity of nitrogen required for the attached cultivation with cir-
culating model was only 28.92 g, which were lower than most of
the other methods (Table 2). As we know the water evaporation
was inevitable for the open pond system, however, the levels of
medium added less than the values of PBR and biofilm PBR due
to the substantial biomass productivity of B. braunii. However, it
should be note that downstream processing algae biomass harvest
of the tubular PBR or open pond suspension culture need to be fil-
tered or concentrated which required intensive energy input
(Jorquera et al., 2010). While for the attached cultivation, the bio-
mass harvesting could be very easy by scraping down.

Generally raceway ponds may be the most commonly used for
commercial production of microalgae, however, the large land
areas, poor productivity and little control of culture condition
was limited in growing algal cultures for a long time (Jorquera
et al., 2010). Photobioreactors which included ordinary flat and
tubular types had the common disadvantages, i.e. unaffordable
costs of building and operating (Arudchelvam and
Nirmalakhandan, 2013). Although high net energy ratio and low
costs for algae biomass harvest were included in the biofilm PBR
system, as reported by Ozkan et al. (2012), the low productivity
and poor efficient light, mass and thermal energy transport
impeded the practical implementation for biofuel production of
microalgae. The promising attached cultivation could overcome
the disadvantages as above-mentioned and apply for the industrial
biofuel production.
4. Conclusions

For the attached cultivation of B. braunii, NaNO3 was the best
nitrogen source. The optimized nitrogen concentration was
0.99 mM for non-circulating medium supply model, while for the
circulating model, the optimized nitrogen concentration as well
as medium volume was 1.49 mM and 1.2 L, respectively. Moreover,
nitrogen inputs based on growth of 1 kg dry algae biomass was
only 28.92 g and photosynthetic efficiency was 8.17% with circu-
lating model. Attached cultivation was high efficient in light, nutri-
ent and water utilization.
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