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Abstract The objective of this study is developing microalgal
culture systems to produce biodiesel with low-energy inputs
in the ocean. The semi-permeable membrane photobioreactors
(SPM-PBRs), which are capable of transferring nutrients dis-
solved in seawater into the algal broth while containing the
cells inside, were operated in a reservoir containing Incheon
coastal seawater in the laboratory to observe biomass dynam-
ics, variations in nutrient concentration, pH, and salinity prior
to their deployment in the ocean. A green microalga
Tetraselmis sp., isolated from Incheon nearshore, was cultivat-
ed in a simulated ocean condition under continuous illumina-
tion. According to the data obtained from the experiment,
microalgal growth was found to be primarily limited by the
phosphorus concentration in seawater rather than other major
nutrients (carbon and nitrogen) and the pH and salinity of the
algal broth, which remained constant. Furthermore, we were
able to understand why biomass productivity decreases as the
culture progresses. N and P transfer rates through the mem-
branes gradually decreased due to membrane fouling caused
by various factors. For an enhancement of nutrient transfer
rate and biomass productivity, various SPMs with different
nutrient transfer rates and molecular weight cut-offs
(MWCOs) were also explored. Biomass productivity in-
creased in proportion to the nutrient transfer rate of the mem-
branes, and the fatty acid content increased from 12 to 30 % at
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day 0 without a significant change in its composition. With
further developments in SPM-PBRs, another technology to
simultaneously produce microalgal biomass and reverse eu-
trophication of the ocean or lakes may be provided.

Keywords Marine photobioreactor - Microalgae - Ocean
cultivation - Semi-permeable membrane - Tetraselmis

Introduction

For the past decades, human societies have been seeking re-
newable energy sources to replace fossil fuels as fossil re-
serves are limited and a large amount of fossil fuel emissions
contribute to air pollution (Chisti 2007). As petroleum re-
serves are depleting fast, in order to reduce industry’s depen-
dence on this source, clean technologies aimed at sustainable
energy production in future need to be developed urgently
(Chapman 2014). Recently, biofuels such as biodiesel and
bioethanol, which are generated through photosynthesis, have
attracted attention as alternatives to overcome the energy crisis
and reduce the emission of greenhouse gases (GHGs) into the
atmosphere (Djuric Ilic et al. 2014). Photosynthetic systems in
plants and algae possess a unique ability to capture photons
from sunlight and generate various type of biomolecules by
assimilating CO, (Huang et al. 2010). However, production of
biofuels from edible crops such as corn, soybean, and sugar-
cane has its own limitations as these crops are sources of food
and also require a huge area of land for cultivation (Lam and
Lee 2012; Norsker et al. 2011). Among the photosynthetic
organisms, microalgae have been recognized as the most
promising alternative to the edible crops for biofuel produc-
tion as they can double more than once per day (Um and Kim
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2009), accumulate a large amount of lipids in the cell body
(Tran et al. 2010), survive and thrive under harsh environment
conditions (Balasubramanian et al. 2011), and require only use
of marginal places (e.g., desert, ocean) for their cultivation.
Despite the great potential of microalgae to produce renew-
able and sustainable bioenergy, the sequential processes in-
volved in microalgal bioenergy production such as cultiva-
tion, harvesting, drying, extraction, and transesterification
are not mature yet. Further, high cost and intensive energy
consumption in the production process prevent microalgal
bioenergy from replacing fossil fuels as the energy source.
In other words, microalgal biofuel production needs to over-
come hurdles, and technological advances are required in each
step for commercialization (Mata et al. 2010).

The cost and energy inputs for microalgae cultivation ac-
count for approximately 40 % of the total cost in the biodiesel
production process (Hu et al. 2008). Therefore, commerciali-
zation of microalgal biodiesel would depend on reducing the
cost and external energy requirements in the cultivation sys-
tem and maximizing of lipid and biomass productivity with
the optimal cultivation strategy. If microalgae can be cultivat-
ed at sufficiently low cost in large scales, production of
microalgal biofuels, which have much bigger market value
than other traditional microalgae-derived products, will be
able to bring enormous revenue (Borowitzka 2013; Markou
and Nerantzis 2013; Vigani et al. 2015). Recently, as one way
to reduce the production cost of microalgae, some attempts
have been made to cultivate microalgae in photobioreactors
(PBRs) which are constructed using inexpensive plastic ma-
terials (Rodolfi et al. 2009; Trent et al. 2012; Willson and
Butler 2009).

Many researchers have mentioned that one of the many
advantages of microalgal biodiesel production is its require-
ment of low land area when compared to crop-based biodiesel
production (Petkov et al. 2012; Scott et al. 2010; Verma et al.
2010). Although biodiesel production from microalgae re-
quires less area of land, a large area of land is still needed to
produce a significant amount of biodiesel to replace fossil
fuels. It was estimated that 1.1-2.5 % of the existing US farm-
ing area (2—4.5 Mha) should be used to cultivate microalgae
for biodiesel production to meet 50 % of all transport fuel
usage in the USA (Chisti 2007). However, similar to land
crops requiring certain conditions for farming, microalgae also
need certain conditions such as sunlight intensity and temper-
ature for good productivity, and not all countries have large
areas of land available for microalgae cultivation. For small
coastal countries, the ocean, which covers 70 % of the earth’s
surface, may be a better place to cultivate microalgae for bio-
diesel or for other commercial uses. The ocean environment
provides a large area for microalgal cultivation, relatively sta-
ble temperature with its high heat capacity, culture broth
mixing and circulating with waves, dissolved substances po-
tentially usable as nutrients, and seawater that could be used as
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the culture medium when growing marine microalgae. In
particular, the West Sea (Yellow Sea) between Korea and
China is suffering from serious eutrophication caused by
decades of waste dumping and sewage discharges from the
two countries. For example, according to National Fishery
Research and Development Institute (Busan, Korea), the
levels of total inorganic nitrogen and phosphorus concentra-
tions in Korean west coastal seawater (Incheon) have been
observed to be 0.98+0.78 and 0.03+0.02 mg L™, respectively,
during 1999-2007. The high levels of nitrogen and
phosphorus, otherwise considered as pollution, can turn into
valuable nutrients for microalgal cultivation, eliminating the
needs of fertilizer use.

In this study, for utilization of various marine resources in
microalgal culture, semi-permeable membrane (SPM)-PBRs,
capable of transferring nutrients dissolved in seawater into the
PBRs while the cells are contained inside, were tested for their
feasibility for microalgal biodiesel production. In addition,
their biomass and biodiesel productivities were evaluated as
a function of mass transfer properties of the SPMs. Recent
membrane technologies have been widely applied to waste
treatments, culturing and harvesting microalgae, desalination
of seawater, purification of specific compounds (e.g., proteins,
amino acids, chemicals), and separations (Gao and Zhang
2013; Honda et al. 2012; Jeong et al. 2010; Zhang et al.
2010; Zhao et al. 2013). Some microalgae cultivation systems
that use membranes for CO, fixation, N and P removal in
various wastewaters, and biodiesel production have been re-
ported (Honda et al. 2012; Trent et al. 2012). For the first time,
the application of membrane for marine microalgal culture in
ocean by absorbing essential nutrition dissolved in seawater
for cells is reported in this research. We also tested SPM-PBRs
with different permeability in natural seawater for investigat-
ing the possibility of microalgal cultivation. The contents and
compositions of biodiesel produced from SPM-PBRs were
compared in all the cases.

Materials and methods

The green microalga, Tetraselmis sp. KCTC12236BP, was
locally isolated from coastal seawater in Ganghwa Island, In-
cheon, Korea. The natural seawater (NSW), taken from In-
cheon nearshore or artificial seawater (ASW), mixed with
reagents, consisting of 30 g L' NaCl, 0.66 g L' KCI,
8.48 g L' MgCl,-6H,0, 1.9 g L' CaCl,-2H,O0,
6.318 g L' MgS0,-7H,0, and 0.18 g L™ NaHCOs, was used
as the basis of culture media. For the source of nitrogen and
phosphorus, f/2-Si medium, which consists of 75 mg L™
NaNOs, 5 mg L™ NaH,PO,-H,0, 3.15 g L' FeCl;6H,0,
436 g L' Na,EDTA-2H,0, 180 mg L™' MnCl,-4H,0,
22 mg L' ZnS0O47H,0, 10 mg L™' CoCl,-6H,O0,
9.8 mg L' CuS0,-5H,0, and 6.3 mg L! Na,MoO-2H,0,
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was additionally added to ASW or NSW. Seed cultures were
prepared by suspending a single colony from a master plate in a
250 mL Erlenmeyer flask containing 100 mL of ASW and £/2-
Si medium. The seed culture flask was cultured in an illuminat-
ed shaking incubator (model KMC-8480SF, Vision Scientific
Co. Ltd., Daejeon, Korea) at a constant light intensity of
50 pmol photons m 2 s~ and then scaled up to a 2 L bubble
column (BC)-PBR at a light intensity of 100 pumol
photons m 2 s~! with 2 % (v/v) continuous CO, bubbling at
0.1 vvm (Lee et al. 2000).

Semi-permeable membranes and photobioreactor operation

SPMs made of cellulose were purchased from Spectumlabs
(Spectrum Laboratories, USA). Four different tubing type
membranes (product number 132725, 132675, 132566, and
132544) were used for the experiment without any modifica-
tion. Specifications of the SPMs are summarized in Table 1.
SPMs were immersed in deionized water for 24 h to remove
impurities and to swell the membranes before use. After one
side was clipped by a plastic enclosure for filling with
microalgae and culture medium aseptically in a clean bench,
other side was also clip-sealed (Fig. 1). Then, the prepared
SPM-PBRs were submerged at 0.05 m below the seawater
surface in an acrylic rectangular reservoir (1 m in lengthx
0.5 m in widthx 0.3 m in height), which is capable of holding
a maximum of 150 L water, and filled with 30 L of Incheon
NSW. The seawater in the reservoir was agitated with a paddle
to circulate the water and to prevent cells from settling in the
PBRs. To keep nutrient gradients across the membrane, the
seawater in the reservoir was replaced three times a day, and
pH, temperature, and salinity were measured right before and
after the replacement for keeping the culture condition and
seawater quality constant. Light was supplied continuously

by two 55 W fluorescent lamps 200 pmol photons m 2 s .

Measurement and analysis of samples

To investigate the variations in nutrients, NO3 NH,", and
PO43 ~ concentrations in culture broth and seawater were ana-
lyzed by an autoanalyzer (TRAACS 2000, Bran+Luebbe,
Germany) after the samples were filtered through a 0.2 pm

Table1 Specification of SPMs used for microalgae culture in seawater

Membrane type Molecular weight Thickness (m) Width (m)
cut-off (kDa)

A 35 2.75x107° 0.054

B 6-8 7.00x107° 0.120

C 15 6.25x107° 0.045

D 50 6.25x107° 0.034

membrane syringe filter (Minisart, Sartorius Germany). The
total inorganic carbon (TIC) concentrations in water were an-
alyzed by a TOC analyzer (Multi N/C 3000, Analytical Jena,
Germany). The activities of carbonate species were also cal-
culated based on carbonate equilibrium relationship by multi-
plying with salinity, pH, and temperature values (Wolf-
Gladrow 2001). The pH and salinity were monitored before
and after replacing the seawater in the reservoir and also right
after sampling by a pH meter (720P, Istek, Seoul, Korea) with
an epoxy pH electrode and by an EC meter (EC-40 N, Istek,
Korea) with a glass electrode.

C:N:P mass ratio in Tetraselmis sp. was determined by an
elemental analyzer (Elemental Analyzer, Thermo Fisher Sci-
entific, USA) for C, N, and an inductively coupled plasma
mass spectrometer (ELAN6100, PerkinElmer, USA) for P,
respectively. From the obtained mass ratio data of Tetraselmis
sp., we could calculate the estimated biomass productivity in
a SPM-PBR by multiplying the rate of nutrients transferred
into the culture.

The cell concentration and the average cell size were pre-
ciously measured with a Coulter counter (Multisizer 3,
Beckman Coulter, USA). The various data from Coulter coun-
ter were collected by Multisizer 3 software, and they were
then exported to an Excel spreadsheet to calculate the cell
concentration, cell size distribution, average cell size, and
fresh cell weight. The ratio of fresh cell weight (gFCW) to
dry cell weight was 3.34+0.05.

Measurements of membrane permeability coefficient
for NO;~ and PO,>~

For an accurate estimation of nutrient transfer rate through
each membrane used in the study, we calculated membrane
permeability coefficient (Ky and Kp) for NO;~ and PO, To
acquire K values, a membrane with a surface area of
0.0041 m?, containing 0.03 L of filter-sterilized NSW, was
submerged in a 2.5 L rectangular reservoir containing 2 L of
filtered seawater with NO;~ or PO,>~ concentrations of 0.05,
0.1,0.2,and 0.4 g L Then, variations in the nutrient levels
in the membrane were observed over time with slow-stirring
by a magnetic stirrer. As time passed, the nutrient concentra-
tion in SPM proportionally increased until it was in equilibri-
um with that in the reservoir. We could achieve a linear rela-
tionship between membrane retention time in reservoir and N
or P concentration in the SPM. The rate of nutrient accumu-
lation in SPMs can be expressed as (Lee and Hing 1989):

d£ o AK(C{mt _Cin)

dt DV (m

where V'is the liquid volume inside SPM (L), K is the mem-
brane permeability coefficient (m? min '), 4 is the area of
membrane (m?), D is the thickness of membrane (m), C,,,
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Fig. 1 Images of SPM-PBRs at
day O (left) and day 15 (right) of
cultivation

and C;, (nutrient concentration in and out of the SPM, respec-
tively, with C,,, > C;,). After integrating Eq. (1), the K values
for NO;~ and PO,> could be obtained by plotting In (C,,,—
C;)*xDV A" over time. K values, obtained as function of
nutrient concentration in reservoir, remained fairly constant
irrespective of the change in N and P concentrations in the
outer reservoir. The K values are summarized in Table 2 and
were used for estimating biomass productivity based on the
rates of nutrients diffusing through the membrane and the
mass ratio in Tetraselmis sp.

Analysis of fatty acid composition and content

Samples were pretreated for fatty acid analysis. After centri-
fugation, the cells were lyophilized. An aliquot amount of
dried samples were dissolved in 2 mL of a freshly prepared
mixture of acetyl chloride and methanol (5:100, v/v), with
nonadecanoic acid (19:0) as an internal standard, to a concen-
tration of 1 mg L™". Vials containing samples with reactants
were completely sealed before the reactions.
Transesterification reaction was performed at 80 °C for 1 h
under pure nitrogen gas stream and darkness. After the
transesterification reaction, the converted fatty acid methyl
esters were extracted by addition of 1 mL hexane. Fatty acid
methyl esters (FAMEs) were analyzed by a gas chromato-
graph equipped with flame ionization detector (Acme 6000
GC, Younglin, Anyang, Korea) with HP-INNOW WAX col-
umn (100 m length, 0.25 mm diameter, 0.2 um film thickness)

Table 2 Membrane permeability coefficients for NO;~ and PO,>”
obtained from measurements as a function of different NO; and PO,>~
concentrations across the membranes

Membrane type Ky (m® min”") Kp (m® min ")

A 1.33x107°+7.50x10 11 8.88x10 1°+6.30%10!2
B 2.99x107°+420x101  1.87x107°+4.80x10 !

C 3.38x107°£1.65x1071%  2.29x107°+5.50x10 1

D 3.66x107°+£1.24x10710  2.50%x10°+6.50x 10 '
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under chromatographic conditions as follows: carrier gas,
helium; flow rate, 3 mL min_l; injector temperature, 25 °C;
detector temperature, 300 °C; initial temperature, 140 °C; ini-
tial duration time, 2 min; temperature elevation rate,
4 °C min'; final temperature, 240 °C; final duration time,
5 min; and resulting in a total heating time of around
32 min. The FAMEs were identified by comparing their re-
tention time with those of FAME standards mixture (F.A.M.E.
Mix C4-C24, Supelco, USA) (Tran et al. 2010).

Experimental setup and operation

Three experiments were performed to study the biomass and
biodiesel productivities in the SPM-PBRs. In the first experi-
ment, 0.0288 m” of SPMs (B) were used to build SPM-PBRs,
and Tetraselmis sp. was cultivated in 400 mL of culture broth.
In the second experiment, the effect of biofouling on the SPM-
PBRs ability to supply nutrition was investigated. After the
first experiment, the membrane of one SPM-PBR was re-
placed with new membrane, and the cultivation was continued
for four more days. The effect of different mass transfer rates
on the microalgal biomass and fatty acid productivity was
investigated in the third experiment. SPM-PBRs were built
with 0.010 m? of four SPMs (A, B, C, and D) and contained
0.1 L of culture broth. The experiments were performed as
duplicates. The durations of the first, second, and third exper-
iments were 11, 4, and 12 days, respectively. The temperature
inside the reservoir was maintained at 2041 °C throughout the
experimental periods.

Results

Nitrogen and phosphorus were trace elements compared with
carbon in the Incheon NSW (Table 3). Figure 2 shows con-
centrations of major nutrition (C, N, and P) and culture con-
dition (pH and salinity) in and out of SPM-PBRs during the
cultivation period. The pH and salinity remained constant in
the range of 7.8-8.2 and 2.8-3.0 %, respectively, during the



J Appl Phycol (2015) 27:1763-1773

1767

Table3  Total inorganic carbon (TIC), total inorganic nitrogen (TIN), and total inorganic phosphorus (TIP) concentrations dissolved in Incheon natural

seawater taken in February, 2013 for this study

Item NO; (mg LY

NO, (mgL™)

NH," (mg L") PO (mg L™ TIC (mg L")

Incheon natural seawater 0.6620+0.1274

0.0136+0.0072

0.0425+0.0161 0.0660+0.0151 29.0681+0.6095

course of culture (Fig. 2a). The dominant form of CO, was
HCO; (over 80 % of total TIC). The dynamics of HCO5
concentration in culture broth and seawater showed an identi-
cal pattern until day 8. TIC concentration was 1-2 mg C L™"
lower in the SPM-PBR, whereas in the surrounding seawater,
it was constant at 28-30 mg C L™" during the whole culture
period (Fig. 2b).

Total inorganic nitrogen (TIN) and total inorganic phos-
phorus (TIP) concentrations in and out of the PBRs exhibited
different characteristics from TIC. Concentrations of both ions
gradually decreased as the cultivation progressed. A compar-
ison of TIN and TIP concentrations at day 0 and day 11 shows
that TIN and TIP concentrations in the culture decreased by 33

a
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and 36 %, respectively (Fig. 2¢). These changes indicate that
TIN and TIP concentrations in culture are more likely to be the
limiting factors. In other words, mass transfer of these ions
would determine the biomass productivity.

The growth of Tetraselmis sp. was dependent on the phos-
phorus transfer rate. Nitrogen and phosphorus accounted for
6.58+1.10 and 1.05+0.25 % of the microalga. Theoretical
biomass productivities based on nitrogen and phosphorus
transfer rates were calculated as 0.111+0.021 and 0.065+
0.012 gFCW L' day ', respectively. Figure 3 shows the the-
oretical and actual growth over the culture period. The overall
biomass productivity was 0.07 gFCW L' day ' for the culti-
vation period. However, daily biomass productivity decreased
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Fig.2 Profiles of carbonate species (H,CO5, HCO; ", and CO5>") (a), TIN and TIP concentrations (b), pH and salinity (¢) monitored in and out of SPM-

PBRs during the cultivation period
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Fig. 3 Profiles of fresh cell weight cultured in natural seawater and
estimated growth based on maximum N or P transfer rate through the
membrane. Assumptions in estimated growth based on N or P transfer
rate through the membrane. All of transferred N, P into the SPM-PBR are
used up by cells and integrated into algal biomass. Mass ratios of N, P in
Tetraselmis sp. were 6.58+1.10 and 1.05+0.25 % of their constituent,
respectively. Fresh cell weight can be converted into dry cell weight by
assuming cell’s water content (70 %), vice versa

from 0.079+0.005 to 38+0.8 mg L' day ' after 8 days of
cultivation. The reduction in biomass productivity was caused
by lowered nitrogen and phosphorus permeability (Fig. 4). Ky
and Kp at day 11 were reduced by 26.2+3.0 and 36.5+3.5 %,
respectively, compared with those at day 0.

In order to confirm whether decreased productivity was
caused by membrane fouling or not, one of the cultures was
transferred to a new SPM and cultivated in seawater for 4 days
(Fig. 5). The average biomass productivity in the SPM-
replaced PBR during days 11-15 was found to be
0.071 gFCW L™" day ™", similar to the values obtained during
day 0—11 and estimated productivity based on P mass transfer
rate (0.065+0.012 gFCW L' day "), whereas that in non-
replaced PBR decreased by 40.9 %. After the measurements

100 E— E—

80

40 1

20 1

Variation of relative N, P permeability coefficient (K, K;)
on membrane during a microalgal cultivation in seawater (%)
o

KN(day 0) KN(day 11) KN(day15) KP(day0) KP(day11) KP(day 15)

Fig. 4 Variation of relative N and P permeability coefficients (Ky and
Kp) of the membrane during microalgal cultivation in seawater
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—A— Estimated growth based on Max. P transfer rate
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Fig. 5 Profiles of fresh cell weight (g L") cultured in PBRs with SPM-

replaced and non-replaced and estimated growth based on maximum N or
P transfer rate through the membrane

of Ky and Kp at day 15, the values were further reduced by
65.5+5.0 and 48.6+2.9 %, respectively.

After 15 days of cultivation in seawater using SPM-PBR in
the laboratory, we harvested cells from PBRs (SPM replaced
and non-replaced) to analyze fatty acid composition and pro-
ductivity. Figure 1 shows the SPM-PBRs at the beginning and
end of cultivation. Table 4 shows fatty acid profiles, content,

Table 4 Fatty acid composition, content, and productivity of
Tetraselmis sp. cultured in natural seawater using SPM-PBRs and cul-
tured in f/2-Si using BC-PBR as a comparison, respectively

Fatty acid composition (%)

BC-PBR* SPM SPM-NR® SPM-R®
(day 0) (day 15) (day 15)
C16:0 29.4 30.6 29.2 28.0
Cl6:4 14.4 16.3 14.6 14.7
Cl18:1 23.7 23.6 28.0 275
C18:2 10.0 6.9 8.4 94
Cl18:3 22.5 22.6 19.8 20.4
3SFA 29.4 30.6 29.2 28.0
SUFA 70.6 69.4 70.8 72.0
Total fatty acid 12.1 12.0 275 29.9
content? (%)
Fatty acid productivity® 16.0 - 52 6.1
(mg L™ day ")

# Control culture was cultivated in a 0.4 L BC-PBR with continuous light
of 200 pmol photons m 2 s™', 2 % CO, gas at 0.1 vvm. Fatty acid
analysis of control sample taken from early stationary phase with 6 days
cultivation time was used

°Non-replaced SPM-PBR
¢Replaced SPM-PBR
94 Total fatty acids over DCW x 100 %

° Fatty acid productivity calculated based on dry cell weight (g L") after
cultivation of 15 days
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and productivity in Tetraselmis sp. No significant differences
were seen in the fatty acid composition regardless of SPM
replacement and the culture method. The composition was
the same with cells grown in a 0.4 L BC-PBR (Table 4).
Palmitic acid (C16:0; 28-30 %) was the dominant component,
and oleic acid (C18:1, 23-27 %) was the second dominant.
Other fatty acids were ranked in following order: linolenic
acid (C18:3; 20-22 %), hexadecatetraenoic acid (C16:4; 11—
16 %), and linoleic acid (C18:2; 7-10 %).

For enhanced biomass and fatty acid productivity, cells
were cultivated in various SPM-PBRs with different nutrient
transfer rates. Membrane permeability coefficients (Ky and
Kp) were in a decreasing order from D, C, B, toward A
(Table 2). However, actual N and P transfer rates were in a
decreasing order from D, C, A, toward B. The volumetric
biomass productivities obtained from SPMs for 11 days and
estimated productivities based on N and P transfer rates are
presented in Fig. 6. Biomass productivities in various SPMs
obtained were 0.119+0.010 (A), 0.078+0.010 (B), 0.154+
0.029 (C), and 0.161+0.016 (D)gFCW L' day ', respective-
ly. The biomass productivities were correlated with the pro-
ductivities based on P transfer rates rather than N transfer rates
in this experiment, same with the previous experiment. The
compositions and contents of fatty acids obtained from our
experiments are summarized in Table 5. Fatty acid composi-
tions from different SPM-PBRs showed no significant differ-
ences, while fatty acid content increased to 25-27.5 % at day
15 from 11.5 % at day 0.

Discussion

Salinity, pH, and TIC concentration in the cultures were main-
tained at the constant levels with the NSW in the reservoir

I Estimated biomass productivity based on N transfer rate

— I Estimated biomass productivity based on P transfer rate
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Fig. 6 Comparison of algal biomass productivity (gFCW L' day ")
cultured in various SPMs and estimated biomass productivity based on
maximum N or P transfer rate through the membrane

Table 5 Fatty acid composition, content, and productivity of
Tetraselmis sp. cultured in natural seawater using four types of SPM
with different permeability of nutrients

Fatty acid composition (%)

A B C D

C16:0 320 306 302 282
Cl6:4 165 140 113 13.6
C18:1 22.1 240 280 264
C18:2 9.2 8.9 8.8 9.1
C18:3 202 22,6 218 227
Y SFA 320 306 302 282
Y UFA 68.0 694 698 71.8
Total fatty acid content” (%) 27.1 268 250 275

Fatty acid productivity® (mg L' day ™) 9.7 63 115 133

*Total fatty acids over DCW = 100 %

® Fatty acid productivity calculated based on dry cell weight (g L™ ) after
cultivation of 15 days

(Fig. 2a, b). Normally, in microalgal culture, cells on metabo-
lizing carbon, nitrogen, and phosphorus ions by photosynthe-
sis produce hydroxide and O, as metabolites. Thus, the pH in
autotrophic microalgal culture commonly starts to increase in
proportion to growth rate and algal concentration in the ab-
sence of pH control or CO, gas supplement. pH is controlled
by introducing CO,-enriched air. CO, from flue gases is
sometimes utilized in conventional algal culture systems
(e.g., PBRs, raceway pond) (Kim et al. 2011; Yun et al.
1996). In the SPM-PBR, pH and salinity could be maintained
at the same level as the surrounding environment without
making any adjustment because of the proton ion and salt
concentration gradients across the membrane. The dominant
form of CO, was HCO5; (over 80 % of total TIC), which
marine microalgae can readily uptake in seawater because of
its basic pH value (Fig. 2b) (Wolf-Gladrow 2001). Because of
the ionic gradients formed across the membrane by carbon
uptake by cells, carbon rapidly diffused into the SPM-PBR
until equilibrium was reached, replenishing the carbon utilized
by the cells. Although carbon mass ratio in algal cell is about
50 %, a drastic variation or decline of carbon did not occur in
the SPM-PBRs due to its relative abundance compared to
other ions.

Profiles of TIN and TIP concentrations in and out of the
PBRs exhibited different characteristics from TIC. Unlike the
TIC concentration, TIN and TIP concentrations
were decreased over time (Fig. 2¢). After 11 days of cultiva-
tion, the concentrations of TIN and TIP were reduced by 33 %
and 36 %, respectively (Fig. 4). These variations indicate that
TIN and TIP concentrations in culture are more likely to be the
limiting factors. In other words, mass transfer of these ions
would determine biomass productivity. The C:N:P mass ratio
in Tetraselmis sp. was 47:6.5:1.05, and it would be ideal if the
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C:N:P mass ratio in the Incheon seawater was the same with
the mass ration in the microalgae (Mandalam and Palsson
1998). However, the mass ratio of C:N:P in Incheon seawater
was 970:23:2, and by comparing the mass ratios in the
microalgae and seawater, we found that TIP concentration in
seawater was seriously limited. It has been shown that
microalgae can uptake phosphorus more than they need for
algal growth (Powell et al. 2009), but in the present study, the
phosphorus content in 7etraselmis sp. did not vary when they
were cultivated in nutrient-sufficient medium or seawater.
Therefore, we determined that biomass productivity in
the SPM-PBRs is mainly determined by the transferred TIP
concentration through the SPM per unit time.

The growth of Tetraselmis sp. showed a linear biomass
increase in seawater containing 0.68+0.04 mg N L' and
0.060+0.004 mg P L™ (Fig. 3). As described above, cell
growth in SPM-PBRs depends upon the concentration of P.
Thus, algal growth could be dependent on the amount of P
transferred into the PBR assuming that transferred P is con-
sumed by cells and integrated into the biomass. Theoretically,
the maximum increase in the biomass based on the maximum
P transfer rate under the given membrane properties (area and
thickness), culture volume, and P concentration difference
across the membrane (referred to Eq. (1)) could be written as

- 2
dt . Cp )

where Py, is the theoretical maximum transferred P concen-
tration through the membrane (mg P L™"), Cp is the average
phosphorus content in Tetraselmis sp. (%), and X, is the
theoretical maximum increase in biomass concentration by
transferred P (g L™").

The calculated maximum biomass production rate
(gFCW L' day ") based on N or P transfer rate obtained from
Eq. (2) and N and P contents in Tetraselmis sp. were 0.111+
0.021 and 0.065+0.012 gFCW L' day ', respectively. Esti-
mated maximum and actual growth were plotted together in
Fig. 3 for a comparison. The actual growth was linear, which
is typically found in culture with limited substances. This
pattern in algal culture is frequently observed due to light
limitation in high-density culture (Richmond 2004). However,
increasing light intensity did not improve the growth further
(data not shown). Moreover, a supplement of 200 pmol
photons m > s~! should be enough to support such a slow-
growing culture, and when the cells are cultivated ina 0.4 L
BC-PBR (0.9 m in long, 0.05 m in inner diameter) with
enriched nutrient supplements, growth at 1 g L™" did not de-
celerate in comparison with the rate at an exponential phase
(data now shown). These additional evidences confirm that
the culture in the SPM-PBR is in a P-limited environment.
The actual biomass growth never exceeded or followed the
estimated growth based on the maximum N transfer rate
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during the whole culture period. This clearly corresponds to
the reports that emphasized the importance of P concentration
in algal-bloomed seawater and inland water (Carpenter 2008;
Glibert et al. 2004). Unexpectedly, daily productivity de-
creased after 8 days of cultivation. We suspected that
a reduction in the TIN and TIP concentrations was the reason
and replaced the SPM to examine if the drop in biomass pro-
ductivity was a result of changes in the nutrient transfer rates
of a membrane.

Biofouling, which could reduce the function of a mem-
brane, is caused by the attachment of bacteria, microalgae,
and metabolites from microorganisms on to the membrane,
among other reasons (Katebian and Jiang 2013). The nutrient
mass transfer of the membrane is a key determinant of bio-
mass productivity in SPM-PBRs. Figure 4 shows a compari-
son of the membrane permeability coefficient for NO; and
PO437 measured at day 0, 11, and 15. Ky and Kp at day 11
were reduced by 26.2+3.0 and 36.5+3.5 %, respectively,
compared with those at day 0. Buckwalter et al. (2013) in their
study of developing the dewatering process in microalgal cul-
ture broth using forward osmosis membrane in seawater de-
scribed that the impact of ocean fouling did not affect the
dewatering performance of membrane. However, this constant
dewatering efficiency may result from high salt gradient be-
tween wastewater and seawater. The SPM-PBR system differs
from that used by Buckwalter et al. (2013) as a low salt gra-
dient exists across the membrane. A nutrient gradient is
formed when the equilibrium of nutrient concentrations be-
tween culture broth in the SPM and the surrounding seawater
is disrupted by consumption of nutrients by microalgae. Thus,
the sum of nutrient gradients formed by algal activity would
be much smaller than the dewatering process with municipal
wastewater or medium for freshwater microalgae. In order to
confirm whether decreased productivity was caused by mem-
brane fouling or not, one of the culture broth was transferred to
a new SPM and cultivated in seawater for 4 days. After re-
placing the membrane, biomass productivity was recovered,
as 0.071 gFCW L' day ', similar to the values obtained dur-
ing day 0-11 and estimated productivity based on P mass
transfer rate (0.065+0.012 g L™ day "). On the other hand,
biomass productivity was reduced by 40.9 % in non-replaced
PBR corresponding to the reduction of Kp value (36.5+
3.5 %). After 15 days of cultivation, values of Ky and Kp were
further reduced by 65.5+5.0 and 48.6+£2.9 %, respectively.
These results indicate that membrane should be periodically
cleaned or replaced to maintain mass transfer and to maximize
biomass productivity based on membrane properties.

The fatty acid analyses of Tetraselmis sp. showed that the
carbon chain lengths varied from 16 to 18, and the ratio of
unsaturated and saturated fatty acid was 7:3 in all the analyses.
These profiles were similar patterns in comparison with other
reports regarding the same strain (Bondioli et al. 2012). For
balancing between oxidative stability and low-temperature
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kinematic viscosity of biodiesel, high content of monounsat-
urated fatty acids (MUFAs) rather than polyunsaturated fatty
acids (PUFAs) and saturated fatty acids (SFAs) is desired
(Stansell et al. 2012). Based on this, the fatty acid composition
from Tetraselmis sp. should be modified to increase the con-
tent of MUFA and decrease contents of PUFAs and SFAs. The
total fatty acid content as percentage of dry cell weight
showed remarkable increases: 27.5 % (non-replaced) and
29.9 % (replaced), at day 15 in comparison with 12 % obtain-
ed at day 0. Enhanced fatty acid content in Tetraselmis sp. can
be explained by many reports that have studied the effects of
specific nutrients limiting the growth or starvation in
microalgal culture on fatty acid contents (Huang et al. 2013;
Lin and Lin 2011). The concentration of nitrogen and phos-
phorus in algal culture has been recognized as an important
parameter among various environmental factors such as tem-
perature, pH, salinity, and CO, affecting lipid content, fatty
acid composition, growth rate, and cell density because N and
P are essential substances involved in the biosynthesis of chlo-
rophyll, DNA, RNA, protein, etc (Bondioli et al. 2012). Thus,
a lack of or a low amount of these substrates in culture may
lead to changes in metabolism within the cells. To N- and P-
limited conditions, high lipid or carbohydrate accumulation
was considered as typical responses (Cakmak et al. 2012).
Furthermore, it has been often found that growth rate of algae
decreased when cells started to accumulate lipids (Mujtaba
et al. 2012). Although N- and P-deficient condition could
induce high lipid accumulation in the algal cell body, the
overall biomass and lipid productivity may be lower when
cells are cultivated under the condition than under nutrient-
rich conditions. Similar results on this stain were also reported
by Bondioli et al. (2012). From their study, the combination of
N and P starvation was found to have more influence on lipid
accumulation than N starvation alone in the culture. As de-
scribed earlier, the required major nutrient ratio (C:N:P) in
seawater was severely unbalanced and limited for algal cul-
ture. The relative abundance of available carbon source com-
pared to N and P in seawater would be able to drive the algal
metabolism toward synthesizing hydrocarbon compounds like
fatty acids rather than others. Fatty acid productivity of
6.1 mg L™ day ' from the SPM-PBR is low compared to that
from the BC-PBR, which is 16.0 mg L™' day '. To improve
biomass and fatty acid productivity, SPMs with different nu-
trient transfer rates were used in the next experiment.
Sequential experiments using the SPM demonstrated that
microalgal cultivation by utilizing nutrients in seawater was
feasible by means of SPM-PBRs and that phosphorus was a
critical limiting factor in determining biomass productivity.
The obtained results show that increased P permeability of
membrane would lead to higher biomass production. For en-
hanced biomass and fatty acid productivity, cells were culti-
vated in various SPM-PBRs with different nutrient transfer
rates. At this time, we started with 0.1 L working volume

and 0.010 m” of membrane area in each reactor to prevent
geometrical differences between SPMs due to different width
of the membranes (referred to “Materials and Methods”). In
these SPMs, the permeability coefficient was not the only
factor determining the mass transfer rates. Although the Ky
and Kp values were higher in B (6-8 kDa) than in A (3.5 kDa),
actual N and P transfer rates were faster in A due to the thick-
ness of the membranes, which affects mass transfer rate as
shown in Eq. (1). The SPM-PBR with membrane D was ex-
pected to have the highest biomass productivity because the
nutrient transfer rates were higher than other membranes. As
expected, the biomass productivities were correlated to Kp
values (Fig. 6). Increased nutrient transfer rates of the mem-
branes allowed a faster delivery of nutrients so that the resid-
ual nutrients inside the SPM-PBR were replenished as soon as
the cells consumed them. Eventually, membranes with higher
transfer rates would yield higher biomass productivity. This
result confirms that P concentration may be the key parameter
for an accurate evaluation of SPM-PBR system operating in
the ocean.

Increase in lipid content was found in all SPM-PBRs. This
increased lipid content is also found in nutrient-depleted cul-
ture of Tetraselmis sp. (20-30 %, data not shown). Although
membranes with higher nutrient permeability were used for
enhanced biomass and fatty acid production, fatty acid con-
tents were the same as shown by the results from the first
deployment in seawater. Daily N and P transfer rates were
37.3 and 23.6 % higher in D than in B. However, daily transfer
rate of D was still not enough to satisfy the 11, value (0.77+
0.03 day ') of Tetraselmis sp. and N:P stoichiometric mass
ratio was unbalanced in culture broth in spite of augmented P
transfer rate. Therefore, the algal culture experienced limita-
tion and starvation of specific nutrients, which possibly led to
accumulation of carbon compounds such as lipids or carbo-
hydrates. As expected, the maximum fatty acid productivity of
13.3 mg L' day ! was obtained from membrane D, which
was 2.1 times higher than the value obtained from membrane B.

For developing a system to produce biomass and biodiesel
from microalgae with low-energy input in the ocean, possibil-
ity of SPM-PBRs were examined. Cultivation of Tetraselmis
sp. using SPM-PBRs in NSW demonstrated that algal bio-
mass production by transferring necessary nutrition seawater
into SPM while containing the cells inside was feasible. The
pH and salinity were controlled to be at constant levels as
those in seawater by diffusion. Among the major nutrients
(C, N, and P), P was the key nutrient to determine biomass
productivity based on the mass ratio of N and P in seawater
and Tetraselmis sp. Testing SPMs with different mass transfer
rates showed that biomass productivity increases in proportion
to the permeability of the membrane. Fatty acid compositions
were not different between cells cultured in SPM-PBRs and
those under optimal conditions in the laboratory. However,
fatty acid contents increased to 27.5-29.9 % due to relatively
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limited N and P concentrations in seawater. Although SPM-
PBRs were found to be feasible for the production of
microalgae by absorbing pollutants related to eutrophication
and algal blooms in the ocean, biomass productivity
obtained in this study was still too low (Maximum
productivity: 0.161 gFCW L' day ' with membrane D) to
produce a reasonable quantity of biomass or biodiesel. How-
ever, SPM with pore size up to 2000 kDa MWCO (the value
in correspondence with 0.2 pum) could be used for microalgal
cultivation without bacterial contaminations (bacterial cell
size 0.2-30 pum) (Pearce 2007). Since the highest MWCO
used in this study was only 50 kDa (D), theoretical nutrient
transfer rate of a membrane with MWCO of 2000 kDa could
be 40 times higher, assuming that the membrane properties
(area and thickness) are the same with membrane D, which
would greatly enhance the biomass and fatty acid productivity
in the SPM-PBRs. As membrane technology has been increas-
ingly applied in various fields, more advanced membrane suit-
able for microalgae cultivation are likely to be available in the
near future. This study is the first step in the development of
SPM-PBR systems that could enable pollutants dissolved in
ocean such as C, N, and P to turn into sources of clean
bioenergy. Further research on scale-up, seasonal, and region-
al productivity evaluation by deployments of PBR in ocean
and techno-economic analysis would provide valuable infor-
mation toward the realization of replacing a meaningful
amount of fossil fuels with microalgal biofuels.
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