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Abstract

Carbon dioxide (CO,) sequestration by microalgae has received widespread attention. Growth and biomass quality using flue
gas, combined with medium recycling, were evaluated in this study. Results indicated that Spirulina maxima FACHB 438 can use
flue gas from biomass power plant as sole carbon source. The final biomass of 26.30, 22.10, and 23.95 g in fresh medium (FM),
recycled medium (RM), and recycled medium with activated carbon treatment (RM + AC) was harvested in flat-plate
photobioreactors with 10 L working volume after 5 cycles, respectively. The mean specific growth rate and CO, fixation rate
did not differ significantly (p <0.05), illustrating good growth performance in the three treatments. Activated carbon enhanced
growth in RM + AC by 8.4% compared with RM. The quality of biomass in either FM or RM satisfies the Chinese standard for
food/feed additives. This manner of mass culture reduced the cost of nutrients by up to 42%. Therefore, combination of CO,
sequestration from biomass power plant and medium recycling is demonstrated to be a new way to enhance the cost-effective

Spirulina production.
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Introduction

The increase in carbon dioxide (CO,) concentration in the at-
mosphere, which is the main cause of global warming, is a great
concern in the world (Razzak et al. 2017). Many strategies have
been proposed to slow the rise in CO, concentration, such as
physical fixation and chemical adsorption, among which, bio-
logical mitigation has received wide interest. Microalgae are
highlighted due to their ability to convert CO, to biomass and
produce oxygen through photosynthesis (da Rosa et al. 2015).
Compared with terrestrial plants, microalgae possess many ad-
vantages, such as 10 to 100 times higher growth rate (Hu et al.
2008), ability to use a range of CO, sources, and being rich in
high-value products (Borowitzka 2013). To date, some progress
has been made in using microalgae to fix CO, from flue gas
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from coal power plants, such as screening of high NOy, SOx,
and temperature-tolerant microalgal strains (Radmann et al.
2011; Li et al. 2016; Moheimani 2016), development of highly
efficient photobioreactor systems (Richmond et al. 1993;
Huang et al. 2015), and algae-based product exploitation
(Sawayama et al. 1999; Usui and Ikenouchi 1997). Other stud-
ies using microalgae to fix CO, of simulated flue gas (Zhao
et al. 2015) or flue gas from cement plants (Borkenstein et al.
2011) and steel plants (Kao et al. 2014) have also been reported.

While emphasis has been mainly directed to the efficiency
of CO, utilization from flue gas, previous studies also exam-
ined the use of biomass, mostly focusing on the production of
non-editable products, such as liquid fuels and methanol
(Hirano et al. 1998; Sawayama et al. 1999). This is due to
the fact that flue gases from traditional fossil fuel generally
contain some toxic compounds, thus limiting the application
of algal biomass as higher value products like pigments and
food or feed additives (Lee and Lee 2003). Therefore, the
approach to use microalgae for CO, sequestration from coal
combustion gas has not been applied on a large scale. In con-
trast, CO, from cleaner flue gas may be a feasible solution
(Lee etal. 2001). Biomass energy, as a renewable energy, is in
the vigorous development of the world (BP 2017). For in-
stance, China has vast area of farmland and the Chinese gov-
ermment proposed the goal that the biomass power generation
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capacity reach 15 million kW by 2020 (China NDRC 2016). It
is ordinarily considered that flue gas from biomass power
plant has lower NOy, SOx, and toxic matter concentrations
compared with coal-fired flue gas, which makes it preferable
for the cultivation of microalgae. Furthermore, 3—5% of CO,
concentration in flue gas from biomass power plant, lower
than 10-15% in coal-fired flue gas (US DOE 2010), could
be better used for the growth of most microalgae (Yadav
et al. 2015).

To achieve the goal of cost-effective CO, sequestration and
biomass production, selection and evaluation of optimal
microalgae are essential. Spirulina (current recognized name is
Arthrospira), a widely cultivated alga for commercial production
(Belay et al. 1996; Vonshak et al. 2014), is considered as a can-
didate for biofixation of CO,, owing to its high growth rate, high
protein content, high phycocyanin content, and strong resistance
to contamination (Depraetere et al. 2015). In addition, Spirulina
has a higher CO, fixation efficiency under alkaline conditions,
since flue gas bubbled into medium reacts with base to form
bicarbonate ions, which could be used as carbon source for
alkaline-tolerant microalgae (Stewart and Hessami 2005).
Maintenance of alkaline condition requires high concentrations
of carbonate/bicarbonate. According to our investigation on dif-
ferent Spirulina farms, spanning from north to south of China,
approximately 3 kg NaHCO; and 1-1.5 kg CO, are needed to
produce 1 kg dry Spirulina biomass, accounting for about 30%
of cost in Spirulina production. If Spirulina could directly use the
flue gas from biomass power plant, cost-effective biomass pro-
duction coupled with CO, sequestration could be expected.

Recycling of the medium is a routine procedure commonly
applied in the mass cultivation of Spirulina. This procedure max-
imizes the usage of water and nutrients (Rocha et al. 2015);
meanwhile, it also reduces the treatment cost of the vast spent
medium. However, there also exist some problems associated
with this procedure. It has been reported that organic matter
and heavy metals can be accumulated during multiple recycling
of the medium. The organic matter may include polysaccharides,
proteins, free fatty acids, and cell debris (Bosma et al. 2008;
Hulatt and Thomas 2010; Farooq et al. 2015), which may likely
to promote bacterial growth and decrease algal growth rate and
quality. Accordingly, the influence of medium recycling on algal
growth and quality has to be assessed.

In this study, growth of Spirulina in standard Zarrouk medium
was compared with that in Zarrouk carbon-free (Zarrouk C-free)
medium using flue gas as a carbon source. Then, the performance
of Spirulina maxima cultivated in fresh medium and sequentially
reused medium was evaluated indoors and outdoors. The aims of
this study were (1) to evaluate growth under flue gas supply and
medium recycling conditions and (2) to assess the quality of the
biomass to estimate whether the manner of cultivation could be
used for nutritional purpose. It is hoped that this research will
provide an economically and environmentally sustainable ap-
proach to combine CO, mitigation and Spirulina production.
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Materials and methods
Site and flue gas for experiments

A pilot experimental base was established to cultivate
microalgae by using flue gas from a biomass power plant,
located in Huai’an, Jiangsu Province (N33°33'19", E119°12’
16") (Online Resource 1). The experimental base covered an
area over 800 m> and was equipped with different
photobioreactors. The biomass power plant produces roughly
200 million kWh a year by burning biomass mainly from
straw. To get rid of the pollutants from the flue gas, a desul-
furization tower was set up and kept operating to provide
clean flue gas during the experimental process. The treated
flue gas was monitored by a portable flue gas analyzer
(1600, IMR, Germany) and was composed of O, (13.68—
15.81%), CO, (3.15-4.09%), SO, (0.8-11 ppm), and NOx
(55-107 ppm).

Algal strain and cultivation conditions

Spirulina (Arthrospira) maxima FACHB 438 was obtained
from the Freshwater Algae Culture Collection of
Hydrobiology, Chinese Academy of Sciences, Wuhan,
China. Spirulina maxima was cultivated in Zarrouk medium
(Zarrouk 1966) or Zarrouk C-free medium. The specific com-
ponents used per liter in the Zarrouk medium were as follows:
16.8 g NaHCOs, 0.5 g K,HPOy, 2.5 gNaNO3, 1 gK,SOy4, 1 g
NaCl, 0.2 g MgS0O47H,0, 0.04 g CaCl,, 0.01 g FeSO47H,0,
0.08 g Na,EDTA, and 1 mL trace metal solution. One liter of
trace metal solution contains the following: 2.86 g H;BOs,
1.81 g MnCl,-4H,0, 0.222 g ZnSO47H,0, 0.079 g CuSOy
5H,0, and 0.015 g MoO;. For Zarrouk C-free medium, only
NaHCO; was omitted from the original Zarrouk medium. The
pH was adjusted to 9.0 with 1 N NaOH. To verify whether flue
gas from biomass power plant could be used as sole carbon
source for S. maxima production, a set of batch tests was
conducted in flat-plate photobioreactors (70 cm % 10 cm x

60 cm) with 70 L working volume of Zarrouk or Zarrouk C-
free medium outdoors, from June 8 to July 2. To test the
influence of medium recycling on the growth of S. maxima,
the experiments were carried out in flat-plate photobioreactors
(30 cm x 10 cm x 50 cm) with a working volume of 10 L both
indoors and outdoors. The indoor cultivations were carried out
at 28+ 1 °C and continuously illuminated at approximately
300 pumol photons m2s! (3415FXSE, Spectrum, USA) un-
der LED lamps, with a cycle of 6 days, while outdoor culti-
vations were conducted from July 13 to August 6, with a cycle
of 5 days. Shading and water cooling were often performed to
avoid excessive temperature at noon. The aeration was con-
trolled at the rate of 0.1 vvm (gas volume per working volume
per minute). The pH of all the photobioreactors was main-
tained at the range of 9-10 by regulating flue gas and air.
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Flue gas was aerated into the medium when pH was above 10,
and air was used to adjust pH when it was below 9. At the end
of the cultivation, S. maxima were harvested by a nylon mesh
(pore size about 50 pm), washed with deionized water three
times, and lyophilized for further analysis.

Culture medium recycling treatment

To evaluate the influence of medium recycling on the growth
of S. maxima, the medium was recycled four times in sequen-
tial cultivation. For the recycled medium treatment (RM),
microalgal cells after 1st round cultivation were harvested
by a nylon mesh with a pore size of 50 um, and the filtrate
was used as the culture medium for the next cycle, inoculated
with 10% of active growing cells. The procedure was repeated
three times. For the recycled medium with activated carbon
treatment (RM + AC), granular activated carbon (GAC) was
added to the filtrate of each cycle to remove the organic matter
at a concentration of 6 g L™' overnight and was filtered with
the above mesh. Mixing was not applied to avoid GAC
crushing. For consistency of the major nutrients in the
recycled medium, macronutrients N and P were re-added to
their original concentrations based on the calculation that N
and P account for about 10 and 0.8% of algal biomass, respec-
tively (Comet et al. 1992). For the control (fresh medium,
FM), the medium was not recycled during the whole
cultivation.

Algal growth and CO, fixation analysis

The dry weight of the biomass was measured by filtering
10 mL samples through a pre-weighted glass microfiber filter
(GF/C, 47 mm diameter; Whatman, England). The culture
was washed twice with de-ionized water, and, then, the filter
was dried at 105 °C to constant weight. The differences be-
tween the filter were the dry weight of the samples. The CO,
fixation rate (g L' d ') was calculated according to Eq. (1).

CO, fixation rate (g Lt dfl) =P xCcXMcop/Mc (1)

where P is defined as biomass productivity (g L™ d "), and
Mco, and M are the molecular weight of CO, and carbon,
respectively. Cc is the carbon content of Spirulina cell (%)
determined according to Cornet et al. (1992).

The specific growth rate (d”') was calculated based
on Eq. (2).

~ InXy-InX,
- T T,

(2)

where X7 and X, are the biomass concentrations (g LY
on day T; and 75, respectively.

Protein and phycocyanin measurement

A total of 400 uL RIPA lysis buffer (Strong) (Beyotime
Institute of Biotechnology, Nanjing, China) containing 1%
protease inhibitor cocktail (Thermo Scientific, USA) was
added to each sample of about 10-20 mg algal powder. The
samples were disrupted by the high-speed vibrator (Mini-
beadbeater 16, Biospec, USA) and centrifuged at
10,000 rpm for 3 min. The step was repeated until the pellet
became colorless. The supernatant was diluted with 0.5 N
NaOH to 50 mL. Protein concentration was determined using
the BCA Protein Assay Kit (Pierce 23227, Thermo Scientific,
USA), which is based on bicinchoninic acid for the colorimet-
ric detection and quantitation of total dissolved protein.
Phycocyanin was extracted with 0.05 M phosphate buffer
using the high-speed vibrator. The extraction procedure was
the same as that of protein extraction. Phycocyanin concentra-
tion was calculated by the absorbance at 615 nm (ODg;5) and
562 nm (ODsg,) based on the equation of Patel et al. (2005).

Phycocyanin concentration (g Lfl)

— (ODg;5-0.474 x ODsg,)/5.34 (3)

Ash and chlorophyll a determination

The ash content was determined by weighting sample m;
(about 30 mg) into a pre-weighted crucible (m,) and heating
the crucible in a muffle furnace at 550 °C for 4 h until white
ash remains (Chentir et al. 2017). After cooling in a desiccator,
the crucible was re-weighted (m3).

Ash content (%) = ((m; + my—m3)/m;) x 100 4)

Chlorophyll @ (Chl a) was extracted with 99.9% methanol
at 45 °C in the dark for 30 min (Pruvost et al. 2011). Samples
were centrifuged at 10,000 rpm for 5 min before measure-
ment. Chl a was spectrophotometrically quantified at 666
and 653 nm according to Lichtenthaler and Wellburn (1983)
using the following equation:

Chla (ugmL™) = 15.650Dg66~7.340Dss3 (5)

Heavy metal analysis in biomass

For heavy metal quantification, 100 mg algal powder was first
digested by 6 mL ultrapure nitric acid with Anton Paar
Microwave sample preparation System (Multiwave 3000,
Austria). The microwave-assisted digestion procedure was
set as 700 W for 5 min, followed by 1400 W for 25 min,
and 0 W for 15 min. After the procedure of acid-driving at
130 °C for about 6.5 h, the resulting clear solution was diluted
with 2% HNO; to a final volume of 10 mL. Total
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concentrations of heavy metals were analyzed with
Inductively Coupled Plasma Mass Spectrometry (ICP-MS,
OPTIMA 8000DV, Pekin Elmer, USA) without any further
treatment.

Analysis of total organic carbon and heavy metal
in culture medium

During indoor cultivation, total organic carbon (TOC) and
heavy metals were measured at the end of each cycle. The
algal suspension was firstly filtered by 0.22 um microfilter
(SLGP033RB, Millipore, USA). Subsequently, 15 mL sam-
ples were analyzed using a TOC-L Series analyzer (Shimadzu,
Japan) for TOC quantification, and the remaining 15 mL sam-
ples were analyzed using ICP-MS for heavy metal
measurement.

Statistical analysis

All experiments were performed in triplicates. The values
were expressed as the mean + standard deviation. The data
were analyzed by one-way ANOVA using SPSS (version
19.0). A value of p < 0.05 was considered to denote a statisti-
cally significant difference.

Results and discussion
Influence of flue gas on the growth of S. maxima

The cultivation results (Fig. 1a) showed that there is no obvi-
ous difference between the two treatments. At the end of the
cultivation, the dry weight of S. maxima in Zarrouk and
Zarrouk C-free medium reached 2.31 and 2.11 g L™, respec-
tively. The protein and phycocyanin contents of S. maxima
(67.83 and 23.01%, w/w) of Zarrouk C-free medium aerated
with flue gas were higher than those in the standard Zarrouk
medium (64.41 and 21.85%, w/w) (Fig. 1b). Binaghi et al.
(2003) also reported that the growth of Spirulina platensis in
C-free medium aerated with CO, was comparable with that in

Fig. 1 The growth performance

the complete medium. These results suggest that S. maxima
can use CO, of flue gas from biomass power plant as sole
carbon source to obtain optimal growth and protein
production.

The adaption of S. maxima to the combustion gas can be
explained by the characteristics of flue gas and optimal aera-
tion strategy. Carbon and pH are the two important factors that
affect the high production in Spirulina cultivation. Abundant
carbon in the culture was obtained, and the suitable pH rang-
ing from 9 to 10 was maintained by the bubbling of flue gas
throughout the cultivation due to the relatively low concentra-
tions of CO,, NOx, and SOy in the flue gas. The value of pH
is strongly linked to the equilibrium of C; forms (H,CO5, CO,,
HCO;, and CO3* ) ina system (Kalff 2002). In the natural
systems, the dissolved CO, concentrations are far lower than
the K, (CO,) for ribulose-1,5-bisphosphate carboxylase/
oxygenase (RUBISCO) (Moroney and Somanchi 1999).
HCO; is the dominant form of inorganic C within the range
of pH 9 to 10. Cyanobacteria and microalgae have high exter-
nal carbonic anhydrase (CA) that catalyzes the reversible con-
version of HCO; to CO, and OH ™ to provide sufficient CO,
to enter the cell and to serve as the substrate for photosynthesis
(Moroney et al. 1985; Husic et al. 1987). It is worth mention-
ing that 3 to 8 h of flue gas aeration in a day was operated in
this study, which was much longer than those in previous
reports. For example, when Spirulina sp. LEB 18 was aerated
with coal-combustion gas for 10 min every 2 h at 0.05 vvm
during the light period, the biomass of 0.63 g L' was
achieved after 12 days (Vaz et al. 2016). Using the same aer-
ation mode for Spirulina sp., Duarte et al. (2017) achieved a
biomass of 0.68 g L™ after 10 days. It was clearly indicated
that the dry weight of the biomass from their study was much
less than that in the present study. This difference was appar-
ently due to the more carbon input under this mode; continu-
ous bubbling of flue gas accelerated the gas—liquid mass trans-
fer resulting in more CO, scrubbed in the alkaline condition.
Ultimately, it benefited from the characteristics of the flue gas
with low concentrations of CO, and SOx/NOx. The above-
mentioned growth performance appears very promising and
indicates that a cheap carbon source could be obtained from

b

. . a 80 - Il Protein 125
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flue gas emissions of biomass power plant by simply bubbling
into the culture with optimal aeration strategy.

Influence of medium recycling on the growth
of S. maxima

To test the influence of medium recycling on the growth of
S. maxima, a set of cultivations was carried out both indoors
and outdoors in flat-plate photobioreactors with 10 L working
volume. In indoor cultivation, there is no difference in the growth
between the fresh medium and the first recycled medium
(Fig. 2a). Growth was gradually inhibited with the sequentially
repeated use of medium, leading to about 20% reduction in
biomass at the end of the 3 cycles. Outdoor cultivations were
conducted in summer season, from July to August. The temper-
ature was controlled at below 38 °C with shading and water
cooling during daytime, and pH was regulated between 9 and
10 by aeration with flue gas. At the early stage of each cycle,
growth in RM was similar to that in FM, but it was lower at the
late stage of each cycle (Fig. 2b). A terminal biomass of 22.10
and 26.30 g was harvested from RM and FM, respectively, after
5 cycles. This decrease was likely due to inhibitory factors ex-
creted by algal cells and accumulated within the medium after
repeated use (Rodolfi et al. 2003; Farooq et al. 2015). Therefore,

to remove possible inhibitors, GAC was added to the recycled
medium overnight to test its promotive effect on growth. It was
shown that total biomass of 23.95 g was harvested in RM + AC
and that the growth was increased by 8.4% compared with RM.

Detailed growth parameters in three different treatments are
presented in Table 1. Due to weather reasons, although growth
gradually decreased as the cultivation continued, the mean
values of maximum dry weight of biomass (X;,,,), maximum
specific growth rate (fimay), Mmaximum biomass productivity
(Pmax), and maximum CO, fixation rate (Fy,,c) among FM,
RM, and RM + AC did not differ significantly (p > 0.05),
indicating that the growth rates of the three treatments were
comparable to each other. Da Rosa et al. (2015) studied the
cultivation of Spirulina sp. in semi-continuous mode with
nutrient recycle for 25 days. Fed with CO, in 2.0 L vertical
tubular photobioreactors, the culture achieved an average spe-
cific growth rate of 0.242 days ', which was much lower than
the rate in the present study. Using coal-fired flue gas as car-
bon source for Spirulina sp. cultivation, the CO, fixation rate
was estimated to be 109.2 mg L' day ' (Vaz et al. 2016), less
than half of the values in the current study. Our results showed
that the combination of medium recycling and flue gas can
support a reasonable growth performance of S. maxima, dem-
onstrating the feasibility of this cultivation mode for Spirulina.
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Fig. 2 Growth performance of S. maxima in the fresh and recycled media. Indoors (a); outdoors (b). FM, fresh medium; RM, recycled medium; RM +

AC, recycled medium with activated carbon treatment. Data are presented as means + standard deviation of three replicates
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Maximum dry weight of biomass (X,,«), maximum specific growth rate (1tpax), maximum biomass productivity (Pp,.x), and maximum CO, fixation rate (Fi,,x) of S. maxima in each cycle during

Table 1

@ Springer

outdoor cultivation

fhmax (day ™) Prax (g L' day™) Frnax (g L' day ")

Kopax @ L7

Cycle

RM+AC

FM

RM+AC

FM

RM+AC

FM

RM+AC

FM

0.26
0.32
0.28
0.26
0.21

0.26
0.31
0.28
0.19
0.21

0.32
0.27
0.28
0.26
0.21

0.14
0.18
0.15
0.14

0.11

0.15
0.17
0.15
0.11
0.11

0.18
0.15
0.16
0.15
0.12

0.45
0.61
0.46
0.38
0.25

0.43
0.6

0.7

0.79
0.65
0.79
0.72
0.74

0.78
0.72
0.69
0.62
0.71

0.84
0.83
0.78
0.70
0.66

0.44
0.53
0.36
0.32

0.48
0.26
0.25

0.70+£0.06*°  0.74£0.06* 047+0.15* 040+0.15" 0.43+0.13"  0.15+0.02* 0.14+0.03* 0.15+0.02* 0.27+0.04* 0.25+0.05*° 0.26+0.04*

0.76 +0.08"

Mean

Data are presented as means + standard deviation of three replicates

FM, fresh medium; RM, recycled medium; RM + AC, recycled medium with activated carbon treatment

Changes of total organic carbon in the medium
and its removal with granular activated carbon

To investigate whether the growth inhibition was associated with
organic matter in the culture, TOC concentrations in the medium
at the end of each cycle were measured (Fig. 3). In the FM
treatment, the TOC concentration remained constant at around
30 mg L', while TOC concentration in the RM treatment grad-
ually increased with recycling, finally reaching 85 mg L™ in-
doors and 914 mg L' outdoors at the end of cultivation. The
high TOC concentration was attributed to the organic matter
existing in the medium, which may include proteins, carbohy-
drates, free fatty acids, and other potential growth-inhibiting
chemicals (Farooq et al. 2015), thus exerting a negative effect
on the growth of microalgal cells. Nevertheless, in the view of
multiplying accumulation of TOC and slight growth differences
between indoor and outdoor cultivation (Figs. 2 and 3), it was
inferred that TOC may be not the only factor responsible for the
decrease of growth for the medium recycling.

Increases of TOC also have been observed during the cul-
tivation of other microalgae, i.c., Chlorella (Hadj-Romdhane
et al. 2013; Farooq et al. 2015) and Nannochloropsis (Zhang
et al. 2016). Algal organic matter (AOM) is released by ex-
cretion and cell lysis during growth. Activated carbon seems
to be a possible material to remove this organic matter. In this
study, TOC concentration in RM + AC was lower than that in
RM at the end of each cycle. The limited decrease in TOC
concentration may explain the slight increase in biomass yield
of the RM + AC treatment (Fig. 2b). In fact, the effect of
activated carbon treatment of the used medium varies greatly.
Rijstenbil (1989) found that activated carbon cannot remove
inhibitory compounds from the filtrate of marine diatom cul-
tures. An organic matter removal efficiency of 92.3% was
achieved by using 24.4 mg L™ activated carbon powder and
20.3 mg L' ferric chloride for 20.4 min flocculation and
adsorption of Arthrospira used medium (Morocho-Jacome
et al. 2016). These data suggest that the removal efficiency
of organic matters is concerned with harvesting methods,
treatment time, and pore size distribution of the activated car-
bon, and so on. Advanced and practical medium treatments,
such as ozonation and UV, are expected to be combined with
activated carbon adsorption for medium recycling to remove
harmful materials in future commercial-scale microalgal farms
(Gonzalez-Lopez et al. 2013; Farooq et al. 2015).

Analysis of quality of Spirulina biomass as feed
additives

Spirulina is used as health food, food additives, and feed in
aquaculture and cosmetics (Spolaore et al. 2006; de la Jara
et al. 2018). The choice for application of Spirulina biomass
is dependent on its quality. As an alternative protein source for
fish meal, Spirulina has gained more and more attention in the
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Fig. 3 Changes in the TOC a
concentration of the medium at
the end of each cycle. Indoors (a);
outdoors (b). FM, fresh medium;
RM, recycled medium; RM +
AC, recycled medium with
activated carbon treatment. Data
are presented as means + standard
deviation of three replicates

TOC (mg L™

Recycle-0 Recycle-1 Recycle-2 Recycle-3 Recycle-4

feed industry due to its high level of protein (Minjarez-Osorio
et al. 2016; Cao et al. 2018). Therefore, protein content is one
of the key parameters to be tested. Likewise, heavy metals
should also be monitored to ensure the safety of the biomass.
As shown in Fig. 4, for the FM group indoors, the protein
contents were above 60% and phycocyanin contents were in
14-17%. There were no significant differences between FM
and RM in terms of protein content, phycocyanin content, ash
content, and Chl a content (p > 0.05). During outdoor cultiva-
tion, phycocyanin content reduced, which was probably due
to the large fluctuation of the weather during that period
(Fig. 5). However, the protein content in RM was higher than
53%, indicating that there was no significant difference be-
tween FM and RM (p > 0.05).

Straw is the main burning substrate in the biomass power
plant, thus producing a relatively clean flue gas. Although the
concentrations of heavy metals in the flue gas are relatively low,
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they could be enriched with the repeated use of medium.
Therefore, the distribution of several heavy metals in the medi-
um was examined at the end of each cycle. As Fig. 6 shows,
concentrations of heavy metals (As, Co, Mn, and Zn) decreased
with repeated use of medium, which may be attributed to the
utilization of microalgal cells as microelements. Concentrations
of some heavy metals did not change and were comparable with
those in FM which indicated that these heavy metals were not
enriched in spite of long bubbling of flue gas for 25 days.
Furthermore, heavy metals may accumulate in the biomass of
Spirulina and pose a potential threat to product safety if used as
feed additives. It has been proposed that heavy metals can accu-
mulate in the microalgal cells by an uptake transport system or
chelation by substances excreted by cells, such as phytochelatins
(PCs), metallothioneins (MTs), and extracellular polysaccha-
rides (EPS) (Garcia-Garcia et al. 2016). Therefore, to evaluate
the risk of heavy metal contamination, the heavy metal content
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Table2 Heavy metal content of biomass at the end of each cycle during

indoor cultivation

Table 5 Financial assessment of production of S. maxima with two
cultivation modes

Cycle Cd(ugg™" Pb(ugg ") As(uggh) Control® FM RM
1 RM  0.0219 £0.0080 nd nd NaHCO; ($) 436.36 - -
FM  0.0153 £0.0141  0.3403+£0.0791 nd Aeration with air ($) 197.40 - -
2 RM 0.0373 £ 0.0187 0.2022+0.0181 n.d Aecration with “flue gas + air” ($)b - 257.72 257.72
FM  0.0111 + 0.0055 0.8644+0.0232 nd Flue gas desulfurization ($) - 120.99 120.99
3 RM  0.0304 £0.0076  0.4729+0.1885 nd Other nutrients ($)° 4331 4331 11.22
FM  0.0079 £ 0.0046 nd nd Total cost” ($) 677.07 391.86 359.77
4 RM  0.0631 £0.0227  0.1169+£0.0210 nd ] ]
M 0.0047 £ 0.0021 0.1991£0.0060 nd "Zf(l;,%(g)gv]jer of the fan was 3 KW and the assumed working volume is
> RM 00421 +£0.0124  0.0698+0.0114 n.d #NaHCO; was assumed as the sole carbon source
FM  0.0041 +0.0004  0.1036+0.0996  n.d

Data are presented as means + standard deviation of three replicates
n.d., not detected

of Spirulina biomass at the end of each cycle indoors (Table 2)
and at the last cycle outdoors (Table 3) was determined. Clearly,
heavy metals in the biomass did not accumulate during the
process of medium recycling.

According to the Chinese feed-grade Spirulina powder stan-
dard GB/T 17243-1998, the contents of heavy metals and pro-
tein should be less than 0.5 mg kg ' (cadmium), 6.0 mg kg
(lead), or 1.0 mg kg._{1 (arsenic), or more than 50% (crude pro-
tein), respectively. As shown in Table 3, the maximum concen-
trations of heavy metals in Spirulina biomass cultivated in
recycled medium outdoors were 0.0042 mg kg ' (cadmium),
0.1424 mg kg ' (lead), and 0.0288 mg kg ' (arsenic). All the
values met the standard for feed utilization indicating that the
biomass cultivated with flue gas combined with medium
recycling is safe and suitable for use as feed additives in terms
of heavy metals and protein. Similar results of 0.011 mg kg

Table3 Heavy metal content of biomass from FM, RM, and RM + AC
at the end of outdoor cultivation

Cd(ugg™h Pb(ugg ) As(ugg ")
FM 0.0020 + 0.0010  0.1772 + 0.0057  0.0150 + 0.0112
RM 0.0031 + 0.0002  0.1424 + 0.0882  0.0175 + 0.0102

RM+AC  0.0042 £0.0013  0.1399 £ 0.0991  0.0288 = 0.0111

Data are presented as means + standard deviation of three replicates

®5 h flue gas and 19 h air were assumed in FM and RM
¢ Including water and nutrients in the Zarrouk medium except carbon

9 Data were based on this study

(cadmium), 0.12 mg kgf1 (lead), and 0.015 mg kg{1 (arsenic)
were reported by Douskova et al. (2009) who cultivated
Chlorella vulgaris using flue gas from a municipal waste incin-
erator. Unlike this study, however, complex techniques, such as
NOx reduction, electrostatic precipitator, quenching, and scrub-
ber, were needed to remove NOx, SOx, dust, HCI, HF, and
heavy metals in the flue gas.

Analysis of cost reduction on current cultivation
mode: combination of flue gas and medium recycling

The main restriction to the Spirulina industry is the relatively
high cost of cultivation at each step. Taking Spirulina industry
in China as example, nutrients account for about 40% of the
total cost for Spirulina production, of which 60% of the total
nutrient cost comes from carbon (Li et al. 1996; Qiao and Li
2013). Although traditional cultivation is relatively cost-effec-
tive, application of flue gas from biomass power plant and
medium recycling may be a new mode to expand Spirulina
production and facilitate the development of the Spirulina
industry. To test the economic feasibility of this cultivation
mode, a simple nutrient expenditure analysis was carried out
(Table 4). Carbon, nitrogen, and phosphorus are the funda-
mental elements for algal biomass. In the current study, CO,
from flue gas was bubbled as the sole carbon source. Based on
the first part of the work, the growth of S. maxima using flue

Table 4 Analysis of cost

reduction in different cultivation Total consumption NaNO; (g) K;HPO,-3H,0 (g) Other nutrients (unit)* Water (L)

modes according to their (reduction)

consumption of major nutrients

and water after 5 cycles of FM 125.00 25.00 5 50

cultivation RM 41.47 (66.83%) 6.60 (73.61%) 1 (80%) 10 (80%)
RM + AC 42.88 (65.70%) 6.73 (73.09%) 1 (80%) 10 (80%)

# Except nitrogen and phosphorus, the amount of other nutrients in the Zarrouk medium was assumed to be 1 unit
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gas was similar with that using NaHCOs. Taking the flue gas
treatment costs into account, including electricity, quicklime,
water, and so on, a reduction about 40% in carbon expenditure
was estimated (Table 5). To replenish the recycled medium,
macro nutrients (NaNO;, K,HPO,4-3H,0) were added at the
start of each cycle. As a result, a considerable reduction of
66.83% (nitrate) and 73.61% (phosphorus) could be achieved.
Other nutrients were just added in the medium at the begin-
ning of the first cycle. Water was not added due to the negli-
gible evaporation of the photobioreactors, which reduced 80%
of the requirement. These further reduced the nutrient cost in
Spirulina production on the basis of cheap carbon from flue
gas. Hence, about 42% of the cost in nutrients was reduced if
cultivated with flue gas and medium recycling for four times.
Actually, in FM, the majority of the nutrients were not
completely assimilated by algal cells, so they had to be
discharged into the environment, which would lead to the
eutrophication or, in turn, increase the spent medium treatment
cost.

Conclusion

This work demonstrates that flue gas from biomass plant can
be used as carbon source for Spirulina cultivation. The growth
rates of FM, RM, and RM + AC were comparable. GAC
(6 g L") could enhance growth by 8.4% in comparison with
RM. Meanwhile, algal biomass quality was not affected in
terms of protein and heavy metal content and met the require-
ments of the Chinese national standard for feed utilization. By
employing this cultivation strategy, a reduction of about 42%
in nutrient expenditure was achieved. Thus, this innovative
cultivation strategy demonstrates the potential for flue gas
biological mitigation and cost-effective Spirulina production.
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