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ARTICLE INFO ABSTRACT

Keywords: Large-scale microalgal biomass production usually relies on concentrated CO; as the carbon source which is a
Alkaliphilic cyanobacteria major logistical and economic challenge because of the required infrastructure and geospatial constraints of
Biomass

siting large algal production facilities close to concentrated CO, sources. By taking advantage of enhanced CO,
mass transfer within alkaline media due to the reaction between CO2 and OH’, carbon can be directly captured
from the ambient air and used by the algae. Achieving such goal requires algal strains that can grow fast under
alkaline conditions. In this study, a newly isolated alkaliphilic cyanobacterial strain Cyanobacterium sp. PNNL-
SSL1 was characterized for its temperature, pH, and salinity tolerance. The result shows that PNNL-SSL1
could sustain grow at pH above 11.2 but exhibited the highest growth rates at pH below 10.5. The strain is a
warm season strain and grows the best at 10 PSU (practical salinity unit). The strain was then evaluated in indoor
climate simulation ponds under outdoor-relevant pond cultivation conditions with carbon supplied only through
direct air CO2 capture at the culture surface. Two batch culture runs, at slightly different initial pH, exhibited
average biomass productivity of 15.2 g m™ day™ on ash-free dry weight basis. CO was directly captured from
the air at an average rate of 21.6 g CO, m™ day™* (78.8 tons ha! yr'!), contributing 74% of the carbon fixed in the
biomass. The results demonstrated that PNNL-SSL1 is a promising strain for biomass production using air CO5 as
the carbon source.

Raceway pond
Direct air capture

1. Introduction

Increasing population and industrialization have contributed to the
massive energy and food/feed demands globally. The current fossil-fuel-
dominated economy has led to increasing concentrations of atmospheric
CO and other greenhouse gases, placing the world under the threat of
climate change [1,2]. In the interest of reducing the energy dependency
on fossil fuels, developing alternative sustainable energy sources such as
biofuels have attracted substantial research efforts [3,4]. Microalgal
biomass has been investigated as an alternative source of biofuels due to
its unique features, including fast growth rates, high lipid content, and
being non-competitive with arable resources [5,6].

Microalgal biofuels are limited due to high production costs, with
CO; supply and delivery being one of the significant cost drivers. In open
paddlewheel-driven raceway ponds, a commonly used system for
microalgae cultivation, the culture is in contact with air. Atmospheric

CO4, diffuses across the gas-liquid interface and enters the culture me-
dium at a rate and direction dependent on the driving force for mass
transfer. Air-COg is first dissolved to form COz(aq), which reacts to form
carbonic acid and rapidly equilibrates via the bicarbonate - carbonate
buffer system (Eq. 1). In rapidly growing cultures, dissolved carbonic
acid and bicarbonate are utilized by the algal cells for photosynthesis at
a high rate. However, the net CO5 in-gassing rate is relatively slow due to
the slow reaction that forms carbonic acid, resulting in carbon depletion
and growth inhibition. To restore this essential element in the culture
medium, concentrated CO is commonly transported to the cultivation
site and used to improve the in-gassing driving force, which increases
delivery cost and storage challenges [7,8].

COag) + H,0=H,COs=H* + HCO; =COY +H* €))

Compared to media at low alkalinity, media at high alkalinity can
store a much larger amount of carbon due to the bicarbonate - carbonate
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buffer system. To make use of such property, researchers proposed a
bicarbonate-based cultivation system that allows carbon to be captured
more efficiently and transported more easily in liquid form for algae
growth [9,10]. Because of the carbonate buffering capability, pH of the
alkaline medium is usually maintained at a higher level than in low
alkalinity medium. In a high pH range, reaction between hydroxide ions
and COz(aq) becomes the dominant reaction to produce bicarbonate
(Eq. 2). Consequently, CO», even at a low concentration, is transferred
across the gas-liquid interface at a significantly higher rate in the alka-
line media than in low-alkalinity media. Recent studies have explored
the possibility of growing microalgae with atmospheric CO, to fully
exploit the enhanced CO5 mass transfer rate. For instance, Ataeian et al.
[11] demonstrated biomass production in an indoor tubular photo-
bioreactor at pH up to 11.2, and the spent medium at high pH was
sparged with air for 7 days to capture CO,. For open systems such as
raceway ponds, cultures are in direct contact with the air, and air-COy
can be captured without a separate carbonation/sparging unit. While
some studies showed that biomass production could be supported solely
by capturing CO, directly from the air [12], others suggested that
additional mixing or carbonation station is a necessity for achieving
sufficient carbon recharge [13,14].

CO, + OH =HCO; (2)

Regardless of the somewhat inconsistency in previous studies, to take
advantage of the chemically enhanced CO2 mass transfer, it is clear that
the culture pH needs be kept as high as possible, as the enhancement
effect of Eq. 2 is directly related to hydroxide ion concentration, i.e., pH
[15,16]. However, most microalgal species recommended for biofuels
production grow the best at near-neutral pH, and elevated pH beyond
the optimal range significantly lowers the biomass productivity [17-19].
As a result of reduced biomass productivity, the cost of biomass, hence
the cost of biofuels, can be increased substantially, making biofuel
commercialization more challenging [7,20]. Therefore, it is critical to
identify microalgal strains that can grow rapidly in alkaline conditions.

In the present study, Cyanobacterium sp. PNNL-SSL1, an alkaliphilic
cyanobacterial strain, was isolated from Soap Lake, Washington, U.S., a
naturally alkaline environment. The temperature, pH and salinity
tolerance profiles of the strain were determined. To estimate its poten-
tial for biomass production with direct air CO5 capture, PNNL-SSL1 was
grown in duplicated indoor raceway ponds with air-CO, as the only
external source for carbon. The areal biomass productivity obtained
from the raceway experiment, where light and water temperature con-
ditions for an outdoor pond culture were simulated, indicated that
PNNL-SSL1 is a promising strain for biomass production that can rely on
atmospherically derived CO,.

2. Materials and methods
2.1. Strain isolation and identification

Surface water samples were collected from Soap Lake, Washington,
U.S.A (47°23’36” N — 119°29°05” W). Sterile petri dishes, containing
BG-11 [21] medium modified by adding 100 mM sodium bicarbonate
and 1% (w/v) agar, were used to initiate isolation of individual agal
colonies by streaking 100 pL of the collected water samples across the
surface of the agar plate with a sterile microbiological transfer loop.
Streaked plates were incubated under white (3000 K) LED light at a
surface irradiance of ca. 800 pmol m2 s (LI-COR 190 R quantum
sensor, LI-COR Inc. Lincoln, Nebraska) on a 12:12 photoperiod. Devel-
opment of visually distinct algal colonies took approximately 7 days.
After this incubation period, individual colonies were lifted and
re-streaked using sterile technique onto sterile agar plates using the
previously described modified BG-11 medium. The inoculated plates
were maintained at 20 °C. As new colonies were formed, this streaking
method was applied again. The process was repeated until unialgal
colonies were obtained (i.e., single morphology, color, etc.).
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Total DNA was extracted from the purified sample as previously
described [22]. For PCR, Platinum Taq Polymerase (Thermo Fisher
Scientific, Waltham, MA USA) was used with primers designed to
amplify 23 s rDNA [23]. PCR products were purified using the GeneJET
PCR Purification Kit (Thermo Fisher Scientific, Waltham, MA USA).
Sanger sequencing was performed at the University of Texas at Austin
Genomics Core Facility using Applied Biosystems 3730/3730XL DNA
Analyzers and BigDye Terminator v3.1.

A consensus sequence for a partial 23 s rDNA sequence was obtained
from 3 bidirectional sequence pairs. Similar sequences for phylogenetic
tree construction were identified from the NCBI nucleotide database
using BLAST [24]. A multiple alignment was created using the Clustal
Omega plugin in Geneious Prime® 2022.2.2 (https://www.geneious.
com). The multiple alignhment was manually edited to remove gaps and
poorly aligned regions. Phylogenetic analyses were performed with
Bayesian Inference (BI), Maximum Likelihood (ML), and Neighbor
Joining (NJ) using the Mr. Bayes, RAXML, and Geneious Treebuilder
plugins from Geneious Prime® 2022.2.2 (https://www.geneious.com),
respectively. BI was conducted using the GTR substitution model with
gamma rate variation, a chain length of 1100,000, and a burn-in length
of 100,000. ML was conducted using the GTR CAT model with 1000
bootstrap replicates. NJ was conducted using the Tamura-Nei genetic
distance model with 10,000 bootstrap replicates.

2.2. Culture medium

The medium used for growing the strain was a modified BG-11
containing the followings in g L 0.75 NaNOs, 0.04 K;HPO4-3 H)0,
0.075 MgSO4-7 H20, 0.027 CaC12-2 H20, 0.006 (NH4)5[F€(C5H4O7)2],
8.45 NaCl, 0.92 KCl, 4.2 NaHCO3, 7.42 Na3yCOs, 0.01 NaEDTA-2 H50,
0.029 H3BO3, 0.018 MnCly-4 HoO, 0.0022 CuSO4-5 H20, 0.0039
NasMoO4-2 Hy0, 0.0005 Co(NO3)»-6 Hy0. The modified BG-11 medium
had a final salinity of ca. 18 PSU (practical salinity unit) and a total
carbonate alkalinity of 190 meq L'l. Due to the higher salinity and
inorganic carbon concentration than standard BG-11, the pH of this
medium, once equilibrated with air, was approximately 9.9.

2.3. Determination of temperature, pH and salinity tolerance profiles

The temperature tolerance profile of the strain was determined by
measuring the maximum specific growth rate as a function of temper-
ature. The experiments were carried out on a customized shaker table
(100 RPM mixing speed) that allows incubation of eight cultures in
Erlenmeyer flask with a working volume of 75 ML over a temperature
gradient of 3-45 °C [25]. The shaker table was operated at 100 rotations
per minute (rpm) for mixing the cultures. Neutral white (4000 K) LED
panels were used to provide light at ca. 450 pmol photons m™ s,
measured by a LI-COR 190 R quantum senor, at the culture surface
within the flask on a 12 hr:12 hr (light:dark) photoperiod. Cultures were
sparged with sterile-filtered ambient air, containing 410 ppm CO,, at a
rate of 100 ML min™! to keep the pH similar across all the cultures (9.7
+0.3).

After the inoculation, the cultures were grown for 48 h to acclimate
to their respective temperatures. Following acclimation, the specific
growth rates were obtained by measuring optical density via spectro-
photometry at 750 nm (ODysp). Every day at the beginning of the
photoperiod, the cultures were diluted to an OD75q of ca. 0.1 with fresh
medium. ODys9 was measured every three hours. The daily specific
growth rate was calculated by taking the slope of the natural log
transformed OD75 over time. The cultures were shallow (i.e., 2 cm) and
remained at a low cell density (ODys59 < 0.3), which ensures that the
calculated specific growth rate represents the maximum specific growth
rate at saturating light intensity. The trials were repeated until consis-
tent specific growth rate at each temperature were observed.

To determine the pH tolerance profile, the maximum specific growth
rate of the strain was measured as a function of pH, following the same
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operation described in the last paragraph. Instead of varying tempera-
ture, the pH ranged from about 10-11.3 by adding NaOH to the medium,
e.g., 3.1g NaOH L7 for pH 11.3 medium. The temperature was
controlled at 25 °C.

To determine the salinity tolerance profile, the maximum specific
growth rates of PNNL-SSL1 were measured at room temperature (ca.
22 °C) at three medium salinities, 10, 15 and 25 PSU. The salinity
gradient was generated by varying the amount of NaCl added to the
culture media, i.e., 0.5, 5.2, and 14.7 g NaCl L for making 10, 15, 25
PSU medium, respectively. The salinity gradient was confirmed by
conductivity (Model 30 Conductivity Meter, YSI, Yellow Springs, Ohio,
USA).

2.4. Biomass growth in raceway ponds

Duplicate climate simulation raceway ponds were employed to es-
timate the biomass growth of PNNL-SSL1 under outdoor conditions. The
pond system can simulate light and water temperature conditions for
algal cultivation at a specific location and season [26]. Based on the
temperature tolerance profile determined as described in Section 2.2,
PNNL-SSL1 is a warm season strain. Therefore, the outdoor pond con-
ditions on a typical summer day, i.e., July 31st, at Mesa, Arizona, U.S.A.
were simulated (Fig. 1). The incident light and water temperature con-
ditions were generated by PNNL’s Biomass Assessment Tool based on
the average of 30-year’s observed meteorological data [27,28]. The light
and temperature patterns were repeatedly daily. Throughout the
experiment, no concentrated CO, was supplied to the culture, and COy
in the ambient air was the only carbon source for replenishing the
inorganic carbon pool in the culture. Both ponds were operated at 20 cm
depth, and distilled water was added each day to make up for the
evaporative losses prior to sampling. At each sampling, the pH, salinity,
alkalinity and biomass concentration were measured. There were two
batch culture runs in this experiment, each started with fresh inoculum
and medium at pH close to 10.2 and at the optimal salinity.

2.5. Biomass productivity determination

In this study, biomass concentration was measured in ash-free dry
weight (AFDW, g L'1). The AFDW was measured by filtering a known
volume of sample onto a pre-weighted Whatman GF/F (0.7 um pore
size) fiber glass filter, drying at 105 °C overnight, and ashing at 540 °C
for two hours. AFDW was calculated by dividing the change in filter
weight by the sample volume. Because biomass growth in raceway
ponds is generally linear [29,30], a linear regression was applied to the
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AFDW versus time curve, and the slope, which represents the volumetric
biomass productivity, was multiplied by the culture depth (20 cm) to
obtain the areal biomass productivity, in g m™ day ™.

2.6. Carbon mass balance

Dissolved inorganic carbon (DIC) concentration was calculated by
measuring the alkalinity, salinity, pH and water temperature, using
published methods. The total alkalinity (AT), measured by titrating the
medium to pH 4.0 with 0.2 N sulfuric acid. Carbonate alkalinity (Ac)
was calculated via Eq. 3. Contributions from minor buffering compo-
nents, i.e., phosphate, boric acid, among others, were negligible relative
to the large carbonate alkalinity (ca. 190 meq L'l). [OH] was derived
from the measured pH and the water autoprotolysis constant (Ky, Eq. 4).

Ac =Ar—|OH]” 3)
where Ar is the total alkalinity and Ac is carbonate alkalinity.
[OH™] = 10°HKw (@)

The equilibrium constants used in the calculations, i.e., Ky, and the
dissociation constants of carbonic acid (K; and Kj), were calculated
based on Millero et al., [31] for the measured salinity and water tem-
perature at sampling. The concentration of each carbon species was
calculated using Egs. 5, 6 and 7. The term COj represents the sum of
carbonic acid and aqueous CO», and DIC was calculated via Eq. 8.

o AcH'T
O T+ 2K ©
AclH*
[HCO3] = [H*?[T]Kz 6
Ack
€O = o, )
DIC = [CO;] + [HCO; ] +[CO57] (8)

Because atmospheric CO5 was the only external carbon source, the
amount of carbon captured from the air (Caj,) for a given time interval
was estimated by summing the change in DIC concentration (ADIC) and
the change in biomass carbon concentration (ACgjomass) (Eq. 9). A pos-
itive value means a net influx of carbon from the air to medium, and a
negative value means a net outflux of carbon from the medium to the air.
The ratio of the captured air carbon (Ca;;) to biomass carbon is indica-
tive of how much air carbon ends up in the biomass. The PNNL-SSL1
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Fig. 1. The scripts of incident light intensity (photosynthetic photo flux density, PPFD, pmol m? s™') and water temperature (°C) used in the two batch runs during
the climate simulation pond experiment. The script is repeated daily to represent typical outdoor pond conditions in summer at Mesa, Arizona, U.S.A.
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pond biomass sample was sent to the Stable Isotope Mass Spectrometry
Lab of the Department of Geological Sciences at the University of Florida
for carbon content analysis. The result showed that carbon accounts for
53 4 2% of the AFDW. This value was used to calculate ACgjomass based
on daily measured AFDW.

CA,', = ADIC + ACBiomaSS (9)

where Caj; is carbon captured from air, ADIC is the change in DIC, and
ACBjomass is the change in carbon fixed in biomass.

3. Results and discussion
3.1. Strain identification

The newly isolated strain is a unicellular cyanobacterium, occa-
sionally making small chains of attached oblong cells when dividing
rapidly (Fig. 2a). The cell diameter is approximately 3 um. Phylogenetic
analysis indicated that the strain PNNL-SSL1 is most similar to Cyano-
bacterium sp. HL-69 (99% shared identities, Fig. 2b), a cyanobacterium
that was recently isolated by scientists at Pacific Northwest National
Laboratory (Richland, Washington) from Hot Lake, Washington [32].

(a) P o " o0 ®

o
3

®
o
°
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PNNL-SSL1 also showed high similarity to Cyanobacterium stanieri PCC
7202 (99% shared identities), a strain isolated in an alkaline pond in
Chad [33] and the type species for the genus Cyanobacterium [34]. The
sequence data of PNNL-SSL1 was submitted to GenBank (accession
number: OP933704).

3.2. Temperature tolerance profile

The temperature tolerance profile of Cyanobacterium sp. PNNL-SSL1
is shown in Fig. 3. Due to the buffering capacity of the high alkalinity
(ca. 190 meq L'Y) medium, the culture pH remained relatively stable
between 9.4 and 9.9 across the eight temperature levels throughout the
experiment. At temperatures of 10 °C or below, no growth was observed.
As temperature increases from 10 °C to 40.8 °C, the maximum specific
growth rate increased and reach the maximum value of 4.2 day™. Within
the temperature range of 29-40.8 °C, the maximum specific growth
rates were not statistically different (p-value > 0.05). No growth was
observed above 45 °C. This shape pattern of the thermal response in
growth rates from a minimum to a maximum temperature, followed by a
sharp drop-off when temperature exceeds the optimum, is observed for
many other cyanobacteria and microalgae. For instance, the photosyn-
thesis rate of Spirulina platensis was observed to peak at 35 °C and was

Fig. 2. (a) Microscope image of Cyanobacterium
sp. PNNL-SSL1; (b) The tree is rooted with
Phormidium yuhuli strain AB48. The numbers at
the nodes are support values for Bayesian pos-

~ L terior probability (BPP), Maximum Likelihood

* bootstrap (MLBS) and Neighborhood Joining
bootstrap (NJBS). Support values of less than
0.9 for BPP, 80 for MLBS, or 80 for NJBS are
represented by hyphens. The arrow indicates
the alternative position for Geminocystis sp.
strain NIES-3709 in the MLBS tree. Genbank
accession numbers are shown below the strain
names.

(b) Phormidium yuhuli strain AB48
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Fig. 3. Average maximum specific growth rate of Cyanobacterium sp. PNNL-
SSL1 as a function of temperature at pH 11. Error bars represent one stan-
dard error (n > 5).

reduced at both lower and higher temperatures [35]. The optimal
temperatures of Synechococcus and Prochlorococcus are 28 °C and 24 °C,
respectively, and the growth rates of the two strains decrease as tem-
perature further increases [36]. Based on the result that the maximal
specific growth rate was observed at 40.8 °C, PNNL-SSL1 is a warm
season strain. Therefore, summer conditions were used for simulating
outdoor pond biomass growth in the indoor climate-simulation raceway
ponds. As shown in Fig. 1, the water temperature in a 20 cm deep out-
door raceway pond at Mesa, Arizona typically varies from 17° to 34°C in
summer season.

3.3. pH tolerance profile

Due to the strong media buffering capacity, relatively thin cultures,
and daily dilution with fresh medium, the pH remained relative stable
within 0.2 units of target value over the course of the experiment. The
highest maximum specific growth rates of PNNL-SSL1 exhibited at pH
between 10 and 10.5 (Fig. 4). This result is not surprising because the pH
of the isolation location of PNNL-SSL1, Soap Lake, where pH is generally
around 10 [37]. For pH above 10.5, the maximum specific growth rate
decreased with the increasing pH. At pH 11.3, the highest level tested,
PNNL-SSL1 grew at 1.87 day’!, a growth rate greater than observed for

o

15 F

w
”

05

Maximum Specific Growth Rate (day!)

0 L ' ' ' 1 ' '}
10 10.2 10.4 10.6 10.8 11 11.2 114

pH
Fig. 4. Average maximum specific growth rate of Cyanobacterium sp. PNNL-

SSL1 as a function of medium pH. Error bars represent one standard
error (n > 6).
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many other algae at pH near 10 [38-40], indicating that PNNL-SSL1 is a
promising strain for cultivation in the high pH range. Ataeian etal. [11]
demonstrated atmospheric CO, supported biomass production by
growing cyanobacteria consortium between pH 10.4 and 11.2. The
excellent specific growth rate of PNNL-SSL1 at pH 11.3 suggested its
potential to achieve robust growth while pushing for high atmospheric
CO,, transfer rate.

The decline in the maximum specific growth rate at pH greater than
10.5 is not unexpected as alkaliphilic algae must maintain stable intra-
cellular pH values even at high external pH. Spirulina platensis maintains
an average intracellular pH of 7.9 at an extracellular pH of 12.2 [41],
and Synechocystis species can maintain a pH gradient of more than 2 pH
units across the membrane at an external pH of 10 [42]. However, the
higher the extracellular pH, the greater the challenge that the algal cells
face in maintaining cytoplasmic pH homeostasis. Although the eluci-
dation of pH gradients in PNNL-SSL1 cells is beyond the scope of the
present study, it is reasonable to assume that the capability of
PNNL-SSL1 to balance intracellular pH diminishes as medium pH in-
creases to above 10.5, resulting in declining specific growth rates in the
high pH range.

In addition to maintaining a stable intracellular pH, another critical
factor in determining the maximum specific growth rate at high pH is
the carbon availability. Despite the large amount of carbon in the culture
medium, most of the carbon is in the form of carbonate at high pH,
which cannot be used by cyanobacteria. PNNL-SSL1, presumably similar
to many cyanobacteria and eukaryotic microalgae, has developed car-
bon concentrating mechanisms (CCM) that accumulate HCOj intracel-
lularly and secure a high CO, concentration near RuBisCO to continue
photosynthesizing at a low externalHCO; concentration [43-45]. In
alkaline medium, dissociation constants of carbonic acid are affected by
salinity and temperature. Fig. 5 shows an example of carbon speciation
as a function of pH using constants measured by Millero et al., [31] by
accounting for the impacts of salinity and temperature. At extremely
high pH levels, CO; is negligible, and little DIC exists in the form of
HCO;. For example, although the medium used in the present study
contains 1.4 g L'! DIC, at pH 11.3, HCO; only makes up less than 1% of
the DIC. In other words, less than 0.014 g L™ DIC is available to the cells.
With such low carbon availability, the intracellular carbon could be
limited as the uptake rate of HCO; is dependent on the concentration of
the external HCO5 [46]. Moreover, carbon transportation via CCM is an
energy-demanding process which further increases the penalty on
biomass growth at high pH [47]. Therefore, a high carbonate alkalinity

Relative fraction (%)

12

— CO0F

HCO;

Fig. 5. Relative fraction of bicarbonate and carbonate as a function of pH for
the medium used to grow Cyanobacterium sp. PNNL-SSL1 (black lines). Disso-
ciation constants of carbonic acid were obtained from Millero et al., [31] for
medium at 18.5 PSU and 25 °C. For reference, the gray lines show the relative
fraction of bicarbonate and carbonate as a function of pH in freshwater at 20 °C.
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is necessary to provide sufficient inorganic carbon, HCO3, to avoid an
appreciable growth reduction.

3.4. Salinity tolerance profile

The average maximum specific growth rates at 10, 15, 25 PSU near
pH 10 were 3.06 & 0.25 day™, 2.77 + 0.49 day’, and 2.24 + 0.1 day™,
respectively (Fig. 6). It is apparent that the increased salinity induces
salinity stress and inhibits the growth of PNNL-SSL1. Such inverse cor-
relation between growth and salinity has been reported in other cya-
nobacteria [48,49]. Some alkaliphilic cyanobacteria, such as Arthrospira
(Spirulina), exhibited declining growth rates and photosynthetic activity
as salinity increased [50-52]. Although higher growth rates may be
achieved at a lower salinity by reducing the carbonate and bicarbonate
salts usage , this strategy was not pursued as a high inorganic carbon
concentration in the medium is necessary for supporting algal growth at
high pH, as indicated in Fig. 5. However, the dynamics among biomass
growth, salinity, carbonate alkalinity and pH change deserve more
investigation. For this study, 10 PSU was deemed the optimal salinity for
PNNL-SSL1 and was used in the subsequent climate simulation pond
experiment.

3.5. Biomass growth in climate simulation ponds

Biomass concentration (g AFDW/L) as a function of time during the
raceway pond trial in 10 PSU salinity, 190 meq L™ modified BG11 media
is shown in Fig. 7. The biomass concentration is reported as the average
of triplicate measurements of AFDW for duplicate pond cultures. The
average biomass productivity was 15.2 g m™2 day™?, with 15.6 g m™ day”
! for the first batch run and 14.8 g m2 day™ for the second batch run,
respectively. The biomass productivity of SSL1 observed in the present
study agrees with the productivity range reported in previous studies on
raceway pond cultivation of cyanobacteria. During Spirulina outdoor
pond trials in southern Spain, Jiménez et al. [53] reported a peak
summer biomass productivity of 13.5gm™ day’ when cultivated
without supplemental CO, addition. Vadlamani et al. [12] demonstrated
biomass productivity greater than 16 g m™? day™! in absence of CO, gas
addition using an alkaliphilic green alga, Chlorella sorokiniana. Other
studies have shown that higher biomass productivity could be achieved
by using concentrated CO». For instance, Vonshak et al. [54] reported a
higher biomass productivity of 22.4 gm? day™ in the outdoor pond
cultivation of S. platensis by supplementing the cultures with CO, gas.
S. platensis was reported to reach up to 25 g m™ day™ at higher pond
water temperatures [55]. Zhu et al. [13] measured 13.2-18.7 g m™
day! in Spirulina ponds fertilized with industrial flue gas, similar to the

w
n

b= N
=N w
T T T T T

Maximum specific growth rate (day?)
o
n

o

10 15 25
Salinity (psu)
Fig. 6. Average maximum specific growth rate of Cyanobacterium sp. PNNL-

SSL1 as a function of medium salinity. Error bars represent one standard
error (n > 4).
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biomass productivity achieved by PNNL-SSL1 with direct air CO2
capture.

The uptake of nutrients, e.g., HCO; and NOj, results in increased
OH" concentration [56,57]. As a result, the pH in both batch runs
increased with time as biomass accumulated, despite the high medium
alkalinity (Fig. 7). In the first run, the medium pH increased from 10.17
on day 0 to 10.55 on day 6. In the second run, the medium pH increased
from 10.28 on day 11 to 10.71 on day 16. Referring to the growth
curves, it is noticeable that the biomass growth slowed down at the end
in both runs, i.e., day 5 in the first run and day 14 in the second run.
These two days happened to be the first days in the two runs when the
pH reached a level above 10.5. This agreed with the pH tolerance profile
that the maximum specific growth rate of PNNL-SSL1 was found to
decline at pH 10.5 and above. In line with such observation, the biomass
productivity was lower in the second run than in the first run as the
overall pH was higher in the second run.

3.6. Direct air COz capture

Culture media DIC concentration is mediated by inorganic carbon
algal uptake due to photosynthesis, air- CO5 exchange via the air-water
interface, and CO, released from cellular respiration and re-absorbed
into the media. In both batch culture runs, DIC concentration
decreased over time (Fig. 8), indicating that the rate of carbon con-
sumption exceeded the rate of carbon recharge. The result indicated that
DIC decreased (ADIC) by 0.068 g L! in the first run and 0.043 g L in
the second run. Based on the AFDW increase and 53% biomass carbon
content, 0.24 gL} and 0.18 g L'! carbon was incorporated into the
biomass (ACgjomass) in the respective experimental runs. According to
Eq. 9, the total captured air CO, carbon (Caj) in the two runs were
0.17 gCLY and 0.11 g C L'}, respectively. Given that the culture depth
was 0.2 m, the areal carbon capture rates were 5.7 g C m? day™! and
6.2 g Cm2day’!, equivalent to 20.9 g CO, m? day™! and 22.6 g CO, m™
day’!, respectively. Although the biomass productivity was lower in the
second run, the higher pH resulted in a higher CO; capture rate. On
average, the direct carbon capture rate was 5.9 g Cm™ day™ or 21.6 g
CO, m? day™. This is equivalent to 78.8 ton COy ha yr'l, a carbon
capture rate much greater than wetlands (4.99 ton CO5 ha'! yr'l, [58])
and mangroves (average 14.9 ton CO, ha! yr'!, [59]).

The fraction of the carbon assimilated into biomass that originated
from the air CO, can be estimated by dividing Cpir by ACgjomass- The
results show that 72% and 77% of the carbon in the accumulated
biomass was captured from the air in the first and second run, respec-
tively. The higher fraction in the second run was due to the higher pH
which resulted in an increased CO, mass transfer rate and lower carbon
consumption rate caused by the stronger pH stress. On average, direct
air CO5 capture contributed 74% of the carbon incorporated into the
biomass, and the remaining 26% was contributed by the inorganic
carbon buffering system added during medium preparation. Clearly, the
carbon consumption rate of PNNL-SSL1 was greater than the CO; in-
gassing rate during the linear growth phase where the cultures were
growing most actively. To realize 100% air CO» supported biomass
cultivation, one option is to increase the culture pH to further improve
the chemical reaction enhanced CO, mass transfer, which, however,
requires improved pH tolerance of PNNL-SSL1. The alternative is to
identify strains with stronger tolerance to high pH than PNNL-SSL1,
such as Phormidium alkaliphilum, a recently reported alkaliphilic
cyanobacterium that was able to grow at pH up to 11.4 in tubular
photobioreactors [60], to enable cultivation at higher pH ranges without
severely suppressing growth. It should also be pointed out that, as shown
by previous research, both the biomass growth and gas exchange in the
algal culture are affected by operational factors such as culture depth
and paddlewheel rotation speed [61-63]. Vadlamani et al. [12]
demonstrated that the CO2 in-gassing rate exceeded the carbon con-
sumption by biomass growth during cultivation of Chlorella sorokiniana,
possibly because the mixing rate was higher in their study, as indicated
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by the higher flow rate of 30 cm s versus 11 cms™ in this study.
However, increasing mixing in the pond is likely to result in higher
energy cost. Future research could be directed to identifying optimal
operational parameters that attain a higher CO, mass transfer rate
without significantly increase energy cost and exploring technologies
that utilize free energy such as wave energy as proposed by Zhu et al.
[14].

4. Conclusion

Microalgae cultivation using atmospheric CO; can greatly increase
the available sites for biomass production and reduce the cost for gas
transportation. This work is our first evaluation of the newly isolated
alkaliphilic cyanobacterium, Cyanobacterium sp. PNNL-SSL1, for
biomass cultivation using only air CO,. The strain showed biomass
productivity comparable to previously reported results, and approxi-
mately 74% of the photosynthetically assimilated carbon was contrib-
uted by directly captured air CO,. To achieve 100% air CO5 supported
biomass production, future research is necessary to further enhance
carbon mass transfer rate without reducing biomass productivity.
Although there is space for improvement, this study has demonstrated

that PNNL-SSL1 is a promising strain for biomass cultivation using CO2
from the air.
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