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Abstract

With the increase of global energy consumption, bioenergy from microalgae has been recognized as a potential alternative
choice. A novel carbohydrate-rich microalgal strain, isolated from Xisha Islands (China), was identified as Rhodosorus sp.
SCSI0-45730. To accumulate biomass for bioenergy production, strategies of phosphate optimization and chitosan flocculation
were used to evaluate its potential for the production of biomass, total carbohydrates, and (3-glucans. The biomass of this alga
reached 12.3+0.1 g L™" in vertical bubble column photobioreactors at the phosphate concentration of 120 mg L', and the
productivities of total carbohydrates and -glucans maximized up to 242.6+2.3 mg L' day ' and 108.1+4.0 mg L™" day ',
respectively. Simultaneously, flocculation results demonstrated that the recovery rate of the biomass, total carbohydrates, and [3-
glucans were over 90% at a low chitosan concentration of 3 mg L™". The flocs were easily collected and washed through a 300-
mesh bolting cloth, presenting an ultralow harvest cost of 2.93 US$ per tonne of biomass. In summary, addition of suitable
phosphate and flocculation with low chitosan concentration could be effective strategies to enhance the commercial potential of
Rhodosorus sp. SCSIO—45730 as a feedstock for biofuel and 3-glucans.
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Introduction

The use of fossil fuels is causing environmental pollution
such as the greenhouse effect and climate change
(Sivakumar et al. 2010; Ho et al. 2011). Thus, biofuels
from biomass are considered to be one of the ways
through which energy and environmental issues could
be avoided due to being biodegradable, nontoxic, and
carbon neutral (Ho et al. 2010; Toor et al. 2019).
Among biofuels, bioethanol is being preferred because
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of its higher heat of vaporization and higher octane than
conventional fuels (Formighieri 2015). In recent decades,
the carbohydrate-rich microalgae have received great at-
tention as promising feedstocks for biofuels (Jones and
Mayfield 2012; Bobadilla et al. 2013). Moreover, the
carbohydrate-rich microalgae are also promising feed-
stocks for P-glucans (Jones and Mayfield 2012;
Bobadilla et al. 2013). (3-Glucans are polysaccharides,
consisting of D-glucose monomers linked by f3-
glycosidic bonds and are mainly found in yeast, fungi,
bacteria, plants, and algae (Du et al. 2014). 3-Glucans
show extensive biological activities, including immuno-
regulatory, anticancer, anti-inflammatory, antioxidant,
and hypolipidemic (Zhou et al. 2016; Zhu and Wu
2019). Several microalgae are considered important
source of (-glucans, such as Nannochloropsis and
Porphyridium purpureum (Schulze et al. 2016; Rojo-
Cebreros et al. 2017).

Phosphorus is one of the essential elements which regulate
algal growth and metabolism. It approximately constitutes 1%
of microalgal dry weight (DW) (Borchardt and Azad 1968).
Phosphorus plays a key role in processes involving in energy
and information storage and transfer (Raghothama 2000). It
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has been reported that phosphorus levels significantly affected
microalgal growth and biomass composition (Lai et al. 2011;
Wu et al. 2014). Adenan et al. (2016) found the biomass of
Chlorella sp., and Chaetoceros calcitrans in phosphorus-
deprived cultures were lower than that in non-deprived cul-
tures. According to Roopnarain et al. (2014), varying levels of
phosphorus had effects on the cell growth and lipid accumu-
lation in Isochrysis galbana U4. The effects of phosphorus on
microalgal carbohydrates vary with species. For example, car-
bohydrate content of Prorocentrum donghaiense increased in
phosphorus-limited conditions, while it decreased for
Chlorella sp. (Lai et al. 2011; Liang et al. 2012).

Microalgae harvesting contributes approximately to 20—
30% of the total cost of biomass and is considered a bottleneck
for the commercial production of microalgae (Grima et al.
2003). Therefore, a cost-effective manner for harvesting
microalgae to reduce the total production cost is very impor-
tant. Nowadays, flocculation is becoming the most cost-
efficient and convenient method in harvesting microalgal bio-
mass due to the rapid treatment of a large amount of
microalgal cultures (Vandamme et al. 2013). There are vari-
ous flocculation technologies, such as chemical flocculation,
physical flocculation, and bio-flocculation (Vandamme et al.
2013). Bio-flocculation has been demonstrated to be effective
for wastewater treatment and environmentally friendly for
microalgae harvesting (Kim et al. 2011; Hende et al. 2014).

Chitosan is one of the most promising bio-flocculants. It is
a linear poly-amino-saccharide obtained by partial
deacetylation of chitin—a waste product from shellfish
sources. Chitosan has been proved very effective in flocculat-
ing microalgae (Divakaran and Pillai 2002). Generally, floc-
culation using chitosan has been indicated to be effective for
freshwater microalgae harvesting (Divakaran and Pillai 2002;
Ahmad et al. 2011), while the results are unpredictable for
harvesting of marine microalgae. It was reported that chitosan
was not effective for flocculating marine species (Sukenik
etal. 1988; 't Lam et al. 2016). 't Lam et al. (2016) also found
that chitosan performed poorly in seawater. On the other hand,
Morales et al. (1985) reported that chitosan flocculation was
effective for five marine microalgae. Garzon-Sanabria et al.
(2013) and Farid et al. (2013) found good results in chitosan
flocculation of the marine microalgae Nannochloropsis. More
recently, Yamin et al. (2019) also indicated that chitosan was
valid for the marine diatom C. gracilis, especially in alkaline
conditions (pH =9).

In this research, a novel microalgal strain Rhodosorus sp.
SCSI0O-45730 was isolated and characterized. Its potential as
a feedstock for bioethanol and (3-glucan production under
different phosphate concentrations was evaluated. Moreover,
flocculation of the microalgal biomass using chitosan was
investigated, and the cost and effect of chitosan flocculation
on carbohydrates and {3-glucans of the microalga were also
assessed.
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Materials and methods
Algal strain and culture conditions

The microalga was isolated and purified by the streak plate
method from the seawater samples collected from Xisha
Islands, South China Sea (111°45.000" E, 16°28.471' N).
The plate contained the modified ASW medium (ASW medi-
um) comprising 1% agar. The ingredients of the ASW medi-
um were composed of NaNO3 (1500 mg Lfl), K,>HPO,
(120 mg L"), NaHCO; (40 mg L"), FeCl;-6H,0
(3.15 mg L"), EDTANa,2H,0 (4.36 mg L"), MnCl,
4H,0 (0.18 mg L"), ZnSO47H,0 (0.022 mg L),
Na,MoO4-2H,0 (0.006 mg L™"), CoCl,-6H,0
(0.01 mg L™"), and CuSO45H,0 (0.01 mg L") in 28%o sea
water (Li et al. 2019). Then, this strain was cultured in 300-mL
vertical bubble column photobioreactors (3.0 cm x 60 cm)
containing the ASW medium. Illumination was provided with
fluorescent lamps located at one side of the photobioreactor,
and the photoperiod was 24 h:0 h (light:dark). The light inten-
sity gradually increased from 30 to 180 pmol photons m s~
in the first 4 days of cultivation and then kept at 180 pmol
photons m 2 s™'. The growth temperature was maintained at
25+1 °C. The carbon source and agitation were supplied by
bubbling CO,-enriched compressed air (1% CO,, v/v).

Morphological and molecular identification
of the microalga

Morphological characterization was examined under a light
microscope (BX53, Olympus, Japan). Genomic DNA of the
microalgal cells was extracted using HP Plant DNA Kit
(OMEGA Bio-Tech Co. Ltd., USA). The 18S rRNA gene
was amplified by polymerase chain reaction (PCR) using
primers 16F (forward, 5-TGCGGCTGGATCACCTCCTT-
3" and 23R (reverse, 5'-TCTGTGTGCCTAGGTATCC-3")
(2720, Thermo Fisher Scientific, China). The PCR program
for amplification was 94 °C for 5 min, 36 cycles of 94 °C for
80's, 52 °C for 1 min, and 72 °C for 2 min, followed a final 10-
min extension step at 72 °C. The PCR products were purified
and sequenced by Tian Yi Hui Yuan Gene Technology Inc.
(Guangzhou, China). The obtained sequence was aligned and
compared to those in GenBank database of the National
Center for Biotechnology Information (NCBI) by a BLAST
search. Kimura’s two-parameter neighbor-joining algorithm
was used to construct the phylogenetic tree through MEGAG6
software with 1000 bootstraps.

Different phosphate concentrations treatment
To investigate the effects of phosphate concentrations on the

growth, carbohydrates, and (3-glucan production, the isolated
strain was cultivated in ASW medium containing different
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phosphate concentrations (0, 60, 120, and 240 mg Lfl) in
300-mL vertical bubble column photobioreactors. Each treat-
ment has three independent biological replicates. Then, the
microalga was cultivated with optimized concentration of
phosphate in 1.5-L vertical bubble column photobioreactors
(6.0 cm x 60 cm) for harvesting experiment. For each batch of
cultivation, the microalga was activated by subculturing the
stock culture twice.

Harvesting of microalga
Chitosan solution preparation

Commercial chitosan with 90% degree of deacetylation was
used. One percent chitosan stock solution was prepared by
dissolving chitosan in 1% acetic acid solution under magnetic
stirring at room temperature until fully dissolved.

Effect of chitosan concentrations on flocculation efficiency

The microalgal culture at the stationary growth phase was
used for flocculation experiments. Specifically, aliquots of
50 mL microalga suspensions were rapidly mixed in a
50-mL beaker for 5 min using a magnetic stirrer under room
temperature. Certain volumes of chitosan solution were added
slowly to reach a final concentration of 0, 1, 3, 5, 10, 20, 50,
80, and 120 mg L™, respectively. The stirring was continued
for 2 min, and the suspensions were then allowed to settle for
the specified time. An aliquot of the microalgal suspension at
the height of two-thirds from the bottom was taken to measure
the optical density at 750 nm (OD~s5). The flocculation effi-
ciency (%) of Rhodosorus sp. SCSIO-45730 was calculated
using the following equation:

OD750.,initialiOD750,sample

x 100
OD750,initial

Flocculation efficiency(%) =

where OD750 initial 1S the OD5sq of the initial culture medium
and OD750 sampie is the OD75 of the sample. All the flocculat-
ing experiments were conducted in duplicate.

Effect of pH on the flocculation efficiency of microalga

The effect of pH on the flocculation efficiency of the isolated
microalga was investigated under the optimal chitosan con-
centration. For this test, 4 N HCl and 4 N NaOH were added to
the algae cultures (pH of untreated culture was 7.7) until the
desired pH was achieved. Then the chitosan was added to the
algal suspensions. The suspensions were mixed immediately
by magnetic stirring, allowed to settle for the specified time
and measured as above.

Biomass and composition measurement

Growth of the isolated strain was monitored every other
day by measuring the biomass dry weight (DW, g L™")
of each culture system. Briefly, a known volume sample
of each culture system was filtered through a pre-
weighed 0.45-um membrane filter and washed by de-
ionized water. Each filter was dried overnight in a dry
oven at 80 °C and reweighed.

The total carbohydrates were extracted with 10 mg lyoph-
ilized cell samples using 1 N H,SO4 at 80 °C in a water bath.
The total carbohydrate content was measured by the phenol-
sulfuric acid method described in Dubois et al. (1956). For [3-
glucan content determination, the enzymatic kit “Mushroom
and Yeast Beta-Glucan Assay Procedure” (K-YBGL 12/16,
Megazyme, Bray, Ireland) was used, following the manufac-
turer’s instructions.

The crude protein content of the microalga was ana-
lyzed by Kjeldahl method and was calculated using a
nitrogen-to-protein conversion factor of 6.25 (Barbarino
and Lourenco 2005; Santizo-Taan et al. 2020). Lipid
extraction and content determination was performed
with a modified Khozin-Goldberg method (Khozin-
Goldberg et al. 2005). The fatty acid composition and
the phycobiliproteins content were determined as de-
scribed by Li et al. (2019).

Zeta potential measurements

Zeta potential of the microalgal strain was measured using
Malvern Zetasizer Nano system (ZEN3600; Malvern instru-
ments Ltd., UK). The untreated microalgal suspension and
treated samples at different chitosan concentrations and pH
were quickly mixed and rapidly measured at room tempera-
ture. All the measurements were conducted in duplicates, and
the readings were taken from the mean values of three
repetitions.

Statistical analysis

All measurements were conducted in duplicates, and the re-
sults were expressed as the mean + SD. One-way analysis of
variance (ANOVA) (p <0.05) with Tukey’s test was used to
analyze the statistically significant differences between treat-
ments. The data were tested for normality (Shapiro-Wilk test)
and for homogeneity of variance (F test or Brown-Forsythe
test) at the 0.05 significance level. When non-normality or
non-homogeneity of variance was found, non-parametric
Mann-Whitney test was used. All results analysis and visual-
ization were performed by GraphPad Prism 5 and Origin 8.1
software.
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Results and discussion
Identification and characterization of the microalga

Microscopic observation revealed that the isolated microalgal
strain was a unicellular red alga. The cells were coccoid and
easy to aggregate, ranging from 4 to 8§ um in diameter
(Fig. 1a). A single pyrenoid is located in the middle of each
cell. The strain reproduced by cell division forms two or four
autospores. These morphological features were similar to the
Rhodosorus species as reported by Wilson et al. (2002) and
Krayesky-Self et al. (2020). For further identification of the
isolated strain, phylogeny analysis was performed using the
18 rRNA sequence (Fig. 1b). This strain showed close genetic
similarity with Rhodosorus marinus UTEX1538
(FJ595493.2). According to the results of morphological and
molecular identification, the isolated strain was identified as
Rhodosorus sp. SCSI0-45730.

Rhodosorus sp. SCSIO-45730 could grow well in ASW
medium (Fig. 2a). The dry weight reached over 10 g L.
Analysis of main components of Rhodosorus sp. SCSIO-
45730 (Fig. 2b) indicated that carbohydrates were the domi-
nant compound of this strain, accounting for over 40% of dry
weight. Moreover, {3-glucan determination showed the high
[3-glucan content of Rhodosorus sp. SCSIO-45730, which
was about 21% of dry weight. Therefore, this research focused
on phosphate optimization and chitosan flocculation to en-
hance the commercial potential of Rhodosorus sp. SCSIO-
45730 for total carbohydrate and (3-glucan production.

Fig. 1 Morphological and (@) ‘6‘)
molecular identification of the -
microalga a microscopic images ¢ )Y

of isolated Rhodosorus sp. Y °
SCSIO-45730 at different state of Q P

cell division. Scale bar indicates
10 pum; b phylogenetic tree for
isolated Rhodosorus sp. SCSIO-
45730 strain constructed by
neighbor-joining algorithm based (b)
on 18S rDNA sequences through

MEGAG® software with 1000

bootstraps

Effect of different phosphate concentrations
on Rhodosorus sp. SCSI0-45730

Microalgal biomass

The effect of different phosphate concentrations on the
growth of Rhodosorus sp. SCSIO-45730 is shown in
Fig. 3a. From day 0 to day 4, there were no obvious
differences in dry weight of the microalga at different
phosphate concentrations (p >0.05). However, the dry
weight of the microalga improved with the increase of
phosphate concentrations after day 6. The growth of the
microalga was significantly inhibited under phosphate-
deprived condition (0 mg L' K,HPO,) (»<0.05), and
the biomass at the end of the culture was 2.9+0.1 g L™
With the increase of phosphate concentration to
120 mg L', the biomass of Rhodosorus sp. SCSIO-
45730 increased to 12.3+£0.1 g Lfl, which was consis-
tent with the results from a previous study by Kalla and
Khan (2016) who studied Chlorella vulgaris. There were
no obvious differences in the microalgal biomass of
Rhodosorus sp. SCSIO-45730 when the phosphate con-
centration was increased to 240 mg L™ (p>0.05).

Phosphorus is a crucial element requirement for general
growth and development of algal cells (Juneja et al. 2013).
Phosphorus limitation reduces the combination and regenera-
tion of substrates in the Calvin-Benson cycle and decreases
the light usage required for carbon fixation (Kalla and Khan
2016).
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microalgal strain

The biomass of Rhodosorus sp. SCSIO-45730 at
120 mg L" phosphate is much higher than those for many
microalgae cultured in a photobioreactor, the later could reach
4¢ L (Sero et al. 2020). Li et al. (2019) reported that the
biomass of Porphyridium purpureum SCS-02 reached
5.54 g L™" under the similar condition. The results indicated
that Rhodosorus sp. SCSIO-45730 is a promising raw material
for biomass production.

Total carbohydrate and B-glucan production

The content of total carbohydrates was distinctly enhanced
from 24.2+0.2 to 43.8+0.3% DW (p <0.05) with the in-
crease of phosphate concentrations from 0 to 120 mg L™
(Fig. 3b). Simultaneously, the total carbohydrate productivity
improved from 20.4+0.1 to 242.6+1.3 mg L' day '. A
similar result was reported by Said (2009) who found that
carbohydrate content of Dunaliella parva was significantly
reduced in response to phosphorus limitation. However, when
the phosphate concentration was increased to 240 mg L™, the
content and productivity of the total carbohydrates in
Rhodosorus sp. SCSIO-45730 decreased to 37.3+£0.5% DW
and 219.7+2.3 mg L' day ', respectively. These results sug-
gested the phosphate concentration of 120 mg L™ was bene-
ficial for carbohydrate production by this strain.

It has been reported that high microalgal carbohydrates
production could be used for ethanol production. For example,
C. vulgaris FSP-E was reported to produce 51% carbohydrate
per dry weight after nitrogen starvation, and its bioethanol
yield (g g ' substrate) was 0.23 (Ho et al. 2013). Chng et al.
(2017) found that the carbohydrate-rich microalga
Scenedesmus dimorphus (49% w/w of carbohydrate) can po-
tentially be utilized as biomass for fermentation to produce
bioethanol. Moreover, Scenedesmus elongatus PCC 7942
has been genetically modified to increase its carbohydrate

content from 28 to 35% (DW) for the production of
bioethanol. In this study, the high content and productivity
of total carbohydrates of Rhodosorus sp. SCSIO-45730 at
120 mg L' phosphate concentration indicated that the
microalga strain may also be used as a feedstock for
bioethanol production.

Microalgal carbohydrates are a suitable biomass com-
pound for the production of several biofuels. The
greatest potential, however, lies in their application as
immunostimulants because most of microalgal carbohy-
drates are generally (-glucans (Rojo-Cebreros et al.
2017). B-Glucans have been considered storage compo-
nents in several microalgae such as Nannochloropsis
(Rojo-Cebreros et al. 2017). The effect of phosphate con-
centrations on the content and productivity of 3-glucans
of Rhodosorus sp. SCSIO-45730 is shown in Fig. 3c.
The variation tendency was similar as that of total car-
bohydrates. The content and productivity of [3-glucans of
Rhodosorus sp. SCSI0-45730 were 6.6+0.2% DW and
8.3+0.3 mg L' day !, respectively, when phosphate
was deprived (0 mg L' phosphate). When the phosphate
concentrations changed from 0 to 120 mg L', the con-
tent and productivity of 3-glucans significantly improved
to 19.4+0.8% DW and 108.1+4.0 mg L' day ', re-
spectively (p <0.05). When the phosphate concentration
was 240 mg L', the content and productivity of p-
glucans reduced to 14.5+£2.2% DW and 86.1=
12.7 mg L' day !, respectively. These results suggest
that the phosphate concentration of 120 mg L' was also
helpful for the production of (3-glucans in Rhodosorus
sp. SCSIO-45730. Schulze et al. (2016) found four algal
species with high (3-glucan content from 16 to 24% by
analyzing forty-seven microalgae, among which
Scenedesmus ovalternus SAG 52.80 exhibited the highest
-glucan content of 24%, while the productivity of (3-

@ Springer



3056

J Appl Phycol (2020) 32:3051-3061

—~
oo
p—
=

——0mgL"

—O—60mgL"
—A—120mg L'
——240 mg L'

(=} LS}
T

oo

Biomass dry weight (g L)

0 5 10 15 20
Cultivation time (days)

(b) 45 - [ Total carbohydrates content
—0O— Total carbohydrates productivity - 250
40 T~ 5
3 . o
a 35 - 200 %‘)
S g
= >
E 30 1 &
= g
S - =]
S 25| E/ 150 ]
Q =
= a.
S "
ot
_§ - 100 2,
S 15 §
S
= 10 - =
450 &
=
5+
&
0 T T T T Y
0 60 120 240
Phosphate concentrations (mg L™)
120
(©)uf
] B-glucans content N
18 - —0— B-glucans productivity 4 100
16 | o
2l 180 o
S S
S 12 1 2
s 60 2
5 b 3
S 10 1
2
5 sf &
< /§ H40 §
& 6 E
30
[<=N
iar 420
2+ g/
0 T T T T 0
0 60 120 240

Phosphate concentrations (mg L")

Fig. 3 Effect of different phosphate concentrations on Rhodosorus sp.
SCSIO-45730 a growth curve; b total carbohydrate content and produc-
tivity; and ¢ 3-glucan content and productivity

glucans was low due to the low biomass. To our knowl-
edge, the maximum {-glucans productivity of 108.1+
4.0 mg L' d" in Rhodosorus sp. SCSIO-45730 is the
highest among reported microalgal strains.
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According to the above results, the phosphate concentra-
tion of 120 mg L' was beneficial for the production of bio-
mass, total carbohydrates, and (3-glucans in Rhodosorus sp.
SCSI0-45730. High biomass and high productivities of total
carbohydrates and (3-glucans of Rhodosorus sp. SCSIO-
45730 could have great potential for bioenergy (such as
bioethanol) and (3-glucan production in large scale.

Harvesting of the microalga

Effect of chitosan concentrations on flocculation efficiency of
Rhodosorus sp. SCSI0-45730 Rhodosorus sp. SCSIO-45730
was cultivated in ASW medium with the phosphate concen-
tration of 120 mg L', which was the optimized amount for
the maximization of carbohydrate and 3-glucan production.
At the end of 22-day cultivation, the culture with the maximal
biomass of 7.3 + 0.1 g L' was used for exploring the effect on
harvesting Rhodosorus sp. SCSIO-45730 by chitosan
flocculation.

Figure 4a shows the flocculation efficiency of Rhodosorus
sp. SCSI0-45730 at different chitosan concentrations.
Rhodosorus sp. SCSIO-45730 has the peculiarity of auto-floc-
culation, and the flocculation efficiency was about 20% at the
first 10 min and reached over 90% after 120 min settling when
the microalgal culture was treated with 0 mg L™ chitosan. It
was assumed that the auto-flocculation of Rhodosorus sp.
SCS10-45730 might be due to the secretion of
exopolysaccharides (EPS) which led to the aggregation of
the microalgal cells (Basaca-Loya et al. 2008). The floccula-
tion efficiency was similar when the culture was treated with
1 mg L' chitosan. When chitosan concentration increased to
3 mg L™, the flocculation efficiency was notably improved to
97.7+1.2% after 10 min of sedimentation (p < 0.05), and it
reached over 95% after 3-min treatment with 5 to 120 mg L™
chitosan.

Figure 4c showed the microalgal cultures treated with dif-
ferent chitosan concentrations after 120-min sedimentation.
The microalgal flocs became larger and fluffier, and the vol-
ume of microalgal sludge also increased with the increase of
chitosan concentration. It was found that all the flocs could be
effectively collected with 300-mesh bolting cloth and there
was almost no biomass leakage observed when the collected
flocs were rinsed with water after treatment with 3 to
120 mg L' chitosan. However, a considerable amount of
biomass passed through the cloth mesh when the flocs were
collected and washed after treatment with 0 or 1 mg L™" chi-
tosan. Consequently, centrifugation was required for fully har-
vesting and purification of the flocs treated with 0 or 1 mg L™
chitosan. Considering the high energy-consuming of centri-
fuge operation when treated with 0 or 1 mg L™ chitosan, as
well as the high harvest cost and chitosan pollution when
treated with excessive chitosan, chitosan concentrations of 3
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oreven 5 mg L' were deemed to be favorable for flocculating
of Rhodosorus sp. SCSI0-45730.

Zeta potential is frequently used to investigate the flocculation
process. It is a measure of the magnitude of the electrostatic or
charge attraction/repulsion between particles. Figure 4b shows
the zeta potential of the microalgal suspension treated with dif-
ferent chitosan concentrations. The zeta potential of initial culture
was —24.9+2.7 mV, which was similar with that observed by
Corréa et al. (2018) who reported a value of —23.19 + 0.3 mV for
Desmodesmus subspicatus. The surface charge of microalga was
negative because of the presence of anion, such as carboxylic
groups (Brady et al. 2014). As chitosan concentrations were
increased from 0 to 5 mg L', the zeta potential remained at
the same level and was about —25 mV, suggesting that small
dosage of chitosan had little influence on the surface charge of
the microalga. With an increase of chitosan concentrations, the
negative zeta potential of the microalgal cells was elevated sharp-
ly, indicating the occurrence of charge neutralization. This in-
crease of zeta potential was also found in C. vulgaris for chitosan
harvesting (Gerchman et al. 2017).

Several flocculation mechanisms were reported by Gupta
et al. (2018), such as bridging, charge neutralization, sweep-
ing, and precipitation. Based on the above results, the floccu-
lation mechanism for Rhodosorus sp. SCSIO-45730 with
0 mg L' chitosan might be associated with the secretion of
EPS and the gravity sedimentation of the microalgal cells.
Nevertheless, the elevating zeta potential with the increase
of the chitosan concentrations in the microalgal suspension
suggested that partial charge neutralization and adsorption
bridging occurred during flocculation.

= W
I T —H%_—-ﬂ

bﬂ--

potential of the microalgal culture at different chitosan concentrations;
and ¢ the microalgal cultures treated with different chitosan concentra-
tions after 120-min sedimentation

Effect of pH on chitosan flocculation of the microalgal culture
pH plays an important role in chitosan flocculation, because it
can influence the molecular structure of chitosan. Several pH
values of initial culture were designed for this test, and the pH
of untreated culture was 7.7. Chitosan concentrations of 3 and
5 mg L™ were used for this study according to the results
above. As shown in Fig. 5a, similar tendency was found for
both concentrations at different pH conditions. Poor floccula-
tion efficiency (< 70%) was observed at pH 3.7 and 5.7 after
30 min of sedimentation, while valid flocculation was obtain-
ed at high pH (pH > 7). The flocculation efficiency was over
98% at pH 7.7 and 10.7, and it was about 88% at pH 9.7. The
variation trends of zeta potential of microalgal culture with 3
and 5 mg L™ chitosan at different pH conditions were similar
(Fig. 5b). The effect of pH on chitosan flocculation of the
microalgal culture could be seen in Fig. 5c.

The zeta potential was raised when pH was increased from
3.7t0 5.7, while it was reduced when pH increased from 5.7 to
10.7. This result can be ascribed to the gradual disappearance
of the positive charge of chitosan and its decrease in solubility,
as well as the character of precipitation at high pH. Sweeping
might be the possible mechanism for chitosan flocculation at
different pH (Blockx et al. 2018).

These results suggested that there were no obvious differ-
ences for the flocculation efficiency of 3 and 5 mg L ™! chito-
san in pH-adjusted microalgal culture. A wide range of pH
(7.7-10.7) was favorable for chitosan flocculation, which was
in accordance with the results of Blockx et al. (2018). Algal
biomass is generally pretreated with acids and alkalis to deliv-
er the stored carbohydrates within the cells. Then, enzymes
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Fig. 5 The effect of pH on the flocculation of Rhodosorus sp. SCSIO-
45730 harvested by 3 and 5 mg L chitosan. a The effect of different pH
conditions on flocculation efficiency of the two chitosan dosage after 10-
min sedimentation; b zeta potential of the microalgal culture treated with

and acids hydrolysis are usually used to release fermentable
sugars from algal carbohydrates for bioethanol production
(Chen et al. 2013). Thus, high pH of culture medium might
influence the carbohydrate quality in the harvested microalgal
biomass. In summary, the initial culture pH (7.7) in this study
was suitable for the harvest of Rhodosorus sp. SCSI0-45730
through chitosan flocculation, and there was no need to adjust
the pH of the cultures.

Total carbohydrate and B-glucan content in the harvested
Rhodosorus sp. SCSI0-45730 Figure 6 shows the content of
total carbohydrates and [3-glucans of Rhodosorus sp. SCSIO-
45730 harvested using different concentrations of chitosan.
The total carbohydrate content of the control (centrifugation)
was 39.7+0.4%. The total carbohydrate content of the
chitosan-harvested biomass notably decreased from 39.5 +
1.5 to 24.0+0.2% with the increase of chitosan concentra-
tions from 0 to 120 mg L™ (p < 0.05). When the concentration
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Fig. 6 The total carbohydrate and {3-glucan content of Rhodosorus sp.
SCSIO-45730 harvested using different concentrations of chitosan
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Table 1 Cost analysis for
different harvesting method for
Rhodosorus sp. SCSIO-45730
biomass and comparison with the

cost of C. vulgaris and N. oculata
by chitosan

Rhodosorus sp. SCSIO-45730  C. vulgaris®  N. oculata®
Centrifugation®  Chitosan Chitosan Chitosan
Initial biomass (g L") 73 73 0.3 0.7
Flocculant dosage (mg L") / 3 80 50
Harvesting efficiency (%) 100 98 85 98
Biomass harvested (g L 73 7.16 0.255 0.686
Flocculant needed per ton of biomass harvested ~ / 419x107* 0314 0.073
®
Flocculant cost (US$ t ') / 7000 7000 7000
Cost for per ton of biomass harvested (US$) 12,123 2.93 2198 510

# According to the reference (Vandamme et al. 2014)

b According to the reference (Garzon-Sanabria et al. 2013)

¢ The cost was mainly attributed to the electric energy. Electric power was 0.693 kWh

The cost for chitosan flocculation did not take the cost of acid into account

was 3 and 5 mg L™, the total carbohydrate content of the
chitosan-harvested biomass was 39.6+0.2 and 39.5+0.4%,
respectively.

The high contents of carbohydrates of microalgal bio-
mass can be easily converted to fermentable sugars for
bioethanol production (Chen et al. 2013). There are sev-
eral carbohydrate-rich microalgae species suitable for
bioethanol production, such as Tetraselmis sp. CS-362,
Porphyra, S. obliquus CNW-N, Chlorococum sp., and
Chlamydomonas reinhardtii UTEX90, in which the con-
tent of carbohydrates vary from 26 to 60% (Chen et al.
2013). Therefore, Rhodosorus sp. SCSIO-45730 might
be a promising feedstock for bioethanol product due to
its higher carbohydrate productivities compared with
many carbohydrate-rich microalgae species.

The centrifuged biomass exhibited the highest 3-glucan
content of 20.5 £0.2%. The 3-glucan content decreased from
20.5+0.2% to 10.3 =0.0% with the increase of chitosan con-
centrations from 0 to 120 mg L™'. The -glucan contents of 3

Fig. 7 Two strategies for
harvesting of Rhodosorus sp.
SCSIO-45730 biomass

St

Jlegy,

and 5 mg L' chitosan-harvested biomass were 18.9+0.1 and
18.7+£0.0%, respectively.

The productivities of the total carbohydrates and (3-glucans
of the centrifuged biomass were 128.5+2.3 and 67.5 +
0.2 mg L' day ', respectively. There were no significant
differences in productivities of the total carbohydrates and
[3-glucans between the centrifuged biomass and chitosan-
harvested biomass treated with 3 or 5 mg L™". All results
suggested that chitosan would not disadvantageously affect
the quality of total carbohydrates and [3-glucans in the har-
vested biomass at the concentrations of 3 or 5 mg L ™", so the
concentration of 3 mg L' is more applicable for harvesting of
Rhodosorus sp. SCSI0-45730. Moreover, chitosan would not
influence the bioethanol production from this microalgal bio-
mass since it is a saccharide. The recovery of the biomass and
total carbohydrates was over 98% at 3 mg L™' chitosan and
that of B-glucans was 90%, suggesting that 3 mg L' chitosan
has the great potential for large-scale harvest of Rhodosorus
sp. SCSI0-45730 to produce carbohydrates and {3-glucans.

B Centrifugation
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Cost analysis

There are two choices, centrifugation and chitosan floccu-
lation, for Rhodosorus sp. SCSIO-45730 biomass harvest-
ing (Fig. 7). The estimated cost of centrifugation and chi-
tosan flocculation for Rhodosorus sp. SCSIO-45730 and
the estimated cost of chitosan flocculation for C. vulgaris
and N. oculata are shown in Table 1. Rhodosorus sp.
SCSI0-45730 was collected and washed three times with
deionized water by centrifugation. Auto-flocculation of the
microalga made it easier to harvest by centrifugation with
less energy and time (5000 rpm for 5 min) than many other
unicellular microalgae in our lab. The price for harvesting
1 t of biomass dry weight by centrifuging was estimated to
be about US$ 12,123, which was far more than that of
chitosan flocculation. The cost of chitosan flocculation
was evaluated according to the initial biomass, flocculant
concentration, and flocculation efficiency. The cost for
harvesting 1 t of Rhodosorus sp. SCSIO-45730 biomass
dry weight using 3 mg L' chitosan was estimated to be
US$ 2.9, which was calculated with a cost of 7 US$ kg ™'
for chitosan (Garzon-Sanabria et al. 2013). This cost was
much less than those for harvesting the same mass of bio-
mass for C. vulgaris and N. oculata using chitosan, which
have been reported to be US$ 2198 and US$ 510, respec-
tively (Vandamme et al. 2014; Garzon-Sanabria et al.
2013). It can be estimated that the biomass dry weight of
Rhodosorus sp. SCSIO-45730 in outdoor large-scale culti-
vation might be reduced to one-tenth of that cultivated in
lab condition. Consequently, the harvest cost with
3 mg L' chitosan would be increased to US$ 29 per ton
of biomass. Even so, the harvest cost would be consider-
ably low and acceptable for the commercial production of
Rhodosorus sp. SCSI0-45730. These results indicated that
chitosan is a potentially economically and ecologically
friendly bio-flocculant to harvest Rhodosorus sp. SCSIO-
45730.

Conclusions

Two strategies were used to evaluate the potential of a novel
carbohydrate-rich microalgal strain, isolated and identified as
Rhodosorus sp. SCSI0-45730, for carbohydrate and (3-glucan
production. The highest contents and productivities of carbo-
hydrates and 3-glucans of the alga were obtained at
120 mg L' K,HPO,. Furthermore, favorable recovery of bio-
mass, carbohydrates, and 3-glucans was observed at 3 mg L™
chitosan, providing an ultralow cost of US$ 2.9 per tonne of
biomass. In conclusion, addition of suitable phosphate and
flocculation at low chitosan concentration could be valid for
commercial cultivation of the alga as the feedstock for biofuel
and [3-glucans.
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