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Abstract Algal blooms have become a worldwide
environmental concern due to water eutrophication.
Dianchi Lake in Yunnan Province, China is suffering
from severe eutrophication and is listed in the Three
Important Lakes Restoration Act of China. Hydrothermal
liquefaction allows a promising and direct conversion of
algal biomass into biocrude oil. In this study, algal samples
were collected from Dianchi Lake after a separation
procedure including dissolved air flotation with polyalu-
minum chloride and centrifugation during four months,
April, June, August and October. The algal biochemical
components varied over the period; lipids from 0.7% to
2.1% ash-free dry weight (afdw), protein from 20.9% to
33.4% afdw and ash from 36.6% to 45.2% dry weight. The
algae in June had the highest lipid and protein concentra-
tions, leading to a maximum biocrude oil yield of 24.3%
afdw. Biodiversity analysis using pyrosequencing revealed
different distributions of microbial communities, specifi-
cally Microcystis in April (89.0%), June (63.7%) and
August (84.0%), and Synechococcus in April (2.2%), June
(12.0%) and August (1.0%). This study demonstrated
remarkable temporal changes in the biochemical composi-
tion and biodiversity of algae harvested from Dianchi Lake
and changes in biocrude oil production potential.
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1 Introduction

Eutrophication and the resulting algal blooms in water-
ways has received increasing attention worldwide!'l.
Dianchi Lake, Yunnan Province, China, a 309 km?
reservoir at an altitude of 1886 m, has suffered from
algal blooms due to the eutrophication of water since the
1980s, and has recently been listed in the Three Important
Lakes Restoration Act of Chinal?. Algal blooms bring
severe environmental problems and subsequently affect
municipal water supply, aquaculture industries, the eco-
environment and human health!”). Mitigating the algal
blooms in Dianchi Lake is not only a crucial challenge for
the sustainable development of the local area, but is also
significant for understanding eutrophication of lakes at
high altitude. Hydrothermal liquefaction (HTL) is con-
sidered to be a potential alternative for algae biofuel
production. In this process, wet algae are directly
converted into biocrude oil regardless of the lipid content
and drying process of the feedstock!*!. Algae biofuels have
received increasing interest as next generation biofuels!™.

One of the important factors determining the perfor-
mance of algal HTL is the algal components and
species™®. Recent studies indicate that biocrude oil
yield is dependent on the organic components of algae
rather than just the lipids'’*!. In general, the significance of
the biochemical components on the biocrude oil yield is
ranked in the order of lipids > proteins > carbohy-
drates”'”). However, high contents of ash or carbohy-
drates might negatively impact the production of biocrude
oil from most algae species’”'’l. Algal biochemical
composition is dependent on many factors, including
algae species and the growing conditions!'"). Specifically,
the biomass accumulation of algal blooms is influenced by
nutrient input, temporal changes in the aquatic environ-
ment!'>'?] and even the harvest procedures!'¥. Biodiver-
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sity analysis may provide physiological characterization of
algal blooms and even their influence on dynamic changes
in biochemical components and utilization!®. Advances in
molecular biology methods allow characterizing biodiver-
sity without the need for complete study of microbial
morphology or structure. Pyrosequencing is recognized as
one of these technologies and it possesses the advantages
of high repeatability, parallelism and automation'®!.

Therefore, understanding the biochemical composition
and biodiversity of the harvested algal biomass from
Dianchi Lake is an important precondition for its
conversion into sustainable biocrude oil through HTL.

In this study, algal samples in Dianchi Lake were
collected from a large-scale algal blooms harvest facility in
four representative months: August, 2012; October, 2012;
April, 2013; June, 2013. The purposes of this study were:
(1) investigate temporal changes in the biochemical
components and microbial diversity of algal samples
using pyrosequencing; (2) analyze the relationship
between biochemical components and biodiversity;
(3) determine the effect of the algae properties on biocrude
oil production using HTL.

2 Materials and methods
2.1 Feedstock preparation

Algal samples were collected from a large-scale algal
blooms harvest facility, Dianchi Algae-Water Separation
Station, Kunming, China. The station runs from April to
November when algal blooms take place at a high
frequency!'>'®). As shown in , the main procedure for
harvesting algal blooms included dissolved air flotation
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using polyaluminum chloride (PAC) as the coagulant,
slurry regulation, and centrifugation with a cationic
organic polymer as the coagulant. After centrifugation
(Fig. 1), the dewatered algal slurry was freeze-dried and
stored at —20°C prior to analysis. Algal samples were
collected during four representative months: August, 2012;
October, 2012; April, 2013; June, 2013, in order to study
the influence of temporal changes on algal properties and
HTL conversion. The properties of the harvested algae
after such separation procedures might be different from
those of algae collected directly from the lake. The reason
for using harvested algae was to generate data applicable to
commercial production of biofuels from algal blooms.

2.2 Analysis of algal biochemical components
and hydrothermal liquefaction experiments

Algal components were analyzed according to standard
methods™, including proximate analysis, chemical analy-
sis, and ultimate analysis. Proximate analysis was carried
out on a dry weight (dw). Moisture content was measured
through drying the sample at 105°C to a constant weight.
Volatile matter content was determined by pyrolysis at
950420°C for 7 min. Ash content was measured by drying
the samples at 575°C for more than 4h, and the
components of algal ash were determined using an X-ray
fluorescence analyzer (XRF-1800, Shimadzu Company,
Tokyo, Japan). The higher heating value was determined
using an oxygen bomb calorimeter (Model 6200, Parr
Instrument Co., Moline, Illinois, USA).

Chemical analysis was performed on ash-free dry weight
(afdw). Crude lipid content was determined using Soxhlet
extraction. Protein content was measured using a Kjeldahl
analyzer with the Kjeldahl-N to protein factor of 5.95!'"),
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Fig. 1 Flow diagram of the harvest and separation process for algal samples from Dianchi Lake with temporal changes. The harvesting
procedure mainly included dissolved air flotation, slurry regulation and centrifugation.
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Crude fiber content was determined using a fiber analyzer
(Model A220, ANKOM Technology Corporation, NY,
USA). Ultimate analysis (specially organic elements) was
performed using an element analyzer (Vario MICRO Cube,
Elementar Analysensysteme GmbH, Donaustrafie, Ger-
many). All measurements were performed in triplicate, and
the presented values are the mean values of the three trials.

HTL experiments were carried out in a 100 mL batch
reactor (Model 4593, Parr Instruments Co., Moline, IL)
with a total solid content of 20%, an initial head-space
pressure of 3 MPa, a holding temperature of 300°C, and a
retention time of 60 min, as previously described!'®). After
HTL, the gases were first released and the products were
divided into aqueous products and raw oil. The raw oil
contained solid residue and biocrude oil. The biocrude oil
was recovered through acetone extraction for 30 min
assisted with an ultrasonic generator, and the solid residue
was separated using vacuum filtration. The biocrude oil
was finally dried in a vacuum oven (70°C, 20 kPa) for
more than 10 h until it reached a constant weight prior to
analysis. The biocrude oil yield was calculated using the
following formula:

Biocrude oil yield (afdw%)

M f biocrude oil
ass of biocrude oi « 100%

~ Mass of ash free dry algae

2.3 Biodiversity analysis by pyrosequencing

The biodiversity of algal samples was analyzed by
pyrosequencing. The DNA of the algal samples was first
extracted and amplified using a GeneAmp® PCR System
(Model 9700, ABI company, USA) with one cycle at 98°C
(3 min), followed by 45 cycles consisting of 98°C for 45 s,
45°C for 45s, and 72°C for 1 min, and finally 72°C for
5 min. In the procedure of genomic DNA pyrosequencing,
a high-throughput pyrosequencing platforms were chosen
(Roche 454 Genome Sequencer FLLX + ). Specific primers
of algal samples were designed for PCR amplification
based on a 16S rRNA gene!'”, and the details as below:
CYA781a (5'-GAC TAC TGG GGT ATC TAA TCC CAT
T-3"), CYA781b (5'-GAC TAC AGG GGT ATC TAATCC
CTT T-3), and CYA359F (5-GGG GAATYT TCC GCA
ATG GG-3"). The preliminary experiment showed that the
DNA fragment size (about 500 bp), extracted from algae
and amplified by PCR, was in accord with the demands of
pyrosequencing (400 to 700 bp). Operational taxonomic
units (OTU), rarefaction curves, and biodiversity indices
were employed in order to estimate the abundance and
biodiversity of algal species®”. The calculation of the
relative abundance was based on all available sequences.
Rarefaction curves of all samples were at a 97% similarity
level. A Quantitative Insights into Microbial Ecology

Platform (Shanghai Meiji Company, China) with a RDP
classifier was used for taxonomy analysis.

The PCR fragments of the algal sample in October were
too weak to be detected after repeated experiments.
Therefore, the sample was not used for subsequent
pyrosequencing analysis. It was believed that the algal
cells collected in October were partly damaged during the
harvesting process as shown in Fig. 112",

3 Results and discussion

3.1 Temporal changes in biochemical compositions of algal
samples and biocrude oil production

The freeze-dried algae samples had an average total solids
content of about 90% and an average ash content of 40%
(Table 1). The biochemical analysis (Table 1) shows that
algae had very low lipid contents (0.7%—2.1% afdw) and
high carbohydrate contents (64.6%—78.3% afdw). Note
that the term “carbohydrates content” was classified as
crude fiber and non-fibrous carbohydrates'®'”). Compared
to the algae directly collected from Dianchi Lake!*?!, the
algal samples in this study had relatively high ash contents
(36.6%—45.2% afdw), the reason for this is probably the
addition of coagulants which contains abundant Al in the
harvest procedure (Fig.1). The addition of PAC as the
coagulant during algal separation contributed to the ash
content. Specifically, the August algae sample had the
highest ash content (45.2% dw) and the highest crude fiber
content (25.9% afdw).

The treatment of harvested algal blooms through HTL
shows promise. The moisture of harvested algae is already
about 80%—87%, which is specifically suitable for HTL!
without an additional energy-intensive drying process. In
addition, the low-lipid content (0.7%—2.1% afdw) of
harvested algae may not be a problem for HTL since its
total organic components can be fully converted into
biocrude oil through HTL™. However, the achieved
biocrude oil yields (14.5%24.3% afdw) of all algal
samples were relatively low, due to their high ash and
carbohydrate contents?'?!. The element composition of
the ash is discussed below. The biocrude oil yields
(14.5%—-24.3% afdw) through HTL were higher than the
lipid contents of the feedstocks (0.7%—2.1% afdw),
indicating that some non-lipid organic components of
algae were converted into biocrude oil®. Proximate
analysis indicated that the biocrude oil yields from
different algal samples were positively correlated with
fixed carbon (Table 1). Specifically, the highest biocrude
oil conversion was from the June sample, due to its
highest content of lipids (2.1% afdw) and proteins (33.4%
afdw).

These results reveal that biochemical components of
algal samples change with time, leading to different HTL
biocrude oil yields. It is evident that the biocrude oil yield
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Table 1 Characteristics of the harvested algal samples from Dianchi Lake and their biocrude oil yields using HTL
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Sampling months April June August October
Proximate Analysis

Moisture®/% 9.0+0.3 8.9+0.4 8.5+0.1 13.0+0.1
Volatile matter®/% 45.440.0 42.540.1 44.441.8 45.4+0.1
Ash content®/% 41.0+0.4 36.6+0.1 45.240.2 40.9+0.1
Fixed carbon®/% 13.6+0.1 20.940.2 10.4+1.7 13.740.2
HHV*/(MJ-kg ') 9.340.1 11.240.2 7.2£0.1 8.0£0.0
Chemical Analysis/%

Crude lipids 1.0+0.4 2.1+1.4 0.8+£0.5 0.7+£0.4
Crude proteins 24.6+0.2 33.440.2 20.9+0.1 22.6+0.7
Crude fiber 12.8+6.4 13.940.1 25.945.3 19.243.9
Non-fibrous carbohydrates®*/% 61.6+4.2 50.6+1.3 524443 57.6+3.0
HTL Biocrude Oil°/%

Biocrude oil yields 16.5£1.0 243+1.7 14.5+0.3 16.5+0.3

Note: * Percentage based on weight; ® percentage based on dry weight; ¢ percentage based on ash free dry weight. * Calculated by differences. HHV, higher heating

value.

from algal biomass is affected by its biochemical
components!'”!. The biochemical compositions of these
harvested algal samples depend on many conditions,
including nutrients input, the changing hydrological/
meteorological environment!>***], and even the harvesting
procedure of the algal samples!'¥). Therefore, the biodi-
versity analysis may provide more biological information
to help explain the changes of biochemical components
with temporal changes.

3.2 Analysis of algal diversities using pyrosequencing

The richness of algal species was calculated through
analysis of the OTU obtained from the rarefaction curves
(Fig.2). The number of OTU increased with the depth of
sequencing. The rarefaction curve tended to be gentle,
suggesting a rational quantity of sequence data and the
accuracy of the OTU analysis. The sample in June had the
maximum of 50 OTU (Table 2), indicating that the biggest
species richness of cyanobacteria occurred in June. In the
same way, this result was confirmed by Ace index (52) and
Chao index (51), which were both the estimated value of
OTU. In addition, the biodiversity of algal samples was
analyzed using both Shannon and Simpson indices
(Table 2). The sample in June had the highest Shannon
(1.84) and the lowest Simpson index (0.23), which
supported the finding that the algal sample in June
contained an overwhelming superiority in microbial
diversity. The number of OTU and the overlaps in the
venn chart (Fig.3) further illustrate the relationships
among algal samples. There were 36 similar OTUs
comparing the samples in April and June, higher than the
overlaps between June and August (32) and those between
April and August (29). In addition, there were 27 similar

OTU observed among samples from April, June, and
August. In comparison to the algal sample in June, those in
April and October had very similar biochemical properties
as well as nearly identical biocrude oil yields.
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Fig. 2 Rarefaction curves of the harvested algal samples from
Dianchi Lake at three sampling times, April, June and August. The
curves of all samples were at a 97% similarity level.

Algal samples had different colors over time (Fig. 4a),
which probably resulted from the changes in the
biodiversity between the sampling times. To compare the
phylogenetic changes in the microbial communities in the
different months, the qualified reads were classified into 6
different levels, including phylum, class, order, family,
genus and species. Fig. 4 shows the genus and order level
classification of the microbial communities. Fourteen
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Table 2 Biodiversity analysis of the harvested algal samples from Dianchi Lake with temporal changes

Similarity level = 0.97

Sampling months Reads
OTU Ace Chao Shannon Simpson

April 11912 40 43 43 1.39 0.36

June 9078 50 52 51 1.84 0.23

August 13880 46 46 46 1.45 0.34

Note: OUT, operational taxonomic units.

April August between community distribution, as determined by

pyrosequencing, and time of sampling. The abundance of
Microcystis was 89.00% in April, but only 63.70% in June.
In contrast, the abundance of Synechococcus was only
2.20% in April and 12.00% in June. The unclassified
genera were up to 20.50% in June. Thus, it is reasonable to
conclude that the phylogenetic difference have caused the
color differences among the samples. Compared to the
samples in June, algal samples in August had a 21.00%

June

Fig. 3 Venn diagram for the harvested algal samples from
Dianchi Lake at three sampling times, April, June and August. The
numbers represents operational taxonomic units (OTU). The
number of OTU and their overlaps between algal samples from
different sampling times are indicated.

orders were detected, where Subsection I reached up to
95.0%=+0.2% of total reads. Specifically, the sample in
April had lower diversity (7 orders) than those in June (11
orders) or August (10 orders) (Fig. 4b). The classification
to genus provided detailed information about the microbial
communities in the algal samples (Fig.4c). Twenty two
genera were detected in total, including Microcystis,
Synechococcus, Anabaena, Blastopirellula, Brevundimo-
nas, Erysipelothrix, Gleocapsa, Gloeothece, Pirellula and
Planktothrix. The heatmap chart at the genus level further
compared the composite structure of three algal samples,
where different colors represented respective relative
abundances of different samples (Fig. 5). This comparison
showed 13 genera were detected in algal samples in April,
18 in June, and 15 in August. In particular, Microcystis and
Synechococcus were two major genera in the algal
samples. Microcystis held an overwhelming majority in
April (89.00%), June (63.70%) and August (84.00%),
which was consistent with the previous morphological
observations of algae in Dianchi Lake using scanning
electron microscopy'>!. Synechococcus was found to be
the second most dominant group, which reached about
12% in August. By comparison, Blastopirellula and
Brevundimonas were only detected in August, and
Pirellula only in June (Fig.5).

These results reveal that there were possible correlations

increase of Microcystis but a 2.00% decrease of Synecho-
coccus. The various microbial communities in three
sampling months may be due to different environmental
conditions, such as water temperature and nutrient
input!'>!13-2¢271  According to a previous study'*®!, the
average water temperature in Dianchi Lake was about
17.5°C in April, 24.0°C in June and 24.3°C in August,
which may affect the algae growth and community
composition. The different contents of Microcystis can be
explained by the competing relationships with other algae
species®”). Microbial communities analyzed in this study
were slightly different from those communities reported
directly from Dianchi Lake!”>®), probably due to the
influence of the harvesting procedure (Fig. 1).

Another notable point is the relationship between the
microbial communities of the algal samples and their
biochemical components. As discussed previously for
Table 1, the sample in June had the highest protein (33.4%
afdw) and lipid (2.1% afdw) contents, which may be
caused by its specific microbial distribution: the lowest
content of Microcystis and the highest content of
Synechococcus among all algae samples. Microcystis
may result in the highest content of carbohydrates
(64.5%—-78.3%), which further negatively impacts on
biocrude oil production!'”’. Thus, the various algal
diversities in different sampling months may provide
possible clues for the differences in the biochemical
compositions, which further impacts on HTL strategies for
biocrude oil production, such as operating conditions and
ash removal.

3.3 Elements analysis of algal samples and temporal
changes

3.3.1 Organic elements analysis

Table3 gives the element analysis data for the algal
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Fig. 5 Heatmap of the harvested algal samples from Dianchi Lake at three sampling times, April, June and August. The phylogenetic

tree reveals the similarities between different algal samples from three sampling times.

samples. Algal samples were composed of approximately
20.320%-27.470% dw C, 4.210%—-4.540% dw H,
2.583%—4.768% dw N, and 27.360%-28.260% dw O.
Lipids and carbohydrates mainly consisted of C and H,
whereas proteins had high nitrogen contents. The highest
N content of the sample in June (4.768% dw) was
consistent with its highest content of crude proteins (33.4%
afdw). C, N and P, were found to influence significantly
the compositions of algal biomass in Dianchi Lake!*®,
which may further affect the performance of algal
HTL®,

3.3.2 Inorganic element analysis

Table 3 shows the composition of elements in the algal ash.
Algal ash mainly consisted of oxides, phosphates, and
sulfates with high oxygen contents. Inorganic forms of C
and N were not detected in the ash. As with N content in
the organic analysis, P content for the sample was the
highest (0.330%, dw) in June.

The most abundant inorganic elements in the algal
samples (Table 3), included Al (8.385%— 13.573% dw),
Fe (3.439%-5.028% dw), Si (2.912%-3.206% dw), and
Ca (2.912%-3.180% dw). In particular, the sample in
August with the highest ash content (45.2% dw) (Table 1)
had the highest content of Al (13.573% dw) and
Fe (5.028% dw) and the lowest content of Ca (2.912%

dw), opposite to the samples in June. According to the data
of the surface sediments in Dianchi Lakel*'*?], sediments
are rich in P, Ca, Al, Fe, K, Ti, Cu, Co, Ni, Pb, Zn, Cd, Cr
and Zr. The contents of the above elements in sediments all
increased from the bottom to the top of sediments,
especially for P and Ca.

The inorganic element composition of algal ash was
influenced by many factors, including environmental
conditions!?***?*]  the absorption capability of algae
speciest'?*] and the harvest procedure (Fig. 1). Environ-
mental conditions affected algae growth and further
influence its composition!'**”). The high content of Al in
the algal ash was largely attributed to Al-rich PAC used as
the coagulant during the harvest process!'®**! which
caused the difference in ash content between natural
algae®” and harvested algae in this study. Fe plays a
critical role in algal bloomst'**!. Algae need moderate
contents of Al, Fe, Ca, K, Na, Mg, Mn and Zn for their
growth!"'], In addition, natural algae might grow with high
content of metals!''*®. The dominant algal species
detected in this study, Microcystis and Synechococcus?®!
have different absorption abilities for Fe, leading to
different Fe contents (Table3). As discussed above, the
high ash content may negatively influence the performance
of algal HTL™'®]. Further study is be undertaken on ash
removal from algal samples from Dianchi Lake and its
influence on algal HTL.
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Table 3  Analysis of the elements in harvested algal samples and algal ash

Sampling months April June August October
Ultimate/organic elements analysis of algal samples®/%

Carbon (C) 22.600 27.470 20.320 23.330
Hydrogen (H) 4.290 4210 4.370 4.540
Nitrogen (N) 3.264 4.768 2.583 3.003
Oxygen (O) 28.200 27.360 27.970 28.260
Inorganic elements analysis of the algal ash “/%

Aluminum (Al) 10.156 8.385 13.573 11.378
iron (Fe) 3913 3.439 5.028 4.676
Silicon (Si) 3.206 2912 2912 3.090
Calcium (Ca) 2.936 3.120 1.252 1.533
Titanium (Ti) 0.356 0.257 0.338 0.327
Potassium (K) 0.268 0.310 0.226 0.281
Magnesium (Mg) 0.247 0.444 0.156 0.178
Manganum (Mn) 0.047 0.043 0.041 0.054
Sodium (Na) 0.042 0.044 0.066 0.063
Zirconium (Zr) 0.020 0.014 0.020 0.019
Chromium (Cr) 0.018 0.015 0.021 0.019
Strontium (Sr) 0.011 0.013 0.006 0.009
Zincum (Zn) 0.009 0.010 0.009 0.009
Gallium (Ga) 0.005 0.004 0.006 0.005
Copper (Cu) 0.004 0.003 0.004 0.004
Niccolum (Ni) 0.004 0.003 0.004 0.004
Yttrium (Y) 0.002 0.003 0.003 0.003
Oxygen® () 19.171 16.956 21.048 18.766
Sulfur (S) 0.318 0.218 0.319 0.289
Phosphorus (P) 0.246 0.330 0.203 0.220
Chlorine (Cl) 0.035 0.026 ND ND
Bromine (Br) 0.003 0.003 ND ND

Note: * Percentage of dry weight; ® oxygen in the algal ash is present in the inorganic form. ND, not detected.

4 Conclusions

This study demonstrates that time of sampling had
significant effects on the biochemical composition, the
biodiversity of the harvested algae in Dianchi Lake and
even the biocrude oil yield. In particular, algal samples in
June had a significantly different distribution of microbial
communities, the highest contents of proteins and lipids,
and the lowest content of ash, eventually leading to the
highest biocrude oil yield of 24.3% afdw. This relatively
low oil yield was attributed to a high content of ash and
carbohydrates, suggesting that further investigations are
needed on different strategies for for production of
biocrude oil by HTL from low-grade algal blooms.
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