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Abstract—Hydrothermal liquefaction (HTL) of seven algae was conducted at both 280 and 350 °C with a reaction
time of 30 min and a mass ratio of 1/4 of algae to water to evaluate the utilization potential of bio-oil production and
nutrient recycling in the aqueous by-product and solid residue particles. Chlorella and Nannochloropsis sp. exhibited the
highest bio-oil yields at 280 °C (36.5% from Nannochloropsis sp.) and 350 °C (38.1% from Chiorella). Additionally, tem-
perature had little effect on the energy recovery from Chilorella, Nannochloropsis sp., Spirulina, Cyanophyta and Euglena.
The carbohydrates and lipids in the algae were primarily related to monoaromatic and single-ring heterocyclic com-
pound generation in bio-oil. In addition, carbohydrates and proteins significantly affected oxygenated compound pro-
duction. The sizable total carbon, ammonia nitrogen, total nitrogen and phosphate contents in the aqueous by-
products showed great potential as nutrient sources for algal cultivation and the production of value-added chemicals
through recycling. Higher temperatures increased the percentage of ammonia nitrogen in the total nitrogen and
reduced the phosphate concentration in the aqueous by-product. According to potential evaluation factors, Chlorella,
Nannochloropsis sp., Spirulina, Cyanophyta and Euglena totally showed higher potential in terms of bio-oil production
and aqueous nutrient recycling than Dunaliella salina and Enteromorpha prolifera, in which Nannochloropsis sp. exhib-
ited the greatest utilization potential at investigated conditions.
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INTRODUCTION

Recent developments in the field of biomass conversion have
led to renewed interest in bio-oil production. As an ideal biomass,
algae are of great interest due to their fast growth, efficient photo-
synthesis, high lipid yield and reduced competition with food pro-
duction for marginal lands [1]. Various conventional conversion
routes, such as fast pyrolysis [2] and transesterification of lipids [3],
can be utilized to produce bio-oil from algae. However, it is becom-
ing extremely difficult to ignore the large amount of energy and
time required for dewatering and drying. Hence, current methods
are not suitable for high-moisture algae in particular. Hydrother-
mal liquefaction (HTL) is regarded as a promising approach for
bio-oil production from wet algal biomass owing to its unique
characteristics [4-6]. In the HTL process, water is in a subcritical
liquid phase, enhancing the solubility of organic compounds and
serving as a reactant and catalytic medium, so wet algal biomass
can be directly converted to bio-oil while avoiding the energy pen-
alty for drying [7,8]. In addition, HTL allows the conversion of not
just lipids but also proteins and carbohydrates for bio-oil produc-
tion [9,10]. Zhou et al. [11] conducted a preliminary study on the
conversion of Enteromorpha prolifera, including lower fats to bio-oil
by HTL. Song et al. [12] reported that a maximum yield of 31.79%
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was obtained from Cyanophyta (lipid content <5wt%) harvested
from Taihu Lake through the HTL process. Consequently, the
reaction properties of HTL make it more applicable to the conver-
sion of natural or whole algae in large-scale cultivation to bio-oil
than in lab-scale in terms of economy and application potential [4].

Pioneering research on the hydrothermal liquefaction of algae
was conducted by Dote et al. [13]. Subsequently, many investiga-
tors explored the influences of the reaction conditions on the yield
and properties of bio-oil including using a wide range of reaction
temperatures (220-375 °C) [14-16] and different algal strains [12]
[17-23]. To date, it has been proven that temperature is the most
influential reaction parameter on the chemical conversion process.
Additionally; these previous studies with diverse algae strains were
conducted in different reaction environments, such as reactors with
various internal volumes, including 4.1 mL [20], 10 mL [24], 100
mL [25,26], 400 mL [19], 600 mL [27], 1L [17,28], and 1.8 L [29],
resulting in diverse bio-oil yields and properties from algae with
small variations in biochemical composition. For example, Eboibi
et al. [28] and Jena et al. [29] demonstrated different bio-oil yields
(58 wt% in a 1 L reactor and 39.9 wt% in a 1.8 L reactor, respectively)
from algae with similar biochemical compositions under similar
reaction conditions. This inconsistency can be primarily attributed
to variations in the heating rate or heat transfer rate in reactors of
different volumes. Raheem et al. [30] found that the tar yield var-
ied widely with changes in the heating rate (such as 12 wt% yield
at 10 °C/min and 17 wt% at 20 °C/min, Table 3) under otherwise
identical conditions. However, reactors with different volumes will
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necessarily have different heating rates due to variations in the heat
transfer rates, resulting in different product distributions by HTL.
Therefore, algae HTL performance in the consistent reaction envi-
ronments needs to be further confirmed. Additionally, the aque-
ous phase (AP) after microalgae-HTL contains 4.6-43.9 wt% carbon,
more than 50 wt% nitrogen and 28.3-100 wt% phosphorus rela-
tive to those constituents in the feedstock [14,15,31,32]. Chemical
oxygen demand (COD) and the total organic carbon (TOC), total
nitrogen (TN), ammonium and phosphorus contents in the AP
were in the ranges of 60-100 g/L, 3-80 g/L, 0.77-31.7 g/L, 0.10-13.6
g/L, and 0.80-18.9 g/L, respectively [31,33,69]. These high levels of
carbon, nitrogen and phosphorus in the post-HTL water compli-
cated its safe disposal but provided a possible additional utilization
for algae cultivation to decrease the feedstock cost [31,34], which
dominated the total cost of fuel production [35]. Hence, Zhang et
al. [36] proposed a novel system involving the synergistic integra-
tion of biocrude oil production via HTL with wastewater treat-
ment through growing algae, referred to as environment-enhancing-
energy (E’-Energy). In addition, Selvaratnam et al. [37] presented a
photosynthetically oxygenated waste-to-energy recovery (POWER)
system to treat urban wastewater (UWW) for the highest net energy
yield through a simulation approach. Generally, the TOC and nitro-
gen in the AP are more related to the proteins in the algae feed-
stock than the carbohydrates and lipids, and the nitrogen content
is proportional to the reaction time [38-41]. The mass loading and
metal content in the algae feedstock also significantly affect nitro-
gen and phosphorus in the AP [14,15,32,38,39,41]. Furthermore,
the interactions between AP nutrient removal and algae or algae-
bacterial growth in continuous HTL were also examined [42,43].

Table 1. Characteristics of algal feedstock (wt%)
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Although outstanding contributions to AP recycling have been re-
ported, such studies primarily aimed to verify the characteristics of
the post-HTL water, AP nutrient removal and growth of the algae
or algae-bacteria consortium in the AP-containing medium. To the
best of our knowledge, little research has been reported on the direct
comparison and comprehensive potential assessment of different
algae with the integration of bio-oil and AP characteristics under
the same reaction conditions. Given this, it is difficult to make a
reasonably comprehensive and systematic evaluation of the appli-
cation potential of diverse algae through a HTL process. This infor-
mation would be attractive for the development of whole algae-
HTL processes for highly efficient energy and resource utilization.

To fill this knowledge gap, this work systematically advances the
field by exploring the chemical compositions and properties of
bio-oil, aqueous and residue products from seven algae as a func-
tion of two reaction temperatures (280 and 350 °C). In addition, a
detailed characterization of the conversion paths and mechanism
of the biochemical conversion of algal feedstock is provided. A
comprehensive potential evaluation factor () was proposed to sys-
tematically estimate the application potential of algae HTL. This
finding is expected to facilitate the establishment of a comprehen-
sive evaluation system for algae HTL associated with subsequent
nutrient recycling for algal cultivation.

EXPERIMENTAL SECTION
1. Materials

Spirulina (Sp) and Chiorella (Ch) powders were purchased from
Wudi Lvqi Bioengineering Co., Ltd. Enteromorpha prolifera (Ep)

Ch Na Sp Cy Eu Du Ep
Proximate analysis*
Moisture 22+0.1 53%0.1 49+0.1 3.6+0.2 3.0+0.1 4.0+£0.0 2.3+0.2
Ash 5.6+0.3 6.4+0.1 49+0.2 44+0.3 57+0.2 0.6+0.1 2.6+0.3
Volatile matter 85.6+0.4 82.1+0.3 83.7+0.2 84.9+0.4 85.3+0.2 89.0+£0.3 91.2+0.2
Fixed carbon 6.6+0.2 6.2+0.3 6.5+0.2 7.1£0.2 6.0+0.3 6.4+0.2 3.9+0.3
Elemental analysis
C 48.7+1.3 42.1+1.1 455+1.3 50.1+1.0 41.3+1.6 429+1.2 29.9+1.5
H 7.5+0.6 6.5+£0.5 7.0+0.6 7.6+0.8 6.4+0.5 6.9+0.4 6.0+£0.8
N 11.6+2.1 8.3+14 9.3+1.9 9.0+1.6 9.4+2.0 0.6+0.2 3.8+0.8
S 2.4+0.2 1.5+0.2 3.3+04 22403 0.9+0.2 0.5+0.1 6.7+0.5
(0] 29.8+1.9 41.6+1.0 349+1.4 31.1+1.2 42.0+1.5 49.1+0.6 53.6+1.1
H/C 1.9 1.9 19 1.8 1.9 1.9 2.4
o/C 0.5 0.7 0.6 0.5 0.8 0.9 1.3
N/C 0.2 0.2 0.2 0.2 0.2 <0.1 0.1
S/IC <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
HHV (MJ/kg) 22.1 16.2 19.5 224 15.7 15.6 9.7
Chemical composition analysis
Protein 51.2+2.6 47.9+2.3 66+3.1 52.7%2.5 55.3+2.2 <0.1 21.1+1.3
Lipid 7.6+0.4 5.8+0.3 3.0+0.3 4.5+0.2 2.4+0.0 0.7+0.1 0.3+0.0
Carbohydrate 4.0+0.6 4.3+0.6 42+04 9.1+1.1 3.5%£0.5 91.1+4.1 6.1+0.4

*As-receive basis
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powder was provided by Jiangsu Qiangsheng International Trade
Co,, Ltd. Nannochlorapsis sp. (Na) powder was obtained from Xian
Jinheng Chemical Co., Ltd. Dunaliella salina (Du) and Euglena (Eu)
powders were supplied by Shaanxi Sciphar Natural Products Co.,
Ltd. Cyanophyta (Cy) was collected from Taihu lake (moisture con-
tent >97%) in Wuxi China in August. Prior to HTL procedures,
all algae samples were dried at 80 °C for >72h, then ground and
screened to powder (size <150 um) for quantitative research. The
fundamental characteristics of algae are shown in Table 1.

The solvents of anhydrous ether (purity: 99%), copper sulfate
(purity: 99%), potassium sulfate (purity: 99%), sulfuric acid (purity:
97%), boric acid (purity: 99%), Bromoc-resol green indicator (purity:
99%), sodium hydroxide (purity: 99%), ethyl alcohol (purity: 95%)
and dichloromethane (purity: 99%) were procured from Tianjin
Hongyan chemical reagent factory. The chemicals of Methyl Red
Indicator (purity: 99%), Methylene blue indicator (purity: 99%),
hexane (purity: 97%), potassium iodide (purity: 99%) and ammo-
nium chloride (purity: 99%) were supplied by Tianjin Fuchen chem-
ical reagent factory. Potassium sodium tartrate (purity: 99%) was
purchased from Tianjin Tianli chemical reagent factory. Mercury
iodide (purity: 99%) was provided by Shanghai Shanpu chemical
reagent factory.

2. Apparatus and Experimental Procedure

HTL experiments were performed in stainless steel mini-batch
reactors (3.5 mL capacity) at two temperatures (280 and 350 °C) for
30 min with a mass ratio of 1/4 of algae to water at a water den-
sity of 0.59-0.77 g/mL. The calculated water densities at the corre-
sponding reaction temperatures were determined utilizing water
and steam properties calculating software (WASP). The required
quantities of algal powder and deionized water were added into
the reactors before the reactors were sealed. After preheating a
Techne fluidized sand bath (SBS-4 type with a Techne TC-8D type
temperature controller) to the reaction temperature, the reactors
were placed into the sand bath and the reaction time started. The

’ Solvent-soluble

reactors reached the set temperature within approximately 2 min
[44]. When the predetermined reaction time was reached, the reac-
tors were removed and immersed in room-temperature water to
quench the reaction.

After the reactions, each reactor was unscrewed and carefully
rinsed into tubes using 9 mL of dichloromethane (DCM). The tubes
were centrifuged (operating condition: 2,000 r/min for 20 min) to
vertically stratify the reaction mixture into three layers (from top to
bottom: the aqueous phase, the organic phase and the solid phase).
The organic layer was transferred to a 15 mL vial, and the dichloro-
methane was removed for at least 12 h using a Termovap Sample
Concentrator with nitrogen gas flowing at 45 °C through a gravi-
metric method. We measured the mass of the 15 mL vial (con-
taining the bio-oil and DCM) every hour during the N, drying
process. When the vial weight remained almost constant (accu-
rate to one decimal place), we considered the DCM to have been
completely removed. The material remaining in the vial was the
algal bio-oil. Then, 5mL of hexane was added, and the vial was
shaken for several minutes to sufficiently separate the light com-
ponents from the algal bio-oil (the hexane-soluble phase was light
bio-oil, while the hexane-insoluble and dichloromethane-soluble
phase was heavy bio-oil). The hexane was then removed from the
light bio-oil at 75 °C using an approach similar to that used for di-
chloromethane evaporation. The aqueous by-products were retained
for subsequent testing, and the remaining solid residue was dried
for follow-up assessment. A schematic of the separation and recov-
ery process for the algae HTL products is shown in Fig. 1. We
conducted all experiments three times to ensure data repeatability.
3. Analysis Methods

The lipid, protein, and carbohydrate contents of the algae feed-
stock were measured through Soxhlet extraction method, the
Kjeldahl method and anthrone colorimetry, respectively. The Sox-
hlet extraction method is shown below. First, a certain amount of
algae was accurately weighed (accurate to three decimal places)

immmP| Light bio-oil

s i immm  Heavy bio-oil
ydrothermal Extraction Bio-oil Solvent-insoluble
I - T = ihiato
r Liquefaction
Algal feedstock
Batch reactor Sand b Reaction mixture o e
Aqueous and
Aqueous G=mme solid phases
byproduct
Extraction I
Pmmms
Drying
-ﬁ mme
Solid residue

Fig. 1. The separation and recovery process schematic for algae HTL products.
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and transferred to a filter paper cylinder. Second, the cylinder was
placed into the extraction tube of the Soxhlet extractor. Third, petro-
leum ether was added to the extraction vessel and heated using a
water bath until evaporation. Fourth, the heated petroleum ether
was condensed by a condenser into the extraction tube to extract
the lipids from the algal biomass (approximately 8 times per 1h
and holding for 6 h). When no oil spot was seen when dip testing
the extracting solution using a ground glass rod, the extraction pro-
cess was completed. Finally, the residual petroleum ether was dried
for 1 h at 100+5 °C and cooled for 0.5 h, and the vessel containing
the extract was weighed. Then, the drying, cooling and weighing
process was repeated until a constant weight was reached (con-
stant to one decimal place).

The Kjeldahl method was conducted as follows. First, a given
mass of algae was accurately weighed (accurate to three decimal
places) and transferred into a digestion tube. Second, 0.4 g of cop-
per sulfate, 6 g of potassium sulfate and 20 mL of sulfuric acid were
added to the algal sample in the digestion tube. Third, the digestor
was heated to 420°C and kept there for 1h at which point the
liquor in the digestion tube was green and transparent. After the
digestion tube was removed, 50 mL of water was added to the
tube, and the mixture was automatically distilled and titrated using
an auto-Kjeldahl system (Foss Kjeltec 2300).

Anthrone colorimetry is commonly used to measure the carbo-
hydrate content of plants, and the following procedure was used.
First, glucose standards at difterent concentrations (0-80 pig/mL) were
prepared in test tubes. Second, 4.0 mL of anthrone was immedi-
ately added into each test tube. Then, all the test tubes were tightly
closed and immersed in a boiling water bath. After boiling for 10
min, the tubes were transferred to an ice bath to cool them to room
temperature. A calibration curve was prepared from the glucose
standard solutions using a visible spectrophotometer (BioTek Epoch,
USA) at 620 nm. A specified volume of dried algae was weighed
and transferred to a 50 mL triangular flask and 25 mL of boiling
water added. The mixture was subjected to ultrasonic extraction
for 10 min, and then the solution was filtered repeatedly into a 50
mL volumetric flask. Finally, a 1 mL aliquot of the solution diluted
by a factor of 25 was analyzed following the procedure used to assess
the glucose standard solutions. The soluble carbohydrate content
was then determined from the calibration curve of glucose stan-
dard solutions.

The elemental composition (C, H, N and S) of the algal feed-
stock and bio-oil was determined by a Vario EL III elemental ana-
lyzer, and their standard deviations were less than 0.1%. The oxygen
content was calculated by difference. Fourier transform infrared
(FT-IR) spectroscopic analysis was performed on an FI-IR spec-
trometer (Germany Bruker Optics Vertex 70) to determine the
functional groups in the bio-oil (scan range: 4,000-400 cm ", reso-
lution=4 cm™"). The microstructure and elemental composition of
the solid residue were determined by scanning electron micros-
copy (SEM) (JEOL, model JSM-6390A) with energy dispersive
spectrometry (EDS).

The key volatile oily compounds in the extracted bio-oil frac-
tion were identified using a Shimadzu gas chromatograph-mass
spectrometer (GCMS-QP2010 plus) equipped with a Restek Rtx-5
ms capillary column (30 mx0.25mm id., 025 um film thickness).

All experiments were performed in electron ionization (EI, 70 eV)
mode. The column temperature program was as follows: held at
60 °C for 1 min, then ramped to 170 °C at 5°C/min and held for
1 min, then ramped to 300°C at 3°C/min and held for 8 min.
This resulted in a total runtime of 76 min. The GC injector tem-
perature was 300 °C, and the ion source temperature was 230 °C.
The scanning range of the spectrometer was 30 to 500 m/z. Helium
served as the carrier gas (1 mL/min). The injection volume was
0.4 uL for each sample, and the inlet split ratio was 20: 1. Proba-
bility matching and the NIST08S mass spectral library were used
to identify the compounds by confidence or similarity.

The total inorganic and organic carbon (TIC and TOC) content
in the aqueous by-products was tested by a TOC analyzer (Shang-
hai EURO TECH, ET1020A). The furnace temperature was set at
680 °C. The sample ring volume was 33 pL, and the sampling time
was 8 s. The ammonia nitrogen (NH;-N) concentration in the aque-
ous phase was determined by a colorimetric method with Nessler’s
reagent and an ultraviolet-visible spectrophotometer (Shanghai
Jinghua Instruments Co. Ltd., model: 752) with a test wavelength
of 420 nm. The total nitrogen (TN) and phosphate (PO;) concen-
trations were measured by a Spectroquant” NOVA60 water qual-
ity analyser by spectrophotometry. The pH value was measured to
determine the acidity by universal and precise pH test papers.

4. Data Interpretation

In this study, the bio-oil yield, energy recovery, comprehensive
potential evaluation factor (&) and potential evaluation factor (&)
were defined as follows:

Mass of bio-oil

L o) — o
Bio-oil yield (wt%) Mass of algal feedstock x100% M
Energy recovery (%)
HHYV of bio-oil x mass of bio-oil 2
— x100%

HHYV of feedstock x mass of feedstock

5
=>4 3

n=1
Mass of bio-oil
a= Mass of feedstock @
HHYV of bio-oil
&= HHYV of feedstock ©)
TIC

é}’ = ulga[e ] (6)

[CTIC(optimization)]

[NH;-N]

4/4 = algae > (7)

[CNHrN(apﬁmizatian)]
im [phosphate] ®)

algae
[Co ]

‘phosphate(optimization)

where [TIC], [NH;-N] and [phosphate] represent the concentra-
tions of these components in the aqueous by-products. Addition-
ally, [Cﬁfgfuplimizution)]’ [C?\;‘EZE-N(oprimization)] and [C;f:g:s;hate(optimizmian)]
are the required optimal concentrations of TIC, NH,-N and phos-
phate in the algal culture solution, respectively, which are actual
measured values and determined from previous research about
algae cultivation.
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The higher heating value (HHV) of the bio-oil derived from
algae HTL was calculated with the Dulong formula [14]:

Higher heating value (HHV, MJ/kg) )
=0.338C+1.428(H-0.1250)+0.095S

where C, H, O and S represent the weight percentages of these ele-
ments in the material.

RESULTS AND DISCUSSION

1. Algal Feedstock Characterization

As shown in Table 1, all the algae feedstocks except Enteromor-
pha prolifera show similar H/C molar ratios of approximately 1.9.
However, the algae samples have different C, N and S fractions. In
particular, the highest C fraction was detected in Cyanophyta (50.1
wt%), and the other algae samples have content higher than 40 wt%,
except for Enteromorpha prolifera (only 29.9 wt%). Compared with
other lignocellulosic materials (nitrogen content <2wt%), algae
have higher levels of nitrogen, in the range of 0.6-11.6%, due to the
protein content of the feedstock [10,19]. The sulfur content should
not be ignored in view of sulfur oxide production, cylinder wear,
deposit formation and contributions to particulate matter (PM)
emissions in the burning process. All S/C values were lower than
0.1, showing that algae have a very low sulfur content, similar to
that of lignocellulosic materials [10]. The high H/C atomic ratio of
algae (1.8-2.4) indicates a high aliphatic content and the abundance
of long chains with CH, groups [45]. As a highly important factor
in energy utilization, algal HHV is immediately relevant to large-
scale applications [46]. However, the HHVs of all the algae sam-
ples were lower than that of standard coal (29.3 MJ/kg) according
to the Chinese National Standard (GB/T 2589-2008). Therefore,
the direct application of algal biomass for fuel is inefficient. It is
necessary to develop a novel method to convert algae into value-
added fuels and chemicals with high efficiency.

The differences in the chemical compositions of various algal
feedstocks are shown in Table 1. A maximum lipid content of 7.6
wt% and protein content of 66 wt% were derived from Chiorella
and Spirulina, respectively. Additionally, Dunaliella salina had the
highest carbohydrate content, with a value of 91.1 wt%. Generally,
the typical chemical components of algae cells can be converted into
the bio-oil fraction, and the contributions to the yield follow the
trend lipids>proteins>carbohydrates, and these components con-
tribute 80-55%, 18-11% and 15-6%, respectively [9,47].

2. Bio-oil Yields and Properties
2-1. Bio-oil Fraction and Solid Residue Production

Fig. 2 presents an overview of the light bio-oil, heavy bio-oil and
solid residue yields derived from the HTL of seven algae at 280 and
350 °C, showing that bio-oil yields are different, which agrees with
the characterization of the algal feedstocks. The bio-oil yields fluc-
tuated in the range of 6.8-36.5 wt% at 280 °C and 18.1-38.1 wt% at
350°C. This result indicates that higher temperatures promoted
increased conversion of feedstocks and intermediates to bio-oils. At
relatively low temperatures, the macromolecules in the feedstock
(e.g., chlorophylls, celluloses and triglycerides) hydrolyze into water-
soluble compounds and then generate high-molecular-weight com-
pounds (e.g., aromatics, aliphatics, cycloalkanes and oxygenated hy-
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Fig. 2. Light bio-oil, heavy bio-oil and solid residue yields at 280
and 350 °C for 30 min of reaction time with a mass ratio of
1/4 of algae to water.

drocarbons) through polymerization reactions [48]. Interestingly,
harsh conditions can result in the conversion of certain heavy bio-
oil fractions into light bio-oil fractions (e.g., phenols, naphthalenes,
ketones, fatty acids, pyrroles, alcohols, benzenes, hydrocarbons,
amides and amines), as free radicals can facilitate depolymerization
[49,50]. The formation of gaseous products such as H,, CO, CH,,
CO,, C,H,, and C,H, under the liquefaction conditions was negli-
gible [14], and they were not detected in this investigation.

The two highest bio-oil yields of 38.1 wt% and 36.5 wt% were
derived from Chlorella at 350 °C and Nannochloropsis sp. at 280 °C,
respectively. After that, the bio-oil yields were in the narrow range
of 28.6-33.0 wt% for Spirulina, Cyanophyta and Euglena. The two
lower yielding materials were Enteromorpha prolifera and Dunaliella
salina, and their yields varied in the range of 27.2-25.0 wt% and 6.8
18.1 wt%, respectively. Previous investigations [9,47] demonstrated
that bio-oil was mainly generated from lipids and proteins. One pos-
sible conversion path in the HTL of lipids is the decomposition of
lipids into various fatty acids, and these intermediates can form com-
pounds such as alkanes, alkenes, and amides in the bio-oil fractions.
The mechanism of bio-oil generation from proteins involves the
hydrolysis of the peptide C-N bonds between the carboxyl and
amine groups of amino acids, which are the building blocks of pro-
teins. The amino acids formed by this process are subsequently
degraded by decarboxylation and deamination [8].

The lowest bio-oil yields were both from Dunaliella salina, only
approximately 6.8 wt% at 280 °C and 18.1 wt% at 350 °C, which was
mainly due to its unique carbohydrate content (91.1 wt%), and this
is consistent with similar algal cells, which have shown extremely
low conversions into bio-oil [47]. In the HTL process, carbohydrates
can be transformed into monosaccharides (such as glucose and fruc-
tose) by hydrolysis, and then into various substances such as furfu-
rals, carboxylic acids, aldehydes and unstable intermediates [51],
which tend to produce water-soluble compounds found in the aque-
ous by-product [19], possibly as a result of the large amounts of car-
bohydrates being degraded into polar water-soluble organics and
not into non-polar hydrocarbon-type structures. Srokol et al. [51]
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reported that the breakdown of glucose under similar hydrother-
mal conditions resulted in the formation of formic acid, acetic acid,
lactic acid, acrylic acid, 2-furaldehyde and 1,2,4-benzenetriol. Most
of these compounds are polar organic compounds that dissolve in
the aqueous fraction and do not contribute to bio-oil formation.

The solid residue yield was below 10 wt% for the algae except
Dunaliella salina, Euglena and Cyanophyta, and higher tempera-
tures promoted decomposition, proving that almost all chemicals
(>90 wt%) in the cells participated in the liquefaction reactions. How-
ever, the solid residue yields of these three algae were relatively higher
(20.9-18.7 wt%, 16.7-16.6 wt% and 17.3-10.4 wt%, respectively), and
this can be attributed to their higher production of water- and di-
chloromethane-insoluble components due to their high carbohy-
drate content. Chen et al. [52] proposed a potential HTL reaction
route for carbohydrates. That is, hydrolysis of the carbohydrates to
monosaccharides, and then these intermediates were further dehy-
drated to furfural derivatives. These compounds would then form
cyclic oxygenated species through polymerization, and the final de-
composition products could be distributed in the solid residue frac-
tion. Moreover, the high ash and fixed-carbon content in the algal
cells also contributed to the high residual yield due to the blanketing
effect of the ash on the surface pores of the fixed carbon, which
resulted in insufficient contact and reaction with subcritical water.
2-2. Bio-oil Properties

Table 2 shows the elemental compositions, HHVs and energy
recoveries of the bio-oils derived from algae HTL at different tem-

peratures with a reaction time of 30 min and a mass ratio of 1/4 of
algae to water. The bio-oils from algae HTL had higher HHV's than
those from algae feedstocks due to the higher carbon and hydrogen
content and lower oxygen content of bio-oils, which is in agree-
ment with previous HTL investigations of algae [12,20,24,26], lig-
nocellulosic biomass [10], sludge [53] and swine manure [54]. This
result reflects the potential future applicability of algae-based bio-
oil as liquid fuel rather than the direct combustion of algae. High
N/C and S/C ratios were observed compared with other feedstocks,
such as lignocellulosic biomass [10] and sludge [53]. Therefore, it
is necessary to remove the nitrogen and sulfur from the bio-oil in
subsequent refining processes to lower the NO, and SO, emissions
during combustion. The energy recovery represents the ratio of
energy in the bio-oil fraction to that in the original algal feedstock.
The highest value (68.1%) and lowest value (18.7%) of energy re-
covery were derived from Enteromorpha prolifera at 350 °C and
Dunaliella salina at 280 °C, respectively. Furthermore, energy re-
covery changed from 3.1% to 12.8% for Chlorella, Nannochloropsis
sp., Spirulina, Cyanophyta and Euglena, but varied greatly from 43%
to 69% for Dunaliella salina and Enteromorpha prolifera with an
increase in temperature. Therefore, the effect of temperature was
not evident on the energy recovery for the former algae but was
with the latter algae, primarily due to the nearly inverse trends in
their bio-oil yields and HHV at various temperatures.
2-3. Identification of the Key Volatile Oily Compounds in the Bio-oils
To elucidate the key volatile oily compounds in the bio-oil frac-

Table 2. Elemental compositions and HHV:s of bio-oils derived from algae HTL at fixed 30 min with a mass ratio of 1/4 of algae to water

Ch Na Sp 0% Eu Du Ep

Element & HHV (280 °C)

C 734122 64.0+1.7 68.1+£2.3 64.8+1.5 67.4+2.0 74.5+1.9 59.0+1.3
H 8.5+0.3 8.0£0.1 8.6+£0.3 7.7£0.6 9.0£0.2 6.4+0.3 59+0.5
N 6.7£0.2 6.3£0.1 7.1£0.2 7.0+0.3 8.0+£0.2 0.2£0.0 5.4+0.3
S 0.7£0.1 0.7£0.0 0.8£0.0 0.7£0.0 0.9+0.1 0.5£0.0 1.6x0.1
(0] 10.7x1.3 21.0x1.5 154%2.0 19.8+0.8 14.7+1.7 18414 28.1+0.9
H/C 14 1.5 1.5 14 1.6 1.0 1.2
O/C 0.1 0.2 0.2 0.2 0.2 0.2 0.4
N/C 0.1 0.1 0.1 0.1 0.1 <0.1 0.1
S/IC <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
HHV (M]/kg) 35.1 294 32.6 294 33.1 31.1 235
Energy recovery (%) 58.1 63.8 50.6 40.3 57.9 187 47.6
Element & HHV (350 °C)

C 73.5+1.8 67.0+14 72.6x2.2 79.1£2.0 72519 74.8+1.6 71.5%£2.1
H 8.4+0.4 6.7+0.1 8.8+0.1 8.9+0.2 8.4+0.3 6.8+0.2 8.7+0.4
N 6.5+0.1 5.6+0.2 6.7+£0.2 0.7£0.0 7.3+£0.2 0.2+0.0 5.9+0.2
S 0.6+0.1 1.5+0.1 0.7£0.1 0.7£0.0 1.2+0.1 0.3+0.0 0.6+0.1
(0] 11.0£1.3 19.2+0.7 11.2+1.6 10.6£1.9 10.6+£1.3 17.9+£1.3 13.3£1.0
H/C 14 1.2 1.5 14 14 1.1 1.5
O/C 0.1 0.2 0.1 0.1 0.1 0.2 0.1
N/C 0.1 0.1 0.1 <0.1 0.1 <0.1 0.1
S/IC <0.1 <0.1 <0.1 <0.1 <0.1 <0.1 <0.1
HHV (MJ/kg) 349 28.9 35.2 37.6 34.7 31.8 34.3
Energy recovery (%) 55.4 61.8 57.1 35.8 60.6 31.6 68.1
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Fig. 3. Distribution of the key volatile oily compounds in bio-oils obtained from HTLs of five types of representative algae (reaction condi-

tion: 350 °C, 30 min, a mass ratio of 1/4 of algae to water).

tions, bio-oil samples obtained at 350 °C over 30 min at a mass ratio
of 1/4 of algae to water from five typical and representative algae
were characterized by GC-MS. The variations in the key volatile
oily compounds in the bio-oils are summarized in Fig. 3. A total
of 161 compounds were identified and are listed in the Supple-
mentary Material. These compounds can be categorized into five
types on the basis of their functional groups [15]: (1) monoaromat-
ics and single-ring heterocyclic compounds such as benzene, phe-
nol and their derivatives; (2) aliphatic compounds such as alkanes,
alkenes, and their derivatives; (3) nitrogenated compounds such as
amides, amines and nitrogen-containing heterocyclic compounds;
(4) oxygenated compounds such as ketones, acids, esters and alco-
hols; and (5) polyaromatics such as fluorenes, anthracenes, naph-
thalene, benzoquinoline and their derivatives.

The differences in the peak areas of the compounds indicate the
variations in the distribution of these key volatile oily compounds
in the bio-oils from algae HTL. Chlorella and Nannochloropsis sp.
exhibited the highest production of monoaromatics and single-ring
heterocyclic compounds (16.4% from Nannochloropsis sp. HTL).
As typical monoaromatics and single-ring heterocyclic compounds,
phenols and their derivatives can generally be produced from the
decomposition and conversion of the carbohydrates in algal cells,
such as cellulose and glucose [55-57]. Luijkx et al. [58] proposed a
potential reaction mechanism for the transformation of glucose
into phenols in the HTL process. Carbohydrates are thought to be
hydrolyzed into monosaccharides such as glucose or fructose and
then converted into furan derivatives and finally phenols via rear-
rangement reactions associated with ring opening and closing.
However, Nannochloropsis sp., which has a relatively low carbohy-
drate content, exhibited higher monoaromatic production. This
might be attributable to the limitations of anthrone colorimetry,
which was utilized for carbohydrate content determination in this
study but can only be applied to the water-soluble fraction. Nan-
nochloropsis sp. cells are covered by the thick cell wall made pre-
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dominantly of the polysaccharide cellulose, and a small number of
starch grains are present inside the cell [59]. These water-insoluble
macromolecular substances might not be determined by this method.
The bio-oils of Chlorella, Nannochloropsis sp., Spirulina, Cyano-
phyta and Euglena had similar aliphatic content (12.6-13.4% of area),
much higher than that from Dunaliella salina and Enteromorpha
prolifera (<8% of area). This demonstrates that aliphatics were pri-
marily derived from the lipids and proteins in algal cells. Under
hydrothermal conditions, lipids were hydrolyzed into saturated and
unsaturated fatty acids, which subsequently formed alkanes and
alkenes by decarboxylation, respectively. Simultaneously, proteins
were decomposed to amino acids and were then converted into
organic acids by deamination [60] and ultimately converted to ali-
phatic compounds by decarboxylation; they may also be converted
to aliphatic compounds first. Numerous alkanes were also observed
in this investigation, consistent with previous algae research [9,29,
48,50,61]. In addition, heneicosane was found to be the major ali-
phatic compound in bio-oil, accounting for nearly half of the peak
area of the aliphatic compounds. Interestingly, alkanes with chemi-
cal structures similar to heneicosane, such as eicosane and docosane,
were also reported [9,50]. Moreover, a handful of cycloalkanes were
generated from Dunaliella salina HTL, such as 1,2,3,4-tetramethyl-
cyclobutane and 1-(phenylmethyl)-aziridine, in contents of 0.4%
and 0.9%, respectively. In their investigation of Laminaria saccha-
rina (also known as Saccharina latissima), Anastasakis and Ross
also reported cycloalkanes in the bio-oil fraction [48].
Nitrogenated compounds in the bio-oils from Spirulina and
Cyanophyta HTL accounted for approximately 40% of the material
due to the similarities in the chemical compositions of these algae.
The highest proportion of nitrogenated compounds in bio-oil was
from Enteromorpha prolifera HTL, with a content of 56.4% despite
its low nitrogen content (only 3.8%). The lowest value (29.2%) was
obtained from Nannochloropsis sp. HTL although the nitrogen
content in this algal was not the lowest. This is somewhat counter-
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intuitive and surprising, and no statistically quantitative correlation
between the content of nitrogenated compounds in the bio-oil and
the nitrogen content in the algal feedstock was observed even though
the nitrogen in bio-oil is widely considered to be derived from the
proteins in the algae through hydrolysis and deamination [47,48,62].
The nitrogen-containing compounds in the bio-oil fraction could
also be associated with the degree of dispersion of the nitrogen
between the intermediates and final products, which is related to
the characteristics of the algal cell structure and biochemical com-
position. Some investigators proposed that this distribution might
be strongly influenced by the relative content of different fractions
of algal [63,64].

During the conversion of proteins to other nitrogen-containing
compounds, various reactions such as hydrolysis, deamination, ami-
nolysis and cyclization may occur sequentially or simultaneously
[52]. Therefore, nitrogen could be distributed into many types of
compounds, such as amides, amines and heterocyclic compounds.
Notably, the nitrogenated compounds from Dunaliella salina HTL
mainly consisted of low-boiling and monocyclic compounds (all
showed retention times of less than 20 min in the GC-MS results).
This could be attributed to the generation of monosaccharides from
the carbohydrates through hydrolysis and subsequent decomposi-
tion into low-carbon small molecules such as acids, ketones, and
alcohols [52]. In contrast, the nitrogenated compounds from Nan-
nochloropsis sp. HTL were mainly composed of high-boiling nitro-
gen-containing polycyclic compounds, such as indoles and pyrazines
(all showed retention times greater than 20 min in the GC-MS
results), which is related to the further decomposition of melanoi-
din, which was generated in the Maillard reaction of amino acids
and small monosaccharides by dehydrogenation and cyclization
reactions. In addition, long-chain high-boiling amides such as oct-
adecanamide, N,N-dimethyloctanamide, and N-methyldodecana-
mide (all showed retention times of greater than 50 min in the GC-
MS results) were found in the bio-oils produced from Nannochlo-
ropsis sp., Spirulina, Cyanophyta, Enteromorpha prolifera HTL. These
amides were mainly produced from the conversion of proteins and
lipids in the HTL process. The proteins were transformed into amino
acids through hydrolysis, and these intermediates were converted
to carbon dioxide, amines and alcohols via decarboxylation and to
ammonia by deamination. Afterwards, the amines and ammonia
could form amides in the presence of aminolysis. Additionally, amides
could also originate from the decarboxylation of fatty acids, which
are products of the hydrolysis of lipids.

The content of oxygenated compounds in the bio-oil fractions
shows an apparent correlation with the carbohydrate and protein
content in the algae, and the former factor is decisive. The highest
content of oxygenated compounds was found in Dunaliella salina-
derived bio-oil (approximately 65.2%) and those derived from the
other algae had similar low content (29.7-33.0% of the total). In the
HTL process, the carbohydrates were initially hydrolyzed into mono-
saccharides and acetic acid. Acetic acid is water-soluble and can be
found in the aqueous fraction as a carbon source. Monosaccha-
rides can be further decomposed into acids, ketones, alcohols, etc.,
or they can be transformed into furfural and its derivatives, which
can form cyclic oxygenated species during polymerization. During
cyclization and polymerization, the acids can also react with alco-

hols by esterification to form esters and their derivatives. How-
ever, cyclization and polymerization are favored over esterification.
Therefore, the proportion of esters accounted for less than 50% of
the oxygenated compounds generated from the other algae in the
HTL. Due to the extremely low-protein and high-carbohydrate
content, a great majority of the oxygenated compounds (97.6%) in
the Dunaliella salina-derived bio-oil fraction were assigned as
ketones and their derivatives.

Pioneering investigations [15,65,66] also proposed that polyaro-
matic species such as naphthalene and indene existed in the bio-
oil fractions. However, only a few polyaromatic species were found
from the Spirulina and Nannochloropsis sp. HTL, accounting for 3.9%
and 4.3% of the total material, respectively, and the major com-
pounds in this study were dibenzofuran and naphthalene derivatives.

In this investigation, FT-IR spectroscopy was utilized as an aux-
iliary and supplementary method to GC-MS analysis to estimate
and compare the functional groups present in the bio-oils. The
FT-IR spectra are illustrated in Fig. 4. The spectra of the bio-oils
from the investigated algae HTL were similar, although certain
individual variations appeared. The strongest absorption band of
the bio-oils was near 3,430-3,286 cm ™, and this band represents the
O-H stretching vibration, showing the existence of compounds
such as phenols and alcohols. Algae HTL-derived bio-oils con-
tained benzene and aromatic compounds based on the absorption
peak near 3,000 cm™', which represents the stretching vibrations of
unsaturated =CH groups. Strong and sharp absorptions at 2,985-
2,845cm™ (2,979 cm™ and 2,856 cm™) represented symmetrical
and asymmetrical C-H bonding stretching vibrations, suggesting
the presence of aliphatic compounds. The high intensity of the nar-
row peak at 2,856 cm™" in the bio-oil spectra can be attributed to
hydroxyl groups. In addition, a strong absorbance at 1,668 cm™
represented the stretching vibrations of C=C groups, which com-
bined with the out-plane wagging vibration of the =CH groups of
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Fig. 4. FT-IR spectra of bio-oils obtained from HTLs of five types
of representative algae (reaction condition: 350°C, 30 min, a
mass ratio of 1/4 of algae to water).
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alkenes at 730-600 cm™ (709 and 611 cm™), indicated the presence
of alkenes and their derivatives. The absorbance peak at 1,452 cm™
represents the scissoring of methylene groups, showing the exis-
tence of monocyclic aromatic compounds [9]. Significant differ-
ences appeared in the absorption peaks of 1,139 and 1,030 cm™’,
which are due to the appearance of amides and their derivatives.
However, the bio-oils produced from Spirulina, Cyanophyta and
Euglena HTL had strong absorption at 1,030 cm ™', and a similar
absorption band at 1,139 cm™' was observed in the spectrum of
the material from Enteromorpha prolifera, indicating the presence
of various amides and their derivatives. Overall, the FT-IR spectra
support the GC-MS analysis in this investigation.

3. Nutrient Analysis in the Aqueous By-product

The aqueous phase is a major by-product of algae HTL, and it
contains a number of high-price nutrients and chemicals. Under-
standing the composition of the aqueous by-products is critical to
turther evaluating the overall potential of different algae HTL pro-
cesses. Table 3 shows the primary nutrient concentrations such as
the total inorganic carbon (TIC), total organic carbon (TOC), am-
monium (NH;-N), total nitrogen (TN), and phosphate content and
the pH levels in the aqueous co-products after algae HTL.

The amount of TIC and TOC varied greatly, ranging from 0.01
to 53.8 g/L and 4.8 to 37.3 g/L, respectively. This indicates that a large
proportion of the organic carbon in the algal feedstock was con-
verted into water-soluble organic carbon compounds. Higher tem-
peratures could promote the conversion of organic compounds into
inorganic compounds. Chlorella, Nannochloropsis sp., Spirulina,
Cyanophyta and Euglena had sizable total carbon content (TIC+
TOC) in their aqueous by-products. The inorganic carbon in the
aqueous phase is involved in photosynthesis. Algae use the inor-
ganic carbon as carbon source to convert light energy into chemi-

cal energy during photoautotrophic growth. Excessively high or
low TIC concentration will lead to algae growth restriction [67]. As
a consequence, the content of TIC is extremely important in the
subsequent recycling of nutrients from algal cultivation. Although
the TOC content reflected the recycling potential of high-price chem-
icals, such as aliphatic and aromatic species, the subsequent efficient
extraction, separation and purification processes also need to be
systematically and thoroughly studied. The highest [TIC] (53.8 g/L)
was obtained from the HTL of Spirulina, and the highest [TOC]
(37.3 g/L) was from Dunaliella salina, which could serve as a car-
bon source and source of value-added chemicals for recycling,
respectively.

Nitrogen is essential for algae growth. In the cell, nitrogen is a
vital participant in the synthesis of amino acids, purines, pyrimi-
dines, amines and chlorophyll during photosynthesis. Algal cell
growth would be restrained with weakened cellular photosynthe-
sis if insufficient nitrogen was present. Conversely, excess nitrogen
would also suppress algal growth, and this could arise due to an
imbalance of nitrogen and phosphorus [68]. Among available nitro-
gen sources, only NH;-N can be directly absorbed and utilized to
synthetize amino acids, whereas other nitrogen sources must be
transformed into NH;-N prior to participating in algal cell metab-
olism [69]. The NH;-N and TN concentrations in the aqueous phase
fluctuated from 0.4 to 18.1 g/L and from 1.1 to 22.0 g/L, respec-
tively. In general, the variations in NH;-N and TN were well cor-
related in different algae. Spirulina, Cyanophyta and Euglena showed
higher concentrations of NH;-N and TN in their aqueous by-prod-
uct due to their high content of nitrogen-containing compounds,
such as protein and chlorophyll [62]. Moreover, there were no rigid
trends in [NH;-N] and [TN] with increasing temperature, whereas
temperature increased the proportions of NH;-N in TN, which

Table 3. Nutrients and pH measurements in the aqueous product after HTL

Ch Na Sp

Cy Eu Du Ep

Carbon, nitrogen, phosphorus resources and pH (280 °C, 30 min, a mass ratio of 1/4 of algae to water)

Concentration (g/L)

[TIC]? 36.2+0.9 364+1.1 454+1.0 38.1+1.0 352408 0.01+0.0 0.8+0.0
[TOCl 22.3+1.0 25.0+0.8 14.6+0.9 11.4+0.6 18.2+0.7 37.3%1.1 34.1+0.6
[NH;-N] 6.0+0.0 8.4%0.0 10.6+0.1 3.8+0.0 7.5£0.0 0.4+0.0 1.5+0.0
[TN] 17.2+0.1 10.0£0.0 20.0£0.2 15.0+0.1 14.5+0.0 2.4%0.0 5.9+0.0
NH,-N/TN (%) 349 84.1 53.0 25.1 51.7 27.1 24.6
Phosphate 1.3+£0.0 0.7+0.0 1.6+0.0 0.2+0.0 0.5+0.0 0.9+0.0 0.2+0.0
pH 7.2+0.2 8.5+0.3 8.5+0.2 8.5+0.3 8.2+0.3 2.5+0.2 6.0+0.3
Carbon, nitrogen, phosphorus resources and pH (350 °C, 30 min, a mass ratio of 1/4 of algae to water)

Concentration (g/L)

[TIC]" 41.3+1.0 48.2+0.9 53.8+1.2 46.8+1.3 48.5+0.9 0.1+0.0 7.9£0.3
[TOC] 17.5+0.6 9.9£0.5 4.8+0.2 14.5+0.4 7.8+0.4 28.3%1.0 23.9+0.8
[NH;-N] 10.2+0.2 12.8+0.3 18.1+0.1 10.2+0.2 10.2+0.2 0.7+0.0 2.7+0.0
[TN] 16.0+0.2 14.6+0.1 22.0+0.1 17.2+0.1 16.5£0.2 1.1+0.0 4.5+0.0
NH,-N/TN (%) 63.8 87.5 82.4 59.3 61.6 34.6 60.4
Phosphate 1.3+£0.0 0.4+0.0 1.2+0.0 0.2+0.0 0.3+0.0 0.1+0.0 0.1+0.0
pH 8.5+0.3 9.0+0.2 8.8+0.2 9.0+0.2 8.5+0.3 3.0+£0.2 7.0+0.2

“Total inorganic carbon
"Total organic carbon

October, 2019



Potential evaluation of the bio-oil production and nutrient recycling from algae by hydrothermal liquefaction 1613

X10,000 1pm X20,000 1pm

1pm

1pm %20,000 Apm

X20,000 1pm

X10,000 1pm T

Fig. 5. SEM images of solid residue particles from seven algae HTLs under the condition of 350 °C, 30 min and a mass ratio of 1/4 of algae to
water.
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was similar to previous research [14,70]. In view of the high [NH,-N],
the aqueous by-products of all the algae except Dunaliella salina
and Enteromorpha prolifera were alkaline (pH=7.0-9.0). The aque-
ous products of Dunaliella salina and Enteromorpha prolifera were
acidic (pH<7.0). Maddi et al. [71] reported that the aqueous by-
products from algae with high lipid and low nitrogen content tended
to be acidic. The pH increased slightly as the temperature increased,
probably due to the higher proportion of NH;-N in the TN. A
high [NH,-N] in the aqueous by-products indicated a great poten-
tial for nitrogen recycling for algal cultivation and the production
of high-price chemicals.

As a primary nutrient for algae growth, phosphorus plays a key
role in the synthesis of carbohydrates, proteins and lipids. However,
algae chiefly absorb inorganic phosphorus rather than organic phos-
phorus. The absorbed exogenous inorganic phosphorus is trans-
ported into the algae cells as soluble phosphates. A majority of these
phosphate species exists in the cytoplasm, and others are converted
to polyphosphates for energy storage and applied in the synthesis
of other cell components, such as phospholipids [72]. Compared
with carbon and nitrogen sources, phosphate is much less abun-
dant in the aqueous by-products, and the concentrations varied
from 0.1 to 1.6 g/L due to the low levels of phosphorous-contain-
ing compounds such as phospholipids, nucleic acids, and adenos-

ine triphosphate (ATP) in algal cells. Additionally, it also tends to
decrease with increasing temperature for all algae, which is simi-
lar to what was found in a prior study [73]. This trend was consis-
tent with the higher content of phosphate observed in the solid
residues obtained at higher temperatures.
4. Nutrient Analysis in the Solid Residue
4-1. Surface and Bulk Structure Analysis of the Solid Residue

Fig. 5 depicts that solid residue particles had various surfaces
and bulk structures. The characteristics of the solid residue, such
as particle size, aggregation and adhesion, are relevant to subsequent
processing steps. For example, larger or adhered particles are likely
to plug processing systems. Therefore, the characterization of the
solid residue particles is significant for industrial applications. The
solid residue particles were clearly agglomerated and adhered, except
for those of Dunaliella salina and Enteromorpha prolifera HTL. Gar-
cia Alba and co-workers [74] presented a possible explanation for
this clustering and adhesion; it could be the result of precipitation
or coagulation due to thermal denaturation of the proteins in the
algal cells. Furthermore, the adhesion of the solid residue particles
can be related to the viscous gels generated during the heating pro-
cess [75]. Additionally, the Maillard reaction can promote cluster-
ing due to melanoidin or polymer formation [76], which was more
significant for Cyanophyta. Moreover, aggregation can be due to

Table 4. Elemental composition of the solid residue collected after HTL (reaction conditions: 280 and 350 °C, 30 min, a mass ratio of 1/4 of

algae to water)
Ch Na Sp Cy Eu Du Ep

Element (280 °C) (wt%)

C 58.6+2.4 32.1x1.5 458+1.5 245+14 32.7+1.3 82.0+1.9 48.3+1.9
O 259+1.3 29.7+1.2 31.0+1.3 32.7+1.3 26.5+1.1 15.8+0.6 26.1+1.2
Na 0.6+0.0 2.2%0.1 0.8+0.0 0.3+0.0 1.2+0.1 <0.01 1.3+£0.0
Mg 2.210.1 7.0+0.3 4.0+0.1 2.3+0.0 3.3+0.2 <0.01 46104
Al 0.4%0.0 1.3+£0.1 0.7+0.1 2.8+0.1 3.5+0.2 0.01+0.0 0.5+0.0
Si 0.4+0.0 2.9+0.1 0.6+0.0 69104 6.7£0.2 <0.01 1.4+0.1
P 54+0.3 10.7£0.4 94104 8.2+0.2 9.3+0.3 0.1£0.0 4.1+0.1
S 0.9+0.1 0.6+0.0 0.410.0 0.7+0.0 0.6+0.0 0.50.0 5.0+0.2
Cl 0.3£0.0 3+0.1 0.4+0.0 0.04x0.0 0.4+0.0 0.4+0.0 2.7£0.0
K 1.3£0.1 1.2+£0.0 4.3+£0.2 1.2+£0.0 3.1+£0.1 <0.01 2.7£0.1
Ca 3.3+£0.1 7.6+£0.2 1.9+£0.0 18.2+1.0 8.8+£0.3 0.5+£0.0 2.4+0.0
Fe 0.8+£0.0 1.7+£0.0 0.9+0.1 2.4+0.1 4.0+0.1 0.7+£0.0 1.1£0.1
Element (350 °C) (wt%)

C 48.9+2.5 239+1.1 36.8+1.4 22.2+0.9 22.5+0.8 76.5t1.8 27.7x1.1
O 28.6+1.2 31.5x1.3 31.3x1.2 32.8+1.6 34.7+1.8 219109 36.7£1.7
Na 0.7£0.0 42+0.1 2.2+0.1 0.4£0.0 0.6x£0.0 0.2£0.0 1.0£0.1
Mg 3.8+£0.2 7.8£0.2 6.910.3 3.0+£0.1 4.0£0.2 0.1£0.0 9.2+0.5
Al 0.4+0.0 1.2+0.0 0.9+£0.0 3.2+0.1 4.0+0.2 0.1£0.0 0.3+0.0
Si 0.6+£0.0 2.2+0.1 1.4+0.0 7.5+£0.2 8.0+£0.1 <0.01 0.8+£0.0
P 8.9+0.4 12.0+0.4 12.2+0.3 9.1+0.2 9.9+0.2 <0.01 12.4+0.5
S 0.4+0.0 0.8+0.0 0.4+0.0 0.7+0.0 0.3+0.0 0.2+0.0 4.8+0.2
Cl 0.1+0.0 4.5+0.1 0.2+0.0 0.1+£0.0 0.1+£0.0 0.6+0.0 1.5+0.1
K 1.7+0.1 1.8+0.1 3.9+0.2 1.7+£0.0 1.8+0.1 0.4+0.0 2.1+0.1
Ca 53+0.1 8.31£0.2 2.8+0.1 16.9+0.7 9.6+0.2 0.02+0.0 3.2+0.1
Fe 0.7£0.0 1.7£0.1 1.1£0.0 24+0.1 4.7£0.2 0.1£0.0 04£0.0
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the low dielectric constant of the subcritical water surrounding the
algal cells [74]. For Dunaliella salina and Enteromorpha prolifera,
the particles are more likely to accumulate than adhere based on
the visible distinct interparticle boundaries. What is striking is that
the solid residue from Dunaliella salina HTL appeared to be regu-
larly spherical, which is mainly attributed to the relatively high non-
differentiation and homogeneity of the chemical composition of
the algal cells (carbohydrates account for 91.1 wt% of the total chemi-
cal components). Additionally, in those reaction conditions, the
water provided an approximately homogenous reaction as a result
of the extremely high solubility [7].
4-2. Elemental Composition Analysis of the Solid Residue

Table 4 shows the elemental composition of the solid residue
after HTL for 30 min at a mass ratio of 1/4 of algae to water. These
data reveal that the solid residues mainly contained C and O
(accounting for >70 wt% of the total mass fraction) and other pri-
mary nutrient elements (such as Mg, B, Ca, and K) contributed
12.2wt% and 19.7 wt% at 280 °C and 350 °C, respectively. Their
presence is probably due to bioaccumulation in algae during the
growth process. Anastasakis et al. [48] demonstrated that most of
the potassium and sodium were distributed in the aqueous frac-
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tion, while the majority of the calcium and magnesium was in the
solid phase. In our research, Mg and P were also largely found in
the solid residue, and Mg and P are essential nutrients for photo-
synthesis in the algal growth process. In addition, a higher tem-
perature favored the transfer of most nutrient elements to the solid
residue, making it a high-price nutrient source.
5. Comprehensive Potential Evaluation of Bio-oil Production
and Nutrient Recycling for Algal Cultivation in the Aqueous
By-product

In this investigation, the potential evaluation factor ¢ was pro-
posed to evaluate the applicative potential of the main products,
including the bio-oil and aqueous nutrients (e.g, C, N, and P).
[Cg‘llgcu’faptimizatian)]’ [C?\Jlila:—N(optimization)] and [Czifgsephate(aptimization)] were
derived from corresponding research, as shown in Table 5. Higher
¢ and & values indicate higher bio-oil yields and bio-oil HHVs,
respectively, and correspond to greater potential for bio-oil pro-
duction. The values of &, & and ¢ represent the ratios of nutrients
in the post-HTL water relative to the required optimal nutrient
concentrations of the corresponding algal, showing higher allow-
able dilution multiples for optimally culturing algae. Larger values
of &, ¢ and ¢ correspond to greater potentials for culturing algae

Table 5. Required optimal concentrations of TIC, NH;-N and phosphate in algal culture solution

Algae [Cltoptmization]) (/L) Cbre Niaptimizationy] (&/L) [Copatetoptimization) (&/L) References
Ch 0.143 0.084 0.014 [77]
Na 0.120 0.017 0.004 (78]
Sp 7.143 0.401 0.436 [79]
Gy 0.083 0.301 0.017 (80]
Eu 0.060 0.327 0.600 [81]
Du 0.714 0.101 0.042 (82]
Ep 0.210 0.018 0.004 (83]
200 ] En 777280 C
800 - Na RN 350 'C
1 \
700 + B= Ep N
| L ' N
o 4 n ,\.n w 0 Du §
E 500 -' A ) -E
= 400, _ . \
300 Nl A
200 .| 141 B0 00 i “.5 T
100 — I § § - K
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Fig. 6. Potential evaluation factor ¢; of bio-oil and aqueous products from algae HTL at investigated conditions (; represents the ratio of the
bio-oil mass to the feedstock mass; &, represents the ratio of the bio-oil HHV to the feedstock HHV; ; represents the ratio of the TIC
concentration to the required optimal TIC concentration; ¢, represents the ratio of the NH;-N concentration to the required optimal
NH;-N concentration; ¢; represents the ratio of the phosphate concentration to the required optimal phosphate concentration.).
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Table 6. Comprehensive potential evaluation factor ¢ of bio-oil pro-
duction and aqueous nutrients for algae cultivation after
HTL (reaction conditions: 280 and 350 °C, 30 min, a mass
ratio of 1/4 of algae to water)

Temperature ~ Ch Na Sp C Eu Du Ep
280°C 4194 9746 385 4850 6128 275 1398
350°C 505.1 1256.7 57.6 611.5 8425 11.7 2164

by the post-HTL water. All the ¢; values of the seven algae are shown
in Fig. 6. The resultant comprehensive potential evaluation factor,
&, is shown in Table 6.

Fig. 6 shows various potential evaluation factor values (&, &, &,
&, and &) of the algae-based bio-oils and aqueous products ob-
tained at 280 and 350 °C for 30 min at a mass ratio of 1/4 of algae
to water. Dunaliella salina and Enteromorpha prolifera exhibited
smaller values of ¢; than Chlorella, Nannochloropsis sp., Spirulina,
Cyanophyta and Euglena, corresponding to lower bio-oil yields. All
values of &, were greater than 1, proving that the HHVs of the
bio-oils were higher than those of the feedstock and that higher
temperatures would improve &, by increasing the HHV of the bio-
oil. The highest value of §; was obtained from Euglena HTL, and
much lower ¢; values were obtained from Spirulina, Dunaliella salina
and Enteromorpha prolifera, which was mainly due to higher re-
quired TIC concentrations for its optimal cultivation relative to
other algae. Nannochloropsis sp. showed the highest &, value as it
requires the lowest NH;-N concentration. More water would be
consumed during dilution to avoid the excess NH;-N inhibiting
the growth of the algal cells [69]. Chlorella and Nannochloropsis sp.
showed relatively higher ¢; values as their required phosphate con-
centrations were lower.

Table 6 reveals the comprehensive potential evaluation factors, ¢
values, for the bio-oil and aqueous material produced by algae HTL.
Chlorella, Nannochloropsis sp., Spirulina, Cyanophyta and Euglena
exhibited higher ¢ values than Dunaliella salina and Enteromor-
pha prolifera and generally showed much greater utilization poten-
tial from algal HTL. However, the ¢ value of Spirulina was lower
than that of Enteromorpha prolifera due to the higher required nutri-
ent concentration for the culture solution. Notably, Nannochlorop-
sis sp. had the highest ¢ value, showing the greatest application
potential regardless of temperature.

CONCLUSIONS

We systematically evaluated the potential of bio-oil production
and high-price nutrient recycling of the aqueous by-products and
solid residue after batch HTL of seven algae. Chlorella and Nan-
nochloropsis sp. exhibited the highest bio-oil yield at 280 °C (36.5
wt% from Nannochloropsis sp.) and 350 °C (38.1 wt% from Chlo-
rella). Higher temperatures generally promoted sufficient bio-oil
production, especially for the transformation of the heavy bio-oil
fraction into the light fraction. The maximum energy recovery
(68.1%) was obtained from Enteromorpha prolifera at 350 °C for
30 min at a mass ratio of 1/4 of algal to water. Temperature had lit-
tle effect on the energy recovery for Chlorella, Nannochloropsis sp.,
Spirulina, Cyanophyta and Euglena.

October, 2019

The GC-MS and FT-IR analysis results confirmed that Chiorella
and Nannochloropsis sp. had the highest content (164% from Nan-
nochloropsis sp.) of monoaromatics and single-ring heterocyclic
compounds. Chlorella, Nannochloropsis sp., Spirulina, Cyanophyta
and Euglena algae had higher aliphatic contents (12.6-13.4% of area)
than Dunaliella salina and Enteromorpha prolifera (<8% of area),
indicating that the aliphatic species were mostly derived from lip-
ids and proteins. No strict quantitative relationship between the
contents of nitrogenated compounds in the bio-oil and the nitrogen
in the algae was observed. The content of oxygenated compounds
in the bio-oil fractions was affected by the content of carbohydrates
and proteins in the algae, especially for the carbohydrate content.

The aqueous by-products of Chlorella, Nannochloropsis sp., Spir-
ulina, Cyanophyta and Euglena had high total carbon content (TIC+
TOC). The highest [TIC] (53.8 g/L) was obtained from Spirulina,
and the highest [TOC] (37.3 g/L) was from Dunaliella salina, indi-
cating that they could serve as a sufficient carbon source for algal
cultivation and as platform for the production of value-added chemi-
cals through recycling, respectively. The concentrations of ammo-
nia nitrogen (NH;-N) and total nitrogen (TN) in the aqueous phases
ranged from 0.4 to 18.1 g/L and from 1.1 to 22.0 g/L, respectively,
indicating that it has great potential as the nitrogen source for algal
cultivation and is valuable for nitrogenous chemical recycling. The
aqueous by-products of Spirulina, Cyanophyta and Euglena showed
higher concentrations of NH;-N and TN. No rigid trends in the
NH,-N and TN concentrations were found with increasing tem-
perature, whereas temperature could increase the proportion of
NH;-N in the TN. The phosphate concentration in the aqueous
phase varied from 0.1 to 1.6 g/L and showed a downtrend as the
temperature increased. The aqueous by-products from Chlorella,
Nannochloropsis sp., Spirulina, Cyanophyta and Euglena HTL were
alkaline (pH=7.0-9.0), whereas those from Dunaliella salina and
Enteromorpha prolifera HTL were acidic (pH<7.0).

The solid residue particles from Chiorella, Nannochloropsis sp.,
Spiruling, Cyanophyta and Euglena HTL tended to cluster and adhere
to each other, whereas those from Dunaliella salina and Enteromor-
pha prolifera were more likely to exhibit accumulation with appar-
ent edges among the particles. The solid residue also contained
many nutrient elements, such as P and K, giving it great potential
as a resource for subsequent algal cultivation, and higher tempera-
tures would facilitate the transfer of these elements into the solid
residue.

In conclusion, Chlorella, Nannochloropsis sp., Spirulina, Cyano-
phyta and Euglena generally had higher ¢ values than Dunaliella
salina and Enteromorpha prolifera, and higher temperatures could
improve £ The highest ¢ values were from Nannochloropsis sp.
HTL, which indicated it possessed the greatest potential applicabil-
ity of all the algae investigated in this research at both 280 and
350 °C for 30 min at a mass ratio of 1/4 of algae to water.
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SUPPORTING INFORMATION

Additional information as noted in the text. This information is
available via the Internet at http://www.springer.com/chemistry/
journal/11814.
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