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ARTICLE INFO ABSTRACT

Microalgae is identified as a promising feedstock for producing renewable liquid transportation fuels; however,
lipids extraction from microalgae for downstream processing to biofuels is one of the important challenges for
algal based biorefineries. This work aims at evaluating the potential of applying flash hydrolysis (FH) as a
chemical-free technique to increase the lipids extractability of algal biomass as well as its integration with the
hydrothermal liquefaction (HTL) of microalgae to enhance the biocrude yields and characteristics for fuel
production. To this aim, the FH process was performed on three different algal species (Scenedesmus sp.,
Nannochloropsis sp., and Chlorella vulgaris) at 280 °C and 10 s of residence time. Following FH, in addition to the
nutrients rich hydrolysate, approximately, 40 wt% of solids containing almost all (> 90 wt%) the lipids termed
as biofuels intermediates (BI), were recovered. Kinetics study on lipids extractability from the BI and their lipid
profile analyses were conducted for each algal species. The results showed that the FH process had significantly
enhanced the lipids extractability. For all three algae species, lipid yields from BI were higher than that of the
raw algae. Lipid yields of Chlorella vulgaris in the first 15 min were more than five times higher (52.3 = 0.8 vs.
10.7 = 0.9 wt%) than that of raw algae during n-hexane based solvent extraction. The kinetics of lipids ex-
tractability followed a zero-order reaction rate for all wet raw microalgae and the BI of Scenedesmus sp., while
the BI recovered from the other two algal species were determined as a second-order reaction. Comparison of
fatty acids profiles indicated the contribution of the FH process in saturating fatty acids. Subsequent to lipids
extraction, a conventional hydrothermal liquefaction was performed at 350 °C and 1 h to compare the biocrude
yields from raw versus BI of Chlorella vulgaris microalgae. The results showed that the biocrude yields from the BI
and its quality was significantly enhanced post FH than that of raw algae. The FH process was proven to be a
viable option for lipid extraction by increasing the extent of recovery and decreasing the extraction time. Its
integration with HTL notably impact the biocrude yields and characteristics for fuel production.
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1. Introduction

Efforts to reduce fossil fuel consumption have been attempted
around the world with the aims of mitigating negative environmental
harms such as air and water pollution, establishing energy in-
dependence, and inspiring innovation in alternative fuels development.
The dependence on fossil fuels is heavily ingrained into society, while
alternative energy only accounts for less than 10% of the global energy
supply according to the United States Department of Energy [1]. Out-
standing biological photosynthetic carbon assimilation potential is one
of the main reasons that algal biomass is being considered as a clean
fuel and bioproducts source [2]. There are over thousands of species of
algae, but their basic composition mainly consist of proteins, lipids, and
carbohydrates [3]. In particular, microalgae can accumulate lipids up to
20-50 wt%, which have high interest for a variety of bioproducts in
food, cosmetics, and pharmaceutical industries [4] in addition to its
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biofuels potential. The algae to biofuels production process has had
much success from pilot to large scale operation, but equally as many
obstacles that prevent it from becoming competitive with conventional
fossil fuels. One of the scientific challenges of algal biofuels commer-
cialization includes lipid extractability from algae cells [5]. Lipid ex-
traction methods are key to the biofuels/bioproducts quality and yield
from algae. The conventional oil extraction steps include breaking the
algae cell walls, freeing the oil, and separating the oil out of the oil cake
[6,7]. There are multiple technologies for lipid extraction from micro-
algae that are categorized under solvent extractions (Folch, Bligh and
Dyer method), mechanical approaches (expeller press, bead beating,
ultrasonic-assisted, microwave), and solvent-free methods (osmotic
pressure, isotonic, enzyme-assisted) [8]. Choice of oil extraction typi-
cally depends on moisture content, quantity to be treated, quality of
end-product, extraction efficiency, safety aspects, and cost economics
[7]. Three methods including expeller, supercritical CO, fluid
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extraction, and hexane extraction seem to be the most viable for in-
dustrial scale [5,7]. Among the three, hexane has been used in most
applications of oil extraction [9]. It has high stability, low greasy re-
sidual effects, and low corrosiveness [9,10]. It has less toxicity com-
pared to chloroform and methanol [6]. In addition, it is apolar (water
immiscible) with low latent heat of boiling that makes it possible to be
separated through low energy separation recovery methods [6,11];
however, it has a poor extractability efficiency compared to chlorinated
solvents (i.e. chloroform) [12]. Techno-economic analyses (TEA) has
shown that costs involved for lipid extraction with hexane is the second
largest operational cost [13]; therefore, there is persistently strong
demands for novel pretreatment methods of feedstock resulting in the
overall improvement of the hexane extraction process. Alternative to
the lipid extraction approach, hydrothermal liquefaction (HTL) of mi-
croalgae feedstock can directly convert the lipids into a biocrude oil,
which is then subjected to further upgradation to fuel [14]. Many ef-
forts have been made to optimize the process in terms of enhancing the
biocrude yields [15-17]; however, high nitrogen content in HTL bio-
crude causes catalyst poisoning during downstream processing for li-
quid hydrocarbons/transportation fuels [18]. Production of high
amounts of NOy emissions in the downstream processing originating
from nitrogenous compounds in proteins and chlorophyll content of
microalgae is another serious challenge that this process needs to
overcome [14,18].

Flash hydrolysis is a chemical-free subcritical water-based con-
tinuous process that fractionates microalgae components in a short
residence time of 10s. Our previous studies have shown multiple ad-
vantages of using the FH process for microalgae in terms of nutrient
management either in forms of recycling or bioproducts formation
[19-27] while protecting the lipids in solids. It was reported that
24-52 wt% (depending upon algal species) of the solid residue, known
as biofuels intermediates (BI) are recovered after FH with diminished
ash and nitrogen content [19]. We have also demonstrated that more
than 90 wt% of total lipids available in the raw microalgae has been
retained in the biofuels intermediates (BI) after the FH process [19,21].
The previous SEM images [19] of Bl have shown its globular condensed
appearance after the FH treatment. It has indicated that the process
affected the physical dimensions of the particles to a smaller size;
however, it is not clear if the FH process adversely affected the lipids
extractability from the BI due to reduced solvent accessibility or en-
trapping oil after the recondensation process [6].

The current study investigates the lipid extraction efficiency of these
Bls recovered after the FH process. In addition, a novel integrated FH-
HTL process has been proposed to improve the biocrude yield and
characteristics for fuel conversion. The main objectives of this study are
to (i) conduct a kinetics study on the lipids extractability of the raw and
BI from three common algal species (Scenedesmus sp., Nannochloropsis
sp., and Chlorella vulgaris), (ii) analyze the fatty acids profile of lipids
and compare it with that of lipids from untreated algae, (iii) produce
biocrude from the BI of Chlorella vulgaris using HTL and compare the
biocrude yield and quality with biocrude produced via direct HTL (no
FH) of the same microalga. Fig. 1 shows the overall process including
objectives and the products analyses among this study.

2. Materials and methods
2.1. Microalgae characterization

Three microalgae species including Scenedesmus sp., Nannochloropsis
sp., and Chlorella vulgaris (Chlorella v.) was selected for this study. These
species are known as the most promising candidates for biofuels and
bioproducts production due to their lipid productivity and growth rate
[2,6]. Chlorella v. was purchased from Arizona Center for Algae Tech-
nology and Innovation (AzCATI), Nannochloropsis sp. microalgae was
received from Sandia National Laboratory (SNL), and Scenedesmus sp.
was cultivated in a raceway open pond near Spring Grove, Virginia
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[23]. All samples were freeze dried (FD) and stored at —20 °C until
application. In order to collect an adequate amount of BI for subsequent
lipids extraction and HTL experiments, 10 FH tests were performed on
each microalgae species at 280 °C and 10 s of residence time using the
method explained in our previous studies [21,25]. Briefly, solids
(0.9-1.2 dry wt%) are loaded in the reactor at specified conditions;
based on the reactor set up, deionized water is pumped until the desired
temperature is reached, and the second pump delivers the algae slurry
into the reactor. Followed by FH, products were centrifuged (Fisher
Scientific accuSpinTM 400) and vacuum filtered (1.5 pm, Whatman
47 mm glass microfiber filters) to separate the solids (i.e. lipid rich BI)
from the hydrolysate. The recovered BI from each algal species was
freeze dried and stored at —20°C until application. All microalgae
samples and their respective Bls were subjected to ash analysis using
the dry oxidation method at 575 = 25°C for 24 * 6h as described by
the National Renewable Energy Laboratory (NREL) analytical proce-
dure [28] followed by elemental analysis. Thermo Finnigan Flash EA
1112 elemental analyzer (ThermoFisher Scientific, Waltham, MA) with
2,5-Bis(5-tert-butylbenzoxazol-2-yl) thiophene (BBOT) standard (certi-
fied no. 202147-10/03/2015, ThermoFisher Scientific, Cambridge, UK)
were used to characterize the elemental composition of algal biomass
[19].

2.2. Experimental setup and procedure

2.2.1. Total lipid yields and FAME composition

To evaluate the lipid extraction performance of the microalgae
feedstock, two critical factors including lipid yields and fatty acid me-
thyl ester (FAME) profile needed to be considered [29]. First, the total
extractable lipid was quantified from the respective Bls to evaluate if
the FH process had positive impact on improving lipids yield. For
quantifying the total extractable lipids, 0.35g of dry biomass (BI or
untreated algae) was fed into a glass tube and 4 ml of deionized (DI)
water was added to the tube to fully soak the dry biomass at 4°C
overnight. To assist the oil extraction, specifically free fatty acids (FFA)
[6,301, 0.5 wt% of sulfuric acid was added to reduce the pH. A magnetic
stir bar was added to stir the biomass on a multi-position magnetic plate
and 3 ml of hexane was added to the tube. The extraction was carried
out for 2h on the magnetic plate. Tubes were vortexed for 30s, every
30 min to improve the extraction. After the extraction, the tubes were
centrifuged at 2000g for 10 min for phase separation. Then, the upper
phase was moved to a preweighted glass tube. The solvent was eva-
porated in a vacuum oven at 40 °C overnight [31]. The experiment was
carried out in triplicate. The extractable lipid yields were calculated
using the following Eq. (1) on moisture-free basis:

Total lipid yields(wt%) = extracted lipids(g)/starting biomass(g) x 100%
(@)
Fatty acid content in the biomass was measured as total FAME
content after an in situ transesterification procedure [32]. A total of 7 to
10 mg of lyophilized biomass was transesterified with 0.3 ml of HCl/
methanol (5%, v/v) at the presence of 0.2 ml of chloroform/methanol
(2:1, v/v) for 1h at 85°C with a known amount of tridecanoic acid
(C13) methyl ester as an internal standard. FAMEs were extracted with
hexane (1 ml) at room temperature for 1 h and analyzed by gas chro-
matography-flame ionization detection (GC-FID) on an Agilent 7890 N;
DBWax-MS column (30m X 0.25mm i.d. X 0.25um film thickness).
The individual FAME concentrations were normalized against the in-
ternal standard tridecanoic acid methyl ester.

2.2.2. Lipid extraction kinetics

To better understand the lipid extraction process, a lipid kinetic
study was conducted. Lipid yields represent extraction efficiency and
was measured through the Eq. (1). To perform the lipid extraction ex-
periments, 1 g of raw algae or BI were added to 20 ml of Milli-Q water
(EMD Millipore, Milli-Q Direct 16 water purification system) to make a
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Fig. 1. Schematic diagram of the overall process including objectives and products analyses. Note: all analyses were performed in duplicate unless otherwise stated.

homogenous slurry in a 250 ml Erlenmeyer flask sealed with a rubber
stopper to avoid evaporation. This was done to imitate the algae slurry
after harvesting or FH process. The use of wet slurry for extraction is
important to avoid the energy intensive drying stage and represent a
feasible engineering method [9]. Twenty milliliters of n-hexane 85%
(Fisher Chemical, high-resolution gas chromatography) was added to
the same flask and placed on magnetic stir plates (Fisher Scientific
Isotemp) for mixing with magnetic stir rods at 350 rpm at room tem-
perature of approximately 25 °C. The lipids extraction experiments for
kinetics study were conducted in duplicate for 15, 30, 60, 90, 120, 180,
and 240 min of extraction time for both raw algae and the respective
Bls. After mixing for the designated time, the resulting mixture was
transferred into 50 ml centrifuge tubes. Each individual flask was rinsed
3 times with 1 ml aliquots of the same n-hexane solvent to recover all
lipids to the tube and was centrifuged for 10 min at 2000g. The su-
pernatant was removed after filtration using 0.2 um nylone syringe
filters (Fisherbrand, cat no. 09-719-006) and placed in pre-weighed
glass vials. Solvent was removed by placing glass vials in oven at 55 °C
for 48 h and then, weighed for recovered lipids. For long term lipids
storage, glass vials were covered with Parafilm and transferred to a
freezer at —20 °C for further analysis.

The quantified amount of extracted lipids of each feedstock pro-
vided the data to model the mass transfer of lipid molecules from
wet algal slurry to the solvent medium. Following the reaction (Eq. (2))
was used to perform the kinetics study:

Lipids in algae slurry + solvent(n—hexane) — lipid extracted in solvent
(2)

The detail mass transfer of lipids through water and solvent layers
were discussed elsewhere [6,33]. The reaction order and reaction rate
constant (k) were calculated by fitting the experimental data obtained
from lipid extraction experiments as explained in our prior study [21].
Briefly, we plotted C, (for zeroth order), In C; (first order), 1/C, (second
order) versus extraction time, where C, was the grams of lipids available
in the algae at time t. The reaction rate constant was obtained from the
slope of the plotted graph whose linearity was the best fit.

2.2.3. Hydrothermal liquefaction

For the HTL process, 6.1 g of each feedstock: freeze dried raw and BI
of the Chlorella v. microalgae, were added to 60 ml of Milli-Q water
resulting in 9.4 * 0.0 ( = standard deviation) and 9.5 * 0.0 wt%
solids content, respectively. The preference for Chlorella v. as the HTL
feedstock over the Nannochloropsis sp. and Scenedesmus sp. was due to
its higher lipid content and the fact that lipids have the most con-
tribution to the biocrude yield. The experiments were carried out in
duplicate for the BIs at 350 °C and 1h of residence time as the most
common conditions for the HTL experiments [14,34]. A 31.5ml stain-
less steel cylindrical reactor (High Pressure Equipment Co.) equipped
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with pressure gauge (Omega Engineering, Inc.) and thermocouple (P/N:
TJ36-CAXL-116G-6, Omega Engineering, Inc.) was used to monitor the
pressure and temperature throughout the experiment. A fluidized sand
bath (SBS-4, Techne) was used as a heating source equipped with a
temperature and flow controller (TC-9D, Techne). After the completion
of the reaction, the reactor was quenched in cold water for 5 min and
left at room temperature for ~60 min to equilibrate. Products were
then transferred to a 50 ml centrifuge tube. The reactor was rinsed with
20 ml of dichloromethane (in 2 ml portions) and transferred to the same
centrifuge tube. The mixture was then vortexed (3000 rpm for 1 min)
and centrifuged (2000g for 1 min) which resulted in separation of
aqueous fractions (on top) from the mixture of solids and organics (on
the bottom). The aqueous phase was removed, filtered using 1.5 um
glass microfiber filters (Whatman), and transferred to preweighed vials.
The solids and organic fraction were separated with 0.45 um glass mi-
crofiber filters (Whatman) using vacuum filtration. The solid phase was
oven dried at 65°C for 24 h. The organic phase was transferred to
preweighed vials and the dichloromethane was evaporated to dryness
by flowing ultrapure nitrogen gas over the tubes for approximately 8 h
to calculate biocrude yield. The liquid products including biocrude,
aqueous phase, and solid residue were analysed for gravimetric yield
and elemental composition.

Algal biomass (raw and BI), solid residue (char) formed after HTL
process, and biocrude were subjected to EA as explained in Section 2.1,
while total organic carbon/total nitrogen (TOC/TN) analyser (TOC-
VCSN, Shimadzu) equipped with an ASI-V auto sampler were used for
the recovered aqueous phase. The following equations were used to
calculate the yield and elemental distribution on dry basis:

Yield(wt%) = mass of product fraction(g)/mass of alga(g) x 100% 3
Elemental distribution(%) = (mass of element in product fraction
/mass of element in alga) x 100% (€))

Higher heating value (HHV) of the biocrudes were estimated based
on Dulong’s empirical formula (Eq. (5)):

HHV(MJ/kg) = 0.3383 C+ 1.422—(H—0/8) 5)

where, C, H, and O are the elemental percentages of the biocrude that
were measured through elemental analysis [35]. Thermogravimetric
analysis (TGA) of crude oil was performed using TGA-50H (Shimadzu
Corporation) from 25 °C to 900 °C in 50 ml/min nitrogen gas flow at
10 °C/min to estimate the boiling point range [36,37].

Cetane number (CN) is a measurement of the quality of diesel fuel
that considers ignition delay time and combustion quality [38]. CN for
this study was estimated using models from the work of Stansell et al.
[38], who used a combination of models from the work of Lapuerta
et al. [39] and Tong et al. [40]. CNs were calculated using the following
equations where n is carbon number and db is double bond number:
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For saturated fatty acids:

CN = —107.71 + 31.126n—2.042n? + 0.499n’ (6)
For mono-unsaturated fatty acids:

CN = 109-9.292 n+ 0.354n? (7
For poly-unsaturated fatty acids:

CN = —21.157 + (7.965—1.785db + 0.235db%)n—0.099n> (8)

CN for the specific biodiesel/FAME is given by the following
equation where CNj is cetane number of each class and m; is mass
percentage of each FAME in the biodiesel:

CN = 1.068 ) (CNim;)—6.747 )

3. Results and discussion
3.1. Elemental composition

The elemental composition of all three microalgae species were
presented in the Table 1. As demonstrated, the FH process resulted in
biofuels intermediates with higher percentages of carbon and hydrogen
and reduced nitrogen content. BI of Chlorella v. showed approximately,
80 wt% less ash compared to the original untreated microalgae. This
was similar to our prior study on Nannochloropsis gaditana [25], which
denotes the potential of FH as a treatment process for high ash feed-
stocks.

3.2. Lipid extraction

Data from the non-polar lipid (fatty acids) yield (Table 2) revealed
that total extracted amounts were significantly higher after the FH
process. It increased about 2 and 3 times for Scenedesmus sp. and
Nannochloropsis sp., respectively; however, this number was much
higher (32 times) for the lipid-rich Chlorella v. microalgae. The cell wall
composition of Chlorella v. includes hemicellulose and saccharides that
impede the release of intercellular lipids. Thus, the derived lipid con-
centration is highly dependent on the effectiveness of the disruption
process [41]. This confirms the promising effect of FH as a treatment
method on the algal cell disruption for lipid recovery.

In order to model the mass transfer in the lipid extraction process
from the wet algal biomass, lipid yields from raw and BI of each algae
species were compared in the range of 15-240 min of extraction time
(Fig. 2).

Fig. 2 shows, for all microalgae species throughout the extraction
times, BI of each microalgae produced higher lipid yields compared to
raw/untreated algae. The yield was proportionally higher for the algal
biomass with high lipids content. In other words, the FH process had
substantial effect on lipid extractability of high lipid content microalgae
such as Chlorella v. The lipid yields of BI of Chlorella v. after 15 min
extraction is more than 5 times than that of raw algae after 4 h of ex-
traction time (52.3 = 0.8 vs. 10.7 = 0.9 wt%). This is approximately
a 16-fold reduction in the extraction time in addition to the higher lipid
yields. Table S1 (supplementary information) presents the average lipid

Table 1
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Table 2
Non-polar lipid yield of raw and BI microalgae selected for this study.

Algae Species Non-polar lipid yield (wt%)

Raw BI
Scenedesmus sp. 1.4 = 0.2 29 + 0.1
Nannochloropsis sp. 3.0 £ 0.1 8.6 = 0.1
Chlorella v. 1.7 £ 0.2 53.8 + 1.4

yields values of performed experiments for all three algal species in-
cluding standard deviations. Many other studies have also investigated
the effect of different pretreatment methods on the extraction efficiency
of biomass [42]. A parametric study on lipid extraction after dilute acid
pretreatment was conducted by impact of biochemical composition on
susceptibility of algal biomass to acid-catalyzed pretreatment for sugar
and lipid recovery [31]. Cravotto et al. reported 50-500% increase in
the lipid yield and up to 10-fold reduction in extraction time using
combined effects of temperature, ultrasound, and microwave [43].

3.3. Lipid kinetics study

The rate constant (k) and reaction order of the lipid extractability of
the three algal biomass are reported in the Table 3. All algal species
followed the zero-order reaction rate. This is different from the first-
order kinetics of lipid extraction from wet algal biomass that was pre-
viously reported by Halim et al. studies [29,33].

Conversely, we observed different behavior for the lipid extraction
from BI of the three algal species. The susceptibility of biomass to
pretreatment can be significantly affected by its biochemical composi-
tion [31]. As presented in the Table 3, lipid extraction from the BI of
Scenedesmus sp. followed a zero-order reaction rate, while this changed
to a second-order reaction rate for the BI of Nannochloropsis sp. and
Chlorella vulgaris. For the raw biomass, the extraction constant in-
creased as the lipid content increased; however, there are multiple
factors affecting the k value such as agitation/mixing of the algal bio-
mass, ratio of organic solvent to dried microalgae, and the extraction
temperature [33].

3.4. FAME analysis

In order to verify whether the FH process might have affected the
quality of lipids, the FAME profiles of the lipids from raw and BI of each
microalga were compared in the Table 4.

The BI showed 40.7, 18.3, and 121.9 wt% higher FAME content
than the untreated microalgae for Scenedesmus sp., Nannochloropsis sp.,
and Chlorella v., respectively. This was expected due to the cell wall
hydrolysis capability of subcritical water [6]. FFA is easier to be ex-
tracted in an aqueous environment than bipolar phospholipids and FFA
is a preferred biofuel precursor as well [44]; moreover, phospholipids
are known to be hydrolyzed to FFA under the FH condition [45]. An-
other observation is that the lipids extracted from the BIs had higher
saturated fatty acids compared to untreated microalgae. Among the
three species, Nannochloropsis sp. showed the highest change from 19.1

Microalgae characterization (raw/untreated and biofuels intermediates) used for this study. All values are wt% ( + standard deviation).

Algae Species Treatment Carbon Nitrogen Hydrogen Ash
Scenedesmus sp. Raw 49.1 = 0.3 7.3 £ 0.1 7.1 = 0.1 45 * 0.7
BI 55.5 + 0.3 6.7 * 0.3 7.6 = 0.1 n/a
Nannochloropsis sp. Raw 46.8 = 0.2 7.9 = 0.0 7.4 *+ 0.1 11.0 = 0.0
BI 61.8 + 0.4 7.0 = 0.3 84 + 0.0 n/a
Chlorella v. Raw 529 + 0.7 2.8 + 0.9 7.9 + 0.7 2.5 + 0.6
BI 68.3 = 0.2 2.6 = 0.1 10.2 = 0.0 0.5 = 0.0

n/a: Not analyzed.
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Fig. 2. Lipid yields comparison of raw (green triangles) and biofuels intermediates/BI (orange dots) of Chlorella v. (left) Nannochloropsis sp. (center), and Scenedesmus sp. (right), over
time. Error bars are the standard deviations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 3

Reaction orders and constants (k) of the three algal species.

Table 5
Cetane numbers of raw and biofuels intermediates (BI) of three algal species used in this
study.

Algae species Reaction Reaction Correlation factor,
order constant, k r? Algae species Treatment CN
Scenedesmus sp. Raw 0 0.022 0.9737 Nannochloropsis sp. Raw 47.2
BI 0 0.0325 0.9612 Nannochloropsis sp. BI 56.9
Nannochloropsis sp. Raw 0 0.0256 0.9091 Scenedesmus sp. Raw 48.2
BI 2 0.0027 0.9411 Scenedesmus sp. BI 56.1
Chlorella v. Raw 0 0.043 0.975 Chlorella v. Raw 49.1
BI 2 0.0021 0.9485 Chlorella v. BI 49.9

to 36.0 wt% and Chlorella v. contained the lowest change from 25.8 to
27.2wt% of total fatty acids identified. These saturated fatty acids are
the most suitable for biofuels production [46]. Poly unsaturated fatty
acids (PUFA) such as C16:4, C18:3, C20:3-5 decreased in the extracted
lipids from the BI compared to the raw algae feedstock. This is desirable
since PUFA are known to be responsible for poor volatility, low oxi-
dation stability, and direction towards gum formation in some oilseed-
derived biodiesel [33].

3.5. Cetane number

Cetane number for diesel fuel in the United States is regulated at
=40 and much higher in the European Union (EU) at =51 [39]. All
algae species used in this study confirms the regulations with respect to
CN for the US and some for the EU. It is important to note that in the
cases of all algae species, Nannochloropsis sp., Scenedesmus sp., and
Chlorella v., the biofuels intermediate have a higher CN number with an
18%, 16% and 2% CN increase from raw algae to BI, respectively
(Table 5). For Bls, the species with the smallest percentage of

Table 4

unsaturated FA, Scenedesmus sp. yielded the higher CN although CN
values were in the same range. Stansell et al. [38] reported CN of algae
species by class which can be compared to species used in this study.
Eustigmatophycea, Cryptophycae, and Trebaouxiophycae the classes of
Nannochloropsis sp., Scenedesmus sp., and Chlorella v. had cetane num-
bers of 52.3, 45.6 and 46.3, respectively [38]. CNs calculated from
biodiesel produced from this experiment suggest that biodiesel pro-
duced from biofuels intermediates result in a higher quality fuel and
that all biodiesel produced (from raw algae/biofuel intermediates) ex-
ceeds the US regulations, making these species a promising candidate
for biodiesel usage.

3.6. HTL of Chlorella v. microalgae (raw vs. BD)

As stated earlier, in order to further confirm the enhanced lipid
extractability and quality of biocrude from BIs, a typical HTL experi-
ment was performed on the BI of Chlorella v. (Fig. 3). As demonstrated,
product yields includes 68.9 + 3.2wt% of biocrude and a very low
amount of char (2.1 + 0.3). Nevertheless, no similar studies on the

Fatty acid compositions of lipids in raw and biofuels intermediates (BI) of Scenedesmus sp., Nannochloropsis sp., and Chlorella v. microalgae. Values are weight percentage (wt%) of each

fatty acid with respect to the total FAME identified.

Scenedesmus sp. Nannochloropsis sp. Chlorella v.

raw BI raw BI Raw BI
Total FAME (w/w) 54 + 0.1 7.6 = 0.1 109 = 0.2 129 = 0.5 28.3 £ 0.1 62.8 = 0.0
C14:0 2.9 4.2 3.1 5.6 0.0 0.0
C16:0 24.4 38.3 15.8 29.9 24.4 25.7
Cl6:1 13.1 15.0 27.2 42.1 4.4 4.5
C16:2 3.0 1.9 0.5 0.4 2.4 2.3
C16:3 10.2 5.4 0.3 0.7 6.0 5.4
C16:4 1.5 0.6 0.0 0.0 2.0 1.7
C18:0 2.2 3.6 0.2 0.5 1.4 1.5
C18:1 10.6 14.2 3.6 5.9 23.6 23.8
C18:2 7.9 3.9 2.3 1.8 20.0 19.8
C18:3 22.0 6.8 0.1 0.1 14.0 12.4
C20:0 0.6 1.1 0.0 0.0 0.0 0.0
C20:3 0.0 0.0 1.4 0.7 0.0 0.0
C20:4 0.0 0.0 6.1 1.9 0.0 0.0
C20:5 0.0 0.0 38.1 9.1 0.0 0.0

Note: FAME with content less than 0.5% was not shown.
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Fig. 3. HTL product yields at 350 °C and 1 h reaction time for BI of Chlorella v. micro-
algae.

biocrude yields from the HTL process on the post-algae hydrolysis re-
sidue were found as a means of comparison.

Reported results are the average values of duplicate experi-
ments * standard deviation.

We collected the HTL product yields in literature that were per-
formed at the same conditions of 350 °C and 1 h reaction time and also
conducted a control HTL experiment with the untreated Chlorella v.
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microalgae (Fig. 4) to compare the biocrude yields. As illustrated in the
Fig. 4, the biocrude yields from all collected data is in the range of
20-50 wt%. The biocrude yields using BI is significantly higher than
control and literature data shown in Fig. 4. It is expected that micro-
algae with various biochemical compositions result in different bio-
crude yields [17] and the lipid fraction has the most contribution to
biocrude formation [47].

Perhaps, this might be the reason for the higher HTL biocrude yields
from the BIs compared to the untreated microalgae. The biocrude yields
and composition also depends on the loading concentration, tempera-
ture, residence time, and the use of catalyst [55]. In addition, the
quality of the recovered biocrude was always a matter of concern due to
high nitrogen content. The results from elemental analysis were shown
in Table 6. As indicated in Table 6, the H/C atomic ratio of biocrude
improved from 1.55 to 1.74. The N/C atomic ratio also decreased by
about 50% to a lower value of 0.016. The oxygen content of the bio-
crude had a marginal decrease of 0.2 wt%, which is probably the reason
for the higher heating value of biocrude yields from the BI feedstock
(Table 6) [35]. This HHV value is higher than prior studies which
ranged between 33 and 39 MJ/kg [37,56].

3.6.1. TGA of HTL biocrude

In order to evaluate the boiling point distribution of the biocrudes,
TG analysis was performed. Results from TGA were plotted in the Fig. 5.
This process can be interpreted as a miniature distillation [36].

The detailed comparison of biocrudes boiling point distribution is
reported in Table 7. Biocrude yield from the HTL experiment of BI
showed higher weight loss as compared to that of raw algae in the
overall process under an inert environment (96.4 wt% compared to

® Aqueous Phase, Gases, & losses
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Fig. 4. Comparison of HTL product yields at 350 °C and 1 h reaction time for the untreated Chlorella v. microalgae as the control experiment (first bar from left) with data provided in the

literature for the same experimental conditions [37,48-54].
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Table 6

Fuel 224 (2018) 23-31

Elemental composition of the biocrude obtained through hydrothermal liquefaction of Chlorella v. microalgae. All values are weight percentage =+ standard deviation. The total values
are slightly (< 1 wt%) above 100, since all elements are the averages of measured values.

Biocrude sample C N H o H/C N/C HHV
(Wt%) (Wt%) (Wt%) (wWt%) (mol) (mol) (MJ/kg)
Biocrude from raw Chlorella v. 76.6 = 0.3 2.8 £ 0.0 9.9 = 0.1 10.9 = 0.4 1.55 0.031 38.1
Biocrude from the BI of Chlorella v. 76.9 = 0.4 1.4 = 0.0 11.2 + 0.1 10.7 = 0.0 1.74 0.016 40.0
TGA DrTGA Fig. 5. TGA ‘compari‘son of biocrude récovered after hy-
% mg/min drothermal liquefaction of raw (green lines and dots) and
biofuels intermediates, BI, (solid red line) of Chlorella v.
100.00- The peaks in derivative graph for raw and BI biocrude
happened at 239.5 and 243.3 °C, respectively. (For in-
terpretation of the references to colour in this figure le-
1 2.00 gend, the reader is referred to the web version of this
80.00- article.)
60.00- 1 0.00
40.00
-2.00
20.00-
! ‘ L . L . L i f i 1 -4.00
-0.00 200.00 400.00 600.00 800.00
Temp [C]
Table 7 This integration (FH + HTL) significantly reduced the nitrogen content
Boiling point distribution of the biocrudes (wt%). in the biocrude. Comparing elemental balance in the Fig. 6, biocrude
T - T ; obtained from the raw algae (section a) carried up to 42.6 wt% of the
Distillate range,  Typical application of the coke =~ Raw algae BI biocrude . .. .
c oil [36] biocrude total nitrogen content of the original microalgae, versus only 11.3 wt%
of that in the biocrude obtained from BI (section b). Nitrogen content
20-110 Bottle gas and chemicals 2.1 1.2 reduction in the biocrude is desirable to minimize the amount of NO
110-200 Gasoline 15.8 14.9 formation during combustion and to move forward with the catalytic
200-300 Jet fuel, fuel for stoves, and 52.2 65.7 .
diesel oil upgradation process [56,57].
300-400 Lubricating oil for engines, fuel 8.1 3.9 Although, the overall biocrude yield in the HTL of the untreated
for ships, and machines algae is higher, it is worth considering the higher quality of biocrude
400-550 Lubricants and candles, fuel for 8.6 7.3 obtained from the HTL of BI in addition to all other potential high value
ships bi . o . .
iopr h lyurethane foam i rginine, dittmeri
550-700 Fuel for ships, factories, and 93 16 oproducts suc .as polyurethane foams, peptides, arg e, dittmerite,
central heating and hydroxyapatite that could be recovered from the algal hydrolysate
700-800 Asphalt and roofing 1.2 0.8 [19-21,24,27]. A comprehensive life cycle assessment (LCA) and
800-900 Residues 1.1 0.8 techno-economic analysis (TEA) was performed in order to quantify

91.5wt%). This indicates the higher presence of volatiles and less
amount of residues in the biocrude. Losses below 120 °C were due to
drying of water and any remaining solvent. The HTL experiment on the
BI resulted in a lighter biocrude. A higher fraction of biocrude (65.7 wt
% compared to 52.2wt%) is suitable for jet fuel and diesel oil pro-
duction.

3.6.2. Material balance

Another way to compare biocrude obtained from raw Chlorella v.
and its BL, is the C, N, and H elemental balance alongside the process
(Fig. 6). As illustrated, solid residues are much less when BI is subjected
to the HTL process. This is partially due to the FH contribution to the
ash diminution in the BI [25]. Another interesting merit of the FH
process prior to the regular HTL is the capability to extract nutrients in
the forms of amino acids and soluble peptides in the hydrolysate [21].

29

environmental impacts and asses economic profitability of this study
[58]. The integrated FH-HTL process with the coproducts conversion
technology (hydrothermal mineralization/HTM) indicated a 4% higher
profitability index (PI) compared with the standalone HTL model [58].

4. Conclusions

This study investigated the effect of the flash hydrolysis (FH) pro-
cess on the lipid extractability of three microalgae species including
Scenedesmus sp., Nannochloropsis sp., and Chlorella vulgaris.

Results revealed that the FH process significantly improved the lipid
extraction of wet algal biomass by both reducing the extraction time
and increasing the yield. Kinetics studies’ results indicated that wet
extraction of untreated algal biomass followed a zero-order reaction
rate; however, biofuels intermediates (BI) that recovered from FH at
280°C and 10s, followed a second-order rate (BI of Scenedesmus sp.
exceptionally followed zeroth order). Fatty acid profile comparison of
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Pathway 1 Pathway 2 Flash
Hydrolysis (FH)
FH + HTL (280 °C,10 5)

FD Algal Hydrolyzate, 36.8 g
:> C=16.6 g (31.3 wt%)
N=1.2 g (41.6 wt%)

H=2.5 g (3L4wt%)

C=3.7g (7.0 wt%)
N=0.3 g (9.6 wt%)
H= 0.4 g (4.5 wt%)

[ S e O . T M AR R T T e 1
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| |t N=12g (@26 wt%) | IN=0.9 g (31.5 wt%) Y1 Gsoccin Y N=0.3 g (117 wt%)
1 (SR H=4.3 g (54.6 wt%) | 1H=3.5 g (44.2 wt%) H=2.6 g (33.5wt%)
] I
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A | L 4

1 | 1

: Char, 6.5¢g : : Char, 0.7 g

1 | 1

1 | 1

! 1
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C=0.4g (0.8 wt%)
N=0.03 g (1.0 wt%)
H= 0.04 g (0.5 wt%)

Fig. 6. CNH elemental balance and product yields after hydrothermal liquefaction of raw Chlorella v. Microalgae (a) and its BI (b). CNH weights in every stage is based on the total input
weight of each element in the original freeze dried (FD) algae. Weight percentages (wt%) shown in the parenthesis calculated as: grams of the element recovered in that stage/grams of

that element initially entered the system. CNH values regarding gas and aqueous phase is excluded.

raw and BI of each microalga showed the contribution by FH in in-
creasing the percentage of saturated FAMEs in the profile. Biocrude
yield via hydrothermal liquefaction of Chlorella v. BI was higher
(68.9 wt%) compared to the raw algae (43.3 wt%). It contained less
amounts of nitrogen, oxygen, and had a higher H/C ratio. TGA results
also implied that the wt% of jet fuel and diesel range distillate increased
in the BI of Chlorella vulgaris.
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