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A B S T R A C T

The use of supercritical methanol (scMeOH) for the liquefaction of the carbohydrate-rich macroalgae Saccharina
japonica was investigated at low temperature (250–300 °C). At 300 °C, almost complete conversion (98.1 wt%)
and a high bio-oil yield (66.0 wt%) were achieved. These values are higher than those achieved with super-
critical ethanol (scEtOH, 87.8 wt% conversion, 60.5 wt% bio-oil yield) and subcritical water (subH2O, 91.9 wt%
conversion, 40.3 wt% bio-oil yield) under identical reaction conditions. The superior liquefaction in scMeOH is
attributed to the beneficial physical properties of scMeOH, including its higher polarity, superior reactivity, and
higher acidity. The superior reactivity of scMeOH was evident from the larger amount of esters (54.6 area%)
produced in scMeOH as compared to that in scEtOH (47.2 area%), and the larger amount of methyl/methoxy-
containing compounds (78.6 area%) produced in scMeOH than that of ethyl/ethoxy-containing compounds
(58.2 area%) produced in scEtOH. The higher bio-oil yield combined with its higher calorific value
(29.2 MJ kg−1) resulted in a higher energy recovery of 135% for scMeOH as compared to those of scEtOH
(118%) and subH2O (96%). When considering the amount of alcohol consumed during the liquefactions and the
production of light bio-oil fractions that evaporate during bio-oil recovery, the higher methanol consumption
(5.3 wt%) than that of ethanol (2.3 wt%) leads to similar bio-oil yields (∼51 wt%).

1. Introduction

Aquatic algae biomass is considered to be one of the most promising
feedstocks for the production of biofuels and biochemicals, which is an
increasingly important strategy for addressing current energy and en-
vironmental issues [1,2]. The use of algal biomass is extremely attrac-
tive owing to its natural abundance, global distribution, and the rapid
CO2 consumption that it exhibits during its growth, which is 10–20
times higher than that of terrestrial biomass [3,4]. Specifically, the use
of multicellular macroalgae has enormous potential for integration with
waste water treatment because multicellular macroalgae has the ability
to grow in harsh conditions [5,6] and has a higher life-cycle yield
compared to that of unicellular microalgae [7].

The thermochemical conversion of macroalgae into fuels and che-
micals has received considerable attention recently owing to its shorter
residence times and smaller space requirements than those of bio-
chemical conversion, which is slow, requires large spaces for operation,
and relies on the use of expensive enzymes. Furthermore, unlike bio-
chemical approaches, a variety of biomass components can be treated
simultaneously by thermochemical conversion [6]. On the other hand,

as compared to biochemical conversion, the thermochemical conver-
sion requires high-temperature reactor system and unspecific thermo-
chemical reactions result in product mixtures comprised of many dif-
ferent types of chemicals.

Although fast pyrolysis is typically used for the thermochemical
conversion of “dry” biomass into liquid fuels [8–10], hydrothermal li-
quefaction, which utilizes high-temperature water as a solvent, is con-
sidered to be a more appropriate choice for treating algal biomass be-
cause of its inherently high moisture content [11–16]. Indeed, there has
recently been some progress in the large-scale production of bio-oil
from algae using hydrothermal liquefaction [17]. Nonetheless, a sig-
nificant problem with hydrothermal liquefaction is the inefficient se-
paration of the liquid products after the liquefaction process. Liquid-
liquid extraction using a non-polar or slightly polar solvent such as
dichloromethane (DCM) [18], or ethyl acetate [19] is typically em-
ployed to recover the bio-oil product from the aqueous phase. However,
many bio-oil components having medium-to-high polarities are not
effectively extracted into the organic phase and remain in the aqueous
phase [18–20]. This partitioning of products into the organic and
aqueous phases during recovery not only lowers bio-oil yield, it also
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complicates the study of liquefaction behavior. Furthermore, distilla-
tion, the technique most typically used to separate water from water-
soluble oil fractions, is highly energy intensive and thus difficult to
implement on a practical scale. Therefore, to improve hydrothermal
liquefaction, effective ways to utilize the aqueous phase, which is rich
both in organic compounds and inorganic ash, are required.

Organic solvents such as alcohols, acetone, 1,4-dioxane, and tet-
ralin, especially in their supercritical states, have been employed in
biomass liquefaction as alternatives to water [19,21–26]. The ad-
vantages of employing organic solvents such as alcohols like methanol,
ethanol, and propanol instead of water include higher bio-oil yields, the
higher calorific values of the bio-oils produced, and the production of
homogeneous liquid products that do not require liquid-liquid extrac-
tion.

A variety of organic solvents have been assessed for the liquefaction
of different algal biomass species. For example, Yuan et al. liquefied the
microalgae Spirulina in methanol, ethanol, and 1,4-dioxane, and re-
ported that of the three solvents, methanol provided the highest con-
versions at all the temperatures tested (300–380 °C) and a maximum
conversion of 82% at 380 °C [22]. They also reported that the bio-oil
yield was higher using ethanol at 340 °C (55.6 wt%) as compared to
that using methanol, but the yield using methanol exceeded than that
using ethanol when the temperature was raised to 380 °C (ethanol
yield: 60.6 wt%, methanol yield: 62.9 wt%). Furthermore, Duan et al.
assessed ten different organic solvents (i.e., ethylene glycol, methanol,
ethanol, n-propanol, isopropanol, acetone, ethyl acetate, 1,4-dioxane,
tetralin, and benzene) and water in the liquefaction of the microalgae
Chlorella pyrenoidosa at 350 °C and a solvent-to-biomass ratio of 4:2.5
for 60 min [23]. They reported that ethanol was the most effective li-
quefaction solvent, and that the highest bio-oil yield was 64.6 wt% and
the lowest solid residue yield was 11.9 wt% using an ethanol-to-bio-
mass ratio of 12:2.5 at 350 °C for 60 min. Similarly, in a study on the
liquefaction of the macroalgae Enteromorpha prolifera performed by
Zhou et al., methanol afforded a maximum bio-oil yield of 44 wt% at
280 °C and ethanol afforded a maximum bio-oil yield of 50 wt% at
300 °C. Further increase in temperature in each case decreased the bio-
oil yield [27].

In a previous study, we found that the use of supercritical ethanol
(scEtOH) in the liquefaction of the carbohydrate-rich macroalgae
Saccharina japonica at 350 °C and 29.8 MPa for 45 min resulted in high
conversion (∼90%) but only a moderate bio-oil yield (58.4 wt%) [28].
As the reaction temperature was increased to 400 °C, the conversion
marginally increased (∼94%), but the bio-oil yield increased to an
exceptional 79.2 wt%. This indicated that the increase in bio-oil yield
was not primarily due to the increase in biomass conversion, but be-
cause of the use of scEtOH as a reaction medium. The amount of ethanol
consumed during the liquefaction at 400 °C was 18 wt%, much higher
than that at 350 °C (6 wt%), indicating the more active participation of
ethanol in the reaction at higher temperature. Considering the amount
of ethanol consumed, the bio-oil yields were estimated to be 53.9 wt%
at 400 °C and 40.0 wt% at 350 °C. Even though almost complete con-
version of the carbohydrate-rich macroalgae was obtained in scEtOH at
high temperature, the high consumption of ethanol, which is an ex-
pensive solvent, should be addressed carefully. In addition, because
ethanol can be directly used as a transportation fuel, its high con-
sumption during the macroalgae liquefaction makes the process less
attractive in a practical-scale production of bio-oil as compared to those
using water or other cheap organic solvents.

Herein, to address the problems outlined above, supercritical me-
thanol (scMeOH) is employed as a reaction medium for the liquefaction
of the macroalgae Saccharina japonica. We demonstrate that, at the low
reaction temperature of 300 °C, almost complete conversion of the
macroalgae and the high bio-oil yield of 66.0 wt% can be achieved in
scMeOH. These values are much higher than those achieved with
scEtOH at 300 °C (conversion: 88.0%, bio-oil yield: 60.5 wt%). In fact,
the yields and conversion values obtained with scMeOH at 300 °C

without the use of a catalyst are unprecedented for macroalgae lique-
faction. In addition, the bio-oil produced in scMeOH exhibits a higher
heating value (HHV) of 29.2 MJ kg−1, which is higher than that of the
bio-oil produced in scEtOH (27.8 MJ kg−1). To gain insight into the
liquefaction behavior of Saccharina japonica in scMeOH, gas chroma-
tography coupled with time-of-flight mass spectrometry (GC-TOF/MS)
was used to analyze the liquid product collected immediately after the
reaction, and the analysis results are compared with those for the dried
bio-oil collected after product separation. The results of scMeOH li-
quefaction are compared with those of scEtOH and subcritical water
(subH2O) liquefaction. The consumption of the alcohol solvents during
the liquefactions and the energy recoveries are also discussed.

2. Experimental

2.1. Materials

The macroalgae Saccharina japonica, which is a type of kelp, was
used in this study and was purchased from a local market in South
Korea. The macroalgae was thoroughly washed to remove any salts
present on its surface and then dried overnight in a drying oven at
105 °C. The dried macroalgae was crushed using a model IKA A11 basic
analytical mill and sieved to 600–1000 µm. Because the chemical
composition of the macroalgae is highly affected by seasonal variations,
one batch of the feedstock was used for all the experiments in this
study. Chemical composition, ultimate analysis, and inorganic content
analysis results for the raw macroalgae are presented in Table 1. HPLC-
grade methanol, ethanol, acetone, and DCM were purchased from
Sigma-Aldrich Co. (USA). High-purity nitrogen (99.99%), helium
(99.99%), hydrogen (99.99%), and air (99.99%), used for purging the
reactor and in the gas chromatography experiments, were purchased
from JC Gas Co. (South Korea).

2.2. Liquefaction procedure

A schematic diagram of the liquefaction and product separation
protocol is shown in Fig. S2. The details of the liquefaction and product
separation are described elsewhere [32]. Briefly, after adding the pre-
requisite amounts of macroalgae and solvent into a custom-built 140-
mL SUS 316 reactor, the reactor was purged three times with nitrogen
to remove the oxygen in the liquid and reactor head using a purge line
dipped into the liquid. The reactor was then pressurized to 1 MPa with
nitrogen. The amount of solvent (65 g) and macroalgae (6.5 g dry basis)
were fixed for all the reactions. The reactor was heated to the target
temperature at 15 °C min−1. After the appropriate reaction time, the
reactor was quenched to 100 °C in less than 5 min using cold water.
After the reactor had cooled to room temperature, the gas produced
during the liquefaction was passed through a wet gas meter (W-NK-2
type, Shinagawa Co., Japan) to measure its volume (the volume of
1 MPa of initially pressurized nitrogen was subtracted from the total
volume), and then it was collected in a 0.5 L Tedlar® bag for compo-
sitional analysis (Step 1, Fig. S2). A small fraction of the liquid product
in the reactor (∼3 mL) was taken for Karl Fischer titration, chemical
composition analysis via GC-TOF/MS, and for solvent quantification
using GC coupled with flame ionization detection (FID) (Step 2). The
solid and liquid products were poured into a beaker, weighed, and the
amount of light fractions was calculated by mass balance (explained in
detail in Section 3.4.3) (Step 3). The reactor was then further rinsed
with acetone to collect the residual liquid and solid products. The re-
sidual solid products were separated from the liquid products using
filtration (Step 4). The filter cake was dried in a drying oven at 80 °C for
24 h in order to estimate the amount of solid residue and calculate
conversion (Step 5). The filtrate was evaporated using a rotary eva-
porator at 60 °C and 0.08 MPa for 30 min to estimate the bio-oil yield
(Step 6). A control experiment was performed under identical separa-
tion conditions to ascertain that neither the liquefaction solvent
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(methanol or ethanol) nor the rinsing solvent (acetone) remained after
rotary evaporation. Two or three replicates were performed for each
experiment, and the average results are reported with a standard de-
viation of± 4 wt%.

A schematic of the liquefaction and separation protocol for water-
based liquefaction is shown in Fig. S3. First, the product mixture from
the reactor was collected using DCM as a rinsing solvent. The reaction
products mixed with DCM were then filtered using DCM and water as
the rinsing solvents, and the filtrate was phase-separated in a separating
funnel. The aqueous phase in the separating funnel was recovered and
dried until constant weight in a drying oven at 80 °C to obtain the
water-soluble oil (WSO). After drying, the recovered fraction was in
solid form owing to the presence of a high amount of inorganic ash
(∼45 wt%). The WSO fraction was determined after the combustion of
the recovered solid using thermogravimetric analysis (TGA) under
flowing air (Fig. S4). The filter cake was washed further with acetone
and then dried in a drying oven at 80 °C for 24 h. The recovered solid
residue was designated as SR-I (∼34 wt% of the total solid residue).
After DCM rinsing, some mixture of bio-oil and solid residue remained
on the surfaces of the reactor wall and stirrer. These residues were re-
covered using acetone washing and filtered using acetone as the rinsing
solvent. It is observed that acetone worked better as a rinsing solvent
than DCM, but DCM was initially used to induce facile liquid-liquid
phase separation and recovery of bio-oil. The filter cake was dried in a
vacuum oven at 80 °C for 24 h. The recovered solid residue was de-
signated as SR-II (∼66 wt% of the total solid residue). Total solid re-
sidue yield was calculated by adding SR-I and SR-II. The DCM phase
recovered from the separating funnel and the acetone phase were mixed
together. A small fraction of the liquid product in the DCM/acetone
phase (∼3 mL) was taken for GC-TOF/MS analysis. The dried bio-oil
was then recovered by removing the solvents using rotary evaporator at
60 °C and 0.08 MPa for 30 min.

The yields of bio-oil, WSO, and gas were calculated using Eq. (1),
the yield of coke was calculated using Eq. (2), and the conversion was
calculated using Eq. (3).

=

×

Yield of bio-oil,WSO or gas (wt%)
Mass of ash free bio-oil,WSO or gas

Mass of dry ash free macroalgae

100 (1)

=
−

×

Yield of coke (wt%)
Mass of solid residue Mass of inorganics in the solid residue

Mass of dry ash free macroalgae
100

(2)

=
−

×

Conversion (wt%)
Mass of dry ash free macroalgae Mass of organics in solid residue

Mass of dry ash free macroalgae

100 (3)

The HHV of the produced bio-oil was calculated according to the
DIN 51900 standard:

= + + + −
−HHV (MJ kg ) (34 C 124.3 H 6.3 N 19.3S 9.8O)/1001 (4)

where C, H, N, S, and O are the weight percentages of carbon, hy-
drogen, nitrogen, sulfur, and oxygen, respectively, and were obtained
using elemental analysis.

Energy analysis of the two liquefaction processes was performed
based on energy recovery, which is the ratio of energy obtained from
the bio-oil to the energy present in the raw feedstock and is calculated
using Eq. (5).

=
×

×

×ER (HHV m )
(HHV m )

100oil oil

raw raw (5)

2.3. Product characterization

The total inorganic ash content was measured using TGA (Q50, TA
Instruments) over a temperature range of 30–800 °C at a heating rate of
10 °C min−1 and an air flow rate of 40 mL min−1. The carbon, hy-
drogen, nitrogen, and sulfur contents in the raw macroalgae and the
produced bio-oil were quantified using a model Vario EL cube ele-
mental analyzer equipped with a thermal conductivity detector (TCD),
manufactured by Elementar Analysensysteme GmbH (Germany), and
the oxygen content was measured using the TCD detector in O-mode.
The organic composition of the liquid product collected as soon as the
reactor was opened was analyzed using an Agilent Technologies 7890A
GC with a Pegasus high-throughput TOF/MS detector (Leco
Corporation, USA). The GC was equipped with a 7683B series auto-
injector (Agilent Technologies) and an Rxi-5ms medium polarity

Table 1
Ultimate analysis, chemical composition analysis, and inorganic content of the raw macroalgae used in this study.

Ultimate analysisa

C H N S O H/C O/C HHV (MJ kg−1)

36.2 ± 1.3 5.0 ± 0.6 1.8 ± 0.3 0.8 ± 0.1 46.3 ± 1.6 1.66 ± 0.2 0.95 ± 0.1 14.3 ± 0.8

Chemical composition analysis (wt%)

Carbohydratesb Proteinsc Lipidsd Lignine Moisturef Ashg

51.0± 1.5 14.5± 1.6 6.3± 1.2 5.6± 1.0 8± 1.0 14.7

Inorganics (ppm)h

K Ca Na S Cl P Mg Br Ni Sr Si Ti Fe Ru Cu Znn

119,420 106,540 84,610 59,158 24,271 8740 6007 2100 1360 978 634 598 376 211 126 98

a Dry, ash-free basis.
b By difference.
c Calculated by multiplying the nitrogen content by 6.25 (Kjeldahl method [29]).
d Measured using solvent extraction with a dichloromethane and methanol mixture (2:1 wt ratio) [30].
e Measured by the Klason method [31].
f Measured by placing the raw macroalgae sample in a drying oven at 105 °C until a constant weight was obtained.
g Determined using TGA (Fig. S1).
h Dry basis.
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column (30 m × 0.25 mm × 0.25 μm). A 1 µL of bio-oil solution in
acetone was injected into the column using a split ratio of 50:1. The
injector temperature was set at 260 °C. The temperature was pro-
grammed to start at 40 °C for 3 min and then increase to 300 °C at
5 °C min−1 and maintained at 300 °C for 5 min. The compounds were
identified using the National Institute of Standards and Technology MS
search 2.0. The inorganic compositions of the metallic species in the
macroalgae samples were analyzed using an S4 Bruker X-ray fluores-
cence (XRF) spectrometer. Water content was determined by the Karl
Fischer titration method using a Metrohm 877 Titrino plus
(Switzerland). Details of the above mentioned characterization tools
have been provided elsewhere [32]. The amount of alcohol remaining
after the liquefaction reaction was quantified using a model 6890A GC-
FID (Agilent Technologies) and an Rxi®-5Sil MS (30 m × 0.25 mm ×
0.25 µm) column. The GC was operated with ultra-high purity helium
as the carrier gas at a constant flow rate of 1.0 mL min−1. The GC inlet
temperature and the detector temperature were both set at 250 °C, and
a split ratio of 1:10 was used. The oven temperature was held at 40 °C
for 2 min before it was raised to 250 °C at 20 °C min−1, and it was held
there for 3 min. The gaseous products, comprising H2, CO2, CO, CH4,
C2H6, C2H4, and C3–C5 compounds, were quantified using refinery gas
analyser gas chromatography (RGA-GC). Nitrogen, which was used to
pressurize the reactor prior to temperature ramping, was not included
in the composition analysis. The GC instrument (Clarus 580 GC-Model
Arnel 1115PPC refinery gas analyzer; Perkin Elmer, USA) was equipped
with both a TCD and an FID. The detailed specifications of the RGA-GC
system are provided elsewhere [33].

3. Results and discussion

3.1. Effects of reaction temperature

The effects of reaction temperature on bio-oil yield and macroalgae
conversion were investigated, as shown in Fig. 1a. Even at the low re-
action temperature of 250 °C, the yield of bio-oil is as high as 53.1 wt%.
However, the 74.6% conversion obtained at 250 °C is still low, in-
dicating the possibility of enhancing conversion and bio-oil yield by
using higher reaction temperatures. As the reaction temperature in-
creases to 275 °C, the conversion increases to 85.4% and the bio-oil
yield increases to 64.1 wt%. Enhanced thermal decomposition of solid
biomass was expected to occur with increasing temperature, which
could decrease the coke yield from 25.7 wt% at 250 °C to 14.8 wt% at
275 °C. Further increase in temperature to 300 °C results in almost
complete conversion of the macroalgae, but the bio-oil yield only
marginally increases to 66.0 wt%. It is noted that the bio-oil yields at
275–300 °C are higher than those reported from most comparable
previous studies concerning algae biomass in water or organic solvents
with and without the use of catalyst. When measured at similar tem-
peratures, the yields reported for these similar studies are generally in
the range 20–60 wt% [24,34–36]. In fact, no previous study has
achieved the complete conversion of macroalgae biomass at the low
temperature of 300 °C in the absence of catalyst. The complete con-
version of the solid macroalgae at the moderate temperature of 300 °C
in the absence of catalysts and the high bio-oil yield constitute a sig-
nificant advance for the practical-scale implementation of this strategy.

The excellent conversion and bio-oil yield observed in this study
could be due to the beneficial role of scMeOH and the choice of feed-
stock. The role of scMeOH for enhancing the conversion of carbohy-
drate-rich algae will be discussed in detail in Section 3.4.1. The selec-
tion of feedstock seems to be one of the most important parameters.
Previous algal biomass liquefaction studies have focused on lipid-rich
and protein-rich algal strains [37–41], but the need for de-nitrogena-
tion of the bio-oil produced from protein-rich algal species makes this
feedstock less appealing as compared to lipid-rich algae. Conversely, a
relatively limited number of studies have focused on carbohydrate-rich
algal strains as compared to the number that have focused on lipid-rich

algae [18,20,27,42–47]. A significant amount of the liquid products
obtained from the decomposition of carbohydrates in hydrothermal
liquefaction tend to reside in the aqueous phase during liquid-liquid
extraction. Therefore, the yield of bio-oil recovered from the organic
phase is low (9–26 wt%) and the yield of WSO is very high (> 60 wt%)
for carbohydrate-rich algae [18,42,43]. In addition, it is not easy to
recover all the WSO fraction using simple distillation. Conversely, when
lipid-rich algae are used, highly hydrophobic bio-oils with long-chain
fatty acid components are produced, and thus the produced bio-oil
prefers to stay in the organic phase. This leads to an increase in the
amount of bio-oil recoverable using liquid-liquid extraction (39–52 wt
%) [48].

Almost compete conversion of the organic species in the macroalgae
and a low gas yield (less than 3 wt%, Fig. 1b) are achieved, but the
moderate bio-oil yield suggests that some liquefied bio-oil fractions are
not recovered during product separation. One of the possible reasons
for this is that the light bio-oil fractions evaporate from the filtrate
during the separation and washing steps.

Fig. S5 shows the GC-TOF/MS chromatograms of the light bio-oil
fractions that are collected in the receiving flask (which was connected
to the rotary evaporator) and in the cold trap (which was connected to
the vacuum oven). The ten most abundant chemical species collected in
the receiving flask (e.g., acetic acid methyl ester, methyl propionate, 4-
hydroxy-4-methyl-2-pentanone, and pyrrole, 2-butanone) and the cold
trap (e.g., acetic acid methyl ester, methyl propionate, 2-butenoic acid
methyl ester, 2-methyl-butanal, and 1-methyl-1H-pyrrole) are listed in
Tables S1 and S2, respectively. Similar chemical species are detected in
the light bio-oil fractions produced at 275 and 300 °C. The light fraction
produced at 300 °C shows higher peak intensities and higher total area

Fig. 1. Effects of reaction temperature on (a) macroalgae conversion and bio-oil yield,
and on (b) yield and composition of gases produced. Reaction conditions: 250 °C
(13.8 MPa), 275 °C (19.9 MPa), 300 °C (27.2 MPa), and 9.1 wt% for 30 min.
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of the 10 most abundant compounds as compared those for the light
fraction produced at 275 °C, indicating that a higher degree of de-
composition occurs at higher temperature resulting in greater loss of
lighter species during the solvent removal step. This may be the reason
for the similar yields of bio-oil produced at 300 and 275 °C, despite the
considerable increase in conversion from 85.4% at 275 °C to 98.1% at
300 °C.

Fig. 1b shows the yields and compositions of the gases produced at
different reaction temperatures. A negligible amount of gas is produced
at 250 °C, most of which is CO. As the temperature increases to 300 °C,
the gas yield increases and the composition of the gas changes. The
major gas species produced at 300 °C is CO2 followed by CO and H2.
The presence of CO at 250 °C and that of CO2 with increasing tem-
perature to 300 °C indicates that decarbonylation is major pathway at
250 °C, while decarboxylation is activated at 300 °C. The compositional
change at 300 °C also suggests the possible decomposition of methanol
producing a mixture of CO2 and synthesis gas (H2 + CO). The methanol
participation in the liquefaction reaction will be discussed in detail in
Section 3.4.3. Control experiments with 65 g of methanol and no
macroalgae were conducted at 250–300 °C for 30 min to assess the self-
decomposition of methanol under the liquefaction conditions. How-
ever, no gas formation is observed, indicating that the active inter-
mediate species generated from the decomposition of macroalgae ac-
tivate methanol decomposition, resulting in an increased gas yield. In
order to check possibility of enhanced methanol decomposition in the
presence of ash in the macroalgae, another control experiment with 65
g of methanol and 1 g of ash (which was produced by the calcination of
macroalgae at 800 °C for 1 h under air flow condition) was conducted.
As shown in Figs. S6 and S7, only a negligible amount of CO2 (less than
0.002 wt%) was produced from methanol in the presence of ash. This
suggests that the presence of ash did not affect significantly the me-
thanol decomposition to gases under the reaction conditions examined
in this study. However, as shown in Fig. S8, the liquid phase analysis
using GC-TOF/MS indicates that in the presence of ash, 2,5-dimethly-
cyclopentanone and 2-methyl-1-penten-3-one, which were not ob-
served in the control experiment without ash, were observed. There-
fore, the decomposed product of macroalgae constituents could con-
tribute to form gases observed in Fig. 1b. However, in the system
comprising a mixture of biomass and solvent, identifying which gas
species are generated by which component is extremely difficult.

3.2. Effects of residence time

The effects of residence time on the conversion and bio-oil yield at a
fixed temperature of 300 °C are shown in Fig. 2a. The time taken for the
temperature to reach 300 °C (∼20 min) and the reactor cooling time (5
min to drop below 100 °C) are not included in the residence time, al-
though some reaction may occur during these periods. For the residence
time of 0 min, heating was stopped and the reactor was quenched as
soon as the reaction reached the set temperature.

An increase in residence time from 0 to 15 min enhances the con-
version from 80.1 to 94.8% and the bio-oil yield from 60.5 to 66.0 wt%.
When the residence time is further increased to 30 min, almost com-
plete conversion is achieved, but the yield of bio-oil produced over 30
min is very similar to that produced over 15 min. Again, the increased
production of light fractions under the extended residence time of 30
min, which subsequently evaporate from the filtrate during the solvent
removal step, leads to the similar bio-oil yields. However, higher con-
version is observed for the extended residence time. The GC-TOF/MS
chromatograms of the light bio-oil fractions produced over 15 and 30
min are shown in Fig. S9. The most abundant chemical species collected
in the receiving flask (e.g., acetic acid methyl ester, methyl propionate,
4-hydroxy-4-methyl-2- pentanone, 1-methyl-1H-pyrrole, and 2-buta-
none) and in the cold trap (e.g., acetic acid methyl ester, methyl pro-
pionate, 2-butenoic acid methyl ester, 2-methoxy-propanoic acid me-
thyl ester, and 2,5-dimethyl-1H-pyrrole) are listed in Tables S3 and S4,

respectively. The light fractions produced over 30 min present higher
intensity peaks and total peak areas for the most abundant compounds
as compared to those produced over 15 min, indicating that extended
reaction time facilitates the decomposition of bio-oil.

A similar trend for residence time has been reported in previous
studies, in which an increase in residence time first increased the bio-oil
yield until it reached a peak level, after which further increase in re-
sidence time either decreased or did not affect the bio-oil yield
[13,20,49–52]. For example, Valdez et al. studied the hydrothermal
liquefaction of Nannochloropsis sp. and reported that the bio-oil yield
reaches a maximum value of 52 wt% at 10 min, after which increasing
the reaction time decreases the bio-oil yield [49]. In a typical

Fig. 2. Effect of residence time on (a) macroalgae conversion and bio-oil yield, (b) gas
yield and its composition at 300 °C, and (c) gas yield and its composition at 275 °C.
Reaction conditions: 300 °C, 0 min (26.7 MPa), 15 min (27.2 MPa), 30 min (27.2 MPa),
and 9.1 wt% for 30 min; 275 °C, 30 min (19.9 MPa), 90 min (20.6 MPa).
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hydrothermal liquefaction, an extended reaction time facilitates re-
combination (repolymerization/condensation) of the reaction inter-
mediates, resulting in increased char/tar yields as well as the produc-
tion of gas, and thus the bio-oil yield decreases [36,53]. Conversely,
when biomass liquefaction is carried out in the presence of a hydrogen
donating solvent (e.g., tetraline or ethanol) the bio-oil yield does not
decrease with increased residence time [19,54,55]. This is because, in
the presence of hydrogen donating solvents, active intermediates are
effectively quenched by hydrogen, and thus recombination reactions
are suppressed [19].

To investigate the effect of reaction time at low reaction tempera-
tures, liquefaction was conducted at 275 °C, as shown in Fig. 2a. The
conversion slightly increases from 85.2 to 93.1% upon increasing the
reaction time from 30 to 90 min, but the conversion at 275 °C over 90
min is lower than that at 300 °C over 30 min. This indicates that the
high reaction temperature plays a crucial role in accomplishing com-
plete conversion of the macroalgae. A rather surprising result is that the
highest bio-oil yield of 72.1 wt% is achieved at 275 °C over 90 min
despite the lower conversion as compared to that at 300 °C over 30 min.
This indicates that the cracking reaction occurs less at the lower tem-
perature and thus higher-molecular-weight products are produced. This
heavy bio-oil fraction can remain in the evaporation flask during the
solvent removal step, thus increasing the bio-oil yield. The results for
the lower-temperature and longer-residence-time reaction (275 °C and
90 min) also indicate that there is a thermal energy barrier to the
complete decomposition of solid macroalgae into liquid bio-oil.

The yields and compositions of gases produced under different re-
action times are shown in Fig. 2b. With the increase in reaction time
from 0 to 30 min, a steady increase in gas yield from 0.5 to 2.4 wt% is
observed. This can be because of the increased decomposition of the
reaction intermediates with increasing reaction time. The gases pro-
duced are comprised of almost equal amounts of CO and CO2, implying
that the decarbonylation and decarboxylation of reaction intermediates
are the two-major gas producing phenomena during the liquefaction.
When the residence time increases from 30 to 90 min at 275 °C
(Fig. 2c), the yield and composition of the gas changes little. The yield
of gas produced at 275 °C over 90 min is lower than that produced at
300 °C over 30 min, indicating that the decomposition reaction is more
affected by an increase in temperature than an increase in residence
time.

3.3. Bio-oil composition analysis

Most previous studies on biomass liquefaction have typically in-
volved analysis of the chemical compositions of dried heavy bio-oil
fractions [13,14,23,41,46,50,55–58]. Because of the absence of data for
light bio-oil fractions, the full potential of bio-oil fractions produced
during liquefaction reactions is not fully appreciated. This is because
significant amounts of light fractions (20–25 wt% based on mass bal-
ance and depending on reaction conditions) are typically lost during the
product separation process [28]. However, the separation protocol
developed in this study allows analysis of the light fractions collected in
the receiving flask and the cold trap during the solvent removal steps.
To the best of our knowledge, neither the liquid products collected
immediately at the end of liquefaction nor the light bio-oil fractions
derived have been analyzed previously.

Fig. 3a shows a comparison of the GC-TOF/MS chromatogram of the
liquid mixture collected as soon as the reactor was opened with that of
the dried bio-oil, and Fig. 3b shows a comparison of the chromatogram
of the light bio-oil fraction with that of the dried bio-oil. Detailed
analyses of the individual compounds in the liquid products and their
classification into oxygen- or nitrogen-containing species will be dis-
cussed in Section 3.4.4, where scMeOH liquefaction is compared with
scEtOH and subH2O liquefaction. Here, a brief comparison of the liquid
product collected as soon as the reactor was opened and the dried bio-
oil is presented to accentuate the importance of the product separation

protocol for a deeper understanding of liquefaction behavior. Most of
the light fractions are detected at retention times below 8 min, in-
cluding acetic acid methyl ester (1 in Fig. 3a), lactic acid (2), methyl
propionate (7), 2-methoxy-propanoic acid methyl ester (10), pyrrole
(11), 2-butanone (12), 1-methyl-1H-pyrrole (13), and 2-butenoic acid
methyl ester (14). The partitioning of the light fractions and dried bio-
oil can be seen in Fig. 3b. The light fractions either present very small
area% values or are not detected at all in the dried bio-oil. These
oxygen-rich species decrease the overall HHV if they constitute part of
the bio-oil, but some of them are enormously useful as value-added
chemicals. For example, acetic acid methyl ester is a precursor for
producing acetic acid, which is widely used as a disinfectant, as an
active component of vinegar [59], and for the production of chemicals
such as ethanol [60] and vinyl acetate [61]. Lactic acid, which is found
in high area% in the light fractions, has a number of applications in the
food and pharmaceutical industries and is a precursor for propylene
glycol and the biodegradable polymer poly(lactic acid) [62]. Other C3
and C4 esters can be utilized in their acidic forms after hydrolysis as
building blocks in the chemical industry and in the agricultural sector.
For example, propanoic acid can be used as a preservative in the food
industry without modification and its salts with alkali or alkaline earth
metals can be used in agriculture as animal feeds and as food pre-
servatives [63].

In the dried bio-oil chromatogram, the species present in higher
area% appear after 8 min retention time and include 9-octadecenoic
acid methyl ester (3 in Fig. 3a), 14-methyl-pentadecanoic acid methyl
ester (4), pentanedioic acid dimethyl ester (5), butanedioic acid di-
methyl ester (6), methyl tetradecanoate (8), and 2-methyl-propanoic
acid anhydride (9). Because of their high molecular weights, these
species do not evaporate and hence their relative abundance in the
dried bio-oil increases upon evaporation of the lighter fractions.

3.4. Comparison of scMeOH liquefaction with scEtOH and subH2O
liquefaction

In our previous work, scEtOH-based liquefaction was employed on
the same algal strain (Saccharina japonica) as is used in the current
study and a bio-oil yield of 49.9 wt% was obtained at 300 °C [28].
However, the compositions of feedstocks used in the previous study
(66.0 wt% carbohydrates, 10.6 wt% protein, and 1.6 wt% lipid) and
that used in the current study (51.0 wt% carbohydrates, 14.5 wt%
protein, 6.3 wt% lipid, and 5.6 wt% lignin) are different. Although the
macroalgae strain was the same, different origins and seasonal varia-
tions can result in different growth conditions, and thus variations in
the macroalgae constituents can occur. Therefore, the different com-
positions of the macroalgae necessitates rerunning the scEtOH-based
liquefaction experiment at 300 °C for fair comparison. In addition,
because hot water is often the first-choice solvent for algal biomass li-
quefaction, subH2O-based liquefaction was also conducted at 300 °C
and the results are compared with those of scMeOH-based liquefaction.

3.4.1. Yield, conversion, and gas composition
Fig. 4a shows a comparison of the conversions and product yields

obtained using scMeOH, scEtOH, and subH2O at 300 °C. The conversion
rates are in the order scMeOH (98.1%)> subH2O (91.9%)> 87.8%
(scEtOH) while the bio-oil yields are in the order scMeOH (66.0 wt
%)> scEtOH (60.5 wt%)> subH2O (40.3 wt%). This indicates that the
scMeOH-based liquefaction is more effective for the conversion of
Saccharina japonica. In the case of the subH2O-based liquefaction, an
additional WSO yield of 12.9 wt% is observed, which makes the total
organic yield 53.2 wt% (bio-oil + WSO). The WSO yield may be un-
derestimated because of the severe drying conditions employed for
WSO recovery, which might cause greater loss of light bio-oil fractions.
This could be the reason for the lower yield of bio-oil + WSO in the
case of subH2O-based liquefaction, despite its higher conversion com-
pared to that of scEtOH-based liquefaction.
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The performances of scMeOH and scEtOH in the liquefaction of
algal biomass have been widely researched, and contrary results have
been observed in different studies. For example, Duan et al. [23] and
Zhou et al. [27] performed microalgae (Chlorella pyrenoidosa) and
macroalgae (Enteromorpha prolifera) liquefactions, respectively, and
concluded that higher yields are obtained with scEtOH-based lique-
faction. Duan et al. reported a bio-oil yield of 75.2 wt% for scEtOH-
based liquefaction and a bio-oil yield of 63.2 wt% for scMeOH-based
liquefaction conducted at 350 °C [23]. Zhou et al. reported a bio-oil
yield of 50 wt% (at 300 °C) and 44 wt% (at 280 °C) for scEtOH- and
scMeOH-based liquefactions, respectively [27]. Singh et al. reported a
higher yield of bio-oil with the use of scMeOH (59.0 wt%) compared to
that with scEtOH (53.6 wt%) when the macroalgae Ulva fasciata was
liquefied at 300 °C [42]. A number of different solvents have been in-
vestigated for biomass liquefaction, and the different effects of solvents
have been explained primarily on the basis of their polarities and ability
to generate active species such as hydrogen [22,27,56,58,64]. In ad-
dition to these solvent effects, the differences in the physical properties
of methanol and ethanol can be correlated with the results observed in
this study as follows: (a) Generally, the action of a solvent during a
typical biomass liquefaction starts with its penetration into the inter-
cellular/intracellular matrix of the biomass, which causes it to swell.
This swelling results an increase in the internal surface area and a
widening of the intermolecular linkages, thus weakening the macro-
molecular interactions and making the bulk structure more amenable to
thermal decomposition and chemical reaction [22]. The penetration of

solvent molecules into the biomass structure depends on the molecular
size of the solvents. Because methanol is smaller than ethanol, it is more
able to penetrate into biomass matrices. (b) Methanol can provide a
more acidic environment as compared to that provided by ethanol [65],
promoting the solvolysis of carbohydrates [66]. (c) The reaction in-
termediates/products derived from carbohydrates typically contain
oxygen-containing medium-polarity species (e.g., furans, carboxylic
acids, and ketones), which are highly reactive and are easily re-
polymerized to form tar/coke if their recombination is not properly
suppressed. The superior reactivities of scMeOH in methylation,
methoxylation, and esterification as compared to those of scEtOH allow
it to more effectively quench the reactive intermediates [67,68].

The high gas yield for water-based liquefaction in high-temperature
media (Fig. 4a) indicates enhanced decomposition of the reaction in-
termediates. Fig. 4b shows a composition of the gases produced during
scMeOH-, scEtOH-, and subH2O-based liquefactions. The major de-
composition pathway in subH2O is the decarboxylation reaction, pro-
ducing CO2 as a dominant species. This result is in good agreement with
previous studies on hydrothermal liquefaction of algal biomass
[11–13]. Other minor species for subH2O-based liquefaction include CO
and very small amounts of H2. When alcohols are used as liquefaction
solvents, the decomposition of the solvent as well as the macroalgae
and reactions between the solvent and the macroalgae make it more
difficult to elucidate accurate gas formation mechanisms. Although the
major gas component is CO2 for both alcohols, a considerable amount
of CO is generated. A significant amount of H2 is also produced using

Fig. 3. Comparison of the GC-TOF/MS chromatograms for (a) the liquid mixture collected as soon as the reactor was opened (orange color) the dried bio-oil (blue color), and (b) the light
bio-oil fractions that were collected in the receiving flask (blue color) and the cold trap (green color) and the dried bio-oil (orange color). Reaction conditions: 300 °C, 27.2 MPa, and
9.1 wt% for 30 min. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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scMeOH, which is thought to originate from methanol self-decom-
position (which may be assisted by macroalgae components) producing
a mixture of CO2 and synthesis gas.

3.4.2. Energetics
Table 2 lists the C/H/N/S/O contents and HHV values of the bio-oils

produced at different temperatures (250, 275, and 300 °C) by scMeOH-
based liquefaction. Energy analysis was performed based on energy
recovery (ER) values (Eq. (5)), which take into consideration both the
yields and calorific values of the bio-oils. Compared to the values for
the raw macroalgae (O, 46.3 wt%; C, 36.2 wt%; H, 5.0 wt%), the O
content of the bio-oil produced at 250 °C is significantly lower (21.1 wt
%) and both the carbon and hydrogen contents (59.4 and 7.0 wt%,
respectively) are higher. There are at least two possible explanations for
the removal of oxygen during the scMeOH liquefaction; (1) the removal

of oxygen in the form of gaseous species (CO is observed to be the only
gaseous component at 250 °C); and (2) selective partitioning of highly
oxygenated species into the coke phase. Decomposed intermediates
with high oxygen functionality are highly reactive and may pre-
ferentially repolymerize to form coke and/or char. The coke yield at
250 °C is as high as 25.7 wt%. Since the gas yield at 250 °C is quite low
(0.06 wt%, see Fig. 1b), coke formation is thought to be the dominant
mechanism for this oxygen loss. In addition, the preferable partitioning
of light oxygenated species in the light fraction could be responsible for
oxygen removal.

When the temperature is raised to 300 °C, the oxygen content de-
creases further to 17.8 wt% and a carbon-rich bio-oil (64.9 wt%) is
produced. At this temperature, the gas yield is also increased to 2.5 wt%
and the composition of the gas changes from CO alone to a mixture of
CO2, CO, H2, and CH4. This indicates that additional oxygen removal
mechanisms (e.g., decarboxylation) play roles in the low oxygen con-
tent of the bio-oil. The increased oxygen removal at the higher reaction
temperature (300 °C) increases the HHV from 14.3 MJ kg−1 for the
untreated macroalgae to 29.2 MJ kg−1.

The results of scMeOH liquefaction at 300 °C were compared with
those of scEtOH and subH2O liquefaction under identical temperature
conditions, as shown in Table 2. The bio-oil produced in scMeOH re-
tains slightly more carbon than that produced in the scEtOH-produced
bio-oil while the contents of the other elements are similar for both.
Consequently, the HHV of the bio-oil produced in scMeOH is slightly
higher than that produced in scEtOH. A plausible mechanism for the
carbon enrichment of the scMeOH bio-oil is methylation/methoxyla-
tion, which will be discussed in Section 3.4.4. Since the yield of bio-oil
produced in scMeOH is higher (66.0 wt%) than that produced in
scEtOH (60.5 wt%), the combination of the higher bio-oil yield and the
higher HHV results in the higher ER of 135% for scMeOH liquefaction
as compared to 118% for the scEtOH liquefaction.

In the case of subH2O liquefaction, the bio-oil recovered from the
DCM/acetone-soluble phase exhibits a much higher carbon content
(74.3 wt%) and HHV value (34.1 MJ kg−1) because the hydrophobic
bio-oil fractions are partitioned preferentially into the DMC phase.
However, despite producing high-energy-content bio-oil, the ER value
of the DCM/acetone-soluble bio-oil is much lower (96%) than those
from the scMeOH- and scEtOH-based liquefactions because of the low
bio-oil yield. Conversely, highly oxygenated species, being polar in
nature, reside in the aqueous phase, and thus the carbon content
(27.8 wt%) and HHV (11.9 MJ kg−1) of the WSO are much lower than
those of the DCM/acetone-soluble fraction.

3.4.3. Solvent consumption
Considering the reactive nature of the supercritical alcohols used in

this study, some of the solvent used for the liquefaction may participate
in the reaction. Consequently, the amount of solvent consumed during
liquefaction at 300 °C was investigated. The total mass of the product
collected as soon as the reactor was opened consisted of unreacted
solvent, bio-oil, solid residue, water produced during the reaction, and

Fig. 4. Comparison of the scMeOH-, scEtOH-, and subH2O-based liquefactions. (a)
Macroalgae conversion, bio-oil yield, and gas yield, and (b) gas composition. Reaction
conditions: 300 °C, 27.2 MPa (scMeOH), 21.9 MPa (scEtOH), 10.1 MPa (subH2O), 9.1 wt
% for 30 min.

Table 2
C, H, N, S, and O contents, HHV values, and ER values for scMeOH, scEtOH, and subH2O-based liquefactions.

C H N S O HHV ER
(wt%) (wt%) (wt%) (wt%) (wt%) (MJ kg−1) (%)

Macroalgae 36.2 ± 1.3 5.0 ± 0.6 1.8 ± 0.3 0.8 ± 0.1 46.3 ± 1.6 14.3 ± 0.8a

scMeOH 250 °C Bio-oil 59.4 ± 1.2 7.0 ± 0.5 1.1 ± 0.5 2.0 ± 0.3 21.1 ± 1.4 27.3 ± 1.3 101 ± 1.8
275 °C 62.8 ± 1.4 6.8 ± 0.7 3.1 ± 0.4 1.8 ± 0.1 17.6 ± 1.3 28.7 ± 1.1 129 ± 1.6
300 °C 64.9 ± 1.7 6.6 ± 0.7 3.0 ± 0.4 2.2 ± 0.3 17.8 ± 1.1 29.2 ± 1.5 135 ± 2.4

scEtOH 300 °C Bio-oil 60.3 ± 1.4 6.7 ± 0.6 2.9 ± 0.6 2.4 ± 0.1 17.4 ± 0.9 27.8 ± 1.3 118 ± 2.0

subH2O 300 °C Bio-oil 74.3 ± 1.6 7.5 ± 0.4 2.8 ± 0.6 2.7 ± 0.3 13.0 ± 1.6 34.1 ± 1.5 96 ± 2.1
WSO 27.8 ± 1.3 4.3 ± 0.3 0.9 ± 0.2 2.4 ± 0.3 34.8 ± 2.5 11.9 ± 2.1a 20 ± 1.3

a Based on whole biomass and product including ash.
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the light fractions, and was calculated using Eq. (6)

= +

+ + +

Mass of product (m ) Mass of (unreacted solvent bio-oil

solid residue water light fractions)
r

(6)

The amount of unreacted alcohol was measured using GC-FID. The
amount of water produced during the liquefaction was measured using
Karl Fischer titration. The amounts of bio-oil and solid residue pro-
duced were calculated using Eqs. (1) and (2), respectively. Therefore,
the amount of light fractions produced can be calculated using Eq. (6).
Based on the alcohol consumption, the yields of bio-oil produced in
scMeOH and scEtOH were redefined using Eq. (7) and ER was redefined
using Eq. (8). A detailed description of the newly defined bio-oil yield
and ER calculated considering the alcohol consumption is provided
elsewhere [28].

=
+

+

×

Yield of bio-oil (wt%)
Mass of (dry ash free bio-oil light fraction)

Mass of (dry ash free biomass solvent consumed)
100

(7)

=
× + ×

× + ×

×ER (HHV m ) (HHV mass of LF)
(HHV m ) (HHV mass of sol)

100oil oil LF

raw raw sol (8)

The HHV of the light fractions used for the calculation of ER is based
on the average of HHVs of the ten most abundant chemical species in
light bio-oil fraction analyzed via GC-TOF/MS both in case of scMeOH
(Table S6) and scEtOH (Table S8), as discussed in a previous study [28].
Fig. 5 shows comparison of the bio-oil yields derived when ignoring and
considering the alcohol consumption (Eqs. (1) and (7), respectively).
When the alcohol consumption and the light fraction produced during
the liquefaction are taken into account, a lower bio-oil yield results.
More methanol is consumed (5.3 wt%) than ethanol (2.3 wt%), further
indicating the higher reactivity of scMeOH, as discussed in Section
3.4.1. The yield of light fractions produced in scMeOH (20.5 wt%) is
much higher than that in scEtOH (5.0 wt%). Thus, the increased con-
sumption of methanol is the major reason for the decrease in the bio-oil
yield from 66.0 wt% (Eq. (1)) to 51.1 wt% (Eq. (7)) for scMeOH li-
quefaction at 300 °C. Similarly, recalculation of the ER with considering
the solvent consumption (Eq. (8)) decreases the ER of scMeOH lique-
faction from 135 to 84%, and that of scEtOH liquefaction from 118 to
82%. Therefore, the yields of bio-oils produced from scMeOH and
scEtOH as well as the ER values are similar when calculated considering
the amount of solvent consumed during the liquefaction. Although
more methanol is consumed and the recalculated values of the bio-oil
yields and ER for scMeOH and scEtOH are similar, the low cost of
methanol, which is approximately half that of ethanol [69], and the
complete biomass conversion therein make methanol a more promising

liquefaction solvent for carbohydrate-rich algal biomass.

3.4.4. Bio-oil composition analysis
To understand the reactivity of alcohols in macroalgae liquefaction,

GC-TOF/MS analyses were performed on the liquid products collected
immediately after the reaction rather than on the dried bio-oil to
characterize the light fractions that are typically lost during drying. The
detected compounds (with area%>0.1) are categorized into three
major groups: oxygen-containing species, nitrogen-containing species,
and hydrocarbons, as listed in Table 3. The details of the individual
compounds and their classifications are listed in Tables S5, S7, and S9.
Their representative GC-TOF/MS chromatograms are shown in Figs.
S10, S11, and S12 for scMeOH, scEtOH, and subH2O-based liquefac-
tions, respectively. It is very difficult to draw any clear conclusions
regarding the reaction mechanism based on the GC-TOF/MS results
because of the complexity of the macroalgae and the liquid products.
However, based on the categorization approach, some insight into the
liquefaction behaviors of the three solvents could be obtained, as
summarized below.

(1) In both the scMeOH and scEtOH cases, the oxygen-containing

Fig. 5. Comparison of the alcohol consumption in the scMeOH and
scEtOH liquefactions. Reaction conditions: 300 °C, 27.2 MPa
(scMeOH), 21.9 MPa (scEtOH), 9.1 wt% for 30 min.

Table 3
Chemical compositions of the liquid products collected as soon as the reactor was opened
derived using GC-TOF/MS.

Compound types scMeOH scEtOH subH2O

Area (%)

Oxygen-containing species 81.5 81.6 33.9
Esters 54.6 47.2 –
Alcohols 11.2 4.0 4.0
Aromatics 1.0 1.0 0.1
Carboxylic acids 6.7 17.7 0.4
Ketones 2.7 2.6 22.7
Aldehydes 2.4 3.9 4.2
Heterocyclics 2.9 5.2 2.5

Nitrogen-containing species 13.8 15.2 33.8
Linear 3.8 4.5 2.4
Cyclics 6.1 9.4 28.5
Aromatics 3.9 1.3 3.0

Hydrocarbons 4.8 3.0 31.5
Linear 1.3 1.6 12.6
Cyclics 3.3 1.3 14.4
Aromatics 0.3 – 4.6

Methyl/methoxy-containing species 78.6 –
Ethyl/ethoxy-containing species – 58.2
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species present the highest area% followed by the nitrogen-con-
taining species, and the hydrocarbons present the lowest area%.
This is due to the composition of the macroalgae (51.0 wt% car-
bohydrates, 14.5 wt% of protein, Table 1). Conversely, in the
subH2O case, the area% of oxygen-containing, nitrogen-containing,
and hydrocarbon species are quite similar. This may be caused by
the selective extraction of hydrocarbon-rich species into the DCM/
acetone phase during liquid-liquid separation. The major oxygen-
containing species in the DCM/acetone phase are ketones (22.7
area%), which is a less polar species than carboxylic acids (0.4 area
%) and alcohols (4.0 area%).

(2) Of the oxygen-containing species, esters present the highest area%
in both the scMeOH and scEtOH cases, indicating that a high degree
of esterification of carboxylic acids occurred. Carboxylic acids can
be produced from carbohydrates by decomposition of mono-
saccharides [27,39] and from proteins by deamination of amino
acids [22,39]. The higher area% of the esters resulting from the
scMeOH-based liquefaction as compared to that for the scEtOH case
is due to the higher esterification activity of scMeOH, as confirmed
in previous studies [67,70]. This is also confirmed by the smaller
area% of carboxylic acids observed in the scMeOH liquefaction (6.7
area%) as compared to that in the scEtOH liquefaction (17.7 area
%).

(3) Both the scMeOH and scEtOH liquefactions present similar area%
values for nitrogen-containing species (13.8 area% and 15.2 area%,
respectively) and hydrocarbons (4.8 area% and 3.0 area%, respec-
tively). Conversely, in the subH2O liquefaction, the area% of ni-
trogen-containing species and hydrocarbons are much higher (33.8
area% and 31.5 area%) as compared to those of the alcohol lique-
factions. This could be due to the selective partitioning of the less
polar species to the DCM phase in the case of the subH2O lique-
faction.

(4) In order to infer the difference of reactivity of the two alcoholic
solvents from the GC-TOF/MS results, the area% for the methyl/
methoxy-containing compounds from the scMeOH liquefaction was
compared with that of ethyl/ethoxy-containing compounds from
the scEtOH liquefaction. The much higher area% of methyl/
methoxy-containing compounds (78.6 area%) for the scMeOH-
based liquefaction as compared to that of ethyl/ethoxy-containing
compounds (58.2 area%) for the scEtOH-based liquefaction further
confirms the higher reactivities of scMeOH toward alkylation and
alkoxylation than those of scEtOH [68].

4. Conclusion

Herein, the potential of scMeOH in the liquefaction of carbohydrate-
rich macroalgae (Saccharina japonica) was investigated. At the rela-
tively low temperature of 300 °C, almost complete conversion of the
macroalgae (98.1%) accompanied by a negligibly small amount of coke
formation (1.9 wt%) and high bio-oil yield (66.0 wt%) was achieved.
These values are higher than those for supercritical scEtOH liquefaction
(87.8% conversion, 60.5 wt% bio-oil yield) and subH2O liquefaction
(91.9% conversion, 40.3 wt% bio-oil yield). In addition, the bio-oil
produced in scMeOH exhibited a higher HHV (29.2 MJ kg−1) and
higher ER (135%) as compared to those produced in scEtOH (HHV =
27.8 MJ kg−1; ER = 117.6%). Because of the greater reactivity of
scMeOH, its consumption during the reaction is higher than that of
scEtOH. However, the lower price of methanol and complete conver-
sion makes scMeOH a highly promising candidate for carbohydrate-rich
macroalgae liquefaction.
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